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Chapter 1: Lip anatomy and phenotyping C
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The lip region comprises the base of the nose (subnasale) to the tip of the chin (gnathion) vertically, and

between the commissures laterally, incorporating the philtrum and cupids bow. There are well-documented,

reproducible landmarks that describe the features of the lip region (Figure and Table 1.1).

30456.51"197"&87* "692" &8, . " (56.25),8(- . $/0128%
The lips are assessed with the subject relaxed (centre and right), as they distort with facial movement (left)

1 S0I8< . 180(0) &25), 51" &8 "6928* &85, . * (56. 28) ,8(— . 0128

77 &8> 692§ <.,0&0(0)&2§
=5;&"2"/.»2&% | Point at which the nasal septum and upper lip meet (Farkas, L.G.(&%(#3, 1984)
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Point on the elevated margins of the philtrum just about the vermilion line (Farkas, L.G.(&%(#3, 1984)
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The labial fissure; slit-like space between the lips (Carey, J.C.(&%(#3, 2009). Opening of the oral cavity
(Farkas, L.G.(&%(#3, 1984)
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Point located at the angle (corner) of the oral cavity (Farkas, L.G.(&%(#3, 1984)
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Mid-point of the lower vermilion line (Farkas, L.G.(&%4(#3, 1984)
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The midpoint of the most anterior, prominent, bony part of the mandible (Mosby, 2009)
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C-0/(65%% The philtrum is the area of infranasal depression that runs as a vertical groove from the base of the

>280/2% nose (sn) to the vermilion border (Is). It is bordered by two lateral ridges, sometimes called pillars
(Hennekam, R.C.(&%(#3, 2009)

@5108E25F)GH | The Cupid's bow is the contour of the line formed by the vermilion border of the upper lip. In the
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frontal view, this line resembles an archer's bow, which curves medially and superiorly; running from
the commissures to the paramedian peaks located at the base of the pillars of the philtrum (cph)
with an inferior convexity lying between those peaks (Is). There are two variants; absent and
exaggerated (Carey, J.C.(&%(#3, 2009)
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The angle formed by the labial surface of the upper lip at the midline (sn-Is) and the inferior border

"&4/.% of the nose (sn-prn). It is a measure of the relative protrusion of the upper lip (Mosby, 2009)
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J.6*00)&$ The vermilion is the red part of the lips. It is covered with a specialised stratified squamous
epithelium, which is in continuity with the oral mucosa (Carey, J.C.(&h(#3, 2009) The lips vary in shape
with facial movement (Figure 1.1); therefore for consistency the lips must be assessed with the
subject relaxed, and in natural head position (Solow, B.(&%(#3, 1971)

J.600)&$ The rim of paler skin that demarcates the vermilion from the surrounding skin (Carey, J.C.(&%(#3,

:)68..68 2009)

@)*>02256.2% | The oral commissures form where the lateral aspects of the vermilion of the upper and lower lips

>A-DA-% join. The cheilion (ch) is the anthropological landmark located at this site (Carey, J.C.(&%(#3, 2009)

=9./.(" Assessment of jaw discrepancy between the maxilla and mandible in relation to the cranial base
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(Roberts-Harry, D.(&%(#3, 2003).
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1.2.1 Underlying anatomical features affecting lip shape
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Figure 1.2 Variation of horizontal lip posture and its effect on the position of the
incisors
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1.2.2 Musculature
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Figure 1.3 Diagram displaying the peri-oral muscles (Caldwell, T., 2014)

n

S/ /I ESH IR 6= ;HOU ) 08" /02", 640/ " 5$0") (. ., 470" (6.0 1$'. $' 788"~ .0/84"
BSI'E' T840/ 7" 8004/ &+ L SU0%-" &/ <" /4SS ++08"4") 08" /88" % . $" /5 S0" 4" 450"
L7 RO <SU" BCTHOL . =" G- ;008" ./, B'GH" /4" 4" O8" 407" 4B h3-4/0" -, 2(5" /08"
\om,t, (8=, TO%EE/0 - , 26" 70N - , 2 (50" (8. 0008 -, +"*, BOAOK" , #/"48U"8=" ", %0
B U= "6, P <SG 0%R/0"- , 26 /08— , 2(6-0"8 (B B4 008" , BOAOH™ , "4S'8=" "
U TS ISHO-6 0+ 208" - , +"EU R (THO L0 (, +O0" . S B/ HSI' - , BH0'/0", 8587, U 1"
61" Z4SU0" > (800" 4) %G ", 49620-43" 1" 49’ 70)". (6-0'8" 70°8" = (&0 553" ", SC+" 450"
W32/ -4 . (8" (&. 068" 43-#70"6-) """ &(THO /08" - , +" $SU' +0670%EE/0"6-)"™" ", 4960 /0'8" $S%8%"
e P LR 5 VT (/8 AR

QUEBUO" &+ 4" BB "' 06" 4 B (TTHO" BT ESOHO" ~00" L") -, +EP HSU ", 83 (R 6-)™
BT /085 —400-66;"\=0'8" , 240/ <"4$U"~630/5-0") SO+ IH0" /45" — 1'85-5"/ 77 /& 4" $ S5~ 4960-5"
LRI0R -+ =0.S, 2 /0L 0N - B, —8/6-) -0 (&6 U - 1S/, . H



Chapter 1: Lip anatomy and phenotyping B
HEU" (T7%0"0"7" 4/ 4%" , -8-8" QU THCTKH & 4$%" ", #%03-6" ) Ut L W% , "#B%" #1/" *%+"'-§") -, +&"
1$.$".700%87/ , +&" L' #$" #S%"+%70%8&'/ , "/ 4 4$% 7 $' 640 (<"\R-#$-7>"0?1? et aP"EB[F"

1.2.2.1 Vermilion border
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Figure 1.4 Histological section of a normal neonatal lip (Mulliken, J.B. et al, 1993)
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1.2.2.2 Philtrum
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Figure 1.5 Diagrammatic representation of muscle fibres that decussate throughout
the upper lip.
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1.2.2.3 Cupid’s bow
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1.2.3 Blood Supply

<PU"d- . 6" -08%0;"\)0- , . $" 74 #SU W40 , 5" . ~0/#'+" ~04%0; ' & (7 76'%&"5S%"8' 787" < %" & (7%0' /0"
)0-, . 8" &(T76%" #%" (TT%0" 6'7P" 4R #;7". 6" -, /73" 0(,&" -6/, 2" 4" %6, 243" /4" #$%"
30078/ , ") L0+U0"40/ *"45%" . /> 88 (0% , +"+Uh 7"/ £$%"/0)" . (6-0'8"/0°8"> (&.6%"\N"2(0%"
EOF' K, " Aam'" /4" .-8%&" #$'8" -08940;" $-8&" Y, " 4/ (, +" #/" )" (, "6-#0-6" \70%+/ ", -, #5;"
J02',-#,2" /" 450" 0'2#" $-,+" &+ L0/88", 2" #$%" 1+, %" #/" &(TT6;" #$%" 1$/6%' 67"
\<-, &-#'"'<? et ab"ADEZM"<$%"7$ 606"~ 04%0"%& %' -&.% , +', 2'= , +".% , H0-6""-0"8%"40/ *"4$%"
&(TH0'/0")0-, . SPHSU'-8&. %, +, 2'-04%0;". /", . +U&" L 5B 4B TS 606" /6 (> ,>'- , +" QU4
1$%0%" ING"/ .. (08" Y ,"-GH%0-H'/ "™, "HSh'~ , /7 ;" S 4S8 - 000" - ;"$-3%" =" T-0#"#/" 75 ;"
LYY /62 /8 ORY<SU'/ LU0 TR (T T %) S ESU", 4%0'/0)0-, .S 1. $'0(, &6/, 2"
%',

Skin above upper lip —»=
Orbicularis oris [
Oral mucosa
Cutaneous branches —— [
Mucosal branches

Vermilion border
Superior labia h

Vermilion bran:

Figure 1.6 Typical anatomy of the labial arteries
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1.2.4 Innervation of the lips

1.2.4.1 Sensory nerve supply

<$%"6'78"0%. %" 3%"#$%"0" &%, &/0;"" , ,%03-#'7 , "40/ *"4$%" #0'2%>", -6" , %03%>" 1.$" . $"&"#S%" 4" 44$"
L0-,"-6", %03%?" <$%" #0'2% ", -6" , %03%" &76'#&" ", #/" #B0%%" *-"," )0~ . $%&" \N'2(0%" E?[P" #$%"
JTSES=67" I\ U066/ 15" = 1'55-0; 0%+ = , " | +7) (-0 )6 (%"

Figure 1.7 Sensory nerve supply to the face
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1.2.4.2 Motor Nerve Supply
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1.3 Assessment of the lips

R7" 7%, /#;7%8" .- ," )%" -8&%8&&%+" +'0%.4#;" ", " #$%" .6, . -6" &%, 2" /0" ) ;" (#6'&", 2" ABHa8"
- .GC&#/," #6.$,'C%" -, +" -6&%N8&%+" 6-#%07" <$U&%" 3-0'/ (&" *U#$/+8&" -0%" & (7 -0"6%+"
\<-)6%"EIAM"

1.3.1 Clinical Examination

<O-+#7 8" - HS0/T/*UH0"." *UHS/+&" /4 0%. 70+, 2" 4-."-8" 3-0'-#/," ', 3/63%" 6/ .4, 2"
R G 0= -+ (R, 2" 86, 2" 670" \/O" 40—, &7-0%, # 0(BU0&M /," 4S5
SO A" 4= %" #/" * -8 (0% +'8-, .%&" /0" - , 268" \W-0=-8"R7]? et ab"EBBA-"7" 18" -"0%& (64"
o (N $-3%" 707+ (L U+" -3%0-2%" 3-6(%8" /4" 67" T-0-*Uth08" - , +" 20/ 1$" . $-048"
\SUS$%e>" X»"EBDE)>" -, =8" 1>"gR»" S/6', -0"R"@. ", W46" 175" ADDA?>'"Q$ (*'Rh? et al" ADDb""
0", %S0 -+3%, #'/4'$ 250N/ 5 (# / "+ 2 46" T$/8/20-7$;"- , +'a8'%. -, , ", 2"#$'&""&"6-02%5;"
THOL/0*%+") 3 5=, +7-0=", 2", +'RO UG (%, #'. /T (4%+"*%h-& (0% % , 4"

1.3.2 Photography

B/ 20-T$; 84S > /& /7> " 6, -6 FUHS/+" S8 0. /0+" , 2" =" T-#'%  H&"+% 46—, +'
b= =82 SOTS/672;"+ (Ch'8/ 4% %o-896" /4" (R 0%6-#"3%"6/ 1" . /8" - , +T % , #'8—o%;"\@. $--4"
7 et al' ADDBM" 5$/4/20-7$8" -0%" #-=%," 0/ (¥ ,%6;" 470" J04$/+/ ,#'." T-#% 48" 4/0" #$%"
7Q7/838" /4 ', .5 -GRUEA™ %, B" H0%-#F, # Th-, ", D" — 4" -, 5;&,2" HO%-EFY, ¢
/ (5./%8"\Q-, +0%0"C? et ab' ADDAN' 8'2'#-6" 70/ .Y8&' , 2" $-8" , /1" Yh. /%" 4$%" &~ , +-0+"
L0 -#4/0" TS/ 20-T$" " 0. /0+"=%07" , 2", " /04S/+/ ,#' .&"\@-, +§%0>"' 5% et al" ADDAY'K#"&"
KT 0= L B -0+ U U 20", B0 S8 S+ 0% B =2
B2SH, 2" =, +" =) %, # 0/ /" B TUO-H(0%" /" TO/3'+%" ./ &%, ;" J4 > -2%" $-=",2"
YL, ", +' 3+ (88", HESU &= U" , +'3"+ (=6 30" *%"\N-0=-8'R7] »'EBBZ""

1.3.3 Lateral cephalogram

R-#60-5" . %7 $-0/20->&" 74 #$%" &= (&' - , +" &/ 4" # &8 (%8 -0%" 0/ (#' , %63 "#-="% ", "JO4S/+/ ' .&"
410" +'-2, 78" T(07/8%&" \UO/-+)%, #" U2~ %" EBDEM" 18" 1" -&" .-7#(0", 2" #$%" &="06%%#6"
80 (H(0%8" 8" ~68/" T /880" #/" 3% L #$%" &/ 4" # 88 (" / (5", " L4 4$U" —++'4/ " /4" - ,"
6", (5 L%+ 2%"/0") -0" (5" T -8 4" 0, (~H0"ESU") - R-#90-6" . %7 $-6/20-*&"$-3%"
Y%, " (B%+"$'&#/0" . ~65; "#/" -88%ES" 20/ 14" . S~ , 2%&" /4" #$%"' 78"~ , +'&(00/ (, +', 2'&#0 (. # (%8
\F'2'5)0? et ab"EB[B>"_-,+->"0%0? et ah"EBBD>"U%02%* - ,>'0%<? et al"ADEZM" -, +"-3%0-2%"
3-6U8"/4'3-0"/ (&8 7"7-0-*Y69%08'$-3%") bk , "+%40" 3%+"\< - ) §%"E 7"
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1.3.4 Cheiloscopy

OSU'G/&. /T ;" 8 4S8k (+;" /4407 H4%0 , &' /45" , 08"~ , +"20/ / 3G 4$-#'% 1 '&#'/ , "4$%"3%0*"¢'/ ,"
/N7, %EaB8S- , =-0>'C? et ab"ADEQM K> -, "(8%"" , "4/ 0%, & "%, # 4 . ~#' S ) (B
$-8" 687" U0, " +%0&. 0) Yort" —&" =" FUHES/+" L4 BN 1, 267" 3-0'-#'/ ,"\50-)$ ' O'F? et ab’
ADEAM<$%" > -2%"&" 70/ +(%+") ;" . 0%-#', 2"="nb' 7" 70" , 40" /4 4$U"6' 78" - . $'%3%+") ;" 7", #', 2"
B0 07" &(04- U0 LS 6 TEHE = -, + 5D, " TORRS', 2"/ #/ " -)&S0) )" T-TU0T R'T" 70", & -0%"
L0 7%, &'3%"- , +%-&; "8/ 70/ + ("

VHR THY'$-3%" )%, " —+0" /" 6-88'4; "4$%"3-0"#/ ", "HSU" -7 7% 0~ , %" /4"#S%8%" 7 -#4%0 , &"
\@QI(=>"X? et ab"EB[DM' K" $-&" )%, "$; 7/4$%& 8+"4#$-#'6'7" 1. $/068"\<- Y60 EIZN' > - ;" Yo" -"
8QO)" TSN, /47" - (0%" ,"IN9"\_%'&1 -, 2%0>"X? et al"ADDB""

1.3.5 Stereo analysis

OH%0%/" —, 686" '8" =" *UHS/+" /4 3%, 2" TS/#/20-7$6" ) ;" *%-,&" /4')", /. (6-0'3'%'/ >
188" $-" 40" -+3-, #-200" /44~ 044", 2" +0THS' /4 THO.%TH/ ,"\_-7>"XIT? et al' ADEAY"
<$'8" /.. &+ /" 4% T$%, /%, / " /4 T-0-6-1>" LSU0%" /)00, #8" 6/ . ~%+" ~#" +"44%0% , #"
+' 8-, 0840/ " EB0"%0; 0" L 66" B , 2% 4BU'0"- 77 0% , #0%6-#'/ , &B T 4/ "0~ . " /ESU0" L%, "HS%"
030" 8" /3" &'+~ ;87" <L/ F-2%&" S4" =" /)b 0" - TH(O0%+" (&', 2" #1S" . -F%0-8"
76 Yot —#" /U 8-, ' -T-08" <UL /), HS " S8 ES0E 5 -2%8" 70/+( %8 - a8
0%70%&% , 447 ," F4" 4$%" 7). 47" <SU" +'&t-, U" /4" 5S%" .- *%0-"40/>"4$%" /)% 8" — , +" 4#$%"
+'8f- , )L %%, "HBUE LS - P08 ~44% K HS U THS 0RO CH S , S AHSN 3% , # (6" - 207"
S/ AU3U0" ", 0%, 2" HSU" RNT-0-#'7 " S8 ESU" .~ U0-8" 0%6—H'3%" £/ 4" +'8-, %" /4" HSY"
/)b 40/ " 450" . - *0-&" 0%&(B8"" ,"&'2, 4" .- #'+ &S0/ " h—+" , 2'8/ 2./ 30"+ 4%%0% , '
QNG ES-H -, SEYU /) (L L5 -6, Y& S ADD [

1.3.6 Stereophotogrammetry

@#%0%/ 7S/ 4/ 20~ Y0 ;&' &' >"6-0"4/"8H%0% /"~ , =65 8'8"" , "H0>&" 74" #8" 00~ , 2% % , #" 1. $%0%"
#1/" . -%0-8"-0%". / , 42 (0%+"-&"-"8#%0%/" 7-"07"~ / 1.%3%0>"8#%0%/ 75/ #/ 20~ *U#0 ;" (#'6'4%&"
20" %G (%, U&" #/" .- TH(OU" 8%3%0-6" ' -2%&" /4" -," /). #' \"%'=%" 9R? et ab" ADEDM"
88—, " YL U006, "%o-#(O%8" . -, "Y' *U-&(O%+") ;"> %- , &' /440", 2647, "\ V0" Sh?
et ab' ADDZ™' 1$'.$"",3/63%8" 3'%1",2" -," /)Wh. 4" ", " #$0%H+'*%, &'/ ,&" ) ;" *%-,&" /4'
),/ (=03, 2 SN TR0 T H S L4+ THS) 5 3086, 27 -0-66- 1"\ ~6-W/ , O6'®"
817" ADD[M"<$%" - . (0-. ;" /4" *%-&(0', 2'4-." 6" &0 (. H(O%E" (&', 2"#$'&" * Ui/ +"$-&"0- , 2%+"
40/7"DIC**"I"ED**"1$'. $"'8" -0/ (, +'Elcm" /4" #$%" #/4-6" /) 8%03%+" 3-0'- , . %" \@%-2%0>"
8797 et ab"ADDBM"
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1.3.7 Laser scanning

R-8%0" &.-, ,", 2" #.$, /6/2;" (HDE%&" =" 6-8%0" )%o-" +W0dith. #'/ ," 40/ " =" *"00/0" / , #/" $$%"
&=y, 2 ) ' <SU"0%& (Bt— , #'+o040%%. '/ , "~ , 260" 8" . -6 (6-#%+" (&', 2'8"* T 50"~ , 2(6-#'7 7"
VR4S Y U-""8"T0/ W% #0+"/ 4/ 4SU" Y00 4" '8 ~ #4008~ , +"&" . - TH(0%+") ;"-"+%6% . 4/ 07'<$'&"
RHSU," /T (B0 - 0 R #L SN0 —H0R" %807, 2"+ 4A%0% , #" 4%~ (O%8" /4 ES%"
J)Wh " " U SB0%%" 76—, %8" /4" &7- %" \X-(" 9777 et ab” ADDF" <$%"' a8" 6-8%0" &. -, , %0"
*%-§(0%8" AD>DDD"#/" EADSDDD" 7/ ,#8" /," - ," /). #' & (. $' -&"#$%" 4~ %" #/" ./ , #0( .#'-"a8"
20K =", AN, 3-8,/ NS-W-0+7 (&' #6.S, 'G(U" R/ ) 148" 7 THO-#/08" -, +" & Vb HEY"
Vir$/ (28" #5%" - .GC&'H/," #7%'" 4/0" 6-8%0" . -*%0-&" '&" 0%6-#'3%6;" 6/, 2" \a" &%. 7 , +&" #$%"
0%6"-)'6"4;" /4 #$'6" #%.$, "G (%" "&" Q%> -0=-)6;" 2/ /+" /3%0" -" @" +-;" T%0'/+"\X- (' 9 et al'
ADDC)""

<$0%N+'*%, &'/ , 6" #%. 5, /6/2;" $-&" 70/3%," & (. .%&8A(E""," =" , (P5)U0" /4" 0%.% , #' &t (+'%&"
1$'.$"%3-6(-#%+"4-."-6". S~ , 2%8"+(%"'#/"20/ 143" \N%00-0'/>"FIN? et al'ADDD>'X-(>'9?™ et ab"
ADDDM"<$U"0%6'-) 545"~ , +'=. . (0-. ;" /4"6- , +7=0=""+%, #'4' . -#/ ,"0- , 2%§"40/*"D’aB"#/"E?ZB"
A S 770/ 1 -4%6;" bom” /4" 459" 6- , +7-0=8" #08%+" . . (0-H%" #/" 88" #$-," E**"
\</*->" 11S? et alb' ADDBM" <$U0%" +/%8" , /4 -T7%-0"4/"Yh' -, ;" &'2,'4' .- ,# 3-0'-#/,"","
R0, ", 2" A=t b, =028 (&',2" +'0%.# -, #S0/T /W05 6-6%0" &.-, %08 -,+"
ST (017 /20-7$;"\9<M8 .~ , , %08"$/ L%3%0>"3-0"-#'/ , "~ 7 7%-08"#/"% 1 "&#" ) Yot L %0% , "
HURN" FUHS/+E" - , +' &H0%/ TS/ 8/ 20-**%#0;"\] $/++/ (&> ™7 et ab' ADD['X/ /=" SN et
ab"ADEZ""

1.3.8 Computerised tomography (CT) and Cone beam
computerised tomography (CBCT)

O<"'&" =" L0406M%&H-)6'6P%+" +'-2, Z&#" " #/ /6" 18" . $" & (&+"", " -, ;" =0%-&" /4" 0+ ", 07 KA
707+ (.%8" > (6#76%" 0-+'/20-7$&" 70" &6" . %&" 1.$".$" .-, " )%" 0%4/07* -##%-+" #/" 70/+(.%" -" a8"
" 207" <$%; " -0%" 2% , %0-66;"#-=% , "#/"3'%L"" , #%0, -6"&H0 (. #(0%&" ) (#'. -, "-6&/" . - TH(O%" &/ 4"
#E& (%8 -, +"3-&. (6-0"8#0 (. #(0%&?"9UI<" (&U&"-".7 ,%"&$-T%+"&/ (0. %" 74"/ ,'&" , 2'0-+"-#'/ ,>"
1$".$"8"+'0%. #%+"#$0/ (2" #$%" -0%-"/4"" , #%0%&#"\@ . -04%>" T79? et al' ADDb'<$'&" $-&" #$%"
—+3-,#-200" /4" -" 8B/ 040" . - TH(0%"#'*%" -, +"6/ L%0"0-+"-#'/ ,"+/8%" . /7T -0%+"#/" 9<"\X- ("
9777 et ab"ADDC-P"1.$'68#" *-",#-",",2"2/ /+" *%-&(0%*%,# -. . (0-.;"\h>"C? et al"ADEF""
, 74$%0"-+3-, #-2%"/4"9UO<" & #S-##$%"7-#"%, #"&"&. -, , %o+" , "4$U" (70284 7/8&'#/ ,>'1$' . $'
0%& (6H&"" , "0%G&" +'&#/ 04/ , " /4" #S%" &/ 4" #@& (W& ," . /T -0'6/ ,"#/" 9<>" L $N0%" #$%" 7-#'% , #"'8"
&C7",%7<$'8"&"T-0#" . (6-06;" (G4 (6"4"#$%"4- " -0"&/ 4 #' 88 (%&"-0%"0%.. / , &#0 (. #%+7"
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k#&", Z#" . (00%, #5; "4%-&") 0%"#/" . - 7#(0%"#$%"#0 (%" . 767 (0" - , +"#% % (0%" 74" #$%"&=", "40/>"-"
QUI<"&. -, 7"~/ L%U3%0" " #"'&" 7/8&" )N #/" -, T (0-#4"7$/#/20-7$'."a8" > -2%&" / , "#/" #$%"
QUO<'E.-,") ;" =2%"4(&'/ ", +"&%3%0-6"#%.$ , "G (%&"$-3%") %%, "+%&. 0") %o+"\X$- ) - ;>"U?
et ab" ADDAY'56//'"' (?S? et al' ADEEM 18"&(.$"9U9<" $-&"*-, ;" QM@ -778".-#7/,&"","
J08$/+/ # &', +"+%, #'840;"\S%00%#>'@7C? et al"ADDB>'5/7-#""? et ab"ADEDY

1.3.9 Magnetic resonance imaging (MRI)

SOK'G.-, 8" (B%'8H0/ , 22 =2, Uit " 'UG+8" = , +"0—+"/" 1-3U8&"£/" 70/ + (. U8" +0btt—"§00+"" > = 208" /4"
'L, 6" GHO (0% VEES/ (2% HIU' & -, &' -0%" , /4" (84" 470" 3%, 2" #$%" %I#0-H/0-5"
SO HQOUR" /44" #BU" d- 0" #$%;" .-, " YUb" 2/ + 4 0+" #/" 3 UL  #U" ", 40" . -#9" (, +%06; ", 2" 4-."-6"
* (&0 0%~ , +"4SN'0'/0%%, #-#/ , &\ J6W%1&=""0? et al"ADDB>'5-0=%0>"]?8? et ah"ADEa""

1.3.10 Ultrasound

2 640-87 (, +"8"-"707 0+ (0% #$-#' (R%&'S'2BMA0%G (%, . ;"&/ (, +" L-3%&'E/" . 0%~H4"- , " - 20" /4"
N0, -6 ) /" GHOCHQO%RY V& =" 6.5, /672" G O6-4"3%6;" ", %1 7%, &'3%" 7/08-){%" -, +"
T/, /'0-+" -/ ,"0'8=""

g, /4 (R4 (6 470" -88%88" , 2" 4% 0 I40-N/0-6" =7 7%-0-, %" 74" 4$%"d- %" ) (" #$%0%" $-&" Y%, "
87U HH0%8H" " -R88&" , 2"H$U" /0T S/6/2;" 14 4SU" (, +U06; ", 2" (& (6-#(0%" /4556 774"
$-6") %00, "S5 7/HSUE 800+ ES—H"+%04% HE" , "HS%'/0)" . (6-0'%" /08" (&.0%" 744U 78" - ;)" ="
QONTS%, /87" " Wh-#(0%" /74 IND' - , +"#$ (8" - ;"$-3%" -"=%0; " 7-0t"/" 763", "4 -Uet' /6/ 2"
/8 INONT - - 1%%0->"9%C? et ab'ADDDY"_%'&1 -, 2%0>"X? et ab"ADD[""
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Table 1.2 Summarising acquisition techniques (Kau, C.H. et al, 2010)

Acquisition method

Advantages

Disadvantages

i, . —§I->", /"

K, %17%, & 3%"
A0, 3-8'3%"

0%G (" 0%&"-66"
*%-&(0%*%, #"#/)%"
#==%,"-#/,.%"
R'>*"#%+"#/"

+'8#-, .%8H- , 26%8&"/0"
-$-0-.#%0'&#". "4%-# (0%8"

5$/#/20-7%;"

K, %17%,&"3%"
g-&;"#/" (&%

S-2,'4.-#/,"%00/08"
<W+'/ (&'L/0="8/">-T"
&(04-%&"
58%(+/"a8"*-2%"

R-#%40-6".%7$-6/20->*"
0-+'/20-7%;"

<-=U, "8G , +-0+"
L 3UEH2-# 7 S0 Sa
JOUS/+/ 0=, 8
0%-&/ , )R 0%e/5CH /"
V/7+' 70087, " /'$-0+"
1888

O-+'-#/,"+/8%"
<1/I+>*%,&'/,-6"\A8"
_20"/4'a8'/ )% . #"
S-2,'4.-#/,"%00/08"

o$%'6/&./7;"

K, %17%, &3%"
g-&;"4/"70/+ (%

R"*"#%+" (&-2%"

@#%0%/"- , -6;&'8"

Q(7%0'/0"+%74#$"7%0. %7/ ,"
SFT-0%+"4/"6%- , +-0+"
7$/4/20-7%"

<$0%%lH+"*%, &'/, -6"\a8""
0%70%&% , #-#'/ ,"40/>"#1/"
A8".-*U0-&"

0#%0%/ 7$/#/ 20-7*UH0 ;"

ST */17 " -TH0%"
5$/#/0%-6'84"."

R/ZL'0%&/6(H7,"
@'2,'4.-,#70/ %68, 2"
.= 7-)"6'#%&"0%G ("0%+"

R-8%0'%.-, ,",2"

N
pC.=" . -TH(O%'

/0, 3-83

o/ 4/ (U8/T/6/2;"-, +'
&(04-. %8

SU+ (*" TS/ 58"
G(-5;"

gl 7%, & 3% %G (7%, #'
<%.$,'GC%"E%, &'#'3%"

O/ *T (#H0 &% +'4/ >/ 20-78;"
\g<r”

177+ %-8(0%>%, &
- (0-.5"

g1 7%, &3WHG (7™, #
2SO0+ "+ /8"
/-8 )0 (B TE
17 /808"
R i

9/ W'Y h="". /7T (440" 8%+"
8/7/20-7$;"\QU9<N

177+ %-8(0%>%, &

- (0-.5"
p(.=". -7 (0%'
RUG&"%1 7%, &'3%"
O%+(Y+"0-+'—4'7 ,"+/ 8"

_/HW-87) 6%/ 0" (64 76%"
%17/8(0%&"
0%G("0%&"0-+'/6/2" . 6"
0%7 /04", 2"

S-2, %4 ."0%&/ , -, . %"
20, 2\ SO

A0, 3-8'3%"

K, #%0, -6'6#0 (. #(0%&"/ ,6;"
R/, 2" -T#(0%"#*%"

- 680-8/(, +'

A0, 3-8'3%"
K, %17%,&"3%"
5/04-) %"

K, #%0, -6'6#0(.#(0%&"/ ,6;"
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1.4 Methods of phenotyping

<$%0%"-0%"%&&% , #'-60; "#$0%%" - 770/ - . SU&"#/"7$% , /#; 7" , 2"4$%'0" 787'N'08#; >~ , #5077 /> %#0"."
\*0-6(0',2" +'8&#-, %" )WELU%," -,-#/7". 0" §-,+F-0=8>" &%./,+8;" */07S/*uH0"."
\', J07/70-#,2" &$-7%" &Wh' -, +" 0%, #-#7," -, +" 4, -06;" =" 4" +%&.0'7H/," -+
$-0-.500'%-#'"7 ," 1407 TS%, /#; 7%&"\N'2 (0%"E?0""

Compute _ Distances
Anthropometrics
Landmarks
Principal Angles
component
analysis \
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Geometric variation
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Figure 1.8 Methods of quantifying and describing lip phenotypes

1.4.1 Anthropometrics

U ES0/7/672;" 8" 480" R (+ ;" 74 48" *%-8 (0% %, #' /74" .6, " . 8" d-#(0%&>" (&', 2"4$%" 3-0'/ (&"
b=, +7-0=67" SU-&(0%%, 48" &5/ (6+" %" 70470 %+" 14" #$%" 7-#% , #' 0%6-1%+" -, +"*," ="
006 S+ /8 " -8 A= 5 BN TO%G&'/ " .-, "~ 4" 5B =) 68" 4" ~ . . (0-H%6;" 6/ . %"

b=, +7-0=87"

1.4.1.1 Measurements of the lips

S%h-&(0%*%, #&" -0%" *-+%" ) -&%+" 7, " #S%" +'&#-, .%" )%#1L %%, "6~ , +*-0=&"\N'2(0%"E?B" -, +"
E’EDY" Z&',2" #$'6" *WHS/+/6/2>" -3%0-2%" 3-6(%&" .-," )% +%0'3%+" 40/>*" _f,".-f"
%l->",-#/ ,>"0-#%0-6".%7$-6/20-*&"- , +'a8" *-20&"\<- ) % "E?a?"
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Landmarks Measurement'

Vertical

1 &, N2," " %' 2%H" /4"4S% "6/ 1.%0"4- . %"

2 &N2," "0 254" /4 %6/ 100" 4P 0+" /4 # %" 4- . %"

3 &, l6e" "0 2%H /4 ES%" . (H- , %/ (&6 7\ TS 640-6'6% , 245
4 balsH/" " %' 2%H" /44S%" (77%0"3%0*"6"/ , "

5 &, "I'e#/" ~ 0254 /44S%" (7 7%0'6" 7"

6 &/ "0 24" /4#3%"6/ 1.%0"3%0*"6"/ ,"

7 6'Mes" "0 2%H /4 ES%" . (#- , %/ (867 L%0'" 7"

8 &H/N&E" ~ 0254 /4" 4$%"0/ 1L%0'6" 7"

9 &on72" "0 2% /1 ESN" (TT%0". S "

10 202," "0 2%H' /4ES%'0/ 1%0". ', "

11 &anz," "0 2%H /1ES%"% , #'0%". B, "

Horizontal

12 -SRI $O" R%, 248" /4 4#$%"5-)"-6"4"8& (0%"\* / (#$" L' +#$"
13 . Sl $ 2 77%0"3%0>"6"/ ,"-0."

14 LBl $" R/ 1%0"3%0*'6"/,"-0."

Figure 1.9 Anthropometric measurements of the lip region (Farkas, L.G. et al, 1984)

<$%" -3%0-2%" 4 (66, %&&" 74" #$%"6' 78" .- ," ) %" 0%. /0+%+" (&', 2" &%3%0-6" +'44%0% , #' *Yo#$/+&P" -"
A0 -8 (0% %, #' 407" #$%" 407, #-6" 3'%L" \6&NGH/™ V-8 (0%&" #%" $%'2$H" /4" #SN"

3%07"6"/ ,>" *%-&(0%*%,#&" #-=%," 407" 6-#%0-" .%7$-6/20->" *%-&(0%&" #$%" #$'.

, %88

4077<"#3%" ", #%0 , -6" &(04- . %" #/" #$%" %1#%0' 70" & (04— .%?" K#" '&" -6&/" 7 /88" ) %" #/" *%-&(0%" #$%"
3/CEU" /443U 6 T8 (&', 2'a8"#.$, 'GEY 18" -"0%& (64" 74" 45" #' .-, " )"+ (6" #/" +0-1"

S=T-0%/ 80077+ 44%0% , # &# (+'%&>"+ (87 "43%"3-0; ", 2" * WS/ +&7"
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1.4.2 Morphometrics

S/07TS/ 0" &L ES' G (-, #H-#3N' & (7 -0; " 74 & W8S~ 7% , +" /0%, #-#/ ,"+'44%0% , . %8
=x/,2 [02-,08% [0 A0 /7T, %, 4 \UZ/Z=4%' " NRD ADDEN" %/ U0
*/07S/ 740" 8" 8" =" *U-, 8" /4" G (-, HH-#3U" -, -6;&'%" 3'-" =" FUES/+" /4" 0% /0+,2" ./
J0+", —H08"0-#$%0"#$- , 6", %-0"3-0"-) §%&"\U//=8%" ,>"N'R»>"EBB '3~ , "5%0%Ib"@? et al"ADDFY"
O/N/0+ -4~ | "YK'S/ . ~#U+"3 ="87%. "4 =, +7=0=8" /0" (B TH%" , #6000+ —4%"6— , +=0=7"
@S-7%"3-0"-#'/ , "Q"4$% , "3'&(~5; "~ , -6; &%+"\XE" , 2%, Y%02>"9%"ADEa""

1.4.2.1 Principal component analysis (PCA)

5918 "4/ /840" % 76, -#/0;"+-H#-"- , -0; &'&P"#"&" "S- H#'&# . -6 WHS/+" /4 *T6'4;", 2" "G
/86—, +7-0=%"70"/)N%03-#'7 ,&" , #/" =" 0%+ ( . %+"8%#" /4" 0%6-#%+"3-0"- ) 6%&>"#/" %1 76-" , "&$-7%"
3-0-#/7,7 -&',2" AE"b6- , +7-0=8" /4" #$%" 4- %" \N-0=-&"R7] »" EBBZ™" -, -6; 8%&" $-3%" ) %%, "
Th04/0*%+" " " 0+%0" #/" 3'6(-6'€%" -, +" %l 76-"," 4-."-6" 3-0"-#'/," 1'4$"," #$%" 7/7(6-#7,"
\N'2 (0%"E?ED""N/ (0#%% , "59L&" 1.%0%"70/+(.%+>"1.$" . $" %1 76-", %+"DAmM"/4"#$%"#/#-6"3-0"- , . %"
<$%"4'08#'4/ (0"0%6-#%"4/"CE?AmM"/4"4$%"3-0"- , . %?"

Figure 1.10 Standard deviation envelopes highlighting facial variation (Toma, A.M. et
al, 2012)

S59E"1"0%+""F-0"-#'7, "4~ .%"$% 2$#>"59A" I "\h%t6/ LN F-0'-#7," , #%00% ; %" L' +#$>"59a" l"
\J0%%, 50/ %", %, .%"/44$%", 78%"59Z" 1'50/#0 (&' , "/ 4"4S%" (7 7%0'6" 7"0%6-#' 3% 4/ #$%". $" ,"
\&=%66%#-6"7 -#4%0 , "

<$'&"*UHS/+" $-8") %%, " (&Y%+" %1%, &'3%6;"" , " #B%" 6 #0-#(0%" #/" -#%* TH#'#/" +%&.0") %"4- . -§"
3-0'-#7 "=, +"$-8") %%, "&(. . %&&A (6", "7$%, /#; 7T%H2% , /#; T%"-&&/ ."-#'/ ,"\S-#%0 , /84%0>"R?
et al"ADEAM



1SRG () (+ S - Z0(#-1($"&- . %0$,-2(
|

Table 1.3 Average measurements of lip phenotypes

Age Sample Population Lengths (mm) Method Reference

Male Female
Height of the lower face (sn-gn)
18-25 SHNH ™ (D) #*! ,—./011 " 2.345! 6#7)89:;7;! ;<1891 =l >5.250(!ATBT(&H(#3(\CSD) +!
Height of the lower third of the face (sto-gn)
18-25 CHANGH = (1&#* !, -./011 " 2.345! )D7D89:1)! ))DIgY:<T)!  =! >5.250('ATB1(&H(#3(!C$D)+!
Medial height of the cutaneous upper lip (philtral length) (sn-Is)
15 (&N =2E/.5FGH.- 12! Ce1&! C;1&! = BISEPF(1LT(&U(HI(1 "+
15 <"l (154 ,—./011 " 2.345! C&IC!8Y:I"T"'l  C<I<I89:!C! ! >5.250('ATBT(&H(#3(ICSS$"K+!
18-25 D$Im&# = (1<$*+! ! C;1689:1"7"1  C<I<!89:1"7C! >5.250('ATBT(&H(#3(ICSS$" K+!
Medial vermilion height of the upper lip
15 CHCW&# ™ (1&CH!  ,-./0!11 = 2.345! $7<89:C7&! D7D8Y:Ci<! =I4FQ: @/ -+ >5.250('ATBT(&H(#3(ICS$"K+!
18-25 DPI&# ™ (I<$*+! ! 67)!89:1C76! 676!89:!CTC! >5.250(!ATBT(&H(#3(ICSD) +!
16 <"WC; " (IC;*! C&IBBNUCI6 ™+ C™$;H"1C+  A=W5:11/034?E200+  %L.5™ 5EM.50('LIN7(\C$DD+!
Adult )T (! C)iD!89:C7y!  C"7;189:1"! %1.E2//(!B1OT(&H(#3(ICSSSH!
16 <"WC; " (IC;*! )7#89:1#18! <I<189:1#7;! A=1h4 = "4l %L_5 = 5EM.50(!17N7('C$DD+!
21-49 B#1h<D = (I<""*+! GEPFSEM(!QR! ""IDIHTDH! "T<IHIDA <STh4 ="+l KTSUV2. (\LTWT(&M%(#3(1" " Bt
Philtral width (cph-cph)
Infants  )#! ,—./011 7 2.345! 67C!89:!CIC! =l > SEX('L_TAT(&H(#3(!CH6""+!
5-6 C#$!&C ™ (1&D*+!  Y5I5E! D1689:C7)! D7;89:Ci<! W= 3(VLT(&M(H3(" &
Philtral depth (cph-cph = deepest point at midline)
24-39 8&M"& ™ (<! Y515E! CI"<89:#1&D!  #1DD89:#7)&! <SAl KR3AO3(! , T(&U(H(1""#C !
Nasolabial angle (pr-sn-Is)
18-25 DPM&H ™ (1< ,—./011 " 2.345! $$89:D7#! $$89:D76! =! §>5.250(/ATBT(8H(#3(ICHS$" K+
5-6 C#$!n&C ™ (1&D*+!  Y5I5E! $&1"'2! $;7D1! =! WL = (1 1T(8M%(H(1 &
Medial vertical upper lip length (sn-sto)
13-15 <"l ,—./011 7 2.345! "<ID!I8Y:ICI&!  "#1C!89:!"! A=! %[H.0/-E2(!=11(!C$; 6+!
15 DDI)"™ ™ (1) ;*+! ! "'<189:1"78&! "CI89:I"N! =l IN242(1TT(&4(#(1CHS "+
15 CHCI&H ™ (1&C*! "<I8YMIC  #ICIB9: M =l §>5.250(/ATBT(8H(#3(ICHS" K+
15 &#10HK]24/0! GEPFSEM(!QR! "'81$<189:!1<7$D! A=BL\:10/-+! b SP(INTTT(&H(#3(!ICHES+!
16 <"IC; = (IC;*! ,—./011 7 2.345! "CIC; C16&+!  CDI$" W' 7&+!  A=H\5F10/-+! %L5 " 5EM.5@(!17N7('C$DD+!
18-25 SHIH ™ (D)#*! '"'16!89:""7<!  C$7;!189:I"1C!  =! >5.250(!ATBT(&H(#3(!CSD) +!
21-49 B#Ih<D ™ (I<""*+] GEPFSEM(!QR! "Ci<! C$r! <ST! KTSUV2. (1 LTWT(&N%(#3(1" " # !
Adult )T (1 ,—./011 7 2.345! '")7&189:1"7&!  "Ci#189:1"! A=l %1.E2//(IB1OT(&H(#3(ICE$S+!
Medial vertical lower lip length (sto-gn)
13-15 <"l ,—./011 " 2.345! )$1$!189:)7&! ) ;71)189:I<! A=!l Y[H.0/-E2(!=11(!C$; 6+!
18-25 DPh&# ™ (1< ,—./011 7 2.345! )D7D!89:!)! ))1D!89:!<! =l >5.250(!ATBT(&H(#3(!CSD) +!
15 &#! GEPFSEM('QR! ))7#6!89:1)1"'<! A=IRLANIT 1/ -+ b SP(INTTT(&H(#3(!ICHES+H!
16 <"IC; = (IC;*! ,—./011 7" 2.345! ))THEM<T"H <$IDCMH<T;+! hL_5 = 5EM.50('17N7(!C$DD+!
Adult ) (1 ,—./011 " 2.345! &)I<IBI"T)! ) ;7$189:1" A=IHAAT!™ L2+ h1.E2//(\B1OT(&4(#3(!CSS$+!
Medial vermilion height of the lower lip
18-25 D$Im&# = (1<P*+! ,—./011 " 2.345E!  DiD!89:!"T#! $7#189:1CT&! =14/~ R+ >5.250('ATB1(&H(#3(!C$D)+!
16 <"IC; = (IC;*! ,—./011 " 2.345! C"I4CT7; )+ CHISIMCISCH  A=I45:11/0347E200+!  %L.5™ 5EM.5@(!17N7(\C$DD+!
Adult D U ,—./011 " 2.345! C&i1C89:C1"'! C<1;189:!C! h1.E2//(\B1OT(&4(#3(!CSS$+!
16 <"IC; = (IC;*! ,—./011 " 2.345! &1;189:1#78&! &7<189:1C7#! A=I4 = "'+l hL_5 = 5EM.5@('17N7(!C$DD+!
21-49 B#h<D = (I<""*4] GEPFSEM(!QR! "1$#TDH! "< IHTDH <STh4 ="+ KTSUV2. (1LTWI(8H(#(1" 14 $+!
Mouth width (ch-ch)
5-6 C#$!&C ™ (1&D*+!  Y5I5E! <67;89:"13! <&1689:"1<! =l W= 3(VLT(&M(H3(" &
18-25 CH#Me# ™ (1&#*+  ,-./011 " 2.345! &)1C189:I<ID!  &#1;189:I<7C!  =! >5.250(!ATBT(&H(#3(!CSD)+!

C = clinical measurements, LC = Lateral cephalogram 3DS = 3D stereophotogrammetry
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1.4.2.2 Bootstrapped response-based imputation modelling (BRIM)

<$'&" WIS/ +"1'0846;" , 3/63%& 6/ . -#' , 2" 3N T/&H /", 2"~ , +7-0=&"/ , "H#SN"4- . %"/ Pk#- ) 6P
="0/ (28" /0%, #-#'7 ," \N'2(0%" EPEE-"" 1" &; **W#0". -6" *'00/0" "> -2%" /4" 4$%" 4- . %" "&" #$% ,"
70/+( %+ \W'2(0%' EPEEYS" (, +%0" 8$%" 88 (< T# 7 ," #$-#" —&; > Uk0;" 8" =" ) ;W70/+( 4" /1
%,3'0/, %%, #-6'+'¢#(0) -, .%&'0-#$%0"4$- , "2%, W#'."\T", +$-2%0>'@? et ab"ADEZ"™

a) Initial b) Reflected c) Following BRIM

Figure 1.11 Method of BRIM (Claes, P. et al, 2014)

n

Wl =" NS L/ ,E-", ", 2" PECD" G(-8" 6, +7-0=8" 8" - (#/-H L -0;" F-T TN+ £ 430
EQWhHE'S. -, , %+ a8 - 207" <B%" * -2%"&" 70/ . %688%+"4 (0#$%0"4/" 70/ + (. %"-"&; 7 *%#0"&%+"
0%.7 , &0 #%+" "> -20" \N'2(0%" E?EE."" 591" 1-&" #$%," 7%04/0*%+" 1.$'.$" 70/+(.%+" 22"
70', . 7-6"./*7/ %, 4" 1$" . $'&(F*-0'8%+"Bbm" /4'4$%" #/#-6"3-0"-#'/ , 7"9/6/ (0" - 7&" 1 %0%"
#$%, " (8%+"4/"3'6 (-6'6%"4- " -§"3-0"-#'/ , "\ 96-%&>'5? et al"ADEZ"
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1.4.3 Classification by characteristic shape

U0, " %o~ (O%&" .-, , /' )" G-, #4%+" ) ;" *U-& (0% %, #8" -6/ , %" -&" &/ *U" +%3'-#'/ , &'
~0'6%"-&"3-0"-#'/ ,&" ,"&$-T%" 70" #% 1 #(0%>" 0-#SU0" 4S5~ , "6% , 24$&" /0"~ , 26%87"<$%&%" 3-0'#7 , &'
~0%"+06&. 0")%+") ;" 6-8&'4" . ~#'/ " /4" $-0- HU0'GH" "85~ TU&"\<-) %" E?Z"

0 -G8/ T/88" )N /" 6-88'4; " HSU" +0THS' /4 #S%" TS BHO(>" (&', 2"#$%" R'="0#" & . ~6%" 4/0"6' 78"
W'2(0%"E?EAN" 1$'.$" 1-&"£0'2", -86;" +93%6/ 7%+" -8" =" +'-2 , 784" ." ="+"4/0" +%0i% . #' , 2" 4/ %pt—"
—6./$/8" &; , +0/7%" \N 1@ <$%" & -6%" 3-0'08" 40/ " =" +U% 7" 7S H0(*"&$-7%" 14" =" #$".="
(7% 7", +"%1-22%0-#%+"9 (7' +L8") / 1"&$- 7% \EN'4/"-"70/ 20%8&' 3%5; "8$ -5/ L%0"\AIZN"4/"-"
8§/ /48 TS HO (S, " (TTHOET" - , +"46-#'9 (7' +1&") /1 "8$-7%"\ 1 &% ;>'@°C? et ah"EBBBM',"
S8ECHDZE OB L HSS (NG 62", + 3+ (—68'S-+"="8 / /4 TS 0 (>"- , +'/ ,6;"C"
$-+"-"3%0;"4$", " (770 7P LS 68 ZE" , +'3'+ (68" L ESN1 @' $-+"-"8/ /45" T$ B0 (>"- , +'Ac”
$-+"30%0;" 45", " 67"\ 1&#%;>" @07 et ab' EBBFY" k""" &(22%8#"3%" 454" #$%8%" 4%-#(0%&" /. . (0"
TS0 (RSN O -, H U078 T -0 SIS+ -2, /88 " T0/ Yo+ (O%?"

» - -
i O ——
B "
/’: . -\‘ tﬂ.::' T
c - N i, : -

Figure 1.12 Likert scale of upper lip fullness and philtral depth
8'-20-* - ."0%70%8%, #-#7 ,"\#/7'0/ 1>"9- (. -&'- , "&. -6%"\*"++6%"0/ 1" 140/19-0") ) %- , "
&. -6%"\) /##/>"0/ 1"\ 1 &% ;>"@C? et al"EBBB

<$%" $%'2%#" /4" #3%" 3%0*"6"/ " /4" #3%" 6/ L%0" 6'7" 3-0"%&" -*/, 2" W#$,"." 20/ (78" -, +" #$U"
300>/, &S/ (6+") %" /=T -00+"8/"-"T/7 (0-#'7 ,"14'&-N%"%$, " ") - =20/ (, +"\ 1 &% >" @°C?

et al"EBBcM"



1SR X+ S . Z0(H-1($" 8~ . 108, -2(

24

P )+, - %, /0./-60%"" . 2, %0E314. + %8/ 4, %5/364

T%".2,% Definition Sample & Population Prevalence Reference
8+/5.,291%65. +
t+3,.4 Apparently decreased distance (Hennekam, R.C.(&%(#3, 2009)
;3654 Apparently increased distance
8+/8.,29i</=.+
>"3<i Apparently decreased distance between philtral ridges (Franz, M.L.(&%(#3, 1972,
21=% Apparently increased distance Hennekam, R.C.(&4(#3, 2009)
8+/5.,291=%4 .+
( § ) Smooth: Flat skin surface, the philtral columns have almost no prominence 84 controls (birth-27yrs) 4.8% (Astley, S.J.(&%(#3, 1996)
@O North America
109 (51m, 58f) 13% M=F (Mori, A.(&4(#, 2005)
Q i 5-6yrs, Japan
( ) Parallel: The philtral columns originate from the nostril sills, and exhibit an almost 42% (F>M)
?'? parallel shape
N
) Triangular / downward divergent: Prominence of a triangular philtrum with the 33% (F>M)

apex to the columella

( ) Convex - The upper cross of the philtral columns is located in the middle of the
upper lip. No philtrum dimple in the upper half of the upper lip

12% (M>F)

*24/=(0i#3<1

AHO%6.4 Lack of paramedian peaks and median notch of the upper lip vermilion (Carey, J.C.(&4(#3, 2009)
BC"'55%,"".%=l More pronounced paramedian peaks and median notch of the Cupid's bow
DA44%, 1§44
1+/64 Apparently reduced height of the vermilion of the upper lip in the frontal view 84 controls (birth-27yrs) Likert 5:6% (Astley, S.J.(&(#3, 1996, Carey, J.C.(
North America Likert 4:41%  &H(#3, 2009)
1+/-Ek Apparently increased height of the vermilion of the upper lip on the frontal view Likert 1:13%
Likert 2:16%
BF%, %= Inner aspect of the upper lip vermilion (oral mucosa) visible in a frontal view (Carey, J.C.(&%(#3, 2009)
1%6.%=4 Triangular appearance of the oral aperture with the apex in the midpoint of the upper vermilion and the lower vermilion

forming the base

Straight Vertical - Clear-cut vertical grooves 60 (30m, 30f) (M)6.6% (Nagalaxmi, V.(&%(#3, 2014)
% i 20-30yrs (F)43.3%
e\x‘ml'ﬂﬂmll: Branching - branching Y-shaped pattern India (M)8.3%%
"m,m}\“ . (F)28.3%,
& Intersecting grooves (M)46.6%
(F)11.6%
TR Diamond & reticular (M)26.6%
Qs . (F3.3%
it Lower lip whorls North America & Hungary  2.3% (Neiswanger, K.(&4(#3, 2009)
LI . 142 (48m, 86f)
*399/002, %0k
D4.2,6%=t Oral commissures positioned superior to the midline labial fissure (Carey, J.C.(&4(#3, 2009)
H3<6.2,6%=t Oral commissures positioned inferior to the midline labial fissure
S 1A1*+/610+" A%k
\ Flattened 89 (50m, 39f) 0 (Farkas, L.G.(&4(#3, 1984)
‘// 18-25 years
' North America
& -
.y Shallow and curved 15/50 (m)
’( 13/39 (f)
& -
) Deep and curved 45% (F>M)
] 28% (M)
i 67% (F)
& -
— Deep and indented 36% (M>F)
J/ 42% (M)
f 28% (F)
&
Chin dimplei
No dimple Germany 82% (Ritz-Timme, S.(&%(#3, 2011)
Italy 80%
Lithuania 71%
Dimple Germany 18%
Italy 20%
Lithuania 29%
TE%S. 54" . %, 6t
- E%$%. Skl Balanced facial profile 1000 European 40% (Foster, T.D.(&4(#3, 1974)
- EY%8%."*$t)Jk Relative mandibular retrognathia 56%
- EY%8%."*$J% Relative mandibular prognathia 5%
Chinese 12% (Lew, K.K.(&k(#3, 1993)
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1.4.3.1 Reported associated features

07 7%" 1%-#(0%&" -0%" 0%7 Z0#%+6;" -&&/ . "-#%+" LH#$" %- . $" Z7#$%0" \<-) %" E?C>" 0%70%8% , #%+" -&"
20%;" &G (-0%&"P" $/ 1%3%0>" #$'&" '&" ) -&%+" /"l 7%0# /7" '/ ," 0-#$%U0" #$5- , " W7'+%>*"/6/2" . -§"
A+ N\ "%, ,%=-">"079? et al"ADDB>"9-0%;>'C?9? et a/>"ADDB"

Table 1.5 Associated lip phenotypes

" SR Gall 9(T'+&) /1" 27 7%0"
67"
@*//4#$"| 8Wh7"| T'+%'| R/,2"| 1)&%,#'| gl-22%0-#%+"| <$',"

580" | @*//4#% " ) ' '
8% 7" ' ' ' ' ' ' '
T'+%" ! " " " " " "

o(T'+&" | )&%, # ' ' ' ' ' ' '

/1" gl-220%01 | " ! " " " " "
-#%+"

7707 | <$'," ' ' ' ' ' ' '

1.5 Summary

<UL QO0%, B WS/ S8 TS, T, 2" 6T TS, SH TR $-3 ES0" 64,87
5§, /4,7, 2' . SO, 28" 4702, 2" b 0 8- =80, 2"+, U
ORBH0" AR/ BN, (PS04 , +7=0=8"-3="6=) K, "+ U W RS GR(N' TS HE
O SRGE 0" - YR - , "AHSU08 -, + -, Y (GRS = LSS S (TS0, -6
B/ PR+, 2" ORGCHHE" \SUSHE" X' EBDE-" %, ,%=-7" 097 et ab' ADDBY"' 16/
H g (0% , 48" /4§ 5+, 48" \SED. *N — "+l (G 4/ 04 U, +7-0=8"8(.$" -
TEHOC" 1 HSP'S-3%" )%, "6/, "8/ )", 0% , #6;" (, 0% )"\ T ~0+"0%g? et ab"EBBEY"
RY.-#',2"6= ,+7=0=8" /" aB" - 208" &' —+3- , #-200/ (&" -&" '#" $-&" )b, " &S/ L, " #/" Y k' - "
— (08", +" 070/ +(. YN/ " 11ST et ab"ADDBM *UtS/+7" /1IN0 ;"6 "4, 2" S
S RLT0, T ST 0,80, 48 SR TE L RS- T 3-0'—H S = S
ORdith. 4" ) /672" =" 0=, " /= =" +U63U6/ T, 47" T/ 0" > 0TS/ 0" . 8" ~#%>TH8" /"
J300. /7% 458 ES/0H-5" ) 3" —++", 2" QWi , +7-0=8" YUE LU, " $1/" +'8t- , #' b , +7~0=8)"
B/ LUBU0 4S8 S/ + 86408/ "00h. 0+ /450" 005 (08" 4G -#'$-3%") %0, "85/ 1., "4/ "0 g7
O-0- 408", 2" MWh-#(OUE" /," #SU" JHSU0" S, +" 238" (&' */0%" *,4/0%-#7 " =)/ (" #$%'
BRIEQ0-0"- , +"8S-T%'3-0"=#7 , &4$-4'7 . . (0" -&" LO455" -804 (OW"§5—#" ~0%" %" 4$%0" 70%8% , #' /0"
H S/ LU0 ES'E" 8., "GRG . (00, 406" H+"" , "HSU" & %, B'4" "B HK0-R (0" / 55" ="
961" 06~ (%"
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LA R R B O

2.1 Introduction

<$'&" .$-7#%0" %1 76/0%8" %l'&H, 2" #S%/0%E" /4" , /0% -6" -, +" =), /076" 6'7" +%3%6/ 7%, #'
L6+, 220, % -, +"%, 3'0/ , %, #-6" U+ - #7087

2.2 Normal lip development

<$%"%l'&#", 2" (, +%08#-,+', 2" /44N % $-, "&7" 746 T +%3%6/ 7%, #"&"6-02%6;") -&%+" (77 ,"
G+ N /4 S'eHL6/2" .5 8% . # /& H-=%,"-#'3-0"/ (&"&#-2%&" 74"%*)0; /6/2" . -6"+%3%6/ 7%, #7"
PA"#$%" > /6% (6-0"6%3%6>" -, "= 6" > /+%68" $-3%" '+% , #'4'%+"&7%. 4" ." 0/6%&" 4/ 0" &%3%0-6" -/ 0"
&'2,-60",2"7T-4$1-; "> 7/ 0 4", " N0+, -#,2" , /0 -6'87"*/07$/ 2%, %6'&7'K, " -++'#/ ,>"
893%0-6"2% , %" "8t (+'%&"S-3%" +% , #'4"%+"* -, ;"2% , %&" , 3/63%+" ,"9RE"7-#$/2% , %&'&?"

2.2.1 Mechanism of lip development

SUREL62' 8 R (U $-3%" T, 3/63%+" HBU' -8REA B /4 $(F-, 0" *w" .$ .=k /0"
3 /R 82Q8 S =08 4/ (R \<O-&6%0>" 8" EBFDY' ', 0. $&%,>" X" EBbCY" @Y% , +%08" 91"
597" ~th,+0".=1" 12" 9(="%0&=" S->" ADDa"" T $'66#" /)3'/ (&' %S . -6" 8L (8" % 1'&#" 4/0" #$%"
~88UEE™ %, #' /4" S (-, "4/ (8 U0 -0%"6' 54"/ , &4/ -88N&&" , 2" 4B +963%6/ 7% , #' /&'
WS T'0%2'/ ", LESU0'- =60 L S -3+ M0" , 2" /07 S/6/ 25 R S (-, &

8UBYE/ T, #' /AW S (-, "t U Y%2", &'-07 (, +4$%"4/ (04$" LU%="/ 4" 2%8¢-4'/ ,"\J0-$'65;>"
OP'EB[AM 148" (77%0"0' 7"+%3%6/ 7% , #' . /7%, ", 2"+~ ;"# 1%, #; M4/ (0"\C'-, 2'0>"U00T D"
R'+0-6" 199%" ADDFA" V#'#$'Q'7/" , #"*"20-#', 2", % (0-5". 0%8H" Y68 . /)", %" 14" * %08/ +%607 5"
68"/ 0%~ EBU Y- =67 0" /04"

V4 G- 20" EA'\AF"+- ; & %" 70" 4 3%"* / (#$"\&#/ > /+% (M8") / (, +") ;" 4'3%" 70/ " , %, .%&"
W'2(0%" APEN" #$%" 407,47 ,-&=6" 7077, %, %" £1/" *-1'6-0;" 70/>",%, .%&" -, +" #1/"
Fo ) (6-0'7077" %, 08'<SU'T =00+ - , +") (6-0"707 . 888 4 (R~ S+, "

8(0", 2'8#-2%8"EQlEZ"\ZNC L Uh=8"", -8&-8"7"#8"4/07>'-8"4$%"40/ , 4/ , -8&-8"70/ .%&8"2' 3%8"0'8%"%/"
HEU" -6 -+ 6-H%0-6" , —8—5" 70/ .%88%&Y" <$%0%" ‘8" &O8UG (%, ' 0-7"+" *U8%, .$;* "
20/ 1L4$" " #SU" *-1'6-0;" -, +" *U+'—5" , -&=6" 70/ .%68%8" 1$'.$" 7 (&S%8" #$%" , -&-F" 7'#8"
045 7"

8(0", 2" &#-2%8" ECNEF"\&' 1#$" 1%h=""#$%" , &6 707", %, .%8" *%02% 7' N(&'/ ," Y W4 L%%, " #$%"
B-#900-6"~ , +"*Yot" 6" , ~&—6"70/ . 90888 &#-04R" 7 /G800 0"/ 48" , ~&—6"T"H8" - , +"#$%, " 70/ . Y%h+8"
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L=, =L EN0' /0" +'0%. 4/, " \<0-46%0>" 8»" EBFb" T',0°.$8%,>" X»" EBbc <$'&" 0%2'/,"
QNG (%, #;"4(Q%&" #/"#$%" > - 1'66-0;"70/7", %, .%&" 1.$'. $"4/07"#$%"6-#%0-5"7-048&" /4" #$%"
(T7%0'6'7"\@(,"8>"'UM0%" ™ - ;"g+7>"ADDD>"9/ I>'<»"'ADDZM"

@#-2%"EA" @#-2%"EalEZ" @#-2%"EF" @#-2%"EB"

N0/ ,#/ ,-&-6" N0/ ,#/ ,-&-6" NC&'/,") %1 %%, " 2 7T%0%" 7

707" %, . %" 70/7>",%, . %'&76'48" *U+'-f", -&-0" +%3%6/ 7%, #'

\20%% , >"5-"0%+" RSN -6\ )6 (% 707 D8N -##$%" ./ 76%#%?"8%0' 3%+"
S-1'6-0;" -, H0-#%0-6"\; %66/ 1 L% A/, 407" -1'66-0;"
70/7>",%, -%&" , ~6-6"70/ . %88 DU L%%, "> -1'6-0;" 70/*",%, . %"

\7 (076%"" " 70/ .%84"- , +" 6-#0%0-66; " , +"*%+"-6"
S-,+)(E-0" *U+'-f", -&-0" ,=&-6"70/>",%, . %"
70/>",%, %"\7", =" 707 .%&&" %, #0-66;"

Figure 2.1 Stages of human upper lip development, adapted from (Dixon, M.J. et al,
2011)

N0/ ,#/ ,-&-6"70/>", %, .%"\20%% , »>"*%+"-6" , -&-6"70/ . %&&"\) 6 (%">"6-4%0-5" , —&-6"70/ . %&&"

\; %667 1" - 1"66-0;"70/ . %&&"\7 (076%>">* - , +") (6-0"70/ .%&&"\ 7" , =""

2.2.2 Molecular pathways involved in lip development

U /FTE01" UL /0=" 7440, &.0'TH/ " 4= /08" =, +"8'2,, 06", 2" > /60h. (68" #'2%45; " 0%2 (6-#%"
0=, /A= =6 3R/ T %, #\C'- , 2" O UX2TD" R+0-6" 179" ADDFMS ", 6(+, 2", %(0-6" . 0%84"
L0417 5" *"20-#7 " T-#H%0,", 2" T0/0Wh0-#7 > =, +" =T/ T#/8'8" \@% , +%0&" 91> 579>
05, +0".=1"12"9 (="%08=""S->"ADDa"

S-, ;" &2, -6 -+ 2%, %" $-3%" )U%," &S/ L," 41" Th-3" =" RT/0- #0768, A=t
*/07$/2%,%8'8") ;" ./ L H0/6" , 2 40"+ 36/ 7%, #' /44 =670/ " %%, Y&~ , +"HSY" &=Y060t 5"
RO HQOU" /4" #$%" 4-.%" \<=)6%" AJEN" O/ T/ %, #&" /4" 8o3%0-6" &'2, 68" , 2" 7-#$1-;&" -0%"
U1 70%8&%+"+(0", 2" .0, /4= " =8 +%3U6/ 7% 4"~ , +" 2%, %" =, / .=/ (¥ 84 (+'%&""," > %" $-3%"
B0 U, 3/63% %, # /4 HS0N' T -#S -8, (TTUQE 7" 707/ 2%, %4\~ ("8 D
EBBB' 14$'G(%" 1S et ab'ADDAYR' (> T et alb"ADDC'C'- , 2'05"UCIID'R™+0-6"179%"ADDFA"™"

2.2.2.1 The Bmp pathway

U/, %" >/07%/2%, %4 ." 70/4%" ,&"\Bmp"' -0%"-"20/ (7" /4'&'2 , -6 , 2" > /6%. (6%&" &%. 0%#%+") ;"
#%" #0-, 84707, 2" 20/ 143" 4- 470" YWtt-"\Tgf8" &(7T%04->*"6;7" S-, ;" -, "> -6" &#(+'%&" $-3%"
+0h*/ , QH0-Hb+" #S-4" #8%;" 76-;" -, " T/ 08- L # 0/6%" ", " 0%2 (6-#", 2" =" +"3%0&%" , (<)%0" /4"
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+%3%6/ 7%, #-6"70/ . %&&%&" - , +"-0%"4(, .#'/,"", " 4N N3/6CH /" 1446 8$-To%" -, +" & W
\T-,>"S? et al"ADDC"

K," #$%" +%3%6/7",2" .$'.=" 4-."-6" 70"*/0+'-6" Bmp4" '8" $'2$6;" %170%&&%+" "," #$%" +'6#-6"
%7 #S%0"-" /4 4S%" %+ 6"~ , +"6-#%0-6", -&-0"*-1'66-0;"- , +"* -, +") (6-0"70/ . %&&U&E\ T - ,>'S?
et ab'ADDCM"k#' $-&"-66/") %%, "+%*/ , 8O-+ " #S-#'% .4/ 7" "= T76" . -4/ " /4" %'$S%0" Bmp2" /0"
Bmp4" 70/#%",&" ", +(.%&" 73%020/ 1#$" -, +" 70/ +(.%&" . $-, 2%&" #/" #$%" 7-#%0,", 2" 74" #$%"
4-."-§" 70" /0+'-" \U-06/1>" 1207 et ab" EBB[M" TS$es" ',$)'#,2" Bmp" &'2,-§,2");"
=778 .-#7," /4" Noggin" \-" &7%.'4'." Bmp" - ,#-2/,'¢#"" .- (&%&" 0%+(.%+" *%8&%, .$; > -0"
70/6'4%0-#7," -, +" /(#20/ L#$" \1&$'G(W" 1'S? et al" ADDAN" <$'&" %dd% . #" $-&" -68/" ) %%, "
0%76" . -#%+","4'8$"- , +") '0+&"\T - ,>'S? et al"ADDC"

SEIE" -, +" SEIA"-0%"+/ 1, &#0%->*"#0-,&.0'7#7 ,"4- .#/0&" /4" #$%" U* 7" 7-#$1-;"\U-06/ 1"
1C? et ab" EBB[™ -,+" )/#$" -0%" 6'=%6;" 76-;" .0'%'.-6" 0/6%&" '," 4-."-6" *%&%, .$; > -0"
70/8'440-#7,7"K, ">/ (&%"%*)0; /8" Bmp4"'&" %1 70%&&%+"" , " #$%" &/ > /+% (" 70'/0"#/" - , +'
+(0',2'67'4(&'/,"\1/ ,2"07]? et ab"ADDa"™ 1 $%0%-&' Msx1"- , +"Msx2"-0%"%170%8&%+" , "#$%"
== %, #'4- -6 %8% , . ;% V6HN0-#'/, 8", "#N'4(, #/,"0"7"88% , &' (H-#'/ L &' 1 4HSU
MSX1 2%, %" $-3%")%%, " -8&/ ."-#%+" L#$"ORHS" -, +"#/ /4$" - 2%, %&'&"" ,"$ (-, &"\Cwl% L &=""
5717 et al"ADDa>" @(W(=""h? et aP"ADDZ"" ™/ 1%3%0>""," >/ (&%" > /+%6&>"#$/8%" +%4' . "% , #"* ,"
Msx1 %1$")"#95") (#', 7#'9R5"\@-#/=-#->"\! et ab"EBBZ" 1 $'6&#'*".%"%-.=",2",") /#$"Msx1
-, " Msx2 D1$")'#" ) '0-#40-6"9R5"\C'- , 2" 0>" U2 IP"R"+0-6" 179%" ADDF'K, "=, / .=/ (#' >/ (&%"
/68" Msx1—/-" > (-, # *".%" $-3%" &$/0#%, %+" *-1"06-" -, +" -, +")0%&" -&" L%f" &
+904%. 48" ", " 7-6-#-6"*%8&%, . $; %" 70/6'4%0-#'/ ,"\@-#/=-#->"K? et al"'EBB2"Q$-,2"Q? et ab’
ADDAM" <$%8%" &#(+'%&" ', +'.-#%" #$-#" Bmp4" - ,+" Msx1/Msx2" 4(, .#'/," #/2%$%0" *," -"
S (6-0"7-#8L- " 1S S8 W%, #'-6'4/0", /0754 " -6"20/ 1%, +" (7T 7%0'6" 7"
*/07$/2% ,%6'8"\C'- , 2'0>"UNC? I P'R"+0-§" 179" ADDF™

<0-,84/07%",2" 20/ 14$" 4- #/08"\TGF"" -0%" -8&/ ."-#%+" 1L'#$" % 1#0-N. %66 (6-0" *-#0"1" +%4%. #&"
\<24sM' -, +"+'44%0% , #'-#'/ , " +%4% . 48"\ Tgf6""<$%'0"6/ . (&"$-&" )%, "-&&/ . -#%+" 1 '4$"__ @9RHS"
NS, T/T (G, 8N\ S(HUI9? et ab"EBBBM -+ 0" 8 (+'%6" & (22%6# Tg 6"
$-&"-,"* T /04, #0/6%"+ (0", 24 (&' / , " /4 HSN'8%. / , +-0;"7-6-#4"\9/) / (0, W"SI<P'ADDZ"

2.2.2.2 The Fgf pathway

N0/ )6-64"20/ 1#$"4- #/06"\Fgf™' - , +"#5%"0" . %66" & (04- . %" 0%. %74/ 08" \Fgfr" > -=%" (7" -"6-02%"
-, TN /42, -6, 2" /0% (%8 #4765 T /08— L # 0/6%8" ", " =" 3-0"%k; " /4"
707 .%8&%&" /4" %*)0;/2%,%8'&" -, +" #8&(%" $/*N/8#-8'4" \(/$,8&#/ ,>" S9! et al" EBBC
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U-.$%0" S? et ab" ADDE" @#-,'%0>" 57 et ab" ADEAM" -&" 1%66" -&" -, " %&&%, #'-6" 0/6%" *,"
- 520/ 1%, +" (770 7"+%3%6/ 7% , #\C'- , 2'0>"UCI I DR +0-§" 179%"ADDF"

Fgf8 &%l 70%8&%+"" , "#$%"40/ ,#/ , -&-0"*-1'86-0;" -, +" -, +") (6-0"%7"#$%6"-"+ (0", 2"- . #'3%"
4-."-§'70"*/0+'-6"/ (#20/ 1#$"\U- . $t%0>'S? et ab"ADDEN'- , +"$-&'#8%". - 7-) '0'#; "#/"* -, #-","
*%8%, .$; 7 -6"2%, %' %1 70%&&'/ ,>"0%2 (6-#', 2"4-."-§"70"* /0+'-6"/ (#20/ L#$"\_% () (8%0>"1? et
aP'EBB[M'K,"=,/.=/ (# " W& (+'%&" , - .#'3-#7/," /4 Fgf8 ', "#S%" > - , +") (6-0"%7"#$%6" (="
+0*/ , 8H0-#0+"HB-#"" 4" 8" 0%G ('0%+"4/0" > -, +") (6-0"*%E&%, .$; *-6"&(03'3-6"-, +"7-#%0, ", 2"
\QC*77>"1? et al"EBBB™" 1. $%0%-&" , "#$%"4/0%)0-", "~ , +"4-."-6"% . #/+%07>" , - .#'3-#/ , "t%+"
#/"8%63%0%" 4~ . "~6"+064% . #&>" , .6(+", 2" "+4- " -6" .6%44"\N'0,, )%02>"_? et ab"ADDAM"
<$%"4)0/)6-&#" 20/ L4$"4- . #/0"0%.% 74/ 08" Fgfrl" - ,+"Fgfr2"-6&/" 76- ;" %&8% , #'-6"0/6%&"" , " #5%"
&'2,-6",2" 74", %(0-6" . 0%&4" *"20-4'/ ,>" &(03'3-6>" 70/6'4%0-#'/ ,>" - , +" 7-##%0, " , 2" /4" ) /43" #S%"
4= "-6" 07 4%6"-" - , +"*%8%, . $;*%"\<0/=/3".>" _? et al"ADDa"_/,8%,8%" > (#-#'/,&" -, +"
+906%#'/ ,&" ", " #3%" FGFR1 2%,%" .- (&%&" X-66* -, ," &; ,+0/>%" -," -(#/&/ -8 +/7", - #
+'8/0+%0". $-0- . #%0'8%+") ;™" , 4%0#'6"#; "~ , +'- , /&/>"->","1$ . $'em" /4", +'3'+ (-6&"-68/"$-3%"
9R5"\8/+%>'9? et al"ADDa™"

2.2.2.3 The Shh pathway

<$%" &/,"." $N+2%$/2" \Shh™ 7-#$1-;" 76-;&" - ," "*7/0- ,# 0/6%" *," *-, ;" *%.$-,'&*&"
LA+, 2N /07 2%, L T-#E%0, ", 2" - 3", L6+, 2 6%AN0" 2B - 16" W&H-)6'8S %, B
+/06/3% ,#0-6" 7-#%0,", 2" 74" #$%" ,%(0-8" #OQ%" -, +" .0-, /4~ ."-§" +%3%6/ 7%, #" \k, 2$-7>"
57T? et ab" ADDE>" R%#'.%" R?1? et al" ADDa" X(0/&-=->" ~»" ADEC" k#' -6&/" 76-;&" -,"
=0t /672" . -6"0/6%"" "> -, "S-, "+ &%-&%&>" 7-0#" . (6-06;"$/6/70/8%, .%7$-6;>" .-, .%0" -, +"
OR5"\0/%&&%0>" g? et ab" ADDa>" X(0/&-=->""17 et ab"ADEZ>" X(0/&-=->"""7»"ADEC" <$%" @$$"
T-#$1-;"-68/" - .#'3-#%8&" Ptch1" - ,+" *%*)N0&" /4" #$%" GIi" 4-7"6;" /4" #0- ,&.0"7#'/ , " 4- .4/ 08"
#3807 (2%"-"./=T001" /4" ,+' . -4/08"\K, 2$-7>"57T? et al'ADDE>'("-,2"0>"UN?ID"R'+0-6" 179"
ADDFM'S (#-#/7,8" ,"PTCHI1". - (&%&") '6-#%0-6"9R5"\C%/ , 2>'C? et al'ADDZ>"X(0/&-=->"""7 et ab"
ADEZM'-, +"8"-8&/ ."-#%+" 1 '4$" ] /06" N 7680 ; , +0/*%"\R-08%,>" 12X? et al"ADEZM

Shh"&" %1 70%&&%+"" , "#3%"%. #/+%0>" /4" 4#$%"4- .*-6"70"* /0+"-6"- , +"48"6'2 , -, 2" &" "7/ 04, #'
470" *%e%, . $; > -6" 70/6'4%0-4'/," -, +" &(03'3-6" ', "#'-6;" -, +" 6-#%0" .0-,"/4-."-6" 20/ 1L#$"
\C%/ , 2>"C? et ab"ADDZ™"* (#-#'/,8'/0" ,$")'#/,&" ,"Shh" .- (&%"8%3%0%" .0~ , "-6"+%4" . "%, . '%&"
\"("8" TP EBBBM'K," -, 0" & (+'%&" ", $) H ", HSU L0-, 6" *%8%, . $; U - (&t
,0(0-6" .0%&#" *%8%, .$;7-0" 966" +%-#$" \1$620%,>" @797 et ab" EBBBM" -,+" &7%.'4."
L= H3-# " Smo L (0#SH0". 7 , 40 & HS-4'Shh'&'2 , -6, 2" 8" 0%G ('0%+"4/0") /#$"6.(03'3-6"- , +"
T0/60%0-#7 ," /4 #3$%"4- " -6"*%&% , . $;*%"\C%/ , 2>'C? et aP"ADDZ" K, $)'#/,"/4'Shh™ ,".$'.="
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407,47 ,-8-6" 707 .%&8%¢&" .- (&%+" ", ") #+" 4-_"-6" 7 (#20/ 1LH#$" -, +" OR" 1§68 %.#/7"."
=778 =818 - QU+ %+ /6-#%0-6"%1 7, &'/ " /1S ##& (U ("8 A>"EBBBY

2.2.2.4 The RA pathway

O%#', /'+"="+&"\O 1" 0%2 (6-#%" -, ;"%3%, #&"" ,"7-#%0," , 2"+ (0", 2"+%3%6/ 7%, »" , .6(+', 2"
066" 70/6'4%0-#'7 ,>" +'44%0% , # -4/ " -, +" =T/ TH/&'E\] (+-&"RXC? et al' ADEE™" @#(+"%8&" $-3%"
&S/ 1, HS-#0 V76 ;"7 /04—, #'0/6%&"+ (0", 2"7-6-#%"+%3%6/ 7%, "~ , +" "= ++H'/ >l .%8&"
O -(&%&" 95", "4/ %Wt (QU&" /4" ) /4#$" 0/ +% ,#" - , +" $(*-,&"\J=-,/>"(? et aP'ADEZ""'S".%"
$-0)70",2"*(-#/7,&" ") [HS#SN' 0%, /*."- " +"0% . %74/0"2% , %&"'RAR" - , +"RARB"+'&76-;"-"
&%3%0%" *0+"-," .6%44" -, +" +004% . #&" ", " 7H#S%0" ,%(0-6" . 0%&#I+%0"3%+" &40 (. #(0%&" \C/$, &4/ ,>"
S79? et aP"EBBCY

2.2.2.5 The Wnt pathway

<$%" Wnt" 26;./70/7#%,8" 0%2(6-#%" .%66" 70/6'4%0-#'7,>" %" 4-#%" +H%0>*",-#/,>"
+44%0% , #'-#'/ ,"- , +".%666'& (03'3-67"S " %"6# (+'%&"$-3%"" +% , #'4'%+"0/6%&"4/0"Wnt3'- , +"Wnt9b
+(0°,2"*/ (&% %*)0; /2%, %&'&P" ) 74$" -0%" %1 70%88%+"" , "#$%" % . #/+%0>" /4" #$%" +%3%6/ 7" , 2"
4= =8 70*/0+'=" \R-,>" h? et ab' ADDFS' -, +" .=, /,".-8' Wnt" &2,-6",2" '&" &7%."4" . -;"
- BB T HBUE' " -+ (, 085", 2" k%, By U, EBU U -6, ~G-6" 649405
L =8=6"=, +" = '5-0;"70/ .%88%8&' 70 /0'%/"4 (&' / , \SHOU'H"UX? et al"ADDZ"Y"

<$U' .-, 7, .8 Wnt' T-5$1-;" &2, -68" 450/ (2$" W.-#%," > =" +(=6" 4(, .47, - T0/8%',"
', 3/63%+", " w6 -+S%& /"~ , +&'2, -6, 27 V& WL %, ", "%, #0& HD%" , (6% (& H - . 3-HE B
Tcf/Lef'4-7"0;"/4#0- ,&.0'7T#/ "4~ #/08"- , +"0%2 (6-#%8&"#0- , &.0'7#'/ ,"/4'+/ 1, &40%->"2% , %&"
\Q$C' t0? et ab" ADEFY' <" 7-#$1-;" -68/" $-8' -," "*T/04-,# 0/0%" " ," W2(6-#', 2" Shh"
&'2,-6,2"+(0",2".0-,"-6" ,%03%" +%3%6/ 7%, # \X(0/&-=->""7 et al" ADEC™"-,+"/3%06-7¢&"
148" Bmp4'+(0', 2"4- ."-6"+%3%6/ 7% , #"0%2 (6-#', 2" >"+4- ."-6"*/07$/2% , %&'&"\ ] / , 2" @7} "
%#"-6"ADDa>'R" (" T 7'%#"-6>"ADDC™"

S/ %" 8#(+%8"$-3%"+%*/ , H0-#%+"-8&/ . -#'/ & /4" -" , 1 8%, &%" > (B-#'/ ", "HSU WNT3
2%, %" 1."#$" #%40-M->%6"->" -" 0-0%" 0%. %&&"3%" 2% , %#'." +'&/0+%0" . $-0- . #%0'&%+" ) ;" . /> 76%+#%"
-)8&%, %" /4" -66" 4/ (0"6'*)&" -, +"9R5"\_"%*-, > @»"EBBa" C(0'6/44" 8!S? et ab" ADDEM" 1"
#-02%#%+" > (#-#7,""," #$% Wntob" 2%,%" -6&/" .- (&%+" &%3%0%" ="+,%;" +%3%6/ 7%, #-6"
+0d% . H8 - , +" =", L TE0E% 7% , %6#0- , %" /4"9R5"\9-00/66>"<C? et a"ADDCM™

K,-.#3-#7," /4 Lrp6>" =" . /N0%.%7#/0" /4" #$%" Wnt/B-catenin"&'2 -8, 2" 7-#$1 - ;>" t%-+&"#/"
O9R5","*".%"\@/ ,2>'R? et al>"ADDBM"
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2.2.2.6 The Egf pathway

g7'+%07*-6"20/ 1L#$"4- .#/0"\EGF"' &4 (6-#%&" . %66"20/ L#$>" 70/6"4%0-#'/ "~ , +"+"44%0% , #'-#'/ ,"
):")',+,2"#/"EGFR? EGFR'&'2,-66',2"'&" ,%.%6&&-0;"4/0" , /076" .0~ , ' /4-."-6"+%3%6/ 7%, #'
-, N -, T -08) R /L, 8% " #-020648> 4% S SB&Y X, £ .=/ (' W'6- .=, 2"
L Egfr % $T) #ht" "6/ 1" 7%, %#0-, %" /4" ORS"\S W', %, >" 50T %" -6 EBBB™" L $%0%-&" #$%"
TGFa'/ . (&"'$-&")%%, " -8&/ ."-#%+" 1'#$"__@ORHS"","&/*W'$(*-,"7/7(6-#7,8\9/)/ (0, %"
S<%"'ADDZM"

2.2.2.7 The Pdgf pathway

50-#%6%4" +%0'3%+" 20/ 143" 4- 470" \GINY" Y (#/ ,/>*/(&" #/" #3%" ,%(0-6" .0%&H" )%. - (&%"
S -6 0CTH Y /E Pdgf ", (06" 0%&H" %668 0%& (648", "-"&"*"6-0"4- . "-6" . 6% S". %"
=005, 2" =", (B G-/, Pdgfrt - W S/ N2/ (8 A0 (B-# L8, ) HS HBY
Pdgfa'- ,+"Pdgfc'2% , %&'$-3%"-"*%+"- ,".0%44"\8" , 2"~ 7'%#"-6"ADDZ""

2.2.2.8 Other genes and pathways

<$%0%" -0%" *-, ;" 7#$%0" 2%, %&" #S-#" $-3%" ) %%, " 76" -#%+" ", " (77%0" 67" +%3%6/ 7%, #"
Y80+, 2"8%3%0-6" 1.5 S $-3%" ) %%, " -&&/ . "-#%+" 1S @ORHS"\<- ) 6%" APAN" S-, ;" /4" 5%
', .8(+',2" PVRL1, P63, IRF6" -,+" CDH1" -0%" 70%+/>", -, #;" %l 70%&&%+" *," %7 #$%6"-6"
He&(WS" ', +" . —#', 2" #S-#" 70/ 7%0" 7 #$%6"-6" +'44%0% , #'-#'/ ,>" 102-,"&-#'/ " /0" T-#4%0,", 2"
T6-3" T /08, #0/6%&" , "6 7" +%3%6/ 77 %, #\C'- , 2"0>"U2?I>'R'+0-6" 179%"ADDF"?
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"

VUH0E" ()%, =""86— 4. /01" 231/045, 0/i/ 40" 6%L" -4+ 7 . 48/ - /iBASNEO58+- , i§+ . 19%6%84 . 7 %-/t

$U8" ()™ +%,-1./011,-10,2131410/251-4 | 67-84,/-! 91-1* * - 5WI;473)k,-3,-=*I

>/-115/.27/=1-14,8! $./5/81%1<%8 %) B1=70%4113,41.*1131411/251-8%)! | Bmp2 4-3781*1=./ (4" 1%-318/-4./1%14" 1

2./81,-*1BMP! 2.5/ 3M/78=./(™ | 2./81%1x(1,-8173,-=181(0! Bmp4 28841 - ~=1/<Ig" 118" 8DI<%8 0!
! 2./01. 8,/ ~013,<<1. 18,548,/ ~C! ! 2.,5/7.3%19>%.0/ (0 2EFE et al!

! %2/ 28/* *h-318,**7 11 GHHI!!

5/.27/=1-1* ¥ b= J&/-1/4>5210)!
%220,8%,/-1/< Noggin(l%!*218 < 8!
>5210%-4%=/ -, *44(!,~1&" 18" ,8D!

BL=70081*1<%8,%012.,57.3 0! <WBW2.,5/.3%!8%7*131.137813!

/76=./ 7! 51*1-8")5H12./0,<1.%,/-1%-3!

;473,1%,-3, 894114 " %e! Fg ! 7747 (&% K710 E+E et alll

* =400, =1 200) *11%*1 -, %01 /01%1, ! HLLH#

5,3<8,%0!=./ (&"!1%-3!7221.1,2! $/%* 0113/ (-*4. 1%51%86, 4%/ .*!

31411/251-d /<imsx11%-31msx212>%.0/ (0! 2 6
et all!GHHI{!

M41.0%22,-=11N2.1%* /- 1/<! B/011,-15%-3,J70%.!

*/51/I/Ni=1-1% 31410/251-41%0, 70Pk et all!
#LLQN!
B/0L!,-IR01?1014%4131%2/ 28/ *{!
3100)13531<186,411,21<7*, /!
20,701PE et all#LLQY

6,J./J0%*=./ (4" 711" / 51/ *1UI ;473,1%1,- 3, 88114 " el Fgf ##Fgf =1-1*

<WBL/ *1IFGFAI%-3! A=708,-=12.,5/7.3 %0 * =000, -=120%) *I1**1 -8, %0 /01%1,-! | Fgf8 WN2.1%%131, 18 11<./ &/ - %!

& 1,.18100%7 . %81 /7%= (8" 5,38 .%01=./ (& 1%-317221.10,2! %-315%-3,J70%.112 &" 10,%37.,-=!

.18128/ . *1?FGFR)! 31410/25 1-41% %-=IBU>EFEMEL! %88, 411<%8,%012.,5/.3 4!

0,3.%0! - ERECIL L V! /7%= (& 17>%8"(1.01+E et all!
#LLGEEI+%) %6, 5 70041
51*1-8") 5H12. /0,<1.%,/-!U!
A=T068, - =198, %012, 5.7 3 %!
/74=.7 &)
FGFR1& | :**/813!(4"!
FGFR2 8.0-,/%)-/*4/* ¥1%) -3/ 51!
X/ Ch)CIOENE et alliGHH 1!
z (" 1.1IR$!,-1%1. /%3127 1-/8) 21!
° 2;8%-,1.00%F et alll#LGH!

;/-81713=1"/=! T[S /040 %6,/ -131<188! +13 %41*1184/31. 5HI<7 -84,/ -*E! + 8157848, /-*1" %31 ") 2/ 20%*4,8!

WH5,0)12SHHE! O | Wek/31.5W%0%,=-Ie" e | 01<AU., =" &N, *11%85J0,* " 514! 12 /81%1/ 78=./ (4"

! o [ L1=T0IM/ T8 (G %-3! | 3/ %/41-8 W28 -, ~=1/ <87 1! 12,87 1040*1%5!121.* *41-811%-3!

£ | ax/-n -17.%0147J1011-3/31.5! ROEVZT7./*WDHCIXE et alti#LG[f!
2 31411/251-4011,531%-3! W-"%-813!;XX!.1*4.,84* P\T!
. 8.%-,/ M8 HI31410/251-401.%,-! 2% () 2Z7 ./ *%DUCIXE et all!
N %-312,47,8%.)!131410/251-§! #LGLA!
5 */0/2./%1-812 W) 1777 . /*HDUCIXEL!
< #L.GQA!
B18,-/,81%8,3! & | B1=70m,/-1/< ! RARa +,8117%.0/7.,-=I5 7808,/
298" (%) *! < | 31410/251-4 RARb 3,%206) 191*141. 11513, %-1801<4!
L | 3l 1-8.%8,/- %3 %-3131<184*1,-1/6"1.1-17 %4
£ | w2/s28/4 8.1%4]31.,4131%.7847.1*!
Iy /" %8/ ~(1+RE et altIGHHQR!

R¥%-—/-,8%) P -&! B1=70%4113,41.%1! < 137%0<7-88,/-W12./81,-!,-4/1413! | B-catenin | R1N%3 " 1*,/-1%-31* =— ), -=!

2% C)! 31410/25 184! -~ 18200193 " 1* /- 1%-31*,=-%(f,-=!! 415 810P\T!,-",J &,/ - 1%<«<184*!

! 2./81%*1%(1,-8073,-=181001 | ~,.1880)!. 1=71%&1*1<%8 %! IRF61* =00, =1 1%708,~=1,- |
2./0<1.98,/-08100961! | 51*1-8")5Hi=./ (&"1%-30,2! -8.1%*1312 /0,18, /~1%-3!
3141.5,-%,/-1%-3! <T* /- 318.1%*131%2/ 28/* *17Z7 ./ *%DU(!
3,<1.1-4,%8,/~(%-318100) Xt et all#LG[!

*7 .4, 4%)

W2,31.5%)=./ (&"! B/011,-1=./ (&"(! [ Eof +,8110%8D,-=1Egfr IN™,J,&%!0/ (!

8L/ 1 W=<f! 2./0<1.%8,/-1%-3! 21-18.%-811/<R0S$I%-31. 1* 37%)!
3,1 1-8 %8,/ -1/<! 12,4710,75!,-18" 115 3),- 1!
-751./7*181018)21*! 24,188, - 1-CISEFE et allIGHHHA!

T.%-%/.5,-=I=./ (&"! WNG.. %]810070%. 15 6., N! 0/87*"%*1J11-1%**/8 131 (4" | Tgfa !

<UL/ 1N TGF! 31<184*17T=<_§1%-3! \ ;R08%!,-1*/511" 75H%-! Taf8 +,811%73,1*1*7==1*4, 52/ .8%h-d!

— | ALL-gKA /1318 | 2/27W8./*17;8" THLUSERE et all SOL37.-=k7* /-1 /g 1
~ | MTof6l GHHHg! *18/-3%.)12%0&117R/ 3/ 7 .- 10!
5 +ETE#LL[G!
$0%41014/31.,413! ! ! JT8/-/5/TH0/ 147 11-17.0018.1%! | Pdgf +78%4,/-*,-1Pdgfr!. 1% 70!, - %!
=./ (&"<H84/ .17$7 960! J18%7*118/-3 &,/ -%013,*.724,/-1/<! 513 %-1811<k!,-15 8119 ~={IXE et
Pdgfl,-1-17 .%1]8. 1*418100*! 1*704*! all#LL[G!
= 1%0% 5 0%. 1<548 S401801. <4
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2.2.3 Fusion of the prominences

K, #'-6" 002", 2" /4 4$%" 707", %, . 08" & "4/ (2$#'4/"/ . . (0"-&'-"0%&. (B /4% 7 "#5%6" -6 ) 0'+2" , 2"
3" U /8 NG\, 0. $8%, > XD EBb" @(," 8 UNBD" T - ;" g+ >" ADDDM" <$'8" ", 3/63%8" -"
890'%&" /4" Y66 (6-0"#0- , &4/0%=#'/ ,&" 1.$%0%) ;" .%b6&" (, +%02/" 70/ 20-7*U+" Uhf6" +%-#$"","
J0+%0" 17" 707> /#6" 7 #$U6" ~6" - +$%0% , .%") ;" %N 778", 2"#$%") -&-6"0- ;%0&" - , +"#$(&'4/0%", 2"
—+$%0%, "5/ ES%" (, +U06; ", 2"6-; %08"\C'- , 2" 05" UICII DR +0-6" 179" ADDF™Y" g 7*45%6" -6 8%- &
ST7%-0" 7" 8O 8UG (%, #5;" +'&, H020-496" -, +" #BU" *U020%+" 70/ .%88%8" #0-, 84/07" 1 /" ="
S (808, .$; -0 HW\Q(, "8"U0D" ™ - "g+7>"ADDDM"

N/B/ 2", 2"4(8 7 > 4" - 1'66-0;" 70/ . Y&&%&" . / , #', (W'#/" 20/ 1"0-7"+5;" -, +'7 (8S"#$%" , -&-5"
THE" - +" * U6, -&=6" 70/ .%8&%8" Y+ /NA0/ ,#-56;"\ ", 0" $8%,,>" X»" EBbC™" <$%" 20//3%"
YL %006, "HU" Y+ -6, -8 70/ 7", %, 98" %3% , #(-0;" )%/ * &'/ LS+ (WES . L, (!
20/ 148"~ ,+"./ ,46(%, %" /4ES%"*%8%, .S ;%"

R'7" +03%6/ 7%, #' '&" ./ THM%" ) ;" &#-2%" EB" \Zb" +-;8" K¢' '&" -. . 07#%+" #$-#" +(0',2"
%*)0;/6/2" . -6"+ %36/ 7%, #'4S%'40/ ,#/ , ~6-8'T07/ .8&"4/0&"4$U"" , 4907 - 1't-0;"&%2*%, #"
0%&(B#', 2", ") /4 HSU TS (", +' 70" =0;" 76"~ , +"#S%" > - 1't6-0;"70/ . %&8" 4 (8%8" 143"
B U+ ="~ +"0-#0-6" , ~&6"T70/ . &E%&"#/" 4/ 07" #$%"6-#%0-6"7 - 0" /4'4$%" (7 7%0"6' 7"\N'2 (0%
AYE>"@#-2%"EBM"

2.2.4 Summary

ZTT%0" 67" +%3%6/ 7%, #' %, . /> T-88%&" -" 8%G (%, . %" /4" $'286;" ./ /0+" , ~#%+>" 2%, Yoh' . ~65;"
70/20-7>%+">/075/ 2%, %#' ."%3% , #"#S—#" , 3/63%"+'0%. #%+"20/ L4$"~ , +' %1 7- &'/ ,"/4'4$%"
4="8" 7077, %, 8" 70720~ U+" %" +%-#$" - #'3%" 4(&'/," -, +" #$%," &G (%, #"
Y0%-=+/1," /4" #$%" U7 H$U0 -6" &%—>" YU L%, " #S%" *-1'66-0;>" *U+'-6" , -&~5" -, +" 6-#%0-6"
,~8-6" 707 . %88%87" g3%, " &QOHU" =) , 70*-6'H%&""," -, ;" 7, %" 74" #S%8%" %3% , #E" >~ ;" o-+" #/"
=), /061088 (. $"-&"ORHE"T$%, /#; T%"
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2.3 Abnormal lip development

N-"6(0%" #/" .//0+" , -#%" #$%" . 700%.#' 20/ 1#$" 74" #$%" 70/, %, .%8&" %—+8&"#/" =) , /07" 67"
+9%3%6/ 7%, #7'K, "#$'& %l -7, -# 7" EESN W 'EH', 2'6H%0-# (0% $-3%". 7, . %, #0-#ut+"/ , "HS%"
#1/7'-/0"-) , 707 -4 %8 #$-#'. -, "-4%..#", 707 08" 7"+%3%6/ 7% , #/"ORH5"- , +'N 1 @?"

2.3.1 Cleft lip and/or palate (CL/P)

ORHG" '§" 45" * /84" ./7>/ " .0-, /4~ "' +'&/0+%0" 1/05+ 1"+ 143" 70%3-6%, . %" 0-, 2", 2"
0/%"EYceD™ " 18-, "=, +" V<U0' = K, +'= "7/ 7 (6-#'/ ,&"EV[cD","9-(.-&'- , &'~ , +"EVE>DDD"
LM TT (G- L 8\S/88%;5'5717 et al'ADDBYX8/#I'9IS? et al' ADEDN S8 -0%'~68/"
0% S L6 M ) ;=0 /8 @A \LB' B 95" R */0U /S -] 2%
957 08T < B SORE"+OR R S 0% ~44% . %6+ , "0 2R+ 047"

ORHS" OU&(EHR" *," —," -00-3" /4 /T8 .-/ ,&" -4%.#", 2" h+", 2" &7%%. 5" $%-0',2" -, +'
78;.$/6/2" .6 +03U6/ 7%, #' \S/&8%;>" 5717 et ab' ADDB" 5-#'%, 48" (, +%02/" -" 8H0'%&" /4"
802" .- 007 -"08" G-0# , 2" 40/ %" @' >/ 488" -, +" ./ 4, (. 2" (L —+(HS//+7 <$%:" /4%,
0%G (0% %14% , &'3%" +%, 45"~ , +" J04S/+/ 4 " 0%~#7%, " &TWh. B -, +" $%-0" , 2" 4$%0-7 ;" -8
L0878 . $/6/2" . ~6"-88RET U, 48"~ , +"2% , Yot"." ./ (, &UEE" , 2"\@"HI* - ,»'<X0? et al"ADEC"
OO TS, /8 TU&"-0%'S' 280 "3-0"= ) §00"= , +". = , "Y' .6-8&'AU+" . . SO+, 2"/ 80306 ; &8
\X%0, -$-,>' 8717 et ab"EBCch"'S.)0"+%" T717 et ab"ADEF" 16/0%" 1997 et ab"ADE [, "4#$%"
20" EGU" /8 1 +006; " (RU+" 8 ESU'RY @ TR &;&4%7"\X0'%,, &" ID" EBBES" 1.$".$" +%&.0") 8!
HSW 146, 4"/ S A~ | "8/, + .~ 08" L SUHSU0" 8", "5-H%0-5'70") B-4%0-7"
ORHE"\1.$".$'%., ./ 7-8&%8"\ORN - , +"\OREM""&" /4%, " . / , &' +h00+" "R 7 ~0-#96"h , 43" /" . COhAt"
7-6-#%"7 ,5;"\ 953" \NO-8%0>"N?9%"EBCC!Y" J4#th , "OR" - , +"9R5" -0%" 20/ (7%+"#/ 2%64$%0" ,"ORH5"
206, 0 " G (HUR" (, +U0" #5%" ~8&(FTH /" 4S54 ORE" ~0'RU8" ~&" -" 7=/ 0%" &U3%0%" 4/0>" /4" OR"
\8'1/,>"SX7 et ab' ADEEM" ™/ LU3%0" h7'+07" /672" . ~' &t (+'%8" & (22084 #$5-#' OR" > ;" -88/"
ORI 8" -, ", 7%, 0, " %, 44" £/ OR5"\ T -03'%" 7T et ab' ADDC 0/&%,>' 87 et ab”
ADED)""

2.3.1.1 Aetiology of CL/P

P"OR" /.. (0&" L.$%, " #5%0%" '&" 4-"6(0%" 74" 4(&'/ ," YW L%% , " #$%" *-1'66-0;" 70/ . %&&" - , +" #$%"
*Ut'-" , -&-6" 70/ . %8&" \JIP) - ;-&$>" _? et ab" EBOFN" <$%" 7-6-#%"*-;" /0" *-;" , [# -G6/"
+'676-;"-" . 644" <N /6/2 ;" /4"ORHD"&" ./ *TE%1"% , . /T -8&" , 2") /4$5"2% , %ot . "\<-) §%&"A?A"
-, Al -, +"%,3'0/, %%, #-6"" , #%0- .4/, &"\<-)6%"A?Z"\9/) / (0, %" SI<»"ADDZ""9RH5" . - ,"
LY T - SO, 2 LS R RO TR 7,85, H0/7 . \_QORHE —,+"
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&; ,+0/7" "\@ORHS"'<$%" %1 - .#"*%. $-, '&>*"/4"ORHE"&"7/ /06;" (, +%0&#/ /+"- , +"* (.$' /¥’
#%" (, +%084-,+',2" 18" ) -&%+" 7 ," (-, # "0 (NP # L/ -, 5B/ 008" $-3%" ) %%, "
$; 7/4S%8 8o%+"

2.3.1.1.1 Failure of mesoderm migration

N-"6(0%" /74" #$%" *%&/+%0>"#/" 70/8'4%0-#%" . / (6+" 70%3%, #' #$%" 70/7>", %, .%"40/>*"20/1", 2"
-+%G (-#%6;"" , "/ 0+%0" %/ "> %%k 4$%" /77 /&' , 270/ . %&&?" <%0-#/2% ,&">*- ;" , $")#", % (0-6". 0%&4"
*'20-#7,"\1&$'G(%"1'S? et ab"ADDAM"

2.3.1.1.2 Failure of fusion

@02".-§"0%* /36" /4" 4%"+" 66" 7-0#' /4" #$%" *%+"-6" , -6-6"70/ . %8&"0%& (6#%-+"" ,"-" . 6%44"" , "0-#"'
%*)0; /78" T $'66#'&(02". -6"0%> /3-6" /4" #$%"6-#%0-6" , -&-6"70/ . %&&" /70" #$%" > - 1'66-0;" 70/ . %&&"
+'+' S8 T0%3%, #4874 HSN" 74#$%0" 707 . %e&" LS #S%" %+ 6", -&-6"70/ .%6&"\I$) - ; -&$"
_P'gIXP"EBDFM'NO/*"#$'8" 48" ./, (% #S-#" L L H- - A SN - 1'86-0;5" -, +
*Yo+'-§", -&-§"70/ . %&&"&" , /#'+N 7%, +%,#'/,"70'/0"4(&'/ , ") Ut L %0% , "#$%"6-#%0-6"- , +"*Vo+"-6"
, —-6-6"707 . %88

g7 #S%6" 6" 4'6/7/+'-" -0%" -66/" &%% ," #/" %&#-)F'€S" )0'+2%8" )0 L%%, " #$%" 4-."-6" 70/ . %8858
\S'th'./3&=;" 510" (?S?9%" EBbE>" ™', 0. $&%,>" X»" EBbC>" @%, +%0&" 91> 57g»" ~%, +0".=1" 12"
9(="%0&=""S->"ADDa>"9/ I>"<?>" ADDZ"?" <$%&%" ~##- . $*% , #8"-0%" 20%-#5; " 0%+ (. %+""," 'HT ;@,"
-, +"ORHNO"*/ (8%"%™)0;/8&") /43" /4'1L$" . $'%1$") '#'-"$"28"40%G (%, . ;" 7467/ , #-, %/ (&"ORH5"
\S''./38=;" 50" (?S19%" EBDEM" _ (*%0/ (&' >/ (&%" &#(+'%e" $-3%" -66/" &$/1," #$%"
&'2,'4" .=, 0" /4" <241"u"#; T%E" 0%. %7#/0" V6=C"4/0" , /07 -6"6"7" +%3%6/ 7%, #' -, +" (77%0"6"7"
4/, "\ T -"Ih%%R> S?18%" Floe—"X--0#", %, >"ADDb"”"

2.3.1.2 Genetics of CL/P

<$%" 70/ .%&&" /4" 6"7" +%3%6/ 7%, # "&" $'2%6;" . /FTEORD" -, +" 8" F %+ -#%+" ) ;" =", () U0" /4"
&7%.'4." 2%, %' ."&'2 , 68"~ , +" 74P L~ ;&7 1, "-6HU0-#'/ ,"" ", ;& , 26%"&'2 , 6" . / (6+"0%& (64" ,"
" "-"ORHEY'S-, ;2% , %&"$-3%") W%, 76" ", HEU -k /672" /4 /4S DORHS" - , +" @9RH5?"

2.3.1.2.1 Syndromic cleft lip and/or palate (SCL/P)

K, +'3'+(-68" L'#$" @ORHS" +'&76-;" -++'#/,-0" .$-0-_#%0'6#"." Po-#(0%&" -, +" %I$")'# $'2$"
4-"0"-4"-220%2-#'/ , "0-#%8&"\N-00-66"S? et a"EBBA"8'1/,>"SX? et al"ADEEN"@%3%0-6"2% , %&"
$-3%" )%%," 76" -#%+" ," @9RHD" 1'#$" /3%0" aDD" Sh, +%t'-," &; ,+0/*%" '," $(*-,4&"
L .6(+",2" ORE" & 708" /4" #$%" 7%, /#; 7% \J/08"," O 9P" "%, ,%=-*" 0.7>" ADDE""
S, +6'-, ">/ +%8" /4", $U0'H-, .%"-0%"-#40") (BW+"#/"-"8" , 26%" 2% , %" (#-#'/ ,"\8'1/ ,>' SI?
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et aP'ADEEMN -, +"-0%"$'2%$5; " 7%, WH0- , #7'S-, ;" /44N 7%, /#; T%H2% , /#; T%"-6&/ ."-#'/ , &
-0%"-#40") (H+"#/'" , =-2%"- , -0; &'&"&dt (+'%&" /4" 7%+ 20%%"4-7"6"%8&"\<- ) %" A?2AM"

<$%" 2%, %G" "+%, #4'%+" &/" 4-0" ", .6(+%" PVRLL '," ORSN%.#/+%0* 0" +;&76-&"-" &; , +0/*%"
\OR5g8EM"1$".$"1-&" +%, #'4'%+","-"20/ (7" /4" , +'3'+(-8&"'/ ,"S-02-0'#-"k&6- , +" 1 $/"$-3%"
=" * (LS $23%0" 70%3-6%, . %" /4" ORSQ8E" . /7 -0%+" L'#$" #$%" 2%, %0-6" 7/7 (6-#'/ ,"\@/ W% ,>"
S et aP"ADDEM'SFORE"&"-". %66"-+$%&'/ , " /% (8%>">*7/04- ,#'+ (0", 2'4- ."-6"- , +"7 -6~ #-0"
+03%6/ 7%, #\@/ W% ,>"'S?1? et al'ADDEM"

TP63/P63 $-&")W%," -8&/ ."-#%+" 1'4$" %.#0/+- .#;0;" L'#$" %.4/+%0* " +;&76-&'-" - , +" ORS"
\gg9"'\R%/ ;=6- , 2>'5? et ab"ADDF"?"'S'&&% , &%"> (#-#'/ ,&" ,"+'44%0% , #'7-0#8"/4'<5Fa". -, "2'3%"
0'€%" #/" +'44%0% , #' 70%8% , #-#'/ ,&" /4" ORH5?" <5Fa" $-&" -68/" ) W%, " -6&/ ."-#%+" 1'#$" _@9RH5"
\R%/ ;=6-,2>"5? et ab"ADDF"'-, +"*-;" ,4(%, .%"4-."-§"*/07$/6/2;"\R' ('N? et aP"ADEA.""
IRF6 $-&")%%," -&&/ ."-#%+"0/) (8#6;" 1'4$" F-,"+%0" T/ (+%"&; , +0/>%"\X/ ,+/>"@? et ab"
ADDA>'9/)/ (0, %" S?<?»"ADDZ>"9/ I>'<%"ADDZ™'K, "#$%" > / (&%>" Irf6" %1 70%8&'/ , "' &" 0%&A0" . #%+"
#1507 -6-#-6"%8% , . ;7" o+ -#%6; " 70" /0'%/ -, +"+ (0", 24 (&' / " - -0/ #00- L #
143" #3%" %1 70%8&'7 ," 74 Tgfb3"\@#-,"%0>"5? et al' ADEAM"KONF" $-8&" -6&/" ) %%, " -&&/ ."-#%+"
1'#$"_@9RHS"","&/>*%" ] T 10" &#(+'%&"\U%-#;>"<?"? et aP"ADED>'S-,2/6+"Q? et al" ADEE"
U%-#;>'<?"? et aP"ADEa"

SH-#/,8","FGFR1" .- ," 0% (6#""," X-667-, ,"&; , +0/*%"\8/+%" 9? et al' ADDa™"+(0',2"
, /076" (77%0"6" 7" +%3%6/ 7%, #" Fgf'&'2 , -6", 2" 76-; &"%8&&% , #'-6"0/6%&"" , " *"+4-."-6"20/ L #$>"
-+, /0% -83-0"-#7, 8"/ (6+", 86Ch, DTS HOC"0%, 24", +"/ (#S" 1 +H$\96-%8>"5? et al"
ADEZM"

FOXC2"' > (#-#/7,8" 1$'.$" ./+%&" 4/0" " 4/0=$%-+" #0-,&.0'7#7/," 4- . #/0" ', 3/63%+" ", " #$%"
+03U6/ 7%, 4 4 HSR" 6;FTS-H" -+ 3-8 (6-0" &; &A% -," B%-+" #/" T %0%+'H-0;"
b; 7%+ -l+'8H . $'-&'E" -, +"95"\N-, 2" (? et ab"ADDD>"h'e+'0"*N</0(, %0>"9? et ab"ADDZ?"
NIT"2%, %&"-0%"*%+"-#/0&"/74"4#$%" ~ $"7-431-;"+(0", 2".0-, /4~ ."-6"+%3%6/ 7%, ", +"-0%"
,%.%&&-0;"4/0" . %666, (03'3-6"- , +"70/6'4%0-#'/ , "vC%/ , 2>"ADDZ"WCFB"?

SEH-#/,8""," #$%" SATB2" (W2'/," -0%" -8&/."-#%+" 1'#$" 26-8&" &;,+0/*%" 1$'.$" "¢
-$-0-#%0W%+") ;" 95"+ .0/2, -#$'-" -, +"+;&*/07$" . "4- " -6 4%-#(0%&" \U0% L%0>" 9?1 S?" 0" -p>"'
EBBB". SATB2"+'0%.#5;"",#%0- . 48" 1'#$"#$%" - .#'3'#;"/4'#0- ,&.0'7#'/ , "4- .#/0&"#$S-#' 0%2 (6-#%"
0,4 -0 +%30%6/ 7%, #' -, +" 68" $-&"-"0/8%"" , " /8% )b~ &' +'4%0% , #'-#'/ ," - , +" &=040%0#-6"
+003%6/ 7%, #","*" %" \U0%L%0>"9?S? et ab"EBBBN <$%'Satb2'=,/ .=/ (#'>*/ (%" %*)0;/&"
S-+"F (BT .0-, /8- -0 +0d% #", 6(+, 2" -"8'2, - HHO(, L H SN - ) 6"
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&S/08%, ", 2" /4 4S%" , -&-6"- , +"*-1'66-0;") / , W&" > -64/0* -4/ , &' /44$%'$; /' +") / %"~ , +"-"
95"87/)0%3->"] "%#"-6>"ADDF"?

O-+$%0", &"76-;"-,"%&&%, #'-6"0/6%"" ," , % (0-6" . 0%&#" +%3%6/ 7%, #' - , +">"20-#'/ ,"\9/0+%0/>"
8707 et al" ADEE™" *(#-#/,8""," E-cadherin \CDHI"" 1%0%" 4/ (,+""," #1/" 4-7"0'%8&" 1'4$"
$%0%+"4-0;"+'44(&%"2-840".". -, .%0"-&&/ ."-#%+"1'#$"9R5"\N0%) / (02>'<? et al>"ADDF"?
SH-#/,8","EFNB1 -0%"-8&/ ."-#%+" 1'#$" .0-,' /407 ,#/ , -&-§"&; , +0/%"\ON_@""' \<1'22>"
@07 et ab"ADDZM"-, +" , +'3"+(-6&"-68/"$-3%"6%3%0-6"7$% , /#; 7T%&" , .6(+",2")'4'+", /8%"- , +"
S6CE%E6-0", +%, #-#'/,"\F-,"8%, "gii%,>'S?9? et al'ADEZN"

N(0#$%07* 70%" #$%8%" 2%, %&" -6&/" +%>/ , &#0-#%" /3%00-7" )1 %%," @IRHS" -, +" _ @9RHS"
\@#-, '%0>'5? et aP"ADDZ""
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V0" (T 8) "R+, 400k %*0/801263) 4568, +%7* - 0, %+ 7481 Q%> -, 1* 5k = %-; 1 +/L

Chromosomal Gene Syndrome Phenotype Reference
locus MIM
1p21 13+4454( | Stickler Type 2 604841 (Francomano, C.A.(&%(#/, 1987) (Snead, M.P.(&%(
#/,1996)
1p31.1-33 6718)9( | Desmosterolosis (AR) 602398 (Waterham, H.R.(&}(#/, 2001)
1p36.3 Z;7<8( OFC1 607093 (Mostowska, A.(&%(#/, 2006)
1g32.2-41 =8<>( Van der Woude 119300 (Kondo, S.(&%(#/, 2002)
2p13 ;2< I OFC2 190170 (Chenevix-Trench, G.(&%(#/, 1992, Shiang, R.(&4(#/,
1993)
2p21 @=AB( Holoprosencephaly 142945 (Wallis, D.E.(&%(#/, 1999)
2q14.2 ?2+)( Holoprosencephaly 610829 (Roessler, E.(&4(#/, 2003)
2g24.1-33 ?256>C( Pierre-Robin sequence 311895 (Jakobsen, L.P.(&%(#/, 2006)Jakobsen, L.P.(&%(#/,
2006)
2032-g33 @5;D) Glass 612313 (Fitzpatrick, D.R.(&%(#/, 2003, Vieira, A.R.(&%(#/,
2005)
2g33.1 QE = 34( OFC10 601912 (Alkuraya, F.S.(&(#/, 2006)
2qg37.1 178F2( Lethal and escobar multiple pterygium | 265000 (Morgan, N.V.(&4(#/, 2006)
3pl4.3 <+FD Larsen syndrome; atelosteogenesis 150250 (Krakow, D.(&%(#/, 2004)
3028 ; G>B( Hay-Wells syndrome (AEC/EEC) (AD) 106260 (Garcia Bartels, N.(&4(#/, 2007)
4p16.2 = OA4( Hypodontia 142983 (Jezewski, P.A.(&%4(#/, 2003, Suzuki, Y.(&%X(#/, 2004)
5p13.1 F-GD+ Cornelia de Lange (AD) 122470 (Krantz, I.D.(&%(#/, 2004)
5p13.2 THO'I9)( | Oro-facial-digital 277170 (Lopez, E.(&4(#/, 2014)
5q32 @+1)>5) Diastrophic dysplasia (AR) 222600 (Hastbacka, J.(&%(#/, 1994)
5g32-33.1 ;13<4 Treacher Collins (AD) 154500 T.C.S., C.G. (1996)
6p21.3 13+445)( | Stickler Type 2 184840 (Brunner, H.G.(&%(#/, 1994)
6p24.3 3<14( OFC1 119530 (Carinci, F.(&4(#/, 2007)
6p24.3 ;<5G)5( Branchio-oculo-facial (AD) 113620 (Milunsky, J.M.(&4(#/, 2008)
7p21-p22 :J=0;4 Saethre-Chotzen (AD) 101400 (Howard, T.D.(&%(#/, 1997)
7p22 51;D( AD developmental malformations 607371 (Verloes, A.(&4(#/, 2015)
7q11.2-q21.3 KK14( Ectrodactyly Ectodermal dysplasia 129900 Leoyklang et al, 2006
7921.11 176C( CHARGE 214800 (Vissers, L.E.(&%(#/, 2004)
7936 @77( Holoprosencephaly 610829 (Roessler, E.(&%(#/, 2003, Vieira, A.R.(&%(#/, 2005)
8p12 <?2<84( Kallmann 136350 (Dode, C.(&%(#/, 2003)
8p21.1 K@!3)( Roberts Syndrome 268300 (Vega, H.(&%(#/, 2005)
9g22 <3AK4 Bamforth-Lazarus 602617 (Venza, |.(&%(#/, 2011a)
9g22.33 ;?<D84L) | Loeys-Dietz 609192 (Loeys, B.L.(&%(#/, 2005, Vieira, A.R.(&4(#/, 2005)
9g22.32 G; 174( Holoprosencephaly / Gorlin-Goltz (AD) | 109400 (Larsen, A.K.(&%(#/, 2014)
10g26.13 <?2<8)( Crouzon/Apert/Pfeiffer 101200 (Wilkie, A.O.(&%(#/, 1995)
11q13.4 6718C( Smith-Lemli-Opitz (AR) 270400 (Waterham, H.R.(&}(#/, 2012)
11g23.3 GM8+4(( Margerita Island Ectodermal Dysplasia 600644 (Sozen, M.A.(&%(#/, 2001)
1+GK64(
11924.2 TN+R4( Hydrocephalus 236680 (Mee, L.(&4(#/, 2005)
12g13.11 13+)54( | Stickler Type 1 609508 (Francomano, C.A.(&%(#/, 1987)
12q13.12 = +) Kabuki (AD) 147920 (Ng, S.B.(&4(#/, 2010)
13933.1-g34 ; GCB+( OFC9 610361 (Carinci, F.(&%(#/, 2007)
14g22.2 Dz G9( OFC11 600625 (Castilla, E.E.(&4(#/, 1995, Suzuki, S.(&K(#/, 2009)
16922.1 1674( Familial gastric cancer and CL/P 192090 (Frebourg, T.(&%(#/, 2006)
16022 67367( | Postaxial Acrofacial dysostosis (POADS) | 263750 (Fang, J.(&%(#/, 2012)
16924.1 <3A1) Hereditary lymphedema-distichiasis 602402 (Fang, J.(&%(#/, 2000, Yildirim-Toruner, C.(&%(#/,
(AD) 2004)
17921 JF;B( Tetra-amelia CLP 273395 (Niemann, S., 1993)
17921.1 858 I( 180240 (Chenevix-Trench, G.(&4(#/, 1992)
17921-24.3 @3A0( Pierre-Robin sequence +/- Campomelic | 261800 (Foster, J.W.(&%(#/, 1994, Jakobsen, L.P.(&%(#/,
dysplasia (Y-Chr) 2006)Jakobsen, L.P.(&%4(#/, 2006)
17931.1-24.2 PIFQ) Andersen (AD) 170390 (Andelfinger, G.(&%(#/, 2002)
18p11.3 ;3 ?2<( Holoprosencephaly 142946 (Gripp, K.W.(&%(#/, 2000)
19q13.2 @=AH( Branchiootorenal type 2 600757 (Rival, J.M.(&%(#/, 2001, Carinci, F.(&%(#/, 2007)
22qlideletion ;DA4 DiGeorge 188400 (De La Chapelle, A.(&%(#/, 1981, Kitsiou-Tzeli, S.(&%(
#1, 2004, Vieira, A.R.(&4(#/, 2005)
Xp11.22 G7<R(( Siderius x - linked mental retardation 300263 (Laumonnier, F.(&%(#/, 2005)
Xp11.22 GSDG4 X-linked mental retardation (MRX / 309530 (Kalscheuer, V.M. (&%(#/, 2003)
MRXS) (X-Chr)
Xpll.4 D138( Oculofaciocardiodental 300166 (Ng, D.(&x(#/, 2004)
Xp22 Z:64 Opitz GBBB 300000 (Quaderi, N.A.(&h(#/, 1997)
Xp22 3<64 Oro-facial-digital T1 311200 (Ferrante, M.I.(&%(#/, 2001)
Xql3.1 K<FD4( Craniofrontonasal (X-Chr) 304110 (Twigg, S.R.(&h(#/, 2004)
Xg21.1 ;DA)) CP+/- ankyloglossia, Abruzzo-Erickson 303400 (Braybrook, C.(&%(#/, 2001)
Xq28 <+tF5 Otopalatodigital types 1 and 2 304120 (Robertson, S.P.(&4(#/, 2003)
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P#$ 1" & " O*+(, -7 - /0101234k/556 (, 7™ -156164218&9 = ; 7<=

$%U&! = ()*+,-.1%/1012314(5&5!6789:1 (+&! 5 <0123! (=>1%(?&! =*1*-%&+! (@=*+ = (4,-,&5!6B&(- - (!
$ED et alll F8G™:D! $%&.! (+,5&! SH*+(>,4(M.! (=>! %(?&! I* 1! H&=&-+(=4&L! 1,-%! = *>&5-!
18&4J++8=48&! +(-&5! 6K, L*=C! MDD et all! F8GG:D! $%&! &?,>&=4&! -%(-! ;<0123! (+,5&! >J&! -*!I (!
08=&-,41 (&-,*k*0.14* = &5!/+* =15-3> . =0!-%&! +&A(-,?&!+,5P1 (= *=05-1/( = A.1 = & = @&+5! (=>!
-1,=15-3>,&516M*55& . (1 3DQD et all!F88#:DIM*=*R.0*- 4!-1,=51%(?&! (IFSOTU89! =4+&(5&>!
*443++&=48&! */! 012301 B%45-! >R.0*-41 -1,=5! %(?&! (! +(-& */! "I I GOl 1%,4%! ,5!
(HH+*L, = (-8A.1-%&!5( ™ &! (5!-%&!5,@4,=01+,5P16M, -4%&MCI 1DVD et all!GH##F(I0%+,5-8&=5&=CIWD et
alllG##" N

$%&! +8A(-,?&! +,5PI */1%(?,=0! (=!*//5H+,=0! 1 ,-%! 0123!/+* = | (=! (//&4-&>!*+! (=1 I=(/1&4-&>!
-1,=151(+*%J=>1G8!-, = &5!%,0%&+14* = H(+&>!-*1-%&! @ (4PO+*J=>IH*HIA(-, *=!6X+*5&=(IKD et
all'F8G8 (:01$%J5C10,2&="-%(-!'YZO0!%(5! (10&=&-,4! (&, *I*0. (1 (=>1 = *=*R.0*-,41- 1 ,=5!5%(+&!
G889!*/1-%&,+!IK ; QU,-I 1 *JA>I58& = 15&=5,@h&!-*1&LHE&4-!-%(-1@*-%!- 1 ,=5! 1 *IA>10&!4 (++. ,=O!
5J54&H-,@A&! 0&=&5C! @J-! (1 /J+-%&+! 68&=" +*="= &=-(k:! ,=4,>&=-! = (.! (}5*! @&! =&4&55(+.!-*!
[*+ = 1-%&1Y ZOD!

$%&! 2(+,(O 4.1 ,=!-%&! H+&58&=-(-,*=!*/! ;<0123! (= *=05-1/( = A.! = &= @&+5CH A& (> -*1 -06&!
% . H*-%&5,5!-%(-10&=8&514* Ih>! (J5*14*=-+ @J-&!-*1-%&! ,=4,>8=48&!*/! ; <0123160*LC! S FE [ :D!
1,=P(0&! (=(A.5,5!'5-3>,&5! B(?&! /(A&>! -*1 >&=- /.1 -%&5&L! %* B &?&H! =J = &+*JI5! 08=&-,4!
H+&4J+5*+5! %(?&! @&&=! H+*H*5&>! -%+*J0%! X\Q<! 6$(@A&! FD*:D! QA-%*JO%C! ,-1 ,5! B,>&A.!
(448H-8>1-%(-! -%&+&! = (.15- M @&! = (=.! = *+&C! 1%,4%! (+&! (5! .&-(! J=>54*28+&>16B&(-.(!
$0ED et allIF8G™:D!!

X&=*=&T 1 ,>&! (655*4,(-,*=!(=(h.5,5"*/14(B&TH (+&=-!-+,*51% (5! 0&&=1J5&>!-*!1(55,0=10&=&-,4!
(55%4,(-,*=5! 1,-%! ;<0123! 6S(@A&! FD"":D! <-J>,&5! %(?&! >& = *=5-+(-&>! (55*4,(-,*=5! I ,-%!
IRF6, ABCA4 (=>IMAFB(! ; Y X! (=>!-%& J"F[!+&0,*=!6B,+=@(J = (1<) et alllF88#(!M (=0*A>(!
VD et alllF88#(IM (=0*4>(IVD et all!F8G8(!B&(-.(I$IED et all!F8G8:!
ABCA416Q$37@,=>,=014(55&--&!H+*-&,=IQ[ :!&=4*>&5! (=1Q$3T@,=>,=0!4 (55&--&!-+ (=5H*+-&+(!
=>1%(5 @&&=! (55*4,(-&>! 1,-%! <-(+0(+>- 5! > 5& (5&L1 1%,4%! 5! (=! (I-*5* = (A +&4&55,7&!
1&-,= (N >80&=8&+(-,?&! >5&(5&0)! Abcad &LH+&55,*=! %(5! =*-1 @&&=! *@5&+?7&>! ,=! = *J5&!
HA(-(5%&A?85! (+* I=>1-%&!-, = &I*/TH(A(- (A1/35,*=16B&(- . (I$DED et allIF8G8:(1%* B &?&H!-%&!
H&(P!<; 31*44J++&>! =!I (=!,=-+*=1*/|ABCA4!6B&(- .('$IED et all!F8G":DI$%&!,=-+*=41+&0,*=!
>*EB4*=- (=1 (1 -+(=54+,H-*=(W &=%(=4&+! ,=! -%&! %* = *4*0*J5! = *J5&! +&0,*=(! 1%,4%! 5!
(4-2&) =14+ (=*/(4,(N-,55385!>J+,=01& ® @+. *=,41>&?&}*H = &=-16Q-- (=(5,*(!00 et all!F8G":]!
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$%e&' ()*H,-.1-7012!13.4'%2! O1*11)&%!5%2,1'21115312'%615'1)! .2-125.3!78 .1,*119:; : et
all<#=>7!

MAFB!1@AO16!0/¢5/)%1B%2 . /3%, '5!6" (3%&135%01!1%25%4 . 2 . 1-%0%)%4!8?! . 25%C . &!1! (1&'5!
)./5'2.1D'BB.3!,312853'B,"%2! 615,%3:! E',- .31 &'C.1 %6! *,1 13.12/0 . 3%/&! (‘2C'24! &', . &! 6%3!
,312853'B,"%21615,%38&! F2%G2! ,%!B)1*1113%).1'2!B1)1,.!C.@.)%BO . 2,!7'25)/C' 24! MSX, IRF,
SOX and BACH! 610" .&7" TH'1%2:! J:K: et ah! <#==2112! ,-_.1 O%/&.+! Mafb '8! -'4-)*!
-1B3.&&.CI'21,-.1.B',-.)'/0O!C/3'241B1)1,1)16/&'%2!78 . 1,*+19: ; : et alI<#=#!

M!N"#AF (! 2%25%C'24! "2, .301)! 1,! OP<™'! -1&! (..2! 3%(/&,)*! 1&&%5'1,.C! G',-! QRST$!
18'32(1/04R: et a<##U18.1,*119:;: et all<#=#:18.1,%19:;: et akl<#=>7:19-'¢!"2, .301)!
-181(. . 216-%G2!,%!5%2,1'213. O%, . 15'6A15,'241 . 2-125 38!, -1,15%2,3%)! Myc! . IB3. &&'%2!"2!
,--1C.0.)%B'24! 615.+ 12C! C.).,"%2! ). 1C&! ,%! O'&. I1B3.8&&'%2! %6! &.@.31)! C%G24,3.10!
4.2.81G-"5-13.8/),81'210")C!1), - 31,"%2!%6!615'1)! O%3B-%)%4*!12CI&B%31C'51))*!, %! STV$!"2!
O'5.1TW&)/HX:X: et altl<#="7: |

M &/ (&-P/.2,! O.,1A121)*%'&! 3.0.1).C! PAX7, COL8A1/FILIP1L! 12C! NTN1! 15-'.0.C!
4 _2%0 .AG'C.1&'42'6'5125.1TT/CG'4lY:W: et altl<#=<i18.1,*119:;: et aH<#=>7:ll

PAX7 1B1'3.CI(%1'Z?7'4!110 . O (- 31%6!,-.1B1'3.C! (%1!610")*1%6! ,312853'B,"%2!615,%3&[! 12C!
,— %1 5%2,3%)! .B',-.)'1)A0.&.25-*O1)! ,312¢&",'%2&t C'66.3.2,"1,"%2! 12C! B3%)'6.31,'%2!
N3125'6A ] -&,11 $:5: et al! <##>71112-"C,"%2! %6! Pax7! B3%,.'2!'2! O'5.1B3.0.2,.C!,-.!
- IB3.88'%2! %6! &.@-31)! QSS! O13F 3¢+ '25)/C'24! Slug (Snail2), Sox9, Sox10 and HNK-1!
18)1F .+K:M: et altl<#="":

COL8A1 .25%C.&1%2 . 1%6!,-.1,G%!1)B-115-1"2&1%6!,*B . IXLLL!I5%))14 . 2112C!'&! . 1B3. &&. C! (*!
5%32.1)!112C!@165/)13! . 2C%,-.)'1)!5.))&:1Y2%5F%/,10'5.1-1@.IC. O%24,31, .C!,-1,!COL8A1!
B)1*&!12!"OB%3,12,!3%).1"212%301)!.*.1C.@.)%BO . 2,!7; %B6 . 3tW: et alt!<##"?:!

NTNI! '@ -%/74-,1 % (! '20%)@-C! 2! 11%2! 4/'C125.1 12C! 5.))! O'431,'%2! C/3'24!
C.0-.)%BO.2,17S-133%2+' \: et al <##M[!",!1'&1 115-_.0%!1,,315,12,+ G-'5-1 C31G&! 11%24&!
,0G13C&!,-.10'C)'2.1C/3'24!C.Q.)%BO . 2,17Y .22 .C*9:E: et al!=UU"?:I!
Q.131-",&1G.3.11)&%!6%/ 2C!%2! THADA, DCAF4L2, GADD45G, RBFOX3 12C FOXE1!_8.1,*+!
<#=>1"<>"JIT/CG'4HIY:W: et all<#=""7:!l

THADA!19-*3%'C! 1C.2%01! 1&8%5'1, .C?'&!1)'F.)*1 %! (.!'2@%)@.C! 2! ,-.1C.1,-13.5.B,%3!
B1,-G1*! 12C! 1B%B,%&'&! 12C! 13.! 1&8%5'1,.C! G',-! (.2'42! 1C.2%018&! %6! ,-.! ,-*3%"'C!
1b'BB_#IX: et altl<##>?:!
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3145647 is $1%&$"" ()*+, -1/ (014, 1/123+/1*!" (/'&/$, + (" $61$)1*141) (. 51, 01671%)+1819:; :(&M(
#ol<=#>71$, *11)14$01*110 . /1%, 'ASHIBLL, I$%h(&:$01*!C+0Alcolorectal cancerléD$, -81E:(
QU(HBI <=#>7:(

8433698 ! $! 515B1/! ("1 $! -/(3.1 ("1 -1, 1% CACHL! 0/$, %es+.01)141)%! $/11 +, &/1$hL*!
() (Ct, -1%0/1%%" 3)! -/ (COAIS//LH0I& (, *+0+(, WIS, *10/1$051 , 0! CHOAIFGHI*$5$-+, -1$-1 , 0%!
6JAS, 81K (&H(#H/8H#LLM?:!

2 55<=>(530$0+(, %W $/L)t ,N1*I0(11.4)1.%0!$, *1& (-, 10141145 _$/51,016D$, -8 E:P:(&K(#/8!
<=#Q?.

5<=2@(B1)(, -%0(10AL!" (/NALS*!"$5+)0! ("10/$, &+ . 0t (, I"SRO(/HI6RL , SHIIT: (&M(#/8! <=HB%!10!
'3, 80, % SN SI0AO/ (+*10/$ , &/t 0t (, 1" $&O(/10AS0! L)$O%! $!/()1!+, 10AO/ (¥ 5 (/ . A(-1, 1%%:!
U30$0t(, %S/ 119 (&$01*! CH0AI0ALIVES " (JOAIT$SS/3%%0, */ (5181, *ICH0AI%3%E1 . 0+B+)+00!
0, (, 51*3))$/010A0/ (+*1&$, &1/1""16WS// 181 H: (&h(#/8l<=#""2:1!

T,1 $**10+(, 8 4;1467( A4=BI( (-5D1( EF)61( GHG@T( G<8I( #2-( 145;! A$41! $EA141*!
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T 1"+, -, " /U h0U 2314 5%67 81 , Yo+ .16, 6Ok - 5 <5

SNP Locus Nearby NSCL/P GWAS P-Values
gene genetic
allele
rs560426( | 1p22.1- | 34135(6 G 5.01x10™"2 (Beaty, T.H.(&(#/, 2010)
1p21.3 3.14x107" (Ludwig, K.U.(&%#/, 2012)
rs742071( | 1p36- 7389(6 T 7.02x10”° (Ludwig, K.U.(8&%(#/, 2012)
1p36.13 1.59x10°® (Beaty, T.H.(&%#/, 2013)
rs861020 1932.2- | :;<=(6 A 1.20x10  (Beaty, T.H.(&%(#/, 2010)
1g41 3.24x10™" (Ludwig, K.U.(&%(#/, 2012)
rs7590268 ( | 2p21 >?3036 G 1.25x10°® (Ludwig, K.U.(&%(#/, 2012)
1.49x10°° (Beaty, T.H.(&%#/, 2013)
rs7632427( | 3pl1.1 A7?3B T 3.90x10°® (Ludwig, K.U.(8&%(#/, 2012)
rs793464( | 3ql2.1 IC+D3EF( | A 4.49x10” (Beaty, T.H.(&%#/, 2013)
<+ 7E+
rs12543318( | 8g21.3 @13<5+) |C 1.90x10°® (Ludwig, K.U.(&%(#/, 2012)
7.68x10° (Beaty, T.H.(&k(#/, 2013)
rs987525( | 8g24* | GH! A 3.34x10 " (Birnbaum, S.(8(#, 2009)
9.18x10°® (Grant, S.F.(&%(#/, 2009)
1.11x10*® (Beaty, T.H.(&%#/, 2010)
5.12x107* (Ludwig, K.U.(&%(#/, 2012)
rs1007966( | 9922.1- | 13@@5J1 | G 3.01x10 (Beaty, T.H.(&%(#/, 2013)
9q22.2
rs6478391( | 9922.33 | <CBAE C 6.83x107 (Beaty, T.H.(&k(#/, 2013)
rs7078160( | 10925 K38E C 1.92x10°® (Mangold, E.(&4(#/, 2010)
3.96x10™™ (Ludwig, K.U.(&k(#/, 2012)
rs8001641( | 13gq31.1 | L7;H) A 2.62x10™° (Ludwig, K.U.(&%(#/, 2012)
rs1873147( | 15g22.2 | >7GE C 2.23x10° (Beaty, T.H.(&%(#/, 2013)
rs1880646( | 17p13.1 | M>ME(6 C 2.81x107® (Ludwig, K.U.(&H(#/, 2012)
rs227731( | 17922 MC1(6 C 1.07x10°® (Mangold, E.(&4(#/, 2010)
1.78x10°® (Ludwig, K.U.(&%#/, 2012)
rs2612753( | 17g25.3 | ;4<C8B T 3.29x10™ (Beaty, T.H.(&%(#/, 2013)
rs13041247 | 20q12 G3<4( T 1.44x10™" (Beaty, T.H.(&%(#/, 2010)

6.17x107° (Ludwig, K.U.(&%(#/, 2012)

Candidate genes for NSCL/P identified by genome-wide association studies.
“*“ Denotes variants that have also been replicated in independent studies, and hence
represent robust associations
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Many environmental risk factors have been implicated (Table 2.4) through
epidemiological and experimental data (Mossey, P.A. et al, 2009). A meta-analysis of
24 case-control and cohort studies demonstrated a statistically significant association
between CL/P and tobacco smoking (Little, J. et al, 2004), indicating a relative risk of
1.34 (95%Cl:1.25-1.44). Another study proposed an interaction between maternal
smoking and genes GRID2 and ELAVL2; however, it failed to gain statistical significance
(Beaty, T.H. et al, 2013). This may actually be underestimated if one considers the risk
associated with passive smoking. The teratogenic effect of smoking and alcohol has
also been observed with a genetic variant of Tgf I (Romitti, P.A. et al, 2007).

The other environmental factors listed (Table 2.4) are associated with less convincing
evidence, with inconsistent results. This could be attributed to the study design, which
is often cohort or case-control studies, which could not account for confounders. It
would be unethical to perform a randomised control trial to test these hypotheses.
Folic acid deficiency has been previously implicated with neural birth defects, and
many authors have postulated its role in cleft aetiology, however, there is still
unconvincing evidence that this is protective in cleft prevention (Gildestad, T. et al,
2015).

Maternal viral infection may also increase the risk of orofacial clefts (OFC), one theory
is that it may induce maternal hyperthermia; another is that it may activate interferon
regulatory transcription factors (e.g. IRF6) (Botto, L.D. et al, 2002).

b

9/ -0-41";8&" ()*+" , - " . /KL/3.+*41/44+3)/ . -<i=).>15678}

Maternal effect Environmental incident

Maternal Maternal smoking (Honein, M.A. et al, 2007), alcohol abuse
hypoxia (Romitti, P.A. et al, 2007), drug abuse

Maternal health | Viral infection leading to maternal hyperthermia and malnutrition
(Botto, L.D. et al, 2002)

Maternal diet Excess Vitamin A (Mitchell, L.E. et al, 2003), Folic acid deficiency
Maternal Anticonvulsants (Dravet, C. et al, 1992), hypertensives,
Medication corticosteroids (Park-Wyllie, L. et al, 2000)

Others Nitrate compounds, organic solvents, lead exposure, Pesticide

exposure (Garcia, A.M., 1998)
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2.3.2 Foetal Alcohol Syndrome (FAS)
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Most genetic variations are associated with the geographical and historical
populations in which the mutations first arose. This ability of SNPs to tag surrounding
blocks of ancient DNA (haplotypes) underlies the rationale for GWAS. However, in
order to control for population stratification, studies must take account of the
geographical and racial background of participants.

GWAS has allowed researchers to sample 500,000 or more SNPs from each subject in a
study, capturing variation uniformly across the genome. To date, these studies have
identified risk and protective factors for asthma, cancer, diabetes, heart disease,
mental illness and other human differences (Bush, W.S. et al, 2012, Grant, S.F. et al,
2009). GWAS test the common disease/common variant hypothesis, whereby common
diseases have multiple susceptibility alleles, each with small effect sizes (typically
increasing disease risk between 1.2-2 times the population risk) (Bush, W.S. et al,

2012).
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2.5 Genetics and facial morphology
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Table 2.5 Characteristic lip phenotypes associated with syndromes
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2.5.1 Candidate SNP studies and facial morphology

Z-(=%*0.1 %11 , 91(! .%/-18--&! , %)~! 1+1)=1-* | &1 .+<10+, ,+& FC;E[G! CFG(' , %"!
U33-0L1&+* , ISHONHI , +¥O . +H+7 "1\ k— X8 7~*1C: ({6 2 TMVGIELSHIB: ({161 2] M2861G-&761C:(
(4161 7TV 161 S52—61 C:B:(8H(#H61 7M™ U0A:1 C15) ™1 )~ (178! 287+ 1 ((~ (287! 3+ /60 12+& (1 284
, 4O+ 710 3-015%- (1 8-1<--&) 0%(=! %&)! 0+&L*+H(B %&)! 1. -1 , ~1.+) (! .%/-128/+L/-)!
ALY, HQUETI*-T0+&(1 4311 ~13%0-61%8) | (58 (- H5-&11%&H" (21 +31) 2(L%8&0- (B +41G ; S:I N(87!
1001, ~La+)HHT 6L =] 00 %007 1431 (500- ((~ (1 (130 .96/ -1 18/ +1/ =) 1 *= T+ & (1h111851%81-!
1+ 8+8&"1 &) , WFQ(E! 28! OUFLI0SIGH 1. +(=) 1. %1 L%/ =) 7++)1 ¥-9%+)5008201"! =>%8i-! 2:NA:!
AEIB-01-)! (18187 (1+3 FC; E[G! . %/-1 <) -*1&+(~(1%8)! 82 "7+ , %1201 )(1%&0-(10+ , 9%*-)!
<UL 10+&IFHI(I\+- 87 -*51C: (8K(H61 2 MMA:!




Chapter 2: Lip development

50

TR0 ()dx+, " 8- . %/ 012-%34%/012-%"*550+,"1,0/54"6,5,/ 44760 8i-0-9§"1,0/1519 -, %5¢

Locus Gene Phenotype Method Population SNP P-Values

1p31.3 SLC35D1 Periorbital Candidate SNPs 592 rs1074265 <0.0005 (Claes,
region 3D BRIM Americas & P.etal, 2014)

West Africa

1932.2- IRF6 Lip Candidate SNPs 1001 (604 rs642961 6x10°

1q41 prominence / | 3D high density females, 397 (Peng, S. etal,
thickness registration males) 2013)
(females) Han Chinese

1p36.23- PRDM16 Nasal GWAS 3D MRI/2D | 5,388 rs4648379 1.1x10%

1p36.33 width/nasal photos Caucasian (Liu, F. et al,
tip 2012a)

1g42.12 LEFTY1 Mid-face A-P | Candidate SNPs 188 Case, rs3766941 0.023
projection 3dMD PCA 194 Controls (Miller, S.F. et

Caucasian al, 2014a)
2922.3 ZEB2 Chin dimple GWAS self 5,388 4x10°
reported traits Caucasian (Eriksson, N. et
al, 2012)
2935 PAX3 Nasal bridge | GWAS 3D 4,747 rs7559271 4x10"
prominence Landmarking Caucasian (Paternoster, L.
etal,2012)
GWAS 3D MRI/2D | 5,388 rs974448 (Liu, F. et al,
photos Caucasian 2012a)

3028 TP63 Inter- GWAS 3D MRI/2D | 5,388 rs17447439 4.4x10°
pupillary photos Caucasian (Liu, F. etal,
distance 2012a)

5p12 - GHR Mandibular Candidate SNPs & | 145 Chinese | rs6180 (zhou, J. et al,

5p13 ramus length | linear 2005)

measurements LC

5g35.1 C5orf50 Nasion GWAS 3D MRI/2D | 5,388 rs6555969 5.8x10°

photos Caucasian (Liu, F. etal,
2012a)

6q22- ENPP1 Upper facial Candidate SNPs & | 1042 rs7754561 9x10”

6923 height head sized traits Western (Ermakov, S. et

Eurasian al, 2010)
8p21.23 FGFR1 Long Candidate SNPs & | 592 rs13267109 | <0.0005 (Claes,
philtrum, 3dMD BRIM Americas& P. et al, 2014)
wide mouth West Africa

8q24.21 CCDC26 Bizygomatic Candidate SNPs Caucasian rs987525 0.017

distance 2D photos 3D (Boehringer, S.
MRI etal,2011)
10g24.3 COL17A1 Inter- GWAS 3D MRI/2D | 5,388 rs805722 4.0x10°
pupillary photos Caucasian (Liu, F. etal,
distance 2012a)

12p13.2 LRP6 Thick upper Candidate SNPs 592 rs2724626 0.034

lip 3dMD BRIM Americas & (Claes, P. et al,
West Africa 2014)
15913.3 GREM1 Nose Width Candidate SNPs Caucasian rs1258763 6x10™
2D photos 3D (Boehringer, S.
MRI etal, 2011)

20q12 MAFB AP position Candidate SNPs 188 Case, rs11696257 0.004

chin 3dMD PCA 194 Controls (Miller, S.F. et
Caucasian al, 2014a)




1HSHE” ()4 (+B(-&. &/0$ L& 51

PH%& = = ()*S

Lip formation takes place during the early stages of embryonic development and is
tightly regulated by complex signalling factors. Genetic variations or environmental
injuries can affect the normal development of the lip.

It has been hypothesised that NSCL/P would best fit an oligogenic model, where one or
a few major genes are influenced by a small number of environmental modifiers
(Marazita, M.L.(&%(#/, 1986, Farrall, M.( &%(#/, 1992, Fitzpatrick, D.(&%(#/, 1993). In
addition, a threshold model has also been hypothesised (Sivertsen, A.(&%(#/, 2008,
Grosen, D.(&4(#/, 2010b), whereby a certain combination of genes or a particular
environmental injury needs to occur, to tip the balance towards an OFC occurring.
There is a suggestion that disease NSCL/P genetic alleles may also modulate the
phenotypes of unaffected carriers, within a range of normal variation. Subtle shape
alteration patterns may help to screen carriers of disease alleles and therefore
facilitate disease prevention. Identification of sub-clinical cleft phenotypes may be
important in a clinical setting, as a means of providing more accurate recurrence risk
estimates to families at risk of OFC.

Variation in craniofacial morphology often forms part of the diagnostic procedure for
genetic disorders; however, few genetic variants that influence normal facial variation

in the general population have been explored.
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3.1 Research aims and objectives
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The overarching aim of this study was to investigate the biological basis of lip

phenotypes

The objectives were to?!
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4.1 Introduction

Chapter 1 explored the limitations of the current methods of phenotyping lip
phenotypes. Locating landmarks were demonstrated to be advantageous, as they were
accurate and reproducible (Toma, A.M. et al, 2009). Characterisation of lips is sparsely
covered in the scientific literature (Table 1.4), and as such, many of the subtle features
of the soft tissue variations of the lips have been overlooked. Characterising lip

phenotypes can provide more information about lip detail and shape variations.

4.1.1 Objectives
The objectives were to:

¥ Develop a robust, reproducible classification system of lip phenotypes

¥ Measure the prevalence of lip phenotypes within a population sample of 4,747
¥ Assess for associations of lip phenotypes with other lip phenotypes

¥ Assess if there were any sex variations of lip phenotypes

4.2 Methodology

4.2.1 The Sample

The subjects of this study were recruited from ALSPAC, also known as Children of the
90’s. ALSPAC recruited more than 14,000 pregnant women with estimated dates of
delivery between April 1991 and December 1992. The vast majority of mothers
(94.7%) and fathers (94.1%) reported themselves to be of white ethnicity. Less than 1%
were of black (Caribbean/African/other) origin and less than 1% of Asian
(Indian/Pakistani/Bangladeshi/Chinese) origin (Boyd, A. et al, 2013). The rest were
either missing or other.

The demographic profile of the ALSPAC sample has an under-representation of non-
White minority ethnic groups compared with the national population. This may
influence external validity of some study findings based on prevalence, although it
should not influence adversely the longitudinal results provided the features affecting

bias are included (Boyd, A. et al, 2013).
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Four thousand seven hundred and forty-seven children (2,514 females and 2,233
males) had 3D scanned images taken. Of these, there were 16 twin pairs and no
triplets or quads.! Around 10% of the subjects are related between 1st cousin and
sibling.

Four thousand three hundred of the four thousand seven hundred and forty-seven
mothers reported ethnicity of their children. Ninety-six percent (4,136) were white and
four percent (164) were non-white.

486" )11, - .+ /-101402%-3%456 74 8L, O - $k

Data available
Total ALSPAC sample 14535
Invited to have facial scans 9985
Attended for facial scans 5253
Available for phenotyping 4747

"(;(I<-3="4" 1 10>

Ethical approval for this study was obtained from the Central & South Bristol Research
Ethics Committee (UBHT): 06/Q2006/53 Avon Longitudinal Study of Parents and
Children (ALSPAC), Hands on Assessments: Teen Focus 3 (Focus 15+). (7th August
2006) (Confirmed 15th September 2006)

Written consent was also obtained from parents and guardians prior to obtaining the

facial scans.

"(; (20O A%L8" = -/ %k

The 3D images of the subjects were captured using two commercially available, high-
resolution Konica Minolta Vivid VI900® cameras, with a reported manufacturing
accuracy of 0.1mm. The details of capture are widely published (Kau, C.H. et al, 2005b,
Kau, C.H. et al, 2008)

First, the images were cleaned automatically in a process that removed large
unwanted areas in the scans. This was subsequently followed by the manual fine
cleaning of the images, which involved the removal of minor interferences and the in-
filling of small “holes” or voids in the images, whilst preserving the overall shape and
contour of the face.

The raw images had a semi-rough texture due to the irregularity of the surface
contours and background noise (reflection of light off the surfaces of the subject). The

software used a smoothing process whilst preserving the overall shape and volume.
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The left and right scans were then aligned to one another using the iterative closest
point algorithm (ICP), based on the overlap of the two facial shells.

The 3D facial shells were then imported to Rapidform® 2006 software (INUS
Technology Inc. Seoul, South Korea) and subsequently six images were exported in
JPEG format; frontal, left and right side profiles, left and right three-quarters and
submentovertex (SMV) view (Figure 4.2). This ensured the images were viewed in a
standardised format, magnification and orientation. Images were viewed in greyscale
(without texture), as it was found that these images produced the most reliable,
consistent analyses and were not subject to significant texture variation due to body

temperature or ambient room temperature.

1H 18%& " &() *+&, -§) .$-/850(1223.301-3) , $201 (&S

The scale was initially constructed from lip characterisation methods previously
described in the literature review (Mori, A. et al, 2005, Carey, J.C. et al, 2009,
Hennekam, R.C. et al, 2009). It consisted of 4 philtrum region phenotypes, two upper
and lower lip phenotypes, commissures and three sub-lip phenotypes. Each phenotype
consisted of a normal trait (middle column), a reduced/absent trait (left column) and
an exaggerated trait (right column) (Figure 4.1).

A sample of twenty randomly selected subjects (Figure 4.3) was initially assessed, in
order to identify lip phenotypes according to this rudimentary scale It soon became
apparent that there were additional features present that had not been previously
described, such as detailing the appearance of the inferior border of the upper lip
(groove / drop), or the roped appearance to the vermilion borders (double vermilion

border).
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Figure 4.1 Rudimentary classification scale for the characterisation of lip phenotypes
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Figure 4.2 An example of the six standardised views required to assess lip
phenotypes

Figure 4.3 Twenty randomly selected cases were used initially to develop a

rudimentary scale
|
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Figure 4.4 Classification scale for the characterisation of lip phenotypes
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Table 4.2 Description of morphological traits

%8 O+l 8).(l 7018l
$1(71855.88150 (1" 71 (- h&I531-6081 () k&I +% ) 1341 )&IABI(-| | 3 <I/A((WiSh1)134]
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H3+.9151: (DISH6-+&! Jh&IA (18167 7306)891)h&IH3+ 915! - (D! K</ H6+89)
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4.2.5 Statistical Analysis

$U&! ™ () (%481, =10, +H4)** 1/ (+10()&123,0(U (- "1-255, - (%1 (- "1)%*+61)%&!3&4, (7 4,) . 1281)%&!
88.()*38+ /838! (++&++8& " 1*+,-1198308-) (1&! (138&5&-)!+0238:+6!8231./%,0%! ) %&! &: (0)!+ (58!
+023&! 823! &(0%! 88.()*3&! /2*4"1 78! 3&;* 3&"1 8325! &(0%! &: (5,-83! =(99(! (138854&-)!
+023,-11 /7 (+1-2)192++, 748! / )0 Yoo, #! = O (B! (+1,)! Z (+ =2)1 =235 (U1 ™ #)3,7%)&" I > <&<! &(O%!
00)8123.1/ (+1-2)1&; * (4.10%(-08." 8! (++258188.() *3&+/ &3&!5*0%!3(383!) 0 (- 12) &3+
@%,A4 3 *(3&"1)&t)+ /8381 9838235&1)21)&+)1 )%&! * +)3,7%),2-1281)%&! " () (! 7&)/&&-!)/ 2!
" 898" &-)18&()*3&+DS(TL&IBCHIDI+) (), +),0(U.1+,1- 8,0(-)IOAE(1*&!,- * ,0)&" )% ()!)%&38!
7+ (0 +1-8,0(-)! " 88838-08! 78)/88-! )%&! &:9&0)&"! 838&;*8&-0.1 (-"! )& 27+&3E&"!
838;*8-0.1,-12-81231523&10()8123 &+!!

4.3 Results

S8+ (59181).9,8,8"1-235 (ME3, (),2-,~IFCA. &(3N2" 1@ (<0 (+, (=10% 4" 38-G2*31) %2 %+ (- !
82%31 0%~ "38"1 (~"1 +E&-).! 82%31 0%,4"38~1 >#CFB! 885 (&+ (~"! #E#HH! 5(1&+) /838!
04(++ 8,87

4.3.1 Reproducibility
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3&4,(74,) P %2/ &E&36! 81 )%&! +0(4&! Z (+1 7 ,0%2)255,+& " 1) 2! NA#! (- " HACH! )%&! 3&4, (7 4,) .1 / (+!
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&:(5,-83+1 /%2 /838! -2)! ~E2!E& "1 ,-!)%&! " &E&I295&-)! 28! )%&! +0 (4&6! % (" 5*0%! 78&))&3!
384,(7 4,) .61/ ) %! (U188 () *3&+1+%2/ - 11(1122 " 11QE&41 28! (1388 5&~) PLMNOX!!
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Table 4.3 Intra and Inter examiner reproducibility

S §%8) " I*+ !

=)D 122(! 34(O%)*! 34(0%)"! 34(0x%)*!

(/7)) O) %! o!! ! #lI
Philtrum
-85%":0!;8(2)! <= =77 "@! 20! ?=l
-85%" - O!ABES! "<l =CD! "7 <@! ?=!
E:2BFGHI J!168(2)! ?6! =" D#! ?7?! ?C!
KGHHON(%/9)! ?27?! =?=! D#! <#! ?7?!
Upper Lip
L) *O5% 1%!M - 9% ) GG! D<«! ="DI "=l ?=! D?!
E1%&0 2" 2" =D"" 0! 20! ?=!
L)"O%1%HI'B)"! 2" =@C! ?#! ?#! ?C!
NI:HD)HI'B)"! ?#! ==l <?! <#! <?!
L)"O%1%!H"0! <= =DD! <= <#! 2"l
L) 'O%1%!/*110)PB* 12! <?! =<""| D<! 20! ?#!
Lower lip
L) *O5% 1%!M - 9% ) GG! ?7?! =D?! C=! 20! ?=!
E1%&0 " <= =" C?! D=! D@!
L) O 1% HI"B)"! 2"l =D7! ?=! ?=l ?D!
NI:-H)!HI'B)"! 6==! 6>==! 7= 6==! 6==!
L) O 1%H"50! <#! =76! "@! D@! <#!
L) O%1%!/*110)PH:-0O2!  DC! =@D! C?! 20! D?!
EIOOGG: *)G! <@! =<=l "=l ?#! 27!
Sub-lip
Q52R. 85%!G8(2)! D=! ="DI c@! D#! D™
S) % HI(H O I9B! ?7?! =D6! D?! 20! D?!
Q1.J)"1%2!61%)! D<! ="<| C#! %! D?!

|

T8)")1 I (G /)%)" (HU!/ 1 1B (R)4(OM6) " )B(HRBEUN 2) ") e(/)! (/7)) O) %! I (6! 10)"!
D=-+! 11 &" (346H! J568148)! )4.) 265 1%! 1l 285%" : O! J5BE8! =2+, (%BI B2R. 85! 68(2)! D=+
E18)%IG! Y (22! . 1)IB.5)%8! I (6! (3611 2) N1 O)BI! (6581561 /)%) " (U . 1%GiB)")BI&N! H)! (!
O1')!"IH:GR10) (62 ") 168 (%!C5029)!12) . )& (/")) O )&l . (8. = 8(8 1% (G1Y (22 (& (Y)GLEumk!
(.. 1 2%8168) 12 1GGEHSERU! TNIE8)! (/7)) O)%A! I . . = "'/ 1HU! .8 (%. )1 1(22(16. 1')6!10)"1=>76!
(*)! B))O)B! &1! 8(0)! CONGE 2)'N).&! (/*))O)%al 6. 17)G! H)EI))%! =2=1 Rl =6l (*)!
B))O)BI&1!8(0)!6: HE&(U(! (/*)) O)%el =>"=IRI=>C6!8(0)! O 1B)* (&) (/*)) O) Uil =>C=IR!
=7618(0) NG 1(/*)) O) el (%BIG. 1*)6IH)I1 J1=>7=18(0)1GE/88! (/*)) O) %! *Q(%BICI > [(&H(
#16<DD I\ . 1"BA/18 11885616 (911 O 16&! 11168)18" (34618 (0)!16  HO&(%E (Y (/7)) O)%all J5t8!
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the exception of philtrum width, upper lip vermilion border, upper lip double border
and lower lip groove/drop which all have moderate agreement.

The two features are difficult to classify, the philtrum width can be subjective, as the
relative width of the nose and mouth can alter the examiner’s perception. A possible
method of improving the measurement of the philtrum width, would be to landmark
the philtrum ridges, and measure the distance (objective method), however, this is
also problematic, as small measurements in this region are inherently unreliable
(Hennekam, R.C.(&4(#-, 2009). Selecting a landmark to measure from can also be
problematic, as philtral ridges don’t always run parallel. l.e. if measurements are taken
near subnasale in an individual with divergent philtral ridges, it would give the false
impression that the individual had a narrow philtrum.

Lip-chin shape has five variations, of which the second (curved concavity) and third
(angular concavity) are quite difficult to differentiate. If this scale is simplified to four
categories, the intra-examiner reliability increases to 85%.

Upper lip vermilion border could also be dichotomised to either no border or some/full

border, this would increase the kappa agreement to 0.61.

S8 () *+(, - (4o L2 - 13+ AD-*4/ (*56" (T}

4,747 of the 5,253 subjects were categorised according to the classification scale
(Figure 4.4), and the prevalence of each feature is presented (Table 4.4). The
prevalence of features amongst males and females were analysed using Chi® statistics.
A statistically significant difference was seen with twenty of the twenty-five features.

An “*” indicates the feature associated sex predilection.
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9%"01*%t Classification All Males Females P-value
N % N % N %

)850*164:8" 7% Smooth 315 7 133 6 182 7 <0.0005
Normal gradient( 674( 14( 260( 12( 414( 16*(
Indentation near nose( 333( 7 117( 5 216( 9%(
Indentation in middle( 1991( 42( 923( 41( 1068( 42(
Indentation near VB( 883( 19( 535( 24%( 348( 14(
Deep indentation( 291( 6 140( 6 151( 6
Deep into VB( 260( 5 125( 6 135( 5

)850*164 ;5 5308t Narrow 542 11 180 8 362 14* <0.0005
Average( 3266( 69  1482( 66( 1784( 71%(
Wide( 939 20 571( 26%( 368 15(

<1753:2>. 724 Flat 329 7 127 6 202 8* <0.0005
U - Shaped( 2539( 53( 1292( 58%( 1247( 50(
V - Shaped( 1879( a0 814( 36( 1065( 22%(

@"2.8"H#5"SA , B Acute 732 15 332 15 400 16 <0.0005
Normal( 3058( 65(  1377( 62( 1681 67(
Obtuse( 957( 20 524( 23%( 433 17

C77%*$574

91§, %224 Thin 459 10 164 7 295 12* <0.0005
Medium( 3142( 66(  1427( 64 1715( 68(
Thick( 1146( 24( 642 20% 504( 20(

<.,0.1% Concave 2371 50 1003 45 1368 54* <0.0005
Straight( 1636( 35(  835( 37( 801( 32(
Convex( 350( 7 208( 9 142( 6
Pseudo-convex( 390( 8 187( 8 203( 8

>_*3%* None 511 11 259 12 252 10 0.001
Middle only( 1640( 34 712( 32( 928( 37%(
Full border( 2596( 55(  1262( 56( 1334( 53(

D. 1#8%> . *3%*% None 4482 94 2090 94 2392 95* 0.020
Present( 265( 6 143( 6 122( 5

>*6} None 3256 69 1571 70 1685 67 0.014
Brim( 1491 31 662( 30( 829( 33%(

D*. 7k None 1925 41 943 42 982 39 0.143
Midline drop( 2822( 59( 1290( 58( 1532( 61(

E*. . +%i None 3598 76 1703 76 1895 75 0.476
Groove( 1149( 24( 530( 24( 619( 25(

F. 2%*$7k

9185, %224 Thin 397 8 196 9 201 8 0.388
Medium( 2947( 62( 1365 61 1582( 63(
Thick( 1403( 30( 672 30( 731( 29(

<.,0.1% Narrow at midline 1037 22 565 25* 472 19 <0.0005
Straight( 317( 7 170( 8 147( 6
Gentle Curve( 2374( 50( 1031( 46( 1343( 53%(
Curved( 1019( 21( 467( 21( 552( 22(

> _*3%*g None 192 4 77 3 115 5 0.141
Middle( 1499( 32( 706( 32( 793( 31(
Full( 3056( 64(  1450( 65( 1606( 64(

D . 1#8%i> . *3%*k None 2659 56 1293 58 1366 54 0.013
Present( 2088 44( 940 42( 1148 46%(

>*64 None 2295 48 1129 51 1166 46 0.004
Present( 2452 52( 1104( 49( 1348 54%(

E*. . +% None 4108 87 1880 84 2228 89 <0.0005
Groove( 639( 13( 353 16%( 286/ 11(

>167 None 3717 78 1796 80 1921 76 0.001
Bump( 1030( 22( 437( 20( 593 24%(

<. 665221 Upturned 495 10 194 9 301 12* <0.0005
Flat( 1734( 37( 725( 32( 1009( 40(
Downturned|( 2518( 53( 1314( 59%( 1204( 43(

1 1#0574

F576i<85, 6= 8" 7% Flat 194 4 94 4 100 4 <0.0005
Convex( 1755 37( 745( 33( 1010( 40%(
Angular( 1841 39 917( 41%( 924( 37(
Angular with pronounced vermilion 560( 12( 315( 14%( 245( 10(
Angular with bump( 397( 8 162( 7 235( 9

H%,0.§"#5"%9.$3t None 2665 56 1222 55 1443 57 0.064
Present( 2082( a4 1011( 45( 1071( 43(

<85, IDS6 7%} None 3684 78 1664 75 2020 80 <0.0005
Present( 1063( 22( 569( 25%( 494 20(

1o, %k None 358 7 147 7 211 8 <0.0005
Slight convex( 635( 13( 254( 11( 381( 15(
Square shaped convex( 1688( 36( 773( 35( 915( 36(
Deep convex( 1609( 34( 891( 40%( 718( 29(
Bilateral bumping( 457( 10( 168( 7 289( 12%(

1. WGCT7E None 793 17 314 14 479 19* <0.0005
Slight with bump( 620( 13( 277 12( 343( 14
Square shaped convex( 1370( 29( 634( 28( 736( 29(
Deep convex( 1546( 33( 853( 38%( 693( 28(
Bilateral bumping( 418( 9 155( 7 263( 10(

= 198%0"*$k) **00%* , & Skeletal | 1207 25 407 18 800 32* <0.0005
Skeletal II( 3031 64(  1621( 73%( 1410( 56(
Skeletal 1lI( 509( 11( 205( 9 304( 12%(

The most prevalent feature was generally the most common amongst both sexes; however, of the less common traits this was not always the caset
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4.3.3 Uncommon traits

#$%81')1)*8+$,-)&.1 $//01182! (+318408+,'- 1567891 ; *&1'&. .1 /$%%$+ ) *(',10%! . *<)&.!
818! .%$$, *1550 (+2&+,<, ($+! +&<1! , *&! +$.&1509! <+21 288) 1 /1$. . (+A! (+,$! ,*&! B&1%("($+!
C$12&115"%:1 DI3'<, E0)(2F.1 C$=! . *<)&!5>9 2$0C'&! 0)) &1!"()! B&1%('($+! C$12811 5697 <+2!
/$+BEHIB&1%("($+!/$+,$011509! =&1&! <"11<18138<,01&.1$3!,*&10))&11():ID,-) (/<'138<,0184..!
$31,*81'$=81!"()1B&1%("($+! =81&! <C.&+,!1<(.&2!B&1%("($+! CHL281155913'<, ') I/*(+! . *<) &
5> <+AQ'<Ll =(,*1 CO%) (+AI ") 1/*(+] . *<)&I5IN ., 1<(A*,1'$=811"()! B&1%('($+! /$+,$01! 569!
<+21<C.&+,!"()!,$+&15>0:!!

4.3.4 Sex Variation

Typical Female Features

Typical Males features

Figure 4.5 Typical female and male features
!

K&%<'8.! *<2! <! 18'<,(B&! *(A*&1! )1&B<'&H/&) $3l (+28:+,<,($+! +&<1! ,*&) +$.87 +<11$=!
)*(',10%7 <+21 L1.*<)&2! $1!3'<,| E0)(2V.1 C$=! .*<)&.7 /01B&2! '$=&1!"() .| =(,*! <! 2$0C"&!
CHI281I<+2$=811() 1 21$) M= . 1%6<"8. 1*<2I<I18'<, (B&I*(A*E11) 1&B< &+ /1S3 (+28+,<, ($+!
+8<1! 8! B&1Y('($+ C$12817 =(2&1 ) *(',10%! <+21$C,0.&! +<.$'<C(<'| <+A'E.N 2$=+,01+&2!
/$%9%(. .018.7 <I'$=8&11")! /$+,801! , *<, I +<11$=.1<,1 , *&1 06(2'(+8&7) <! '$=&11"()! ALS$B&? <!
06BL&I283(+82'S =811, $+&I<+21/*(+12(%) '&I5K(AOL&IJ:NG:!

K(B&! 38<,018.1 2(2! +$,! .*$=! <+-! .&H! )182(&/,($+ 50))&1! "()! AL$$BEO21$) N '$=&1! *()!
CHI281! <+2! 30"+&..1 <+2! %&+,$'<C(< 35'29:! D'%$.,! ,*18&140<1,&1.! $3 ,*&! %<'&!
I$)0'<,($+ <421 *<'3 $31 ,*&! 38%6<'% )$)0'<,($+! *<2! P&'&, < I )<,,&1+.:! DI *(A*&1!
)IEB<'&+/8) $31 P&I&,<'1( <+21 1)<, &1+.1 =818) $C.&IBE2! <%$+A. ! 389%6<"E..1 /$%)<182!

=(, *1%<'..:!

4.3.5 Morphological association

R$.,I'01)*&+$,-)8.1<))8&<182! <. $/(<, 82! =(,*I1$,*&1! ,1<(,.!5;<C'&! J:N9S! (+! )<L, (/0'<1!
38<,01&.1 831, *&1 ) *(*,10%! <+2! 0) ) &L )N =*(/*1 .&8%&2! ,$! C&! /'$.&'-1<..$/(<,&2:! ; *8&!
%08+, $'<C(<"13$"21<+21/*(+12(%) '€1$//01182!(+28) &+28&+, - I1$31$, *&1I' ) 1) *&+$,-) &..!
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BUE (W), -)! -0, +-/%0.1 12/32201 .242.1 -).%! 5-8:261 78-1)2! 9:"';d 34/ (! =2>-)2.!
(-5:0%1 /80! - . %, +-/940.1 34/ (1=2-/282.1 %=1 /(2! * (1)/&2>1 -061 2" " 281 ™11 @. .%, +-/+%0.
32421-).%1%1. 28526134/ (1/ (2!) %3281+ " 1, %O0/% 28 -061A? " 1681 1% 31->00* . /1>-)2..:
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VR0 )0+, — - +5+/018" 22+ 10" 30+ 4 26+505%" 36, %24" 7 +4/ 2313 . 6" 89 " 9k = ; <=2 >h—+-65"30+4¢

Philtrum Shape | Upper lip Lower lip Sub-lip
: g
< 0l w [ K]
[aa] o a f-
Zl ul ol o] B &l ol 0l u| o]l o] 8] & o]l 0] 8] 8| S| 8] = 2| &

Philtrum

Upper vermilion

2 lLower vermilion

3
3

Sub-lip area

mentolabial fold show the least amount of association with other traits.

=70""96%21AB,, %%A4Ck4+23"*302301"*$120/ A0501"* 4.1%D4 = 7 #%, Ch—EF(F) DtG%HC-EF(FFF) 1(4
Abbreviations: PS Philtrum shape; PW Philtrum width, CB Cupid’s bow, NLA Nasolabial angle; F
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PRI ()67 +, — - +5+/017 8022+ 10" 30+ 420+55%"*36 , %24™ 7 +4/ 2315% 7 %624 ABL 7 "' %2k

Philtrum Upper lip Lower lip Sub-lip —

I3 3

9%7"'$%2 < Sl u | o 2
E 3 = w @) ) a & a [G) w [8) o a & o [U) S S = S s 2 @

PS
PW
CB

Philtrum

Upper lip vermilion

S |Lower lip vermilion

3
3

LC

wv .
= Sub-lip area
o

Philtrum

Upper lip vermilion

S |Lower lip vermilion

3
3

LC
MF
CcD
LT
TU

ub-lip area

S‘l,:eletal
1;<""86%20=>, %%4%4+123"* 302301520/ 40501** 4 1%84A 7 #%, %~BC(CDEE%8%~BC(CCCDF (i

Abbreviations: PS Philtrum shape; PW Philtrum width, CB Cupid’s bow, NLA Nasolabial angle; F Fullness; C Contour; B Border; DB; Double
border; D Drop; G Groove; Comm Commissures; LC Lip-chin shape; MF Mentolabial fold; CD Chin dimple; LT Lower lip tone; TU Tone-up.
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10T R+, — L +5+ /01180 22+ 10" 30 +41+506™1 . 83, 038 !

NIFTOM! 665,161 H->%.176!
i R-21-).1 . X T
IEE

RG! | LN | V-2%!
ERERER

&) *41 &, -8 /0.%1) %2, 34%56%, T (! 8*+)Ha9:!/ 5 0662:1 21 &THT'ET" ¥ &'<20", *2, ! =967>%%2! 0%*T) . %&?! @+, A: S () , (! *&&~, "*T'-2! 6B#(###D! [BEF! 6-6) +*7'-297 G*. Al =)%:1 $ (), (! *&d-, "*T'- 2! BBHHHHDNH'<NT! =) %:1 $% () , (! *8&~,"*T'-2! 6BHIHDY! ; .93:1 J-1&'<2'0", *27! /BK#!
C00%.%2, %1=HT>%%21%56%, % (*2(1*, 7) *49! C00%. %2, WILM=5%.:1'2, Y8 (1*8&-, "*T'-216BHHDNSH(:1'2, W 8% (1*8&-, "*T' - 216BH##4#DX!!
!

V-2%4) 601!
!
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4.3.6 Direction of association of traits

$0%'O* &,-.%&! /! 0! 01%2-340%&! "2, *3%(! 31*3! 31%.% 5%.% 6*24! ,-66-2!
B-.01-+-7", %1l %88, "*3'- 281 89% 1 10h! ;<"*=<! > .| %h?*S 0! 1068&! ('63'2,3! /%*3) . %&d! &) , 1! *&!
$6--31101"3.) Bil/+*31A) 0" (B&! - - 5181 * 0% * - 8%231C%. 6"+~ 2! 2 —. (%.D (=) 24%! = —. (%. &E!/+*3!
3-2081 %2 (1+'OF, 1'2181*0%0!* : 8%23! 6%23—+* 1 "<+ /—+ (! 5% *+#1 /=) 2 (13! 1 %188~ , "*3% (! 5'31!
Op*, 11-319%.18>"7) .06l ; <G=<19108%!3. *'381 5.l *18&—1*88&~— , "* 3% (1531 I*1&HU63*+11110*33%. 2!

L U
g
\

Figure 4.6 Features associated with smooth (left) and deep philtrum shapes (right)
!

J- 00 (20 %*3) A1) , 118! (HH0101'3.) B2 (131 -, , ) .1 6.1 /UK %23+4! 531
"2, B (I *2T)# .1 *3) 4801 &) , 11 %81 *I LFEI*0%(1A) 0" (8! = -5l /) )00%. 1 *2(1+-5%.1+0!
S (0. 1%2(1)00%. 1701 (=) 2498l 2 —. (.6 G%23—+% = 4l [+ (1*2 (12T 1458, 101 3-2% *2 (!
F'OF, 1'2181*0%I8>'7) %! ; G=!

Figure 4.7 Associations with features of the inferior border of the upper lip. Upper lip

groove (left), and drop (right)
!

91',H)00%. 108! 5%.%! 6 - .01 *68—, *3(! 5'31183. %713 -1, ~2C%?1 ) 00%. 10! , ~23-) . &l *2!
)00%.14'01 =" 61 00%. 10! = - (. 1%2 (1 (=) = 9L = - (.19 LA 5% I *48-1%88— , "*3p(15'311%2!
)00%.! 0! 7.--Clh! 8>'7) .0 ;"= MCIh.* %! /)#2%688) —/! 31%! +'08) ~21 31%! ~31%.1 1%2 (! 5!
8, <P (15'311%21 ) 00%.1+'0! (. ~OIN-311/%*3) 948! /13191 ) 00%. 1+01"2/%. "~ .1 = - (%.! 5%.%!
1=)2(13-1, -. .35 3LI*ILFE1*0%(1A) 0" (88! - -5d!

000%. 10! 01%2-340%8! 5%. %1 *18-1/-)2(13-1 =% *8&~ , "*3h(! 5'311/%*3) 948! -/131%1+-55%.1+°0!
*2(18) TFOE31" , ) 00%. 1081~ , ) . % (15311 (40!, -2, *C'341-5%. 1+'013- 2061%2 (L 8Hkk3* 11!
0*33%. 201 5.1463131'21) 00%. 1+' 08! 5%.%! 6 - 341 *8&— , *3 (15311146 -~ 311+~ 5. 1+'013- 201 *2 (!
BHOOA3 1 11110%335%. 281 91", H') O0%. 1+'08! 5%.941 %88~ , "*3 (! 5'31131", Hl+—5%. 10819121+~ 5. !
108 5% .91 %88~ , *I(1 531 *183.%7131+-5%. 1401, ~23-) .J1*1:-5% 1401 (. ~01*1 GY23-+* 2 "*4
[=+(1*2 (P1GHOT*H110%33%. 24!
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$108" " QIO+, -1 . (%/(0"112,30"+! 4567 ) &81 (/1 9(0% =1 /(! 5 +1 888 (. &/+:1)) /<! &%=
—<HH (M1 0=+ =] <A (/== ;0/1 ) &8I &BB(. &/+11) <1 &IFO+' 14 =1 s (141 &1 /<]
2, I OI8O 3415 (2451 QW0+ 21, (22,880 +818% L4906+ 2 () +" 1, =1/ (43!

— ———

AShE' ()*' 18+, $h&-"+-- . /"+,80'1", 23+ 1'4. 1&W'4"'5'/ . 3, . $4'+30'+'4. 1.&K'4"5'0% . 5'
6+h. 1'4. 1L&W'Y'5'/. 3, . $h'7488,9": . L&H'4'5'0% . 5'Th"#2,9'
!

A<+"+1) 881888 (. &, (Ul 3 +1) ++001* —A. < 91 8<8—+1 &z 1# () +"1% =1/ (U3l 8C++/8 DD! ~&//+"%8!
)+1+ 888(. &/+11 ) /<! HELEH (.8 (9 /< HO+'L 1= )< 1B/ 8CH+/84 D) ) 88!
888(. &/+:1) J<IBIGE// QbHF 2490/ (65 819 (251G Yl =, P—++1) 881888 (. &/+ 1) /<18%30%"!
8% 128" C+ 2 *=18%30'&" 1/ (U+>18%: 1++881888 (. &/+: 1) /<IN (') (. &E+HO +'1 -1/ (5"
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1" 1iPE " (&&h) *4

$U&"()*+, - %1/, +(, 0068 (&) 8%+, .1 (2! L%+23%.9645! 3, "I ~**&1 24%/(6" 5! +*204:0%)! , &)!
YR TH=*)89, - <"1 1, &)1 11<103("1M06) 513, "I *EO((*)!, I/, H(*05 168> @1 1 %+23%.%4(7 , !
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Table 4.8 Comparison of prevalence of lip phenotypes within this ALSPAC study and those found in

previous studies

Feature  $%'(")™*( +,— . [%!! 01%2,, /% (3%! A%89%1% (3%!
Philtrum shape
_ +—**)5 #HH "7689:! -<+0;=!
>#ll #>7! 67 A)/%BSI+1C? et alfiDEEFG!
. DHE!! DI17!89:! 68*1'! ;7 et alflJHHKG!
(o) 0.1,/ H# | D#76:NS0! -<+0;=!
?.? LM*1— /! DHE!! #J710:N86! 68*1'! ;7 et alflJHHKG!
) =* (2%0IL! #e | DE7!i8N:0! -<+0;=!
A P((O/Q"/L(Fzé?'*(! DHE! DJ7!68N:6! 08*1'61;7 et alfl JHHKG!
0, LRS!
Upper lip
Thin ! He | DH7TI6:NS6! -<+0;=!
>l F719<"U%1)!K6! 67 A)/%BSI+2C? et alfiDEEFS!=, 1%B5IC’=? et a/flIHHEG!
Thick ! He | JHTTII8N: 6! -<+0;=!
>l JE713<'U%1)IDVIG! @ A)/%BSI+2C? et alfIDEEFS!=, 1%B6IC’=? et a/flIHHEG!
Lip-chin shape
) :1,))% Q! Hot " #! #71089:6! -<+0;=!
i“ >E! HI B2, 1U, ABI<W? et alflDE>#G!
Y U !, (Q! Hot " #] 1"716:NS0! -<+0;=!
ST axauQuL 117186
=* (2%0! #H7 180!
>El #K710:NS6! Bz, 1U, ABI<W? et alfIDE>#G!
J>71i80!
F719:6!
$%%.1, (Q! #ot " #! IE7!68N:0! -<+0;=!
~2(QORQIL! #D71180!
; (YX/, 1! 1" 719:6!
>Ell IF7!68N:0! 8z, 1U, ABI<W? et alfIDE>#G!
#J71080!
J>713:6!
=5'(1Q"— . /%
M*1Q"— _ /%! HE ">7T10:NS6! -<+0;=!
Woel—, (B! >J7! 64")Z[\'— —%6!+? et alflJHDDG!
P, /B! >H7!
<)sX,(,!  "D7!
$'—. /% HE"H' JJI718N:0! :<+0;=!
Woe1—, (B! D>7! 64")Z[\'— —%6!+? et alflJHDDG!
P, /B! JH7!
<)5X,(,!  JE7!
Skeletal pattern !
Skeletal | =, X3,A, (1 K7 ;<+0;=!
IX1*.%, (0 #H7! B2 *A)N16I\?S? et al6IDE"#6!
Skeletal II =, X3,A, (1 F#7! ;<+0;=!
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119688, " ()88, )-" . .8

Lip fullness has previously been recorded using objective (vermilion height or thickness
— Table 1.3) and subjective measurements (Table 1.4). This study demonstrated that
thin and thick lips occur in 10% and 24% of the population, respectively. This is
comparable to previous research (Table 4.8)(Astley, S.J. et al, 1996). The study also
supports the claim that males have thicker upper lips in comparison to females
(Farkas, L.G. et al, 1984, Mamandras, A.H., 1988, Arnett, G.W. et al, 1999, Kamak, H. et
al, 2012), and that upper lips tend to be thinner than lower lips (Farkas, L.G. et al,
1984).

1"1"/§0*&123*-$.34&"§

Lip-chin shape has previously been described as variations in chin contour (Farkas, L.G.
et al, 1984), an additional two were presented in this study (Figure 4.4). Comparisons
can be drawn with three of the phenotypes previously described. In the previous study
of 89 individuals, the flattened chin contour was described, but not observed at all,
however, in this sample of 4,747 it was observed in 4% of individuals. It may not have
been observed previously as it is a rare trait, and the sample size was too small. Deep
and curved and deep and angulated lip chin shapes are comparable to the previous
study, with the same sex distribution, with females having increased prevalence of
deep and curved, and males having an increased prevalence of angulated convexity

(Table 4.8).

1"1"1§53*-$6* 7 &)"$

A population study of the prevalence of a variety of facial morphological features
demonstrated that there was a difference in the prevalence of chin dimple amongst
different European populations. Chin dimple was present in 22% of the ALSPAC

population, this is comparable to German (18%) and Italian (20%) populations.

1"18591 ™)™ ;4)84 ;" (-

The majority of epidemiological studies assessing the prevalence of skeletal patterns
are based on measurements taken from lateral cephalograms, in this study, skeletal
pattern was categorised according to the relative position of the upper lip to the chin,
whilst the head is orientated in natural head position. Previous research has

demonstrated that the prevalence of skeletal Ill pattern varies depending on ethnic
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background; it has been reported to be as high as 12% amongst Chinese populations
(Lew, K.K. et al, 1993) but less prevalent amongst European populations at 5% (Foster,
T.D. et al, 1974). As skeletal Il pattern is relatively uncommon amongst the population
as a whole, the majority of previous studies have pooled males and females together,
as such; there is a scarcity of research highlighting sex differences. However, one
cephalometric study (comparing ANB values) suggested that sex dimorphism does
exist during adolescence, with females exhibiting skeletal Ill patterns prior to males,
due to delayed pubertal growth spurts in males (Baccetti, T. et al, 2005). Studies have
also demonstrated soft tissue thickness variations amongst males and females at
different ages, with females tending to have increased soft tissue thickness around the
chin region at age 15years (Wilkinson, C.M., 2002, Utsuno, H. et al, 2010a).

A growth study of 1,594 North American Caucasians also demonstrated that the
mandible reached almost its full mature size in females at 13yrs and 15 years in males
(Farkas, L.G. et al, 1992).

Skeletal Il pattern is the most common pattern amongst the ALSPAC population, and

this was also observed previously in a British population (Foster, T.D. et al, 1974).

V#6888 - . /18-, .0,&1/

This study has demonstrated that most lip phenotypes were associated with other
phenotypes of the lip region (Tables 4.5 & 4.7). It has identified many more
associations than the previously suggested associations, which were based on expert
opinion (Table 1.5).

Many lip phenotype variations were also observed with varying skeletal patterns
(Table 4.7). Individuals with a skeletal 1ll were more associated with thin upper lips
(P<0.0005) and thick lower lips (P<0.0005), and the opposite was true with skeletal I
patterns. A significant difference in soft tissue thickness of the lips has been previously
observed in individuals with different skeletal patterns (Kamak, H. et al, 2012),
however, upper lip thickness was increased in skeletal Il patterns compared to skeletal
| or Il (Kamak, H. et al, 2012). This variation could arise due to different methodologies
employed in measuring lip thickness, that study used lateral cephalograms to measure
the soft tissue thickness. One would expect to observe an increased upper lip thickness
in skeletal 1ll due to the relative retrusion of the maxillary base and maxillary incisor

proclination giving rise to increased lip tissue density. Other studies have observed no
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variations in lip thickness amongst different skeletal patterns (Utsuno, H.(&%(#-,
2010b, Pithon, M.M.(&%(#-, 2014).

In addition, many of these associations exist between features that may not be
expected, for example V-shaped Cupid’s bow and lower lip double border.

The only lip phenotypes that appear independent of most of the other lip phenotypes
are chin dimple and mentolabial fold. A mentolabial fold was only observed in
association with a concave lip-chin shape, angular tone and skeletal Il patterns. A deep
mentolabial fold has previously been observed in 40% of skeletal Il patterns (Rosen,

H.M., 1991, Dohvoma, C.(&%(#-, 1995).
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Whilst the robustness of the lip scale provides a good foundation to explore
phenotype/genotype associations in populations with 3D laser scanned images, many
of the population studies use different acquisition systems, in particular 3dMD
stereophotogrammetry. The technical aspects of both acquisition methods have been
described previously (Chapter 1, Figure 1.8). In addition, GWAS methodologies require
large population samples to ensure adequate statistical power to achieve
phenotype/genotype associations.

Essentially, the two most useful modes for facial observations are those representing
facial surface, with and without texture. Images viewed with the ALSPAC dataset
incorporated the ‘shaded’ mode (grey) to derive the classification scale (Figure 4.4), as
it was found that the colour texture could influence the shape of the lips. However,
colour texture is often used for clinical purposes for the placement of anthropometric
facial landmarks (Farkas, L.G., 1994).

Therefore, in order to draw comparisons of lip variations amongst different population
groups, and to ensure a large pool of phenotypic data, it was found to be necessary to

compare the similarities and differences between acquisition techniques.

1'##/,01() +&*$

The surface detail (resolution) and texture acquired from 3D systems can vary giving
rise to dissimilar images of the same subject (Ghoddousi, H. et al, 2007). The majority
of 3D studies have involved landmarking methods, which draw upon soft tissue points
of bony landmarks. There may appear to be variation in determining facial landmarks
using laser scanners and stereophotogrammetry (Ghoddousi, H. et al, 2007, Kook, M.S.
etal, 2014).

No previous studies appear to have assessed the surface texture of the lip region to

assess subtle soft tissue variation.
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The objective was to:

¥ Assess the reproducibility of the classification system with other acquisition
methods

1"$h _ )+/0102034}

This exploratory study was performed in the Department of Orthodontics at the
University Dental Hospital in Cardiff, UK. Written invitations were sent through emails
to all dental students (undergraduate and postgraduate), clinical staff (nurses and

dentists) and research staff members of the Department.

1"$"#i5+/ ,*62167780-62
Participants were informed of the study objectives, data protection protocol, and

signed consent forms. The Ethical Committee of the Dental School approved the study.

1'$"$19/)4:6 3 72)}

The intention was to include as many individuals as possible in order to provide a
population with a wide range of normal lip phenotypes. The study protocol did not
assume any strict inclusion criteria regarding age, ethnicity, facial morphology, or
health status. However, the following exclusion criteria were set: obvious lip
dysmorphology due to trauma or congenital anomaly (e.g. cleft lip), scars, and
dermatological conditions affecting larger area of the lips.

A total number of 102 individuals (40 males and 62 females), aged 19-54 years agreed
to take part in the study (Table 5.1).

96 "2)h1"#1?/686*+)8,:+,*:100+/)h:+>144:6 ; 72)}

§ b A+>1)B+:h A+600% 90+624

C)B1)8 Males 35 5 40

h Females 36 26 62

D3)iE4)68:Ff  Mean = SD 24.2+43 35.0+9.8 27.5+8.1

5+/B,* +4} Caucasian 46 28 74
Non-Caucasian 25 3 28

1"$"<I=6+61*67+>8)}
3D facial images were obtained using well-published acquisition techniques (Kau, C.H.(

&M(#0, 2005b, Kau, C.H.(&%(#), 2008). Stereophotogrammetry was performed using 3dMD
face dynamic system (3dMD Inc., Atlanta, GA, USA). After acquiring the facial image,
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This study has demonstrated that there is significant variation in the interpretation of
the images produced by the four different capture methods. Previous studies have also
confirmed that there is significant variation in determining facial landmarks captured
using stereophotogrammetry and laser scanners. However, there were no significant
variations between laser scanned images and those measured using direct
anthropometry or CT scanners (Ghoddousi, H.(&4(#0, 2007, Kook, M.S.(&%(#0, 2014).

It is possible to compare the characteristics of the images produced by the four
capture methods (Figure 5.1). Images produced with 3dMD stereophotogrammetry
(top row) have a much softer, rounded appearance, (this is particularly evident when
comparing the profile views) with the 3D laser images (bottom row), which have a
more angular appearance. It is possible to see that the 3D laser image is able to
capture the appearance of a brim on both the upper and lower lips, this is not
captured at all in the 3dMD image.

In the 3D laser image without texture, it is possible to see a roped appearance to the
lower lip vermilion (lower lip double vermilion border), it is somewhat visible in the
laser colour image, but not visible at all in the 3dMD image. In fact, it is not possible to
accurately locate the lip vermilion borders at all in the 3dMD image without texture.
This can be further demonstrated with a superimposition of two scans of one
individual taken with the 3dMD and 3D laser cameras (Figure 5.2).

There is generally good agreement of the two surfaces of the face in all areas, except
the lip vermilion border and brim, which could not be captured by the 3dMD system

(Figure 5.2).
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Figure 5.2 Comparison of surface detail between laser scanning and 3dMD
The line shows good reproducibility for all areas of the face, except the lips; with the
3dMD image unable to capture the finer details of the vermilion border and brim.

There is a deficit of between 1.6 - 1.9mm around the lower lip vermilion border and
between 0.5 — 1.4mm around the upper lip vermilion border between the two
systems. The 3D laser-scanned images are superior at capturing the finer details
around the lip vermilion.

This variation is likely to arise as a result of the difference between the ways that the
two cameras capture an image. Images taken with a 3dMD Stereophotogrammetry
camera are captured using an arrangement of cameras, which are configured as a
stereo pair to capture several images of an object. These are then amalgamated
together to a best fit, and this is what gives the perception of depth to the image
(Heike, C.L.(&4(#0, 2010). Images produced with 3D Laser scans are captured by a laser
beam, which deflects from a mirror onto the scanning object. It is able to measure
between 20,000 to 120,000 points on an object, and uses these to construct a 3D
image. It is this technology that can capture the surface topography of the face that is
necessary to capture certain features such as the vermilion borders, philtral ridges and

brim (Kau, C.H.(&%(#), 2005b, Toma, A.M.(&4(#0, 2009).
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In order to interpret variations in lip phenotypes using different capture methods, it

would be necessary to adapt the scale, in order for comparisons to be drawn (Table

5.3).

7(82041"9:-*04)40* (*+, -4, k53— ;1" +..040-*11 () *540160*/ , " 3!

Philtrum Shape

It was not possible to detect the indentation (scores 2, 3, 4) with
3dMD. The scale should be simplified to 0 (smooth), 1 (normal), 5
(deep) only.

Philtrum width

Philtrum width was distorted by colour, and tended to appear
either more narrow or wide and less likely to score as average.

Nasolabial Angle

Nasolabial angle appears more acute with grey images.

Cupid’s Bow Cupid’s bows are less likely to appear flat in grey images, compared
with colour images.

Lip fullness Lips appeared fuller in grey images compared with colour images.
This may be due to difficulty of finding where the lip starts/ends
with grey images.

Lip contour Colour images distort the contour shape of the lips, as the eye is
drawn to the shape of the red vermilion, rather than the contour of
the textured border.

Lip border Grey images indicate borders/edges; whereas texture images give
the illusion that a full border was present, even though there was
no raised margin.

Lip brim It is not possible to detect a brim with 3dMD images, due to the

reduced surface resolution (Figure 5.2).

Upper lip double
border

This is a subtle raised margin, which is present above the vermilion
border. It is not picked up with the 3dMD grey images, but it is
possible to detect with colour images.

Commissures

Colour images affect the impression of the commissures of the lips;
colour images tended to look more upturned, whilst grey were
more downturned.
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* Assess the reproducibility of the classification system with other acquisition
methods

The objective of this study was to assess the reproducibility of the classification system
with other acquisition methods. This study highlighted the limitations of comparing
data acquired from these two different 3D capture systems, and that texture can also
impact on the image produced.

Laser surface scanning constructed images with superior surface resolution, which was
best viewed in greyscale format; whilst in comparison, stereophotogrammetry

produced excellent skin colour images but had poorer surface resolution.
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Genome association was tested using regression analysis in Mach2QTL (Li, Y.(&%(#9,
2010). Logistic regression was performed for binary traits using mach2dat, ordinal
regression was performed for the ordinal traits using r- statistics, and multinomial
regression was performed using r — statistics for the multinomial trait philtrum shape
(Table 6.2).

The genome wide association was performed by a PhD student (Mary Ward) in Bristol

University, under the supervision of Dr Lavinia Paternoster.

LT /0S T HIE " RO)&(*F T 1T, "+-)()$

Binary Upper lip border; Double border; Groove; Drop; Brim; Mentolabial fold;
Chin dimple
Ordinal Philtrum width; Cupid’s bow shape; Upper lip contour; Lower lip border;

Lower lip contour; NLA; Fullness; Lip-chin shape; skeletal pattern;
Commissures; Tone; Tone up
Multinomial Philtrum shape

1"1520)3+6) %

Bonferroni correction is an approach to correct for multiple testing, and adjusts the
alpha value from a = 0.05 to a = (0.05/k) where k is the number of statistical tests
conducted. In this GWAS there were around 500,000 common SNPs, statistical
significance of a SNP association was therefore set at 0.05/500,000 = le-7.

This correction is the most conservative method, as it assumes that each association
test of the 500,000 SNPs is completely independent of other SNPs, which is an untrue
assumption to make due to linkage disequilibrium among GWAS markers (Bush, W.S.(
&M(#9, 2012).

Genome-wide significance was reached with two gene associations, : ; <= with the
phenotype chin dimple (P=2.3x10%), and gene ! :>? with mentolabial fold (P=9.7x10"
8). Close GWAS association hits were also reached with 29 SNPs and 18 different lip

phenotypes a number of other genes (Table 6.3).
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Table 6.3 Results of the discovery phase genome-wide association study (GWAS)!
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Two associations met the stringent Bonferroni correction; chin dimple and 9:1;<
gene (2.3x10®) and mentolabial fold and 19=> gene (9.7x10®). A number of other

close hit associations arose, which are worthy of discussion.

1"#'687 . 18-2) O

The only GWAS association with features of the philtrum was with nasolabial angle and
SNP rs7548604 (P=2.8x107), which is located within 1g42.2. The nearest gene is
3+?013ABC, which encodes(Angiotensinogen protein. 3+? is an(essential component
of the renin-angiotensin system, and regulates blood pressure, body fluid and
electrolyte homeostasis. Mutations in this gene are associated with a susceptibility to
essential hypertension, and can cause renal tubular dysgenesis. Defects have also been
associated with non-familial structural atrial fibrillation, and inflammatory bowel
disease.

Mutations in the 1g42.2 locus have previously been associated with chondrodysplasia
punctata (Warman, M.L.( &4( #), 2011). Individuals with Binder syndrome have
characteristic facial features, including a skeletal Il pattern, flat facial profile, convex
upper lip and acute nasolabial angle. Authors have previously postulated that
individuals with Binder’s are likely to have a mild form of chondrodysplasia punctata
(Levaillant, J.M.(&%(#0, 2009)

1942 is also a breakpoint hotspot with individuals either possessing duplications or
deletions at the site, which result in altered facial characteristics affecting the nose
(Nevado, J.(&(#), 2014).

In addition, the gene LEFTY1 lies within the locus 1gq42.12. This gene is responsible for
left/right patterning, and was found to be associated with face shape, in particular
mid-face A-P projection (Miller, S.F.(&%(#), 2014a). LEFTY1 has also been associated with
dental phenotypes: centre-line asymmetry (p=0.008) and class 2 div 2 incisor

relationships (p=0.049) (Weaver, C.A., 2014).
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6.4.2 Upper lip

6.4.2.1 Upper lip fullness

Upper lip fullness had three associations; rs584267 (3.6x107) located within 3q26.31,
rs687542 (5.7x10”) located within 8922.2 and rs4273915 (8.7x10”) located within
99g32-933.3.

The gene residing within SNP rs687542 is 913:;; it(encodes a family of calcium-
binding proteins. It is thought to be a regulator of G protein-coupled receptor signal
transduction. It is also located within the 8g22.2 region, which has been demonstrated
to be a NSCLP susceptibility locus (Leslie, E.J.(&(#<, 2016, Beaty, T.H.(&4(#, 2016). In
addition, the gene =>670A is located within 8922.2, and mutations result in Cohen
syndrome, which has a short upper lip phenotype.

The gene residing within SNP rs584267 is 9:+9?, it encodes for a cell surface protein
involved in cell-cell-interactions via its interactions with neurexin family members. It
plays a role in synapse function and synaptic signal transmission, and is required to
maintain wakefulness quality and normal synchrony of cerebral cortex activity (El
Helou, J.(&%(#, 2013).

The gene residing within SNP rs4273915 is >B+6?, it encodes Prostaglandin G/H
synthase 1, which is an enzyme that catalyses the conversion of arachidonate to
prostaglandin during the COX cycle. The encoded protein regulates angiogenesis in
endothelial cells, and is inhibited by non-steroidal anti-inflammatory drugs. The
protein also promoted cell proliferation during tumor progression (Axelsson, H.(&%(#,

2005).

6.4.2.2 Upper lip contour

One association was found between upper lip contour and rs10820934 (8.6x107). The
gene residing within SNP rs10820934 is 6>B:1?, which is located within 9922.2. 6>B: 1?(
encodes the SPTLC1 protein, # member of the class-1l pyridoxal-phosphate-dependent
aminotransferase family. It is the key enzyme in sphingolipid biosynthesis. Mutations
in this gene were identified in patients with hereditary sensory neuropathy type 1.

It is also located within the 9922 locus, which has been previously strongly associated
as a cleft susceptibility locus (Beaty, T.H.(&%(#, 2013, Ludwig, K.U.(&%(#, 2014, Beaty,
T.H.(&4(#, 2016).
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6.4.2.3 Upper lip vermilion border
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6.4.2.4 Upper lip double vermilion border
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6.4.2.5 Upper lip drop

$%&! " ()%, )% —"(1.)/%0! 1&, —&&%!/2283142103) 2! *%0!3(5#56 768198:6 ;56 ™7 —@+*@!+(!
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6.4.2.6 Upper lip groove
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6.4.3 Lower lip

6.4.3.1 Lower lip fullness
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6.4.3.2 Lower lip contour
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0:<! &<7(@8! ><&<! "%l *=<! /GH! (91""KK321! 9! C:D;EF.I D= $:! <€&$%F<9( [?;Tl),P<! VVV!
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—OhF £.$7" 6&0I6"1=)7891781<99<8" 7)1 (%h)<! &IU&%><8,$" (7&IEU(— 7" 48! @8I PG %/, IXI(&H(#.
1232517&F!—781=)78171(%)<! &1" 2 —%?(19?==(<99, &I T&FI7$",; 7" &*AT8<9.IUI(&H(#H.1123 150!
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6.4.3.5 Lower lip brim
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6.4.3.6 Lower lip drop
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6.4.3.7 Lower lip groove
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/)8-WG, T _1;H-,)4/+1244/8! 541 ;13,1 O1=81:*)3,1=11) ;1 )*+! =1*</8:/*3! -38) .1-O2-!
>Q7,)E M et alfl "IKLH G,/! "#CTD! 51=2-! ,)-1 )5-11 //*! -2::/-3/+! )-1 ) =5/(03
-2-=/431.536187 :11*1>?/-51/4MiNk et alf! ™ #"" D(H!

G,/ :/*/\FGFR2!1-1)5-1151=)3/+1)313, /1" #C "Dy AlS1=2-41 ) *+! , )-1 . //*1)--1=1)3/+! ; 13, 1)!
*29 _/81101=8)*711-6*1-31-1-1-6*+819/-1)*+I0?EDP/)8+1*U Q¥ et ali!" IIRESL ; )6 THM}
et alfl"JIL(1)-! 5 /5%)-1,)<T*:1)*1194183) *31815/1T*1541)*+10)=T)5!+/</5149/*3>U)=, 5/ 8!
@' et alb! " ##""WUV3)*T/8UEN et ald! " #" " (i

G, /!\VWE!8-""DKKIK"XIT-161=)3/+! ; 13,7*13, /1ZFR! - /* /4 ZFR!1-1)1Q/9O _ /811013, /1YT*=I(7*: /8!
PWZ! _T*+7*:1 4813/1*1 0) 968! ; ,1=,!1)8/!)! +1</8-/1 0)On6! 10! 4813/1*-13,)3! -/8</"!)-!
O/+7)318-4! . T*+1* I [WZ!)*+IPWZ!4813/7*-4!!

0,7*1 +1945/!1 ,)-1)5-11 .//* 48/<112-56! )--1=T)3/+! ;13,1 )*13, /8! YI*=1 07*: /8! 4813/7*
>ZEB2(IT*1)!-)945/! 101 T*+1<1+2)5-1 2-T* 21 )1 - /50H8/41831* 11 O/3, 1+ MBIF--1*8! Wh et alt!
THUTWB3L L)1) LA/ FN L -/8</413,)3 3, /1 =, TR H1940 /1 -1 Tx L /813/+1 ) 912 -31 0) OT56!
9/9 . /8-U1*1)*1)231-19)518/=/--1</1*)328/1>?/ . 1 ; Ll @"PY et alt!* IR™ (1!

S8 O, b /0K

V2 HT4131%/1 3 )-1)--1=1)3/+1 373,13, /IVWEIS-LA" " LAJDARAN "4 (151=) 3/+ 1) 3IKC " RY™ "G, /!
*/)8/-31 2 /*/11-IFAM84B, which\T*3/8)=3-1 313, 1=)3/*T*1)54 , JH"HB317-1, Tz ,561/\48/ -~/ +1T%]
=)8+7)=1 ©2-25/-1 )<+ 45)6-1 )1 815/1 %1 /473, /)51 31--2/8 . 13,1)3 )+, /8/*-112%=311%-1 5311
O/+1)3/13, /1)*=,18) :/1 101 ) =311 05) O/*3-(1 ) *+1 11 -T-¥)557%:14)3, 5 )6-4 $Z@KRU! , )-!
J/¥181.2-361 )--1=T)3/+! 13,1 .8/)-31 =)8=T*19)il =1518/=3)5l =)8=7*19)il 1/-14,) : /)3
-C2)912-1=/51 =)8=T7*19)! )*+1 3291281 9/3)-3)-1-1>0, /*:41 Ok et alil "#"D(H G, /!51=2-!
KC™RI™!,)-1)5-11 . //*1 48/<112-361 )--1=T)3/+] 573,1) .-1523/1 413=,15G, /2-= il My et ali!
"##()

B ++T3TLUT3N-151=)3/+1% /Y813, /1, T2 56112 *T01=) *3IWNVO?]EI8/ -TL*IKC "RIUTS* . ) 29UVk et
all " ##IUTBY*3UVISh et all™ #H#IUU/)36UGHSS et alil™ #" #1122+ 3 10N Y et alll™# ™ (4!
G,/151=2-1KC RY™™! ,)-1)5-11 . //*148/<112-561 )--1=1)3/+] ;73,1 7*+1<1+2)5-1 373, 1)1+//4
3/13/ %+ /%6154 i K(1>Q/) </ B ORZHL " R@T*+1<T+2)5-1 313, 1) 147741 13/4 5 125+1)5-11



Chapter 6: Genome-Wide Association Study 101
have a wide deep concavity phenotype (code 3) sub-lip tone, whereas an open bite
is associated with proclined lower incisors and would be more likely to be associated

with lack of sub-lip tone (code 0).

PHSIE" (), + (-

Skeletal pattern had three associations; rs12767587 (5x107) located within 10p12.1,
rs402800 (7x107) located within 3g26.31 and rs17752647 (7x107) located within
2q22.1.

The SNP rs402800 is located within the 3g26.31 locus, and is located within the gene
region TNFSF10. TNFSF10 is a member of the TNF-ligand family, and is expressed on
most cells. It is regulated by cytokines, growth factors, injury, viral infection, chromatin
modification, and by a variety of transcription factors (Wood, A.R. et al, 2014).

The locus 3g26.2 has been robustly associated with skeletal Il patterns amongst
Hispanic families through lateral cephalometric measurements and linkage analysis
(Frazier-Bowers, S. et al, 2009, Da Fontoura, C.S. et al, 2015). The 3926 locus has also
been associated with height (p=1.74x10-13) (Speliotes, E.K. et al, 2010, Wood, A.R. et
al, 2014, Ried, J.S. et al, 2016).

The SNP rs12767587 is located within the 10p12.1 locus, and is located within the gene
region GPR158. This is an androgen-regulated gene, which encodes G-protein coupled
receptor 158. It is highly expressed in the brain, and is linked to neuroendocrine
differentiation (Patel, N. et al, 2015). It has also been shown to stimulate cell
proliferation in prostate cancer cell lines (Patel, N. et al, 2013).

Individuals with deletion at the chromosomal region 10p11.23-p12.1 have
characteristic phenotypes with marked midface retrusion (Okamoto, N. et al, 2012).
The 10921 region is also associated with bone density and osteoporosis risk later in life
(Ralston, S.H. et al, 2005).

The SNP rs17752647 is located within the 2g22.1 locus, and is located within the gene
region NXPH2. It is also expressed in the brain. Signalling molecules that resemble
neuropeptides that act by binding to alpha-neurexins and possible other receptors
Nebulin on chromosome 2g22 (NEM2) has been associated with Nemaline myopathy,
which is characterised by muscle weakness, predominantly affecting facial and axial

muscles, resulting in myopathic faces (Pelin, K. et al, 1997).
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In order to validate the findings from the discovery phase of the GWAS, ideally the
replication sample should be from the same population group, and should be a large
enough population sample for statistical power. Ideally, the images for phenotyping
should be captured using the same 3D laser camera, and individuals should have
genotyping using comparable methods. Unfortunately, this population sample was not
available in order to perform GWAS. There was one dataset available to perform the
replication phase, an Australian dataset containing genotype and digital photographs

of 3,215 twins and siblings.

1"#"152+3 " (&8

The Australian dataset consisted of 3,215 twins and siblings aged between 16-21years

of age (Wright, M.J.(&%(#9, 2004).

1'#'1"184, /)*+($5 " " 6-7+(§

Ethical approval for this study was obtained from the Queensland Institute of Medical
Research Human Research Ethics Committee (QIMR-HREC) and was also approved by
Cardiff University Dental School Research Ethics committee for sharing the data: An
international collaboration exploring gene expression related to facial features Ref

(12/34) (Confirmed 11th February 2013).

1"#'1"8§9/& . -,:7). ;8

The two phenotypes that were tested were mentolabial fold and chin dimple. These
were the two features that achieved the Bonferroni corrected statistical significant,
and it was accepted that these two features were detectable using digital
photographs, however, the mentolabial fold may be exaggerated when viewing a 3D

laser image (Figure 5.1).
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6.5.2 Results

None of the phenotype/genotype associations tested achieved statistical significance

(Table 6.4).

Table 6.4 Results of the discovery phase and replication phase

Discovery phase | Replication phase

(N=3,687) (N=3,215)
Feature Locus SNP Beta | SE P-value | SE P-value
Chin dimple 10926 rs11017876 | 0.42 | 0.077 | 2.3x10® | 0.015 | 0.59
Mentolabial Fold | 20q13.3 | rs6061441 | -0.3 | 0.057 | 9.7x10® | 0.027 | 0.93

6.6 Discussion following discovery and replication

Two of the twenty-five lip phenotypes were found to achieve GWAS statistical
significance following the stringent Bonferroni correction in the discovery phase.

The two lip phenotypes (mentolabial fold and chin dimple) were demonstrated to
behave in an almost independent manner compared to other lip phenotypes (Chapter
4). This suggests that there may be a single gene affecting these lip phentoypes.
Replication was attempted with the two lip phenotypes; however, it was unsuccessful
with the Australian photographic data set. This could be due to lack of a true effect in
the initial ALSPAC sample (Type 2 error), insufficient sample size, capture method with
some of the photographs being of low quality and taken too far away from the subject
or population sample in the replication set.

Twenty-nine associations were also discovered, which did not quite meet the stringent
Bonferroni correction. Nine of these arose in cleft susceptibility loci (Table 6.5).

The SNP rs10463015 arising in 5g935.1 was found to be associated with lower lip
vermilion border (P=5.3x107) in this ALSPAC sample. This locus has also been
associated with normal facial variations (nasion) in a population of 5,388 Caucasians
(Liu, F.(&%(#3, 2012c).

The locus 8924 has been robustly associated with cleft susceptibility in a number of
studies; it has also been associated with normal facial variation (bizygomatic distance
P=0.017) (Boehringer, S.(&%(#9, 2011). In this sample, it was associated with lower lip
tone (P=3.3x107). An association was also observed between lower lip double
vermilion border and the gene : ;<=>? (P=2.4x10"), which is known to interact with

gene @A!, which is also located at 8q24 (Si, J.(&h(#9, 2010).
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The objective was to:

¥ Perform a genome-wide association study (GWAS) of lip phenotypes

Two phenotype/genotype associations were found in the discovery sample that
reached GWAS significance; 9:1;< and chin dimple and 19=> and mentolabial fold.
These two lip features appear not to be associated with other features of the lip
region, and behave in an independent manner (Chapter 4).

Several phenotypes had near hit associations with cleft susceptibility loci, suggesting
that cleft genes may affect normal variation in lip morphology.

It was only possible to attempt replication with two out of the twenty-five features in
the replication phase. Replication was not achieved in the independent sample. This
could be due to a number of issues: lack of statistical power, insufficient sample size,

measurement error, different facial capture systems, or differing population samples.
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7.2.2 Lip phenotypes
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7.2.3 Genetic data
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7.2.4 SNP selection and genotyping
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7.2.5 NSCL/P genetic risk score
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7.2.6 Statistical analysis
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Multi-testing was taken into account in assessing strength of statistical significance.

As 25 phenotypes were tested, an alpha value of 0.002 was used to determine

associated variables (0.05/25).
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7.3 Results
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7.3.1 NSCL/P genetic allele scores
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Table 7.2 Logistic regression results of phenotypes associated with the NSCL/P

genetic risk score
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7.3.1.1 V-shaped Cupid’s bow shape
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Combined risk allele score and Cupid's bow shape
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Figure 7.1 Box plot graph displaying the distribution of NSCL/P genetic alleles
according to Cupid’s bow shape and sex
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A narrow philtrum was associated with an increased odds ratio of 1.05 (P=0.0003), and
a mean NSCL/P genetic risk score of 13.01, with a range (12.77-13.25), whilst a wide
philtrum mean NSCL/P genetic risk score was 12.40, with a range (12.21-12.58).
Indicating that individuals with narrow philtrum posses a higher number of NSCL/P
genetic alleles compared to those with wide philtrum.

This can be further explored by dividing philtrum width according to sex (Figure 7.2).
Males appear to be driving the higher NSCL/P genetic allele score for narrow philtrum

width (13.32, 12.88-13.76), compared with females (12.86, 12.58-13.15).

Combined risk allele score and philtrum width
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Given that four phenotypes were associated with overall risk score, further analysis
was necessary, to test whether this was driven by a particular SNP. Although of limited
power, each of the each of the seventeen NSCL/P SNPs was tested individually with
the twenty-five phenotypes (Table 7.3). Three of the associations tested met a
Bonferroni correction for number of phenotypes tested, narrow philtrum (P=2.2x107),

v-shaped Cupid’s bow shape (2.48x10) and skeletal Il pattern (1.58x10°).
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7.3.3.1 Philtrum
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7.3.3.2 Upper lip
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NSCL/P SNPs appear to affect certain features of the lips and surrounding region. The
upper lip phenotypes are narrow philtrum, V-shaped Cupid’s bow, and absence of
drop, border, and presence of double border. The lower lip phenotypes are curved
contour, thin lip, and absence of vermilion border, drop and double border. The sub-lip
phenotypes are skeletal Il pattern, marked angular lower lip-chin shape and marked

lower lip tone.

1"#"§- 401) 28

A narrow philtrum width was associated with the combined NSCL/P genetic allele
score (p=0.0003), and in addition, surfaced during single-SNP analysis. Two variants
were suggestive of having a role to play in determining a narrow philtrum: rs7590268
(P=0.002) and rs13041247 (P=0.019). The SNP rs13041247 maps 45kb downstream of
the musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) gene, which
encodes the v-maf transcription factor. The exact role that this SNP plays in the
manifestation of NSCL/P has not yet been described, however, animal studies have
indicated its expression within craniofacial structures during embryogenesis (Beaty,
T.H. et al, 2010). It has also has been associated with mouth width amongst individuals
with NSCL/P (Miller, S.F. et al, 2014a).

A deep philtrum shape was also associated with the combined NSCL/P genetic allele
score (P=0.045) and arose during the single SNP analysis with the SNP rs7632427
(P=3x107). This SNP is located approximately 3kb downstream of the EPHA3 gene, this
family of genes are involved in the regulation of cell shape and cell-cell contacts (Saha,

N. et al, 2007).

1'#'354) 516" $7* 8%

A v-shaped Cupid’s bow was associated with the combined NSCL/P genetic allele score
(P=0.0002%*), and also arose during the single SNP analysis. The two SNPs rs7590268
(P=9.9x107) and rs987525 P=2.48x107) are suggestive of playing a role in the
development of a v-shaped Cupid’s bow. The SNP rs987525 has been robustly
associated with NSCL/P achieving large statistically significant p-values (P=5.12 x10->?)
(Ludwig, K.U. et al, 2012) (P=3.34 x 10**) (Birnbaum, S. et al, 2009)
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SNP rs987525 maps to an intergenic region of 8924, which may control expression

of the proto-oncogene : ;! in the developing murine facial prominences (Uslu, V.V.(&%(
#-, 2014). Deletion of this protein leads to mild alterations in facial morphology in

mice, and sporadically leads to CL/P.

PHSIET O, +45 (-

An association was found between rs227731 and skeletal Il pattern (mandibular
retrognathia, P=1.58x10°). This SNP is located 100kb centromeres from 3<= gene,
which encodes for the noggin protein (Mangold, E.(&%(#-, 2010, Ludwig, K.U.(&%(#-,
2012). A relationship between 3<= and skeletal Il pattern has been previously
postulated by several authors, but has so far failed to demonstrate a convincing
association (Gutierrez, S.J.(&4(#-, 2010, Da Fontoura, C.S.(&%(#-, 2015). However, a
previous study identified that parents of children with CP were more likely to have
class Il malocclusions (as a result of mandibular retrusion) (Prochazkova, J.(&%(#-, 1986).
3<= encodes the noggin protein, which is an antagonist of members of the
transforming growth factor beta (>=7?0A) superfamily, which includes bone
morphogenetic protein 4 (B-7C). B-7C has been shown to regulate palatogenesis
(Zhang, T.X.(&%(#-, 2012) and many animal studies have demonstrated that they play an
important role in regulating a diverse number of developmental processes and the
evolution of facial shape and size (Wan, M.(&%(#-, 2005).

The Bmp pathway plays an important role during lip development (Chapter 2 and
Table 2.1). BD$C is highly expressed in the distal epithelia of the medial and lateral
nasal, maxillary and mandibular processes (Wan, M.(&%(#-, 2005).

Ectopic application of either BD$E or BD$C proteins induces overgrowth and produces
changes to the patterning of the facial primordia (Barlow, A.J.(&%(#-, 1997). Inhibiting
BD$ signaling by application of 3.FF/0 causes reduced mesenchymal proliferation and
outgrowth (Ashique, A.M.(&%(#-, 2002). In addition, research involving mutant mice has
also shown that mice lacking the 3.F gene have enlarged mandibles (Matsui, M.(&%h(#-,
2014). It is hypothesised that this manifests due to an increase in size of Meckel’s
cartilage during mandibular development, thus proposing that lack of 3.F results in a
prognathic mandible (skeletal Il pattern) and an increase in 3.F produces mandibular

hypoplasia (skeletal Il pattern).
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The objective was to:

¥ Assess for associations of non-syndromic cleft lip/palate (NSCL/P) single
nucleotide polymorphs (SNPs) to lip phenotypes

A combined score of the NSCL/P genetic alleles suggests that NSCL/P SNPs affect the
philtral area and commissures, eliciting a narrow, deep philtrum, V-shaped Cupid’s
bow and upturned commissures.

Fourteen of the seventeen SNPs reached nominal association (p<0.05) with several lip
phenotypes. The most significant SNP association was between rs227731 and skeletal
Il pattern (OR 0.79, P=1.58x10"°), indicating relative mandibular retrognathia as the
phenotype. Several other variants showed nominal association with various lip
phenotypes and may warrant additional replication in future studies, but did not meet
our stringent Bonferroni corrected threshold for significance.

2 ; <=<(#0>(+7;<? may have a role to play in the development of the upper lip, whilst
3:30@ may have a role in the development of features at the midline of the lower lip.
NSCL/P SNPs appear to affect lip phenotypes, which has not been previously
acknowledged. Using this principle, it is worth exploring the notion that unaffected
individuals with certain lip phenotypes could be carrying NSCLP NSCL/P genetic alleles.
As such, certain phenotypes, such as individuals with mandibular retrognathia have a
2% higher risk of having cleft offspring, compared with those not displaying the lip

phenotype.
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8.1.1 Objectives
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8.2 Methodology

%&"1B6+"C6/"1+(8/(1,-:5!6>1"";!,(1/&61"IDEFIG; H1!-56>"/!(41=61"8,/'0-,&!+1"4,!68;!
8(874974,1+84; 1781, 1-(/K!, (168 (0!, &" 1" L=9(16,-(8! (4%-=16// (+-6,-(8/I!

N8 (L; T, (1/,68;61;-/ & +(8;-,-(8/1 (416//7//5"8,! (4! ,&714-=/01 ,&"1-56>"/10"1"!
-8-,-60<! 168 ; 561A ;! 68;! 1*>-/,"1";! (8! 6! /,68;61;-/";! GI! 174"1"8+"! 4165"! O-,&!
+(8/-/,"8,!4->&,-8>l! BL(5! ,&" /" G -56>/0' /-L' #1! /,68;61;-/" ;! =&(,(>16=&/1 O"1"!
+1%6," ;1IB->: 1" PI#K!, (16%9(0!,&"16//7//57 8, (4,&714-=/141(5! ;-44"1"8,!="1/="+,-. " /)l
%&" -56>"/1 0"1"1 +6=,:1";! 1/-8>1 +(8(:1! ,"L, 1700 6/1 ,&/1 06/ 4(:8! , (1) 5(/,!
16. (16)9714(LI6//7//1-8>18-=1=8"8(,<="/1168 ! ; 160-8>1+(5=61-/(8/!41(5!%6/"11-56>" /!
669" DI I,1 O6/! =(//7-)8"!, (1 #36//-4<1 #G! (=,! (4 ,&"1 #D! =1 =&"8(,<="/ :/-8>! ,&"!
5(;-4-";1+%6//-4-+6,-(8!, (o

%&"!-56>"/10"1"1168; (5-/";!/( ,&6,!,&"16//°//(11 06/!)%-8;!,(1+9°4,168;! 8(879"4,!
=61"8,/%&"1"10"1"18(!="1/(860!-; *8,-4-"1/1) - ,1,&"1"10"1"1:8-Q: "1+6/"!-; "8,-4-"1/68;!
+(0, (-3 78,4<! =61 8,60 =6-1-8>/1 6831 404,78 (8744, (44/=1-8>II @! =1 =& 8(,<="/ll
"L+7=,1:=="1168;15(0"11)1-5!10"1"16//* 1/ ; (LI=1" .69" 8+ 165 (8>/,1,& 1,0 (1>1 (- =/
R,6,-/,-+6016863</-/1-8.. (8. " ;19(>-/,-+11">1"//-(814(1!=61"8,/10-,&43"4,168;1,&(/"10-,&(: !
,(-8.7/,->6,"16//(+6,-(8/1) ", 0" " 81%-=I=8"8(,<="/168; 143" 4,1(: ,+(5"II!

8.2.1 Subjects

%&"!B6+*C6/"! +(8/(L,-:5!=1(.-; " ;! DEF!-56>"/! (41 +6/"7=61"8,! ,1-(/! J#STK 68;!JG""'K!
+(8,1(Y/'+6=,:1";!:/-8>1G; H !

8.2.2 Ethical approval

U,&+6916==1(.6906/!(),6-8" ; 41 (5!V6L;-44IW8-. " 1/- </1-8&(: /1" ,&+/1+(55-,," "168;!
& IWS-. " 1/-,<1 (413-,,/) 1 1>8MINV(8/78,1 06/ =17 .-(: /%! (),6:8" ;1)<! & 1W8-. "1/~ <! (4
3-,,/) 1 1>801=1-(1!, ('6,,6-8-8>1,&"1G 1 -56>" /|l



PUHSHE()H(+,$-. #H. O( L 1(H"&( $"824-603&( . 1(-1$($""80 . W4SE5( #6 . OT5H( 34584 840K 21
/5

1#5%&" ()**$

A total of 286 case parents (174 mothers and 112 fathers) and 311 control parents
(212 mothers and 99 fathers) were available for assessment. Nine features showed a
statistically significant (p<0.05) difference between case and controls, and an

additional four when sex was a covariate (Table 8.1).

1"#'+",-&./)&018&§23845602*64&"§

The only feature within the philtrum region that had a statistically significant
difference between the case/control groups was philtrum width. The control group
had significantly greater number of average philtrum width compared with the case

group (P=0.042). In addition, mothers in the case group had an increased prevalence of

789 (-&81"+5: 5 /<4)&$23338/* (-&"§=6*5801-&/ " >&$4-& . /)801&5/ <209 *§1)&3*$4/-80*"$
Mother (Left) - Narrow philtrum, upper lip groove, convex upper lip contour.
Father (Right) — Thin upper lip, absent lower lip border

narrow philtrum (P=0.001) (Figure 8.1).

Statistically significant differences were observed with several features of the upper
lip, including fullness, contour, drop and groove.

Fathers in the case group had an increased prevalence of thin upper lips (P=0.032). The
case group overall had an increased prevalence of convex upper lip contour (P=0.018).
Control fathers had a higher incidence of pseudo-convex upper lip contour compared
with case fathers (P=0.02). Presence of an upper lip groove was also higher amongst
the case group (P=0.02), but was only statistically significant amongst mothers.
Features of the lower lip were contour, border, double border and groove. Control

parents had an increased prevalence of marked curve lower lip contour (P=0.014),
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TR0 () i*+%, "' $%— . %L/ 000%"* 12+%34"* 4/ -5314. " 3% - Bk. /- 1+/847 " +%—13%
8%""12+%4 Classification Control Parents Case Parents Chi2
Mother Father Total Mother Father Total P-values
(212) % (99) % (311) % (174) % (112) % (286) %
*9:$1+244; 9" 7%t Smooth 17 8 6 8 23 8 23 14 0 0 23 9
Normal gradient 61 30 10 13 71 25 42 25 11 14 53 21
Indentation near nose 18 9 2 3 20 7 22 13 1 1 23 9
Indentation in middle 53 26 |26 33 79 28 38 23 24 30 62 25
Indentation near VB 31 15 18 23 49 17 17 10 18 23 35 14
Deep indentation 25 12 13 16 38 13 22 13 19 24 41 17
Deep into VB 1 <1 4 5 5 2 4 2 7 9 11 4
*9:§1+241<<:619¢ Narrow 55 27 9 10 64 22 63 38* 13 13 76 29 0.04
Average 140 68 51 57 191 65* 84 50 60 61 144 54 0.001 (F)
Wide 12 6 29 33 41 14 21 13* 25 26 46 17
=27:6>3(?/@t Flat 13 6 4 4 17 6 18 11 3 3 21 8
U - Shaped 79 38 36 40 115 39 60 36 44 44 104 39
V - Shaped 115 56 49 55 164 55 90 54 52 53 142 53
A"3/5" 4 5B - 5%l Acute 24 12 |19 10 33 11 18 11 9 9 27 10
Normal 131 63 | 48 53 179 60 115 69 64 64 179 67
Obtuse 52 25 34 37 86 29 34 20 27 27 61 23
C77%+$:7k
8285-%33k Thin 13 6 7 8 20 7 11 7 14 14* 25 9 0.03 (M)
Medium 151 73 |70 77 221 74 122 73 79 81 201 76
Thick 43 21 14 15 57 19 34 20 5 5 39 15
=/-1/2+ Concave 43 21 18 20 61 21 18 11 23 24 41 15 0.02
Straight 97 47 |41 47 138 47 85 51 47 48 132 50 0.03 (F)
Convex 48 23 |15 17 63 21 53 32¢ |24 25 77 29* | 0.02 (M)
Pseudo-convex 18 9 14 16* 32 11 12 7 3 3 15 6
2/+6%+ None 24 12 8 9 32 11 30 18 13 14 4 16
Middle only 22 11 11 13 33 11 11 7 18 19 29 11
Full border 161 78 | 69 78 230 78 127 76 63 67 190 73
D/ 2#8%4? /+6%+ None 153 74 |75 88 228 78 128 76 88 95 216 83
Present 54 26 10 12 64 22 40 24 5 5 45 17
D+/7i None 88 43 41 46 129 44 83 50 54 56 137 52* 0.04
Midline drop 118 57 48 54 166 56 82 50 43 44 125 48
E+// % None 194 94 | 84 94 278 94 144 87 92 95 236 90 0.02 (F)
Groove 12 [3 5 6 17 6 21 13* 5 5 26 10
F/@%HS: 74
8285-%33L Thin 7 3 7 8 14 5 7 4 18 18 25 9
Medium 156 75 |73 80 229 77 130 78 71 72 201 76
Thick 44 21 11 12 55 18 30 18 10 10 40 15
=/-1/2+ Narrow at midline 35 17 |32 35 67 22 31 19 43 43* | 74 28* ] 0.005
Straight 13 6 11 12 24 8 21 13 21 21* 42 16* 0.02(M)
Gentle Curve 136 66 | 33 36 169 57 97 58 31 31 128 48
Curved 23 11 15 16 38 13 18 11 5 5 23 9
2/+6%+ None 16 8 11 12 27 9 19 11 25 25* 44 17* 0.01
Middle 30 14 116 18 46 15 25 15 22 22 47 18 0.03(M)
Full 161 78 | 64 70 225 76 122 73 53 53 175 66
D/ 2#3%4? /+6%+k None 47 23 35 38 82 28 50 30 59 58* 109 41* 0.001
Present 160 77 |56 62 216 72 116 70 42 42 158 59 0.006(M)
E+// % None 181 87 |76 85 257 87 159 95* 91 92 250 94* 0.004
Groove 26 13 |13 15 39 13 8 5 8 8 16 6 0.009(F)
22474 None 153 74 64 72 217 73 112 67 69 70 181 68
Bump 54 26 25 28 79 27 55 33 30 30 85 32
=/A44:332+% Upturned 6 3 8 9 14 5 8 5 4 4 12 4
Flat 29 14 14 15 43 14 20 12 12 12 32 12
Downturned 172 83 70 76 242 81 140 83 84 84 224 84
5 2H68:Th
F:7i6i=9:-4; 9" 7% Flat 15 7 9 10 24 8 10 6 7 7 17 6
Convex 136 66 37 42 173 58 111 66 44 45 155 58
Angular 47 23 38 43 85 29 35 21 38 39 73 27
Angular with pronounced vermilion 3 2 2 5 2 8 5 3 3 11 4
Angular with bump 6 3 3 3 9 3 4 2 6 6 10 4
H%-1/§"#:"$8/56% None 104 50 |33 37 137 46 77 46 43 43 120 45
Present 105 50 |57 63 162 54 91 54 56 57 147 55
=9:-iD:4 7%k None 156 76 |52 68 208 74 121 75 54 66 175 72
Present 49 24 | 25 32 74 26 41 25 28 34 69 28
1/-%k None 27 13 15 19 42 15 30 18 15 16 45 17 0.001
Slight convex 73 35 |18 23 91 32 47 28 17 19 64 25 0.006(F)
Square shaped convex 69 33 |22 28 91 32 61 36 25 27 86 33
Deep convex 27 13 15 19 42 15 9 5 13 14 22 8
Bilateral bumping 11 5 9 11 20 7 21 13* 21 23 42 16*
1/-WHC78 None 27 13 15 19 42 15 30 18 15 16 45 17 0.002
Slight with bump 73 35 18 23 91 32 48 29 17 19 65 25 0.01(F)
Square shaped convex 69 33 |22 28 91 32 59 35 25 27 84 32
Deep convex 27 13 15 19 42 15 10 6 13 14 23 9
Bilateral bumping 11 5 9 11 20 7 21 13* 21 23 42 16*
5 196891 $k*"* 110+ ~¢ Skeletal | 95 46 29 32 136 46 97 58 39 39 99 37
Skeletal Il 86 42 50 55 124 42 55 33 44 44 136 51
Skeletal 11l 26 13 12 13 38 13 16 10 17 17 33 12
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8.3.3 Multivariable logistic regression
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Figure 8.2 Lip phenotypes amongst case parents

Table 8.3 Multivariable logistic regression of prevalence of lip phenotypes amongst
cleft parents compared with controls
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There has been a suggestion that unaffected siblings of NSCL/P individuals have
increased prevalence of certain facial phenotypes compared to the general population
(Mossey, P.A. et al, 1997, Yoon, Y.J. et al, 2004, Neiswanger, K. et al, 2007, Weinberg,
S.M. et al, 2008b, Weinberg, S.M. et al, 2009, Boehringer, S. et al, 2011, Defay, D.K.,
2011, Miller, S.F. et al, 20144, Leslie, E.J. et al, 2016). This study has involved assessing
for differences in the prevalence of lip phenotypes (Figure 4.4 and Table 4.2) amongst

parents of cleft children compared with control parents.

S - /4012778 3T *(130/48 5H0.§ i+(6/3"/48 26/738/+(/5
39%+:"0§(8/;06236/+0"

Logistic regression was performed to assess whether any of the phenotypes were
associated with an increased risk of having a cleft offspring. The most significant
phenotypes were lower lip tone with bumping OR 2.57 (P=0.001), and an absent lower
lip double border, (OR 1.82, P=0.001).

An angular lower lip tone with bumping (P=0.001) was significantly higher amongst the
case parents (16%), compared with only 7% of controls. The results of the effect of
NSCL/P SNPs on normal variation amongst the ALSPAC cohort also demonstrated that
two SNPs were associated with angular tone with bumping; SNPs rs1880646 (NTN1)
(P=0.03) and rs227731 (NOG) (P=0.03).

It was also observed that control parents had a higher incidence of average philtrum
width compared with case parents (P=0.042). In addition, mothers in the case group
had an increased prevalence of narrow philtrum (P=0.001), the cleft risk was
associated with a reduced odds ratio if the mother had an average philtrum width (OR
0.65, P=0.01). The results of the effect of NSCL/P SNPs on normal variation amongst
the ALSPAC cohort (Chapter 7) also demonstrated that a narrow philtrum width was
associated with the combined NSCL/P genetic allele score (p=0.0003), and in addition,
surfaced during single SNP analysis; rs7590268 (P=0.002) and rs13041247 (P=0.019).
Various facial width phenotypes have been suggested previously as a potential
discriminator between case and control patients, with increased upper facial width,

mouth width (Yoon, Y.J. et al, 2004, Weinberg, S.M. et al, 2008b) and philtrum width
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(Defay, D.K., 2011) occurring at a higher incidence amongst unaffected mothers of
cleft children.

Case parents also had increased prevalence of absent lower lip border (P=0.008) and
double border (P=0.001). The ALSPAC cohort (Chapter 7) demonstrated that SNPs
rs6478391 (9: ;+<) and rs7632427 (+=>7?@) were associated with lack of vermilion
border (Figure 7.3). In addition, rs4752028 (A?;<) was associated with lack of double
vermilion border (P=0.04).

The most significant association that was observed amongst the ALSPAC cohort
(Chapter 7) was with skeletal pattern and rs227731 (B:C) (P=1.58x10°), which
induced a skeletal Il pattern. Conversely, in this study, case parents were more likely to
have skeletal | patterns (P=0.03). Skeletal variations have been associated with a
number of previous studies, with some suggesting an increased prevalence of skeletal
Il patterns (Prochazkova, J.(&!(#-, 1986), whilst others reporting increased prevalence of

skeletal lll (Mossey, P.A.(&%(#-, 1997).

PH'SE & (H )T H- 4t *LT/012% ") 3))0+,3174% 5,14 /+673)" 44
*6" 738" /+"1390/ 1) 1h+§"-14*36" /1)}

Several authors have suggested different risk features amongst mothers and fathers
(Yoon, Y.J.(&%(#-, 2004, Weinberg, S.M.(&%(#-, 2009).

In this study, there were nine phenotypes that showed sex predilection amongst case
parents, and the majority of these were associated with phenotypes of the mother.
Mothers of affected offspring had increased prevalence of narrow philtrum (P=0.012),
convex upper lip contours (P=0.03), upper lip groove (P=0.05), absent lower lip groove
(P=0.004), flat lower lip contour (P=0.009) and angular lower lip tone with bumping
(P=0.002) (Figure 8.2 and Table 8.3). In previous research, mothers have demonstrated
increased upper facial width (Weinberg, S.M.(&%(#-, 2009).

Fathers on the other hand, had increased prevalence of absent lower lip border
(P=0.015) and lower lip double borders (P=0.003) (Figure 8.2 and Table 8.3). In
previous research, fathers have demonstrated increased cranial base width, increased
lower facial height and decreased upper facial height compared with controls
(Weinberg, S.M.(&h(#-, 2009). Proposing that differences characterising unaffected
relatives are partly sex-specific (Weinberg, S.M.(&%h(#-, 2009).
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8.5 Conclusion

The objectives were to't!
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myoblastic cells of the mandibular arch, during early embryological development in
chick embryos (Mootoosamy, R.C.(&%(#-, 2002, Nogueira, J.M.(&4(#-, 2015).

Replication of the two GWAS significant associations was attempted using digital
photographs of an independent sample, however, it was not achieved (Table 6.4).

This study also identified an association with 234 and chin dimple (8x107), 234 is a
member of the zinc finger binding protein family, which are a diverse group of proteins
that serve as mediators, binding DNA and RNA proteins. In a sample of individuals
using a self-reporting method (Eriksson, N.(&%(#-, 2012), chin dimple was associated
with 2567, which is also a zinc finger protein.

There were nine other potentially interesting associations with near cleft susceptibility
regions (Table 6.5). The SNP rs10463015 arising in 5935.1 was found to be associated
with lower lip vermilion border (P=5.3x107) in this ALSPAC sample. This locus has also
been associated with normal facial variations (nasion) in a population of 5,388
Caucasians (Liu, F.(&%(#-, 2012c).

The locus 8924 has been robustly associated with cleft susceptibility in a number of
studies; it has also been associated with normal facial variation (bizygomatic distance
P=0.017) (Boehringer, S.(&%(#-, 2011). In this sample, it was associated with lower lip
tone (P=3.3x107). An association was also observed between lower lip double
vermilion border and the gene 4896:; (P=2.4x10"), which is known to interact with
gene <=1!, which is also located at 8q24 (Si, J.(&%(#-, 2010).

Given the fact that nine regions of the lips were associated with cleft susceptibility loci,
and that many authors have suggested that NSCL/P SNPs occur as common variants
amongst the general population. It seemed reasonable to perform a candidate SNP
association study, in which 17 previously GWAS associated NSCL/P SNPs were tested
for association with lip phenotypes.

Candidate SNP associations were observed with several lip phenotypes (Table 7.4). A
narrow philtrum, V-shaped Cupid’s bow, absent upper lip drop, absent upper lip
border, presence of an upper lip double border, thin lower lip, absence of lower lip
vermilion border, absent lower lip drop and absent lower lip double border, skeletal Il
pattern, marked angular lower lip-chin shape and marked lower lip tone with bumping

were all observed.
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The biological basis of lip phenotypes has been investigated, resulting in the following

conclusions:

¥ The lip categorisation scale developed as part of this study was demonstrated
to be a robust tool, with good intra and inter-examiner reliability.

¥ Considerable lip variation exists in a population of 15 year olds, with some rare
phenotypes not previously identified.

¥ There is sex dimorphism, with males generally having more angular lower lip
phenotypes and wide philtrum, whilst females have less angular phenotypes,
with a narrow philtrum and defined Cupid’s bow shapes. Five features were
independent of sex: upper lip groove/drop, lower lip border, fullness, and
mentolabial fold.

¥ The lip categorisation scale, developed as part of this study, was capable of
modification, in order to assess lip phenotypes using different acquisition
techniques (3dMD) and surface texture (colour/grey).

¥ The robustness of the lip scale and significant prevalence of lip phenotypes
provided a good foundation to explore phenotype/genotype associations in
genome-wide association studies (GWAS).

¥ Statistically significant associations of 2+134(with chin dimple (P=2x10®), and(
1256(with mentolabial fold (P=1x10"®) were discovered.

¥ Validity of GWAS discovery associations, with nine located in cleft susceptibility
loci.

¥ NSCL/P SNPs appear to affect lip phenotypes, causing a narrow philtrum, V-
shaped Cupid’s bow and skeletal Il pattern.

¥ A statistically significant association of 7+8(with skeletal Il pattern was
discovered (P=1.58x10°).

¥ Parents of cleft children have different lip phenotypes to those of controls,

having a higher prevalence of narrow philtrum, upper lip groove and absent
vermilion borders.
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This study has demonstrated that there is considerable variation in lip phenotypes,
which is not amenable to classification by landmarking or other methods. These
phenotypes are likely to arise due to many genetic variations.

There are many research questions that have arisen as a result of this work, and the

potential for future research.

10.1 Validate discovery GWAS

A limiting factor of this study was a lack of availability of individuals with 3D data along
with genotype accessibility, in order to replicate which genes affect lip phenotypes and
further explore the near hit GWAS results. So that larger population samples can be
tested, it will be necessary to assess the capability of using the classification scale
(Figure 4.4) using further acquisition techniques, such as digital photographs and direct
clinical assessment.

The scale has been adapted in order to enable assessment of lip phenotypes using
good quality digital photographs. A dataset of 2,000 individuals from Oulu, Northern
Finland has been shared with Cardiff University, and phenotyping is well underway. All
of these individuals have genotyped data available, enabling an opportunity to attempt

replication of the GWAS discovery findings, and therefore validate these results.

10.2 Automated lip phenotype recognition

Most of the lip phenotypes identified in this study, have been recorded according to
surface texture (philtrum shape, vermilion border, mentolabial fold, chin dimple etc.).
It is conceivable that a computer programme could be developed to automatically
register these lip phenotypes, thereby removing human error, and increasing the
statistical reliability.

A computer science PhD student at Cardiff University (Hawraa Abbas) has developed a
computer software programme, which automatically clusters individuals according to
variations in the phenotypes. These have significant crossover with the phenotypes
described in the classification system (Figure 4.4 and Table 4.2). This method of

categorising the ALSPAC individuals is a means of validating the classification system
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