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Tsalafinsusifniide (congenital heart disease, CHD) daidurmufinsusfiiiai
nuleuae ﬁqﬁamsm‘iﬂéjﬁmﬁ’uﬁﬂaﬂ Ao Useun 8-12 s1emaymsniandan 1,000 51¢” Tu
Suuiiimsnuandndndulseilafinmausitidaifmmuuusennauduamelide Tl
nnlulgsumssnyimeeuaznsensnvseauilaogsiuisiilaeanzluyiutusn Beni
Tsamalannisusniiautinings (critical congenital heart disease, CCHD) lneiisneqnu
gURN1sassaeay 25 vadlsevilaiinisusiniin vseuUstana 3 Sesieymsnianiian 1,000 98 Tu
afnnsmsmIniilsifonsvdsnaen udwuillsavilafinisussidiauileings (unrecognized

CCHD) nwuashisSogay 25-30" wazilsneanunisn 4.6-7 s1glu 100,000 s1evimainnsitade

(5

videtaduanin ssegrunanildunsitiaduedi 6 dUavivdnasa " mane1auseeinis
Jeawn wilane fewniduuasdn viedon fuae CCHD dnlifilgmlusswineglupssdinsm
uisfiAatiymlutimdinaen Taumaninswasuwlasmanesaisinewesssuulnaliou
denvawnsnluasssutsm (fetal circulation) Wussuulwaisuvesmsnusnifin (neonatal
circulation) Msnuissgenatiomsuansliinntinaeuwsniie vlililasunsaseidadeuay
$nw sinduandseimsingafie Weanniu videden uazazilomadedingann fuunis
Fedouarsnuadlulsatazinndoalificusvasd 1own ndfunsesooeayszuusg o vog
FTNMEMUNAINZTen AnuyIanIWRaLewaaR Uy aInsshen adadeTin

Sausit) .61, 2552 Huduan landieunseminhnsanessmermsnieundutudies
ag1fen enliifiesmeson1sifiad CCHD emnmsnenadslsivansornsinniin tmsed
diagnostic gap PNMUABULUAMNIESTIVENaN fetal circulation EJu neonatal circulation
vasmsnusazsglanaldvindu® Jdinmsiaiuinisannses CCHD Tumsnusniindaeg pulse
oximeter fii36n31 pulse oximetry screening 6‘5&a’m’lﬁaﬁzh81Uﬂ'15ﬁ@ﬂiaﬂiﬂ§LLazﬁiwiaB:J:ﬂ’JEJ
Fleasdtldosnaiuned uaransusnsmelumsnuazindnls nisAnwves Abouk R uazaaue
Tud w.a. 25607 $1BUTRTINITANBVDIVNTALATIANANTLUUTZIWMAENSELIEN19In CCHD
0l wa. 2550-2556 07l 2,734 glumsnifeddn 26 dusie Tnednsnsmelumsnuas
winudna1n® e, 2550 Fasneauld 8 selu 100,000 518 anaadh 6.4 el 100,000 518l
U n.e. 2556 din15anasves early infant deaths 290 CCHD fisSozay 33.4 wawdinisld pulse
oximetry screening luvihueadeiu Case AP wawany " alfuayuusvleviveansfnnsos

CCHD Tumsnusnifingie pulse oximetry 1A8N13318MUKAEUANSUDINIIAANTDIRINGILY
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5 UASFUDIANTIVRININT Wuqﬁ’ﬁmiajﬁmm CCHD 208 51¢lumsninddn 160,000 518
1AURTIANUIN pulse oximetry screening ouay 67 @jﬂwmehﬁlé’%’mmhﬁm%’ﬂwﬂu
yAusnievas 85 uariidnmssentiniiony 1 Uievas 85

luefn Scientific Statement 910 the American Heart Association Wag American
Academy of Pediatrics U w.A. 2552 flgaUszasAdansaing pulse oximeter \ions
A9 CCHD ¢4 9 Inetamelsafisl hypoxemia liun dextro-transposition of great arteries
(d-TGA), tetralogy of Fallot, truncus arteriosus, total anomalous pulmonary venous
return, Ebstein anomaly, double outlet right ventricle, Iﬁﬂﬁﬁ right obstructive defects
WU tricuspid atresia, pulmonary atresia, T5afifl left obstructive defects i critical
aortic stenosis, coarctation of aorta, interrupted aortic arch, hypoplastic left heart
syndrome emevdatinmstmmmnedielmhamdlanetu Tnsanunsauis CCHD sanidu

TG

4 naulvie) mueINITHAENESaNNYRIlIA
1. Ductal dependent systemic circulation laun
1.1 Critical aortic stenosis
1.2 Critical coarctation of aorta
1.3 Interrupted aortic arch
1.4 Hypoplastic left heart syndrome
2. Ductal dependent pulmonary circulation lawn
2.1 Critical pulmonary stenosis
2.2 Pulmonary atresia with intact ventricular septum
2.3 Pulmonary atresia with ventricular septal defect
2.4 Tricuspid atresia, hypoplastic right heart syndrome
2.5 Ebstein anomaly
3. Ductal/ shunt dependent pulmonary uaz systemic circulation lauA d-TGA
a. sevlafimsusridesindudeuiinelminetnisides Wilane en vie cardiac
output shllusevsnydewdinidn Ton
4.1 Total anomalous pulmonary venous return Immawwﬁﬁmiq@ﬁuﬁum
pulmonary vein
4.2 Truncus arteriosus tnetamzdiil truncal valve 53
4.3 Univentricular heart %39 single ventricle ﬁﬁmmhjama%ﬂ systemic ey

pulmonary circulation



Tuuszimalnednissussaannses CCHD Tumsnusniinaay pulse oximeter Tu
Tssmegnunaiusema shlsielunisdanses uazanunsadsiagiieifieidedouazinuilsn
fdu agndlsfiony Yagtudindinmzssunnlsadegduszey wardtednsiodldiunis
fnwanidudesiuillsmeuatiludszsdmda violsmeunaguiuszsinianeaiu q
n1sAanses CCHD fmngauuasgniesdedianuddy Snaunmdinsufoailusis
nunsunvdastiarulunisitadouazusnlsn maddvimssnvidesiuagngniesiounis
dutailoUinuninswmdlsaiilanardasunndilauagvssenlunaniivanzan fesan
CCHD vdlsrasnsasidinudlliuasinswensallsafifuaziiulals

yifdowuidavhiu ielenudizes cCHD TumsnusniAnuasiindnuiunmsnmUfoR
yhlunminmsummng uimdlszithusesenaninsnumanslsaiila uwnduszdu
sevondasmanslanasnsen ussfumenunaiifedestumsquatitnewinlsalamand
Tngluunusn 9 enedinusidadoudenidioyiuguarndila fusnermansiugu
(basic science) laun nsindugIuvesila (cardiac morphogenesis), sesmental approach
Tulsailainswadude, @55InenislvadeudentamisniunssduazUsniile (fetal and
perinatal cardiovascular physiology), N133llagenaunaanvas CCHD, N1591579AnN89 CCHD
TumMsnUsNLAR, UNUIMNYBININTANENINLIAAATLNNTAWaMSN CCHD Waw MINTIanTmiiila
Tu CCHD Mntiuludausiosn uumiiifendesiu CCHD ustaslsn 1#ud critical aortic stenosis,
critical coarctation of aorta, interrupted aortic arch, hypoplastic left heart syndrome,
critical pulmonary stenosis, pulmonary atresia with intact ventricular septum, pulmonary
atresia with ventricular septal defect, tricuspid atresia, Ebstein anomaly, d-TGA, total
anomalous pulmonary venous, truncus arteriosus, univentricular heart Y150 single ventricle
fafinanlundineiu anedinusldifuduuniiieatuunssady 9 1Wu anomalous origin
of left coronary artery, tetralogy of Fallot with absent pulmonary valve %qwuﬁfgmmﬂ
vlaneuazdonlumsnuazdindnligudiu luuniRedesiulsaiilafinmsuiridauiaings
wiazlsa ATEUATEUARNANWALLIA ANIUYN NETAN TN NeBESTINGT 81115 NIrniiulse
Bssnwuazmsfinnuszezen taefimsuenunveamsindin SsiieazBenneaiumaie
mssda nmzunsndou amdauniiieatuiilen anduludugaieszusseieinisoua
sgrhamsida. Msguandsiniskdiauazmslfieiomeniila wdweidn CCHD sausians
ne1una TnsfiunaaineduuniifidomiFedsaiugnssuiinutsstafedestumsitded
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Cardiac Morphogenesis
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. szezd 1 nsadhailadediseu

. izﬂz‘ﬁ 2 A158519 cardiac progenitor

. 5282 3 n158%19 primitive heart tube
. s2di 4 Cardiac looping

. sze@ 5 msadendaturiesiale

. szfl 6 MINAUIVEY outflow tract
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. 323 7 n1sadne aortic arch and arteries, systemic vein L8
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fugumuiidomasiaesiiseulunsaiiaenssuunmsindugiuiila (cardiac
embryogenesis wag morphogenesis) vasiilaunainuddguazyilvdAnwuilalsaiile
finsusifuiln (congenital heart disease, CHD) aniju [Hosnanuiaundvidonisgavein
Tunszuaunsaseiiladuneulatuneunils aeilomaia CHD sunld Tuafinmsin
cardiac embryogenesis wag morphogenesis 3191NN1SVIAABILERIIN 9 WU uias Uan
waznu Tuszezusn o aufimsimnanuiamndnlesgrsnndlefmululiuazy Ssdam
aanemdsivlassadlunyed Tulagiuinsfinunluddnlutssduluanataslaseasng
V938U vibieuIasUIeANNRAUNFAA1e o Tu CHD saudlsailaninisudiniaviinings

1,4-6)

(critical congenital heart disease, CCHD) l#unntiunt 20 Trou** edfadufiugiuaug
Tumssnenflonafiiiuy Wy nsuaneneigeulareity (stem cell transplantation) lu
owan TuunifinusiZuEeaios cardiac morphogenesis inutvengAssikan s
fiorlosiu InedeulosdmuiiuBuiasiugnasulndany sufenufiaunffifet 1wy

CHD e Ta9iuTuUmauUNISAS 19 M ILARL 19U BIA 188U

52z 1 N158519%9ULIUaIERA DU
(formation of germ layers; gastrulation)

Tu 2 @aviusnudsnsufaudveseaiuaziwadly (cocyte) FeiailiuanEuduresns
a54lalng (zygote) waz embryogenesis adinisuussinvearaatulalng vilrlelnanane
Hundueaisadguhenandiien uaalada (blastocyst) FeaglUilsndindmagnususlutiag
sz Tufl 7 vdsufaus ssesusnadesiisounsiduveaiiobe 2 4u nduiadtulufiusn
Suazdl 2 Fuite leluuanas (hypoblast) way8uanas (epiblast) Lﬁ'a??uqmﬁﬂmﬁﬁ 2 9ui5u
Aaseadundy primitive streak Jafuafiounnuiiulai maaziudne-vnvesiiseuy 9
the epiblast 58U primitive streak azndouTidnlum primitive streak udnshuaslughuana
Aeduduiledeeulamiy (endoderm) Wyl hypoblast @uwad epiblast Jedanandend
dhluides 4 wavasafuduisenondt wiludd (mesoderm) uastuuuagaiidudnlnasu

(ectoderm) FennszUIUMITI Unangiatis (gastrulation) UShalRadudnlniAsuazinig
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#5719 amniotic cavity ag}ﬁéﬁuuu (dorsal) ¥eesnoau drumuleulamsNaziin1sa319 yolk sac
nuagishusios (ventral) vossseu seu 1 Mdeuariidesiwaua (fuid-flled chorionic
cavity) fi3enin extraembryonic coelom aousausndunils Inesheeuasiimadeusoriusn
138791 connecting stalk (gﬂﬁ 1) MsuUstedneg-vvesseuiiinlugig gastrulation lne
nawedeulumeiuieves nodal cilia fiusaedausives primitive streak a1nthusinsuts
%u%ﬂﬁa@a mesoderm LHu axial notochord, intermediate mesoderm uag lateral plate
mesoderm &84 intraembryonic coelom awuUs mesoderm sanilu 2 Fu e splanchnic

(1,3,5)

mesoderm %ﬂ@ﬁqj%ﬁu endoderm Way somatic mesoderm agﬁﬂﬁu ectoderm

sUN 1 maaiunlassahisigeulusyey gastrulation (AakUasnenatsesdwnetay 5 lneldsuauen)
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szaedl 2 N158319 cardiac progenitor; first heart field
Iae second heart field

Wlausznaumeaaduniiila (cardiac progenitor) waaw 3 vl 14un wad cardiac
neural crest 11970 neuroectoderm @@ cardiogenic mesoderm wazlaa proepicardium
Favaeawadvdaruilnunein mesoderm”

M3mLITes cardiogenic mesoderm FiwaudhudnUsnaundnues primitive heart
tube 3uftdn (cranial) ves embryonic disc Tuduwes splanchnic mesoderm U304 lateral
plate mesoderm axdin1sia3andu cardiogenic mesoderm Fududiufiaves cardiac
progenitors &ufiiendn heart field” udseanidh

First heart field (FHF) tAna1ngiuved epithelial sheath 484 splanchnic mesoderm
ﬁ?iﬂl,ﬁiymﬂmu cranio-lateral #18 primitive streak ﬁmﬂﬁﬂﬁﬁﬂﬂﬂquéﬁuuaﬂmm cranial neural fold

Secondary heart field (SHF) {ungu cardiogenic mesodermal cell Tusiuviis
medial wag caudal ¥ FHF

nsifehues heart field Sidnuarademszdunsides Sadentuneuiih cardiac crescent
Andulutud 15 wdaufaus (3UA 2) primitive heart aziFuiuiilafsousny 21 Ju
uazazunsgUandenUseanariuil 24 Wunafeafuifimsaing primitive streak Fsusznau
#e primitive groove, primitive pit k&g primitive node Tuswmiweswih iuwadSusumessyuy
Uszanmaunandlag primitive streak 22199 UuLNUTEIINS left-right Way medial-lateral wum
duTiuas primitive streak a3y primitive node finasie leftright laterality Tuafernzmely
tasonuazdasiaduszezdom (U7 1) Vaiiinisfinumudu uag transcription factor fifendas
U leftright laterality vianewiin léiwA ZIC3, CRYPTIC, NODAL, CFC1, ACVR2B, LEFTY2, CITEDZ,
GDF1 Fprufnunfivestiu uae transcription factor Srudiniusiu CHD fafuaand
gaansuleawaseteznely 1wy vasnau Uan du fhu fiSen heterotaxy 16"

Tudfuneumsadrs FHF way SHF sl transcription factor waneegna ' 1y

T-box transcription factor Eomesodermin #ntals splanchnic mesoderm &3
heart field

Primitive streak ¥nu1lwiin1slde1u Mesoderm posterior-1 (Mespl) $ufU
upregulation ¥84 cardiac transcription factors 1% Gatad, Nkx2-5 wag enhancer factor

Mef2c vil Mespl-induced specification of cardiogenic mesoderm®"”
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Sonic hedgehog (Shh), Wnt ligands, fibroblast growth factors (FGFs), transforming
growth factor (TGF)-superfamily Nodal, bone morphogenetic proteins (BMPs) finasio
cardiac specification LU

d1uwes FHF wag SHF agfinsuvsandu venous pole wag arterial pole sofu
‘ViaamLaaﬁwﬁLLazLL@QIUiszMﬁ@ﬁLﬁEg:JW’]ﬂ dorsal paraxial tag caudal lateral plate

mesodermal cells Faluignazluiousiariu connecting stalk

52829 3 N158519 primitive heart tube

%29 15-21 Yundamsufaus @i 3) HuthsfianesuanioBossuuisyameaunans
vausuulofinmsiivinegnann Fldinmslidshvessouluwunen lussesiasiinisadns
primitive heart tube figousaushy coelomic cavity (%qswwiamlﬂu pericardial cavity) il
MIvyY 180 aeAlulul transverse 1 heart tube 1naglusiuvia ventral uag caudal
MRELDY LAy myocardial sheet U84 splanchnic mesoderm Aazmdousdlufl coelomic
cavity suidieusiaiu Fdnvaziu heart tube 7ifl gelatinous substance iefiiSenin cardiac
jelly aginelu alanuluves heart tube Ao endocardium 1a38)1131n endothelial cell way
myocardium L33§)1197n myocardial cell duduuenie epicardium %amﬁcgmmmmwé’a
21NN migration YOAA proepicardial precursor F9LINVDY heart tube LIFIUINT
(linear heart tube) svazd q (Fufl 21) reufiesdnmsidendusiiiendt cardiac looping
(Fuit 28) Tne heart tube Sin1sa¥isausing q 4 @ MHun primitive atrium, primitive
ventricle, bulbus cordis Way truncus arteriosus lagaIUMeAe primitive atrium Azsoiy
systemic venous return (sinus venosus) vauzTidnu cranial 83 heart tube & truncus arteriosus
ey dorsal aorta Trsaidutiadieaiufl neural tube Ynuaziimsindowsludumihues
buccopharyngeal membrane yibiilansialudesen > asAnwlul w.e. 2555 Huduan®”
wut FHF 1a3eyughuves primitive heart tube reuaiioudulasssuayuiigaiduuisdi
yaailatiesansdny (left ventricle, LV) vausidnulngresiilansayunain SHF dxuadely

Tun158a6 (elongation) ¥e4 heart tube (‘gﬂﬁ 2)
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DAY 15 : Cardiac crescent DAY 21 : Linear heart tube DAY 28 : Looped heart tube

FHF truncus arteriosus
bulbus cordis

o . Conotruncus
primitive ventricle

Atrioventricular
valve

SHF primitive atrium
Head fold
Cardiac Arterial
crescent pole
Second
heart field Venous
pole
Early heart tube and derivatives Second heart field and derivatives

gﬂﬁ 2 WaRIIURDUYBY cardiac crescent, first heart field wag second heart field 1‘1«1’?14‘1’71' 15, linear heart

tube TuSuil 21 uag cardiac looping TuSuit 28 MAINFURAUT (LA, left atrium; LV, left ventricle; OFT,
outflow tract; RA, right atrium; RV, right ventricle) (AnuUasannianansensdavnaas 8 lnalasuaunyn)

s2e2d 4 Cardiac looping

Tui 23-28 naalfaus n1siadavee primitive endocardial tube viliAn cardiac

looping @uiwes heart tube aylAwoAalunul ventrocaudal Tumswn veusfdIums

azlAvsesialunul dorsocranial lunsde (UM 2 uag 3) @wwes outflow tract, LV (310

primitive ventricle) uag atrioventricular canal ¥IAIVTTIVNUBLATINANVRY cardiac

looping I38NNTEUIUANTEN convergence aw bulbus cordis @UsUag incorporate Jwinla

09819971 (right ventricle, RV) d@usionnvad bulbus cordis 136031 conus cordis 981330y

moluillu outflow tract (OFT) @au distal 84 heart tube #® truncus arteriosus ‘%ﬂ%ﬁf‘?‘mm

91nauUaneves bulbus cordis Lavaziaduse lUluaduauues aorta Lag pulmonary trunk

finsuUsntl (septation) ¥4 aorta kar pulmonary trunk 88NN WayaziNTVIYUM

MIUTUUITRNT (counterclockwise) ¥ildiuwae aortic valve Tu mature heart 11361

9g1d9uIMe pulmonary trunk 138NNT¥UIUNTTHIT wedging

14



19 Cardiac Morphogenesis 2

Sumeunsasuulaen cardiac progenitor, heart field AU cardiac looping
audeadestunssuaumsan transcription factor Tu pharyngeal mesoderm, pharyngeal
epithelia, neural crest-derived cells wangwiia " 1u

Bone morphogenetic proteins, noncanonical Wnt signals, Pro-proliferation -
fibroblast growth factor signaling Wa¢ pro-differentiation-bone morphogenetic protein
signaling FanuinAedasiunmsiadayes SHE WWidmwes heart tube

Fibroblast growth factor signaling didaulutag septation v9s OFT

Islet1, Tbx1, fork head, homeobox, T-box, GATA, zinc finger, bHLH factors Tau

Tunsiannseves SHF lngnudn islet1-positive cells wulalufaunndiuvesilasniiu LV

D ¢

5U7 3 wamamsitwadnegnli (ballooning model) vewheauriteasisipniilanesn ventral (U1 3.1, 3.3)
Way richt lateral view (gﬂﬁ 3.2, 3.8) Anuans primary myocardium ﬁnwwé’m%aglﬂumusuaa right atrium
(RA), left atrium (LA), atrioventricular canal (AVC) wazeéuweas outflow tract (OFT) &fhuans secondary
myocardium 984 atrial chamber Fasans first heart field ﬁ@i@u%ﬁiyﬁu ventricular myocardium a1 left
ventricle (LV) wae trabeculated right ventricle (RV) gﬂ‘ﬁ 3.1 uaw 3.2 wansszey linear heart tube el
secondary myocardium E‘Uﬁ 3.3 uay 3.4 Wt cardiac looping uavnsadvesiila TanAsuanseinlfse
Y9 ventral vassagenlu ventricular looping (Radasnienansendaviineay 12 wae 15 lnelisuauam)
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528N 5 N15E519NUINURDA LAV DIUUKALTBDIANY
(atrial septation, atrioventricular canal)

5.1 Morphogenesis U84 atria LLa atrial septation
Tuszezusnvessaiaieeidla (cardiac chamber) d3uwed primitive atrium azseiilos

fu future LV 8numng atrioventricular canal M1ednevas midline Usvanauiudl 24 widsnis
Ufjaus Tusening cardiac looping ieuasaauysal aziinsasaiesiila Ingdwes primi-
tive atrium Benendsidansieriu venous sinus (sinus venosus) riinsidesiamegnld
(ballooning) dawﬁwma‘%ayﬂu atrial appendage v1Hazd1e dd1uves atrial myocardial
walls @519391n cardiomyocytes Fau1an SHF ﬁgﬂﬁwu transcription factor vanesiiiedos
flu differentiation 484 atrium™*"* " 1giLA

Irxd (@ member of the Iroquois family Transcription factor), Gata6, a canonical
Whnt signaling targeting transcription factor ﬁmu‘[,umig?qﬁu%waaé atrial progenitor Lo
proliferation ¥es SHF Tnemuin Tunyfivn wnt2 Shilmuiiaunilunisain atrial uag
atrioventricular septation sudinsideusoves pulmonary vein Wag sinus venosus iU
atrium™”

Suvaneuiiaiinarion1sswun cardiomyocyte 1w morphologic right atrium (RA)
way left atrium (LA) 7i3anin left-right asymmetry 1 Pitxac

Tudnfidssgndeusmudn wilsdu dorsal 983 common atrium 50U dorsal
mesocardium U%Lamgﬁiaﬁum common pulmonary vein fiwadd positive connexin 40
wiazlinuiwadiidl atrial natriuretic factor”

TudUnwiil 4-5 wdnsufaus Snsadenlsiuiesitilafesuy (atrial septation)

(5Uf 4) Tnei3uan primitive atrium fifidnuaizadte common atrium fimssenveiioie
AEeNsEUNSAE T nRITIUUL Ti3en primary atrial septum (septum primum) Busias
119Ua19M19 endocardial cushion UswﬂggﬁLﬁméﬁudaumﬁﬁamiaﬁuﬁum septum primum
fiu endocardial cushion 158171 ostium primum @ulany (leading edge) 89 septum
primum %Uﬂﬂqmﬁamﬁa@ja mesenchyme fiFent mesenchymal cap Feduilazunau
\Jeusiafl anterior wa posterior endocardial cushion Tuiafenfudafiuad mesenchyme
21 dorsal mesocardium as1atierderdnuly primitive atrium (58131 dorsal mesenchymal

protrusion Fanmevaailobeilaznauluiu septum primum et ostium primum AaUnRUA
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Tuveugh septum primum BusnUn ostium primum 1 WUIWTIAUUUTDS septum primum

923l apoptosis Lﬁugﬁﬁaﬂ’i’l secondary interatrial foramen %38 ostium secundum™***"***

Soogessfusvann 33 Juasinsahadedondionsyduns dendnsuanuds
AU (postero-superior infolding) SU3989119179 RA ASIUMLISEng superior caval vein
(S‘z‘il’qagjmﬂ RA) iU right pulmonary vein 483 LA 138191 secondary atrial septum 38 septum
secundum LA35Yaa€9 ostium secundum mﬁagﬂuwm%ma@m%q RA uag LA 999130
Tums3a (fetus) 5end1 foramen ovale laedl septum primum Wwegimuatsvietu flap

valve ¥84 foramen ovale” " (U1 4)

Common Developing pulmonary vein
Dorsal cardinal vein

mesocardium Dorsal Pulmonary

mesenchymal ridgas Septum
Primary protrusion primum

atrial septum
Ostium

rimum
Mesenchymal cap Primitive atrium AV junction P

Ostium primum

Major
atrioventricular
cushions Endccardial

cushion
@ @ @ Infolding (septum secundum)

Right venous valve Ostium secundum

Ostiumn secundum

Inward folding

of atrial roof Septum primurm

Dorsal
mesenchymal
protrusion

FUT 4 uananszuIun1siin atrial septation ludUawinl 4-5 vdsmsufaus (Faudasannienansensds
ey 5 uay 17 laeldsuaynyn)

AUARUNFLL atrial septation YliAR CHD 1@y atrial septal defect (ASD) Aiutissfinan
GT’]LLWJQGUENE% AMEAUNALL morphogenesis 183 secundum ASD An9InnIsTl septum primum
i1 reabsorption snnulUau ostium secundum ﬁsuu’mimglﬁuwjﬁﬁ septum secundum
a1 defect ndtaaen Faumnsneann foramen ovale WalU7 flap valve v84
forarnen ovale (septum secundum) sUnldlomidsnaen ieanlill defect vos true
septum’’’ TneNUIAMUFURUSAU cardiac signal WAz transcription factor #aN89EN LU

TBX2, BMP2, cytoplasmic 2/3/4 (NFATC2/3/4) proteins n11 endothelial-to-mes-
enchymal transformation-regulating molecules ¥l ALK2/3/5, VEGFR, NOTCH1 and

B—catenin 198NN dIWaRaN15858 endocardial cushion, mesenchymal cap %1 septum
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primum Wa dorsal mesenchymal protrusion Favndl deletion 189 BMP-receptor (ALK3)
Tu SHF agiilAn hypoplasia of dorsal mesenchymal protrusion dinaliiin defect
A

«  TBX5, TBX20 (both T-box transcription factors), GATA4 (a zinc finger transcription
factor) wag NKX2.5 finame cardiac differentiation lng) GATA4 way TBX5 Gnilwiin cyclin-
dependent kinase 4, 2, 6 (CDK4/2/6) finasio cell cycle regulation tag dorsal mesenchymal
protrusion” U1 mutation e TBX5, TBX20, GATAA uag NKX2.5 finnudumiusiu ASD
wulungueIns Holt-Oram (“heart-hand” syndrome) fimu ASD l¢fiaevas 58 veaifihe
Twiuiinnuinmsiinguvesiieuazuun Ianuduiusiu T8X5 mutation™

A WU ASD %findu 9 wu dysmorphogenesis #kiléiAeatos atrial septation tnems
U primum type ASD LAanANRaUnAves atrioventricular canal (AVC) luduves en-
docardial cushion, sinus venosus type ASD Lina1n deficiency ¥94 common wall $$1I18
systemic vein (sinus venosus) k&g right upper pulmonary vein, coronary sinus type ASD Ju

defect 484 common wall 5231318 LA fiu coronary sinus 138131 unroof coronary sinus’

5.2 N158319 AVC, ventricular chamber wag ventricular septation

Tua9 cardiac looping finsidaesaes heart tube lUvwwnn wazildndineseen
(out-pouching/ ballooning) i ventral ifieadeiilasiesans (ventricular chamber)
Tnewanzludiu trabeculated ventricular chamber (§U7 3) vauzifinsasehlavesuy
(primitive atrium) 3#u dorsal uazideusaluagduuutiu daues primitive ventricle 4
wosoonazdinsadtawils interventricular septum fusTieTiRsENYN (primitive RV) wae
g8 (primitive LV) Tnedundntonnasenin primary interventricular foramen 15 aanmsdi
ANNISIMOINSLDS D ITAR L UAIUTDS ventricular free wall L5901 interventricular septum
Jefinsadarieawila (chamber) RV wag LV wui cardiomyocytes fia3eydudiuvas RV 11
971 SHF progenitor YUzl cardiomyocyte d%uﬁl,ﬁiylﬂu LV 11970 FHF progenitor "

d2uv99 smooth-walled primary myocardium %94 heart tube ﬁmﬁaagiw,%awiaﬁu
trabeculated cardiac chambers Ingahufisand AVC lusgearusn 9 U9 cardiac looping AVC
Humadonves primitive atrium wag primitive LV 18aa7n primitive atrium naniuluss
primitive LV #14 interventricular foramen stalug primitive RV uageenlud conus cordis
%ﬂﬂzﬁﬂ’ﬁLﬂﬁ@Uﬁ’JM@&jW}ﬁ medial tnntuides 9 wareenlUd truncus arteriosus Tlawia3ey
Hu OFT siolu™> (Ul 5)



Cardiac Morphogenesis 2

Dorsal aorta

Aortic
sac |
1
n
\%
Truncus Vi
arteriosus
C Primitive
onus Left atrium
cordis
Primitive o
right atrium Primitive
Left ventricle
Primitive
right ventricle
Atrioventricular
canal
Bulboventricular
flange Pri
Interventricular septum mMary
interventricular
foramenl

sUTl 5 msaaviesalatiosans TnennslAseuasiesinesnyes primitive ventricle 3 interventricular
septum f primitive ventricle 1Justesansuan (right ventricle, RV) wavanstne (left ventricle, LV)
Imamaaﬁdad’mﬁvﬁawia primitive RV Wag LV ) primary interventricular foramen uarilATeass
atrioventricular canal (AVC) L‘?ilamzmw primitive atrium (right atrium, RA; left atrium, LA) lag
primitive LV 1&aaagluaain primitive LV 1U RV 8anluds outflow tract (OFT) (AalUasainienansensds
e 12 way 15 tngldsuounyn)

nalnnsiewn atrioventricular wag ventriculoarterial arrangement ﬁgﬂ@f’a\‘i WU
AendestuBuuas transcription factor wanewiia’ > 1y

- Neural tissue antigen Gln2 fifithderienfiunsass interventricular septum wag AVC

+ BMP 2 signaling nalinn15vi1a1uwes T-box transcriptional factor; Thx2 wAileth
19 Tbx3 waz Msx2 dnanistesiulailin AVC musculature dinsuusdaiall Thx20 fuase
BMP/ Smad signaling am Tbx2 expression {un1sdnveunvensasslaseass AVC lng

(6,22)

yulluruazanwdnui Tox2 uar Tox3 dnasienisaiaiesiilauag conduction system



Transcription factors FiAeateaiu chamber expansion 84 RV laln Hand2, Mef2c
(target of Isl1), Gatad, Foxh1 wag Tbx20 Tu SHF progenitor™”

Transcription factors fiAedesiu chamber expansion ¥84 LV l¢in Hand1,
Nkx2-5, Gatad wag expression 909 Thx2 i AVC lagwu Thx2 fRnUnRo1admWalAR
LV hypoplasia“”

Connexins 40 Uag connexins 43 fimaniedasiunisasis trabeculae vidadmn

non-compaction 989 RV ag LV 531814 precursor cells T1n15@374 Purkinje network
ﬁﬁé’ﬂgmfjwmiﬁ connexins YNURAUARINARBATILUT compaction Wag non-compaction
zone 83 myocardium Tu non-compaction cardiomyopathy &

Faiil 5-6 vesegATIAMAIINTINTa$ primitive RV, LV Wag primary interven-
tricular foramen @wwes AVC avuuadlu superior, inferior, right lateral uag left lateral
endocardial cushion Fasdnmsuiauarusadnulu common AVC uay proximal ventricular
outflow WU3 common AVC eanidurnuazdne udafinsindousives AVC 1mne
(rightward medial shift) snnu ¥i-ls right AVC snfiuagszwring RA wag RV du left AVC fu
oej5yie LA ua LV snuandfu (5Ui 6) Tuvauzifeniudiunes conus cordis flaziinisutsdn
oonidu OFT 1 wazing Tnefimsvyusndnidntioaiiielst OFT @ aorta 99NN LV Wy
pulmonary trunk 88n31n RV ﬁ]’mﬁy'uﬁ’mﬁmaasum primary interventricular foramen ‘17{5'5‘14
seWi9 left ventricular outflow tract waw RV cavity axgniadheiiiodiaain 3 daw léud
endocardial cushion, ridge of conus cordis Wag muscular interventricular septum Falu
mature heart @ i@ membranous part ¥89 interventricular septum N15UAYD4
interventricular foramen (AalugisUaedaniil 7 vesengassd’ > (Ul 6)

nsUIUNSA3s endocardial cushion Tu AVC wag ridge lu OFT duhavilunasnn
epithelial-to-mesenchymal transformation (EMT) 51910 AVC myocardium &3 active
adheron-like protein complexes LU ES1, fibronectin, transferrin, ES130, hLAMP1 U
BMP signal ﬂisﬁu endothelial cells vim EMT muammsa%ﬁq endocardial cushion uaﬂmﬂﬁ

5,12,22)

fainang il transcription protein wianevlinievenag 7 laun

Thx2 Tbx3, Thx20, canonical Wnt, transformation growth factor B (TGF—B),
neurogenic locus notch homolog protein (Notch), suppression of Twistl & Msx2'"”

%ummm atrioventricular septation %auyaaﬁ dlefinsdeusoves atrial septal
mesenchymal cap iU endocardial cushion Tnenstusnasunves intracardially protruding

mediastinal mesenchyme #4133g11391 dorsal mesocardium Wag right sided pulmonary
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Cardiac Morphogenesis 2

ridge 136071 vestibular spine Faflaaneatesiu islet1-positive mesenchymal progenitor
U84 SHF, Thx5, Mef2c

AMURAUNAYBIN15123y38 endocardial cushion ililia CHD lunay
atrioventricular septal defect (AVSD) laun primum ASD, complete/ partial AVSD""**

usnaniigenuin cardiac neural crest-derived cells Sduluntsadia OFT dne
et conotruncal defect FiduusiumuRinuniivoasad neural crest Sihmu outlet type
ventricular septal defects $1AU malaligned muscular outlet ventricular septum 5%
&0 Fahezdunavesrnuinunilunis fusion seuiiawe mesenchyme 484 outflow tract

iU endocardial cushion""*

Common
atrioventricular tpomTpnl . Right
canal atrioventricular atrioventricular
canal canal
Inferior
Lateral cushion edocardial cushion

Left atrioventricular canal

gﬂﬁ 6 NMsWALIYES endocardial cushion LUs common atrioventricular canal fWuvuazdne Tunan
Wenfiu partition w83 ventricular outflow tract TuMWLAAINIARATIINAIN common atrioventricular
Maseyluilu right wae left atrioventricular valve (AanUasannenansdrsdamneiay 2 lnglasuayeym)

Tunsa¥s atrioventricular valve WaludUniii 7-9 wui septal leaflet U943 atrioven-
tricular valve 119NN TBusRR UV inferior (dorsal) wai superior (ventral) cushion ey
parietal (mural) leaflet 1nanauwes lateral cushions Weoiniifinves septal leaflet 11910
188 endocardium 84 mesenchymal endocardial cushion ulwaanLilnes parietal leaflet
119511970 migration Yauad epicardium wazantiuazil proliferation veueadh leaflet
a$afuauila tricuspid way mitral fiauysal Seusznoudenilede 3 du léur u atrialis
Usznauniv elastin, u spongiosa UszNauUMIY proteoglycan LAy fibrosa daUsynaude
collagen TngludUaiifi 10 vy chordae tendineae Futhlassadremiiu atrioventricular
valve Ty mature heart ity Taufuiinisaensia (delamination) w84 ventricular myocardiu
ey septum e papillary muscle LaguNaIuYey leaflet Imaiuﬁajm chordae ¥
Jause atrioventricular valve U papillary muscle e’

Transcription factor wazBuiing 18U valve formation oA activation ves NFATCL,
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RANKL, ErbB2/ B3 complex wquedl activation ves ErbB1l/ B2 complex am proliferation,
FGF4 signaling \Agadaaiunisade chordae

AMUEAUNGALL delamination w83 superficial layer 909 RV vililin15a319 septal tag
posterior leaflet U84 tricuspid valve NaUNG finsniesves tricuspid valve lUn1e apex
\AnlsA Ebstein anomaly wu31 familial Ebstein anomaly duWusiyU mutation 989 MYH7

(25)

Fa.9u sarcomere gene encoding cardiac beta-myosin heavy chain

5282l 6 NITNAIUIVBY outflow tract

Tudunmit 7-8 waaUaus arterial pole %30 OFT 4¢dl septation iaSauysal
Tae 2 dunoundn i

1. @39 aorticopulmonary septum #i truncus arteriosus vUadu aorta waz
pulmonary trunk tAaanN158 truncal swelling lutkw right superior uag left inferior
uhiinsvsudauuy spiral rotation 484 truncus arteriosus Y9 aorta eeifmUMImAs
wazvsie pulmonary trunk ﬁ’qgﬂ‘ﬂl 7 mﬂﬁ?u%ﬁmsa%’mahusuaq semilunar valve fg
aortic valve WL pulmonary valve

2. M3as1e OFT wuazdne lusesusindn semilunar valve duneuiifieatestu
conuscordis wag ventricular septation namie duilenfomsissyuasdousiotiuves conal
cushion, muscular interventricular septum Wag endocardial cushion Uk outlet septum
waziin1sUnuas primary interventricular foramen luszey ventricular septation

mmfuﬁmi remodeling Y84 aortic sac warMsdeusefuveg oblique aortopul-
monary septum iU endocardial cushions Gnu1l# future extrapericardial ascending
aorta 133eylUn19W (cranial) wag pulmonary trunk wonidu bifurcation wagdouly

Anumad (dorsal)”
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nsnAaadg14vesnala Cardiac Morphogenesis 2

g’dﬁ 7 N385 ventriculoarterial connection %se outflow tract (OFT) WaUULAAY septation
Tuszdv bulbar ridge #i conus cordis WU right and left OFT 1ag truncal ridge vil#An aorticopulmonary
septum Tu truncus arteriosus WA2ENNUART aorticopulmonary septum ag spiral rotation 904 distal
OFT ¥t aorta (A) ag/lushumvimdsuazyisie pulmonary trunk (PT) (AnkUadannienanseedamiangias 2

Tnglasuanan)



