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Them yocardial and coronary histopathology and pathogenesis
of hypoplastic keft heart syndrom e
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U nivasity of Cindmatd, C indrmatd, Ohiio; *W - ashington U niversity 1n St Lauis, St. Lauis, M issur, United Statesof
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Abstract H ypoplagtic left hesrt smdram e has the grestest m ortality rate anang all CHD s and w tthout
pallistion isuniform ly f&tal. D epite ndole efforts, the astology of this syndiom e iIsunknown and a aire ram ans
elusive. The genetic and anatom ic heterogeneity of hypoplastic left heart syndraom e supports a rethinking of old
hypotheses and w anants further nvestigatdion nto the higological and vasoular variatdions reaognised w ith this
gndrom e. T an effort to elicidate the pathogenesis of hypoplastic left hesrt syndrom e, thisreview will focusan
its unigue m yocardial and cormnary pathology as well as evaluate the association of hypoplastc left heart

gndrom ew ith the endocardial  broelagtosis reaction .

Keywods: H ypoplastic keft hesrt syndrom e; endocardizl - broelastosis; cornary arteries; m yocardialm arphology; CH D

Recsived: 7 April 2015 ; Acepted : 31 M ay 2015 ; First published anline: 8 July 2015

M ethods

W e peformed a deziled rview of PubM ed for
artidlespertaining to hypoplastic left heart smdrom e,
which produced over 2700 articles that were then
nanowed down to 67 articles bassd an Elevance to
hisology, pathology, valve, m yocardim , cormnaries,
endocardil  broelbstosis, and pathologenesis. W e
searched fiom 1940 until the presnt. W enesded to
evaluate articles dating badk to 1940 because it was
during that tin epericd thatm udh of thehigological
analysis forhypoplastic left heart sndrom ew asbeing
performed. W e alo wanted to know the histologic
Fopesrance of pecim ensbefore any ntervention . W e
Included all articlesw e could Jocate pertaining to the
pathogenesis of hypoplastic Jeft heart gyndrom e.

V ardable anatom y of hypoplastic left heart
syndrom e

Hypoplastic kft hesrt smndrome is a svere and
devadating hesrt defect that affects ~1 n 5-10,000

Conegppandence to: P . Eghtessdy M D, PhD |, D ivision of Pediatric Cardiothoracic
Sugery, W ashington University School of M edicine, Campus Bax 8234,
St. Louds, MO 63110, United States of Am exica. Tel: + 314 454 6165; Fax:
+ 314 454 2381; E-m ail: eghtessdyp@ wudosisw ustledu

children bom each yesr and accounts forup to 25%
of all nematal desths fiom CHD ! H ypoplastic
kft heart gndrome is characterissd by a diverse
goectum  of m alform atdons distnguished by under-
developm ent of the left ventricle and itscom panents,
mdering i unable to support system ic cirule-
tion 2? The presence of anatom ic varadons w ithin
the dlassi catton of hypoplastic left heart smdrom e
yieldsa antinuum  of phenotypic heterogeneity that
can be divided into broad aibgroups®* These varia-
tons are dependent upan the presmce or absmice of
the follow Ing: an Ilet to the keft ventricle, a patnt
out ow tract, a ventricular ssptal defect, and or any
other associated cardiac defects. Each subtype can be
associaed with any an:ialarran%enaﬂ.t, wih situs
solitus being themost comm an” It is necessary to
analy=e these sibgroups ndividually because of their
differing higological characteristics and. the possibi-
lity for differing iciting events. Sedmem et al
provide an excellent breskdown of hypoplastic left
hesrt syndrom e subtypes, which gopesrin Tablke 1.
First, hearts with conbined mixal and eortic
abesia presnt wih a thinwalled, dliclke lkft
ventricle* The asinding aorta and arch are extre-
m ely hypoolastic, and  ow is reograde® Systam i
autput is ductal dependent. T the sstting of
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Tablke 1. M aphalbogic aibgqmups of hypoplkstc Eft hestt syndiom e

1 M imaland aortic atresia

2 M ialatesbw ith apatent aortic 1ot and ventriarlar ssptal defect
3 Aortc aresiaw ith patentm inal valve

4 Aortic genosisand dysplasiaw ith patentm inal valve

5 Left ventrionlar hypoplasia w ith coarctation of the aortic axch

aom bined m itxal and asortic atxesia, if a ventraular
sptaldefact ispresnt, a laiger keft ventricular cavity
w ill develop and thewall of the kft ventricle w illbe
proportionately thidker. The lager the ventriaular
sptal defect, the m ore dlossly the eft ventricdle will
aoproach nom al din ensions.” The doservation that
ft ventrioular din ensions are proportional to the
size of the Inket suggests that m yocardial develop-
ment is dependent an adequate bloocd ow during
developm ent. Seand, m ixal atresia can also ocaur
with a senotic aortic valve, patent aortic 1oot, and
vantrioular ssptal defect. These cases are characterised
by ahypoplastic asending sortaw ith aw dely patent
ductusarterioaus? T the setting of a laige ventricular
sptal defect, negpective of m iral valve din ensins,
the aortic valve is rarely atretic, which suggests that
valvular developm ent is also dependent to sme
degree an adequate blood  ow during developm ent.
Thid, heartsw ith isolated aortic atresia and apatent
mimal valve without a ventrauler sptal defect
dan ongrate thidkening of the left ventricular fiee
wall, ventricular ssptum , and endocardim . As In
ambned m iral end aortic atresia, the assending
aorta and arch are hypoplastic, and all sygam ic cut-
put is ductal dependent® Fourth, hypoplastic left
hesrt syndxom e hesrtsw ith aortic valve gencsisand a
patentm iralvalvem aintan antegrade ow through
the aortic valve. The degree of asonding aortic and
arch hypoplsia is less than doserved with aortic
atesiz® Fifth, n general, the degree of aortic axch
hypoplasia conelates with the din ensions of the
aortic root, but there isane sibset of hypoplastic eft
hesrt syndrom e hearts w ith. ssvere aortic arch hypo-
plasia that isout of proportion to the degree of aortbic
oot hypoplasia®® This sibtype of hypoplastic left
hesrt syndxrom e can have m ultdple com binations of
m iral and praortic valve aonom alities.

Lev et al degxrbed sme comman qualides
betw emn gibtypesofhypoplastic left heart sndrom e.
A demiled analysis of 230 hypoplastic keft heart
gndrom e hearts =vealed that oecinens had an
enlarged heart with an gpex form ing the right
vantricle. n all cases the right atriim was hyper-
trophied and enlarged, the keft atrial gopendage was
anall, and the thaugpid or e was enlaiged and
Inpinged upon the nfimdibular region . The right
ventridlew ashypertiophied and enlarged ” A Tthough
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right ventriaular donom alities are found n hypo-
plasttc left heart smdrom e, m any of these abnom -
alites may be the rmault of the right ventrice
aom pensating foran inareasad workloed seaondary to
the prim ary left ventricularm alform ation .

M yocardal histopathology of nom alhearts
versus hypoplastic keft heart syndrom e hearts
Cadizcm ustle cell crientation in non-diseased hesarts
exhibitsasin flarpattem in theem bryo, foetuis, child,
and adult? N om ally, the majpr portion of both
ventriaular walls and the m id portin of the Inter-
ventriaular ssptum  have an orderly parallel anange-
ment of cells. M yocardial bre disanay, de ned asa
Iack of orderly parallel arrangem ent of m yocytes, has
been destribed in hypoplastic left heart smdram e.
M yocardial bre dissrmay can presmit n ane of the
ollow Ing pattems:  bres branching at sharp angles
to ane ancther, groups of bres ait Imgiudnally
hterperssd with bres aut ttansversely, or bres
form ing aonaetric whords. These pattems may be
found alone or n com bination w ithin agiven hesrt?
M yocardial bredissnay isnotunigue to hypopladtic
ft heart syndrom ebut can be found to som e degree
Tn nom alhearts, and m ore extensively in heartsw ith
anditions such as hypertrophic cardiom ¥cpai'hy,9
puln cnary atresia,® and tetralogy of Fallot ™

H istopathology of keft ventricle n hypoplastic
¥ft heart syndrom e

Certain subtypes of hypoplastic keft heart smdrom e
presat wih orgenissd myocardil achitecture at
birth. Autopsy spoecin ens of hearts w ith com bined
m iral and aortic atresia collected before the avail-
aoility of effective sirgical palliation dem onstrate a
nom ally ananged cell pattem w ithout evidence of
myo bredisnay h the left ventriauilarm yocardium
and mdin entary ssptum ° T the event of m inal
atresia with a large ventriaular sptal defect and a
il developed left ventricle cham ber; m yocerdial
bre crimtation isnomal® A cmmaon nding in
both of these cases is that they lIkely do not have
areesd eft ventriailar cavity haem odynam ic pres-
aure burden during developm ent. The nom alm yo-
cardisl architecture In these cases also suggests that
the aetbology of these cases is Tkely valvular.

H ypoplastic eft hesrt syndrom e goecin ens that
are exposd o aeesd left ventriaular haem ody-
nam icpresure utero patntin ow and dogomicked
aut ow) diply myooyte dissmay as newboms.
H earts w ith aortic atresia and a patent m iral valve
dam ongtratem arked m yocardial  bredisanay ofboth
the ventraular ssptum and the left ventroular fiee
wall.O Cannoretaldoserved that the disribution of
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disanay is gaerlly In the Iner two-thids of the
myocadim and does not involve the auter com pact
myocardim arright ventridle™ A ress of el calad. -
catbon or scEmdng m ay also Involve the subendocard izl
wgim of the Bt ventricle, nterventrioilar ssptum ,
and papillary m usdes™ Patentsw ith hypaolestic Eft
hestt gndrxme and coarctatin of the aorta will
develp myocdil pathology that conelbtes with
vabular pathology. P , this slbgroup an
devekp hypertiophy and  biosis of the Jeft ventricle 2
Characteristcs of each sibgroup are smm ardsed n
Tabk2.

A reent higolgic analysis of the m yocardim of
hypoplastic Jeft heart smdrom e hearts found large
aress of randam Iy oriented, disorganissd bundles of
m yooytes w ith varisble m yooyte size found betwemn
bundles n all kft ventrice and right ventricle
smpks Fig 1) Although sibgroup dassi catbons
were not doaum ented In this 1eport, all cases pre-
sented w ith m yooyte dissnay ™ Previously reported
hisological sidies dossrved organised m yocardiim
n the subgroupsw ith com bined aortic artesip/m iral
aresia or m ial atresia with a ventraular ssptal
defect™ The dovicus difference betwean the suidy
groups w as the age of the patdents and the advanae-
m ents I palliative techniques. T easrly publications,
the patients’ m een lifegpan was typically 1 wesk or
lessvamusthem orem odem study group I which the
lifepan was 6 days to 10 months!® The mae
m ocdem patients were also exposed to notropic s1p-
port. This dossrvation suggests that increassd expo-
sure to abnom alblod ow I the necnate w ill Jead
o m yocardial disorgenisation and sar form ation In
s e hearts that pethgpshad a higologically nom al
myocadim at birth. The differing m yooyte archi-
tecture doserved betw een subtypesofhypoplastic keft
heart syndrom e during developm ent highlights the
poential for differing hciting events betwesn gib-
types. The cases of hypoplastic keft heart gndxom e
wih abnom al myocyte acchitechire at bith may
have a prin ary m yocardial pathogenesis that alters
blood ow pattems and results n abnom al devel-
com et of the Inm ature valve stuctures. Recent
gudies have highlighted the possibility that sme
cases of hypopladtic kft hesrt sndrom e may el
fiem  donom al cardiom yooyte proliferation during
developm ent1®1?

Endocardial fibroelastosis

Th an eloquent review , Lure”® destribes endocard sl
broelagtosis as a reaction of the endocardium , not a
dissase gate. G rosly, the action is dentd ed asa
pearly or cpagque white gopesrance of the endo-
cardim , egecially of the ventridles?® The nom al
endocardim  is ttangparant and anly axound 10 Pm

Cdeand Echtesady': The pathagenesis of hypoplastic Jeft heart syndrom e 21

i thidmes™ Endocardial boelagosis is de ned
by thickening of the endocardim by layers of col-
lgenous and elastic bies to >20um *° Lure™
described the endocardizl  broelastosis reaction asa
chrnologic ssquence of sn coth m uscle hyperplasia
Pllowed by their transform ation and tanslocation
fiom the Inner, sib-endothelizl layers to the auter,
Juxtam yocardial lyers Fig 2). In the foetus, the
broelastic lining is highly cellilar, cntahning
numerous snocoth musle clls and  brdblags.
Antspartum , the cellular characteridtics dj$§)pear
leaving layers of collagen and elasdc  bres” The
endocardial  broelagosis wacton is most addve
during foetal life and during pericdsof activegrow th.
Left ventroular endocardil  broekdosis n hypo-
plastc Efthesrt sndrom e isoffen found 1 the ssiting
of apatentm iral valve and ssverely senotic oratretic
aortc valve. Hearts that develp the endocardial
broelbgosis madtin are aways under dress, either
fiom presaare overdoed due to m echanical dosruddon
ar fitm volme overked due to cadic musie
disee2°?? H awever, not every heart under sressw ill
develp endocardil broelbgosis™?® T addidm,
endocardial  broebsosis is not sen within the kft
ventricle 1 the sstting of aom bined m iral and aortic
agesh when blood ow is dosmt fiom the ¥f
ventridke™ but m ay affect the Jeft atrim and m dnal
valve 1 the presmce of m inal valve dogamicdon 2
There is gxong evidence that prenatal infeddon
culd acoount for sme cass of left ventroular
hypoplasia with endocardizl  broelestosis®? Cax-
sackie virus and mum ps virus were recognissd as
astologic agents of endocardial  broelastosis n the
1960s and 1970s”° Thee ndigs were further
veri ed with m o mont work dentifying m um ps
genan e n the m ajority of hearts w ith endocardial
broelagosis that were pressrved fom an era when
mum pswasaw depread Ifection 2° The ncidence
ofendocardial  broelagtosissharply declined w ith the
adm inistration of the m um ps vaccine 2°
hfnts with foeal ventraular h@ertrophy Ik
the endocardial  broelagosis reaction™ even though
they are exposad to sin flarm echanical dressors seen
with certain subtypes of hypoplastic left heart gm-
drom e fatent In ow with dogaucted cut ow) that
m ay presnt with endocardial  broelagosis. Anin al
sudies have bemn perform ed cresting a ssvere left
ventriaularout ow tactdosuction I reHodm egEr
chesp. ATl fostuises had elevated end-diagtolic pm—
a1re, butnane developed endocardial brelastosis?®
This nding suggests that m echanical sxesors alone
do not always cause endocardial  broelagtosis. Turie
hypothesised that I the aonditins that haeese
antractility, such as hypertrophic cardiom yopathy,
the endocardim may inhbit the endocardial
broelagtosis waction. & is alo possble that n



Table 2 . Characteristics of hypoplastic left heart sndrom e subtypes n newboms.

Endocardial
Subtype Frequency Grossanatom y H istopathology of kft ventricle fibroelastosis A ortic valve pathology Coronary artery pathology
M ialand aortic  36-46% * Thinwalld, ditlke Eft N om ally amanged cell pattem Absnt Atetdc Coronary abnom alities rarely dooum ented .
aesia vantrice.R ghtventrice H igologically nom al coxmnary arteries
form s cardiac gpex
M italaresawih N A The laiger the In theeventofa lrge ventricnlar sptal = Absmt Thin frisblevalve ka ets. Fev ventroulo-coronary  sulas. Left
patent aortic root ventrioular ssptal defect and fully developed ventriaular Usidlly donomalwih  comonary atterieshave areased tortuosity,
and ventrianlar defect, them ae clogsly  cham ber, m yocardisl  bre orientatdion w ill pathology 1anging fiom  but pressrved um en dism eter
sptal defect the left ventricle w ill benam al valve ks et fusin to
goproach nom al sEvere gEnosis
din ensins
Aotticatesawih 20-29% * Thickened kft M artked m yocardial bre dissmay of the left Presnt Atetc Comm an ventraulo-cornary  stulas,
apatentm ixal ventrioular fire wall ventrioular firewalland ssptum .M yooyte Enging from 32 t0100% .D isesed
vale and thickened ssptum  dissmay generally n the Imertwo-thids cornary arteries 1in ied to the keft

of them yocardim  that doesnot Ivolve

the cuter com pact m yocardiim . Amesof
foal calcd attion and scardng

Aortic valvular 23-26% * Thickened kft M atked m yocardial bre dissmay of the left Presnt
stenosisand ventrioular fire wall ventrioular fire wall and ssptum . Areasof
dyplasiaw ih and thickened ssptum sl cation and brosis
patentm il
valve

Left ventraular 24-80% of Proportinal hypoplasia - Fiorosism ay develop Absnt
hypoplsawih  hypoplastic of keft ventricle n
coarcation of the keftheart ®=hation to hypoplasia
aorta sndrom e of valvular somictures

casEswih
coarctation**

N cdular, thickened, and
dysplastic valve ks ets.
Fusin of valve ka ets

Fusion of valve Jea ets.

ventriaular free wall and ssptum . D dssased

cormnary arteries diplayed thicdkening and

tortucsity I the gpicardial and

Intram yocardial branches. H istologic

ndings ansigent w ith ciraum fErential

m edialm usular hypertrophy, reduplicated

elasdtic bres, and focal ntin al proliferation

without signi cant im al nanow g
Comm an ventraulo-cornary - stulas,

=Engig fiom 32 t0100% .D issased

cornary arteries 1in ied to the keft

ventriaular fiee wall and ssptum . D dssased

cornary arteries diplayed thickening and

tortuosity in the epicardial and

Intram yocardial branches. H istologic

ndings ansigent w ith ciraum fEerential

m edialm usular hypertrophy, reduplicated

elasdtic bres, and focal ntin al proliferation

without signi cant im al nanow Ing
Proportional aoronary ebnom alitdes in

Valvesarenotthickened 1Elation to hypoplasia of valvular saucures

ordyspladtic

*Fraquencies doaum ented before N orw ood pKXHiU.E12'13
**Frequencies untelated to N amw aod procedure” 412

[44
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genetically susssptible patdents antrbutins fiom
both methaical and mmunokgic fadors ae
neesary for pathology. T hypoplastic kft heart
gyndrom e, a tw o-hit phenom enon m ay aontribute to
the expression andor severity of the endocardial
broelastosis reaction .

T thepast, endocardial  breelbgosisw as thaught to

e a prin ary disssse that could poentially ked o Eft

H ypplagic HE heart gndione. D dsoopnisel oundls o myoytes,
Irparasdfiacds and anomal vasulbr fomatims (EEveitride
fion 3-manth-dd hypgolastic ¥t hert sndrone patient, tddwane
dain, aiginel magnfiatin 25x ) . Cartey FBdineer®

Fiure 2.

Cdeard Edhtesady: The pathogenesis of hypoplastic Ift heart syndrom e 23

ventricular hypopsia, tem ed the “anitiected type?” of
prinary edocadil  broebdrsis® The ament
understanding isthatendocardial  broelasosisdoasnot
cusehypaplaetic eftheert sndicm e2° but itspressnce
and sverity w orsan theprognosis®® M & hiney ecal®
wntly wported that the ssverty of endocardBl
broelstosis, as demm hed by prenatal echocadio-
gphy I patients with aortic sencsis and evolving
hypoplastic Eft heart smdrom e, had an associEtion with
posmatal cuttom e follow g 1 utaro balloon valvulo-
pldy. Patimtsw ih m are ssvere endocardial  broels-
tosishad a low er prdoability of pogmatal biventriarlar
autom e. They also reparted that fiom pre-nterventin
to He gedatin the tinedexed change I Ef
vanranler end-degolic volime was soni antly
grester n foatusesw ith m id endocardial  broelbdosis
aom pared w ith those w ith ssvere endocard el broslas-
tosis®® Although aur undersending of endocardisl
broelestosis has in proved greatly over the et half
antry, maly questims mman mEgading the
Becnarng whrimship betwemn hypoplketc Bt hesrt
gmndrom e and endocardBl  broelstosis.

Congenital coronary artery fismilas

W e now chift foaus o the cornary artery hiso-
pathology found in hypoplastic kft heart smdrxom e
and its antrbutin to the pathogenesis of the
gndrme. W e will 1=t evaluate cormary artery

@) H isdayic gaine setion of edaardim  (3420), sowing danse fioes  adllaom and dagin typial of exdasrdial flcdadesis.
Reuodues] fion Am J Pathal 1972; 66:483—496, Fige 3 ; with pamissin fion The Ameren Sadey fr Ivestioptive Pathdlagy and
kind axpeation £GwerM . Hutthing MD 13 0) T antrast is the paralldl diagram derdved fiom detron miacsrpy show Ing adlular
addvity that gmeates the fldadtesis, 1. D ark snasth musde &; 2. Iight snath musde &l; 3. licht snath musde el with ks of
asment menkyane; 4 . leonyad @l; ard 5. fiadolast. A dapted fion the A rdiives of Pathdlayy Laboatay M edicne 1979; 103 : 218,
Figres; Cqoyridht 1979 Ameran M elial A ssration . A 1l richts resrvedl. Comey f Lurie™°
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gulas, ollow ed by m acro cornary artery dissase or

m alform abons, and will nally evaluate the m ioo-

vasubture dosrved In hypoplstic kf heart

gndrme. A angenial comary adery sl isan
abnom al direct com m unicatin betwean any part of
the cormary sygem and a cadisc cham ber or grest

vessel, having bypassed them yocardial capilary bed 27

M iaosxpic evaluatin of hypoplbstic kEft heart

g/ndxom e oecin ensw ith ventriauwlo-coronary connec-

tons dem anstrate that shusoids fiom  the endocardial

e may extend o the myocadim M Blke

categorised these ventrionlo-cormnary camedtons nto

three sibtypes:

- Arterio-hm inal sibtype - aomedts the kft
ventricular chamber diectly to the vertically
penetzating brandhes of the cornary arteries.

- Arterio-sinusoidal sibtype - amnects the left
ventriaular cham ber ndirectly to sn allerram 1 ca-
tons of the cormnary arteries.

- Artero-cpillary subtype - comects the lkft
vantriaular cham ber ndirectly to a rich network
of thin-walled, capillary-sized vesels.

0 Cannoret al' found a varible aom bination of
ventrioulo-cormnary aonnections In all cases of hypo-
pladdc keft hesrt syndrom e with patent n ow and
dogmmicted aut ow . The Jargest num ber of aonnec-
tonswas found In subgroupsw ith either senosis or
aom plete dlosre of the foram en ovale. N o ventriailo-
cornary canectionsw ere dentd ed In the subgroup
with m ial and aortic atesia ™ Baffa et af® found
vantriaulo-cormary  comedtdons in 27 of 89
specin ensw ith apantm iral valve com bined w ith
aorticatresiaand in 2 cutof 52 specim ensw ithm iral
and aortic atresia. M ot of the connections in hypo-
pladtc keft heart syndrom e are the arterio-sinusoidal
gibtype mther than the diect arterio-m hal
sibtype®?° The arterb-shnusoidal sibtype fie-
quently coexigtsw ith endocardia]l  broelagosisof the
left ventridle *® The regional distrbution ofm yo bre
dissnay supports the amnaospt that vasoularisation
parallels m yocardial arganisstion in the developing
heart>° It has been poduilated that elevated left
ventriaular htracavitary pressure ncites the persis-
tence of em bryonic m icrovasaularity, which leeds to
the aration of com plex arterio-lim ial connections
toallow ©rthe egressof blood 2*

Coronary artery pathology

Physidlogic cornary perfuision ocqurs I a gyclical
patem, wih the majpr antrbuto durng
diagtole. Th the ssiting of an anatom ically dogomicted
eft ventridle, the cornary perfusion ocaurs during
g/sole, as danondrated by sslective aortic oot
angiogrephy In prior sudies of hypoplstic kft
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hesrt syndrom e The high-presure blood  ow
during ventriaular systole m ay kead to wall thicken-
Ing and tortuosity i the epicardial cormary arteries
and thefr intram yocadial bnches™?° Fig 3).
O Cannor et al doserved that dissased vessels were
Iim i=d to the keft ventriaular free wall and ssptum .«
Thehisolgical ndingsansised of ciroum ferential
m edial musular hypertrophy, reduplicated elagtic

bres, and focal ntim al  brousproliferation w ithout
sioni cant Im hal nanowing!’ Saser et af’
found that pecin ens w ith m inal and aortic atresia
did not dem andzate hisologial cornary artery
donorm alites.

Cormnary artery hisopathologic ndingsarem ost
prom nent in arteries that com m unicate directly w ith
the lm en Grterio-um al subtype) and lessprom i-
nently n those that comm unicate ndirectly with
the imen @&rterio-sinusoidal and avterio-capillary
sibtypes) M Baflaetal’® noted incressed tortucsity of
the Jeft cormnary artery inm itxal senosiséorticatresia
pecin ens, but dossrved an hisological exam nation
that the atHo of cormary wall thidmess reltive t©
Im en diam eter in the left anterior destending artery
and cirum  ex artery revealed no signi cant differ-
ences fiom aontrol hearts. Lioyd et al > also doserved
that the um inal diam eters of the cornary arteries
and ostta n hypoplastic left heart sidrom ew erenot
different from control goecin ens.

Anaom alous cormary artery origins and. cornary
artery hypoplasia have rarely been reported in hypo-
plsdic left hesrt smndiome?? Mfsquently, case
rportshave described an anom alousorigin of the left
cormary” ® orciraum e #° artery firm the right
puln cnary artery In the sstting of hypoplastic left
heart gyndrom e. o elart reported a case of hypo-
plastc left hesrt syndrom e with a single coronary

orighating fim the puln cnary artery. Saroli
et al’’ reported three cases of hypoplastic keft heart
gndrom e w ith superior origin of the left cornary
artery. The origin of the right coronary artery fiom
the desoending thoracic aorta has been doaum ented
in e e of hypoplastic kft hesrt syndiom e?
DeRose et af* degribed a case of hypoplasia of the
eft anterior deseending artery that wesuled I
m arked Jeft ventriailar isthaam ia during aN omwood
procdure, ultin ately leading to thepatdent’sdem ise.

Abnorm al cornary artery  stulas have also bemn
described . Raghio et al*® desorbed a case of hypo-
plastic eft heart smdrom edue to aorticatresiaw ith a

gula present betwemn the kft ciroum  ex coronary
artery and the coronary sinus. A 1eoent case 1eport
doamented a kft ventricle-left cornary artery-
puln cnary artery  stula associated with combined
m iral and aortbc atresia and a ventriaular sptal
defect ** The authors ancluded that the coronary

gulawasthe prin ary cause of hypopladtic left heart
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gndrome m this case because of the edsence of
a ventriaular ssptal defect that nulli ed the ntra-
ventriaular pressure gradient, which is typical of
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hypopladtc ventricles and thought to be respansible

for the ssondary developm ent of  sulas In other
44

fect=S]

T an autopsy report of 122 patientswho died after
a Nowood procgdure, Bartram et ar® fund
In paim ent of coronary artery perfisin t be the
most frequent cause of desth B3 patdents, 27% ).
H ow ever, the cause of seenosis n the vastm ajority of
these patdents @1 of 33) was ssandary to etther
ntralim inal senosis at the anasom osis or extemal
kinking of thegraft>* *° The pcor aoronary perfiision
T these cases was therefore the et of the sirgical
tedinigue and was not the underlying coronary dis-
eae. Sugical Tgation of an dberant eft crum  ex
cornary attery fiom  the right puln onary artery
occurned 1 ane e, raultng I biventricular
infarction >° G eneralisd wmmgaﬁ:etyhypcp]asa
was alo fund 1 cne patint’® Depite the e
ocaurence of cornary anom alies n hypoplastic keft
heart syndraom e, detailed cornary artery assessm ent
is reoomm ended. as part of the wutine echocardio-
graphic evaluation ofhypopladtc left heart syndrom
beftre angicl ntervention 27 The coronary arteries
I hypoplastic left hesrt smdrme may become
thickened ortortuicus n casesw ith high Intralim inal
presure, but have a pressrved Tm en, and w ith are
excsption are lkely not prin ary to the pathogenesis
of disase.

M icrovasculature

Foaussing an them icrovasaulature of hypoplastic left
hesrt s/ndrom e, Salth et al*® desorbed an Interesting

nding that uncperated hearts w ith hypoplastic left
heart sndrom e have a higher mesn and m axdim al
difision digance fiom any arbirary point to the
nearest cgoillary than donom alage-m atched antrol
hearts. N o differences were noted betwean kft and
right ventricles or betwemn subtypes. The authors
belisve the rduddon In cgpillarisation may be an
Inherent donom ality of hypoplastic keft hesrt gm-
dxam e that may have inplications for ventricular
develoom ent. Rakusan et al*® noted that congenital

Fiure 3.

Camary artery wall thidkening dosrvesd In @ases o hypgolagtic et
hert gndame wih patet flw and detuded adtflov.
@) Phamiaogah o a landhing poderior desending artery In
the goicardial groe. M agnffiation 14x . ) Ve atlined in
@) gxwsa pronnent mustledagtic zne M ). Ecemntric ntinal
thidkening () ispresstbut dessndt appear to signffiently nanow
the@lbred the lmen. M agnffi@tion 120x . €) Lav-pwerviev
o neventrialdar spum with proninent mustlariss] arteries
enows) . M agnffieton 10x . AIl dagic gain. Camey o
O'Camaxr™ LV = kit ventride; PD = patent dudus; RV = right
vantride.



26 Cardiology in the Young

aortic senosis and coerctation of the aorta are char-
adterised by an inaease I capillary supply propor-
tonal to myocyte volum e, maintaining cgoillary
density sin flar to antrol hesrts. They doserved that
presureoverioed Eft ventrionlar hypertrophy In
children dem ansates proportional cgpillary angio-
genesis, whereas n adults hypertrophy aopesrs to be
associated w ith failire of com pensatory angiogenesis.

Could the pathogenesis of hypoplastic left heart
gndome gam I part fiom prEmature Hilire of
aom pensatory angiogenesis? Jacdbs suggesed  that
the decreased capillarisation dbserved by Salih et al
m ght not be an unalterable inherent donorm ality of
hearts with hypoplastic kft hesrt sndrome, but
wather a sngpshot of the sipply—dem and m ign atch
encountered with unaltered hypoplastic left hesrt
gyndrom eanatom yv. A ssated previoudly, perfision of
the myocardim in uncperated hesrts with hypo-
plagdc keft heart gyndrom e ocours prim arily n sys-
tole, rather than In diagtole, as there is considerable
diagolic nmoff nto the puln cnary ciroulation .
Cormary perfusin is firther Iim i=d by excessive
myocardil wall tensin?’ Elinnation of the
diagtolic unoff, by m eansofclosure of the systam icto
pulnm cnary artery shunt at the tin e of the ssand-
dage angery, reuls n the redortion of more
nom al diasolic cornary perflisin asw ell as reduc-
tion in thevolum eofw ark of theventricle*” Jaadbs”
proposesthat thishigherdiastolicblood pressirem ay
reqult n in proved cgpillarisstion of them yocardim
early In life. Further research isnecessary to an m
or refute this theory, but it is clear thet there are
prim ary m yocardal differences in capillary density n
hypoplastic keft heart smdrom e com pared w ith other
Jeft-sided CH D s, which firther suggedts that altera-
tons n the m yocard il developm ent of hypoplastic
Jeft heart syndrom e could antrbute to the doserved
phenctype.

Thappropriate expression of platelet-endothelial
cell adhesion m olecule-1, also known as CD 31, has
bem dentd ed In heart sam plesw ith hypopladtic left
hesrt gyndrom € and may give som e Msight nto
m yocardial differences in capillary density, or capil-
lary angiogenesis, doserved In hypoplastic keft heart
gndrom e. CD 31 is a mem ber of the cell adhesion
moleaule fam ily, which has a primary ok in the
regulation of tissuem arphogenesis'® Before a recent
gudy, cardiac m yooytes have never been chown to
express CD 31 at any stage of developm ent or n any
disse sate ! The authors suggest that nappropri-
ate expressin of CD 31 or a relkted gene under the
sam e rgulatory antzol m ay be repansible for the
disorgenisation of hypoplastic left heart gyndrom e
cadiac myocytes and potentially the higherorder
cadiac gouctural aonom alites associated w ith this
dimae®
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CD 31 hasalso bemn associared w ith cellm igratdon
and cancerangiogenesis*® R ecentwork suggeststhat
CD 31 hasanovel ok I arteriogenesisand collateral
ram odelling *° CD 31 hasalso been dentd. ed asthe

= m oleauile that determ nes pre-edsting collateral
dizm eter®® Theee nding highlight the possibility
that abnom alCD 31 expressin m Ightbe an atEm pt
by them yocardim to induce angiogenesis seaondary
to the decreasad ogpillarisation ssen In hypoplastic
kft heart sndrome. Alematively, the agypicl
cpillerisation n hypoplastic left hesrt sndrom e
aould be the product of abnom al CD 31 expressin
w ithin them yocardim .

Pathogenesis of hypoplastic left heart
syndrom e
The aetiologic m echanisn s leeding to hypoplastc eft
heart sndrom eare Iargely unknown . Abcutane-fourth
of hypoplastic Eft heart syndxm e cases ocaur n the
amitext of recognised genetic disoders ncluding, but
not Imied to, Tumer, Jaadosn, Noman, and
HoltOmm gmdmmes. However, gudis Ivolving
non-gndxom ic fm iy m em bers have suggesed that
heritzbility is complkx. No s'rng]e dissase-causing
pathw ay has yet been denti ed 2" Clinicsl doserva-
tons ndicte that dogmicddn of bload  ow through
the kft ventrice ih an cothaewiss nomal four
cham bered. foetal heart, causd by either sortic and fr
m ixal genosis, keds o the develoom ent of kft ven-
tricularhypoplasia > Prenatal disgnosis of hypaplastic
¥ft heart gyndrom e can bem ade asearly as 14 wesks'
gesatin,>® but num emus s of hypaplstic kft
heart syndiom e have presmited w ith nom al or even
dilated Eft ventrionlar cavitdes an routine foetal ula-
sound at >19 weske gestatin 2 The unifying
aetiologic explanatin is that the grow th and develop-
ment of vasulr smcures are dependent to sme
degree an the htive quantity and quality of blood
aw during developm ent? R ecent sudieshave shown
that hypaplastic Jeft hesrt sndiom em yooytesare well
differentiatad, but have prolonged expression of fostal
ar “heart Bilne’ genes™ These ndings sugget that
htauterne hailt © the fostus may occour after
an bryogenesis and highlights the possbiliy that
foaal developm ent of hypoplastic eft hesrt sndxom e
may ocaur Ber n g in >*° Reont
alo questin whether inmunchbgic,” nfedtious
arautoin m une hailts to genetically suseptible hogts
may antrbute to Eft ventraulr hypoplasia fiom
ettherdirect m yocardial Injury or ssandary to reducsd
kftventrianlarblood  ow through dam aged valves.
G enetic factors that alter valve developm ent have
been proposad as the aetbology I hypoplastic left
heart s;ndrom e>°° M utations 1n the signalling and
transcription regulator, N O TCH 1, have caused eardy
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sortic valve defets In aninal models® Genes
wolved In downsyesm NOTCH signalling and
cadiac gene expression have been mplicated in
fam ilial form sofhypaplastic left heart syndrom e A
ot sudy showed a shared genetdic Iinkage with
hypoplastic Jeft heart syndvom e and bicugpid aortic
valve® Biugpid aortic vale is very aomman,
affecting 1% of the general populatin, and is a
known risk fadtor foraorticvalve disease. ITsitpossble
that a sn all sibset of patients w ith m ost redrictive
bicugpid sortic valves progress to hypoplastic eft
heart syndiom e? Isolted aortic valve afresia and
aongenital aortic genosis do not alw ay's progress t
hypoplastic kft heart gmdrome, suggegting that
aortic valve defedts and hypoplastic ¥ft heart smn-
drome have distinct genetic susoeptibilides®®
G enetic factors are clearly present, but epigenetic
modi ers and br environm ental n uencesm ght be
necessry orthe phalotyp:c expression ofhypoplastic
Jeft heart sndrom e’?

The com plex heritability of hypoplastic left heart
gndiom e suggeds the potential for environm ental
antrbutins t© the dossrved phenotype. M atemal
upper respiratory nfection during the  r=t trim eser
hasbem doam ented asa signi cant risk factor for
hypaplastic Jeft hesrt syndrom e 2® Population bassd
gudies I the Baltm ore-W ashingtn r&gim have
bentd ed environm ental risk factors for hypoplagtic
Jeft heart sndrom e, Including m atemal expogire to
aganic olvents® A reoent study show ed a sesnal
pattem In the presmitation of hypoplastic left heart
gyndrom e w ith prepanderance n smm erm anths n
antrast to the random  pattem dosarved in other left-
sided heart diseses® These ndings support a wle
for an environm ental com panent i the astiology of
hypoplastic keft hesrt sndrom e.

An inmunem ediated m echanian for the patho-
genesis of hypoplagtc left heart sndrom e hasbeen
proposed where antibodies aoss the placenta and
arste dissae 11 genetically suseptible hogs?™’ T
theum atdchesrt disease, antdbbodieshave already been
shown to “aossreadt” wih human valvular and
m yocardial antigens through am echanian known as
m clecularm in icry £ O urlab reoently dem onstrated
that ttensplacental transfer of m atemal antd-cardiac
m yosin autcentibodies leads to stuchiral angenital
cadisc defects n affedted progeny that inchided
din nihed keft ventriular cavity din ensins®’
Fostuses that develped hypoplastic left hesrt
gmdrom e-like phenotypehad elevated serum  titresof
anti-f} admneagic receptorasw ell as inaresed protein
kinase A activity, siggesting apota'ltlalm echaniam
forthe doserved pathological changes

There isevidence that pranatal viral infection could
account or som e aases of Bt ventraular hypoplasia
wih endocardial broekstosis®#**° Viel haik a
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wellecoptad cause of cardion yopathy . Studies have
bem reported that vl RN A ispreset n m yocardal
smples fion fosal heets wih eortc valvulr
stencsis?

Alemative m echanian s for the pathogenesis of
hypoplastic Jeft hesrt syndrom e have been siggeste=d
T which donom al cardiacm yooyte proliferation m ay
be the prin ary defect. T this ;ase, kft ventricular
hypoplasia could reqult fiom abnorm al cellular signal
transiuctdion, which is critical for nom al m yooyte
divisin and Jeft ventricular growth 1 Canverssly,
the thidkenng of the ¥ft ventriailarm yocardim n
gibtypes of hypoplastic kft heart smdrome with a
patent I ow tract and dosucted cut ow tact IS
thought to el fiom  cadiom yooyte hyperplasia
during develoom ent>*” The abnom al thickening
of the kft ventricular myocardim could leed to
rduced et ventriauler cavity dinensions, and
vallular abnom alitdes as a result of altered hasm o-
dynam ics. M any prin ary m yocardil abnom alites
have beesn identd ed that could antrbute t© the
pathogenesis of hypoplastic left hesrt syndiom e.

Conclusion

Bemause of the varibility in sibtypes and presita-
tin of hypoplastic kft hesrt yndrom e, a amm an
aetiology for all sibtypes is unlkely. G enetdc and
environm ental actorsare Ikelyw orking in ancert to
cregte the pectiim - of phenotype doserved . Cases of
hypoplastic left heart syndram e w ith m ixal aresia
and aortic atresia orw ith m ixal atresia, a ventriaular
septal defedt, and an tact aortic oot havebeen shown
to have nam al m yocardil acchitecire at bith and
nom al cornary vestature, which siggessthat these
gibtypes are Hkely due o prin ary valvular pathogen-
egis. Futinre reseerch efforts 1 these gibtypes should
Tock for genetic and envionm ental causes of valvular
agenesis. Subtypes of hypoplastic kft heart gndrom e
wihpaentin ov and dosomicted cut ow presmtw ith
dissnay of them yooyte axchitectinre and thicdkening of
the m yocardim . These hearts are also m ore prne t©
vasaular donom alities, such as coxnary artery s,
As gated previoudly, the mgimal digroutim of
myo bre dismay sipports the aonaspt that vesular-
isstion paraliEls m yocardil agenisstion in the devel-
g heart. Future gudiesshould evaluate forprim ary
m yocard Bl disoders or disregultion of cardion yo-
oyte poliferation during developm ent for these aib-
types. Th additin, som e phenotypes ofhypoplastic kft
heart gindrm e, mos: Ikely the sibtypes wih an
aretdc valve and thickened ventridle, m ay r=quir a
aombied hailt to both the m yocardim and valve
gmdates. Futhem o, antiued Ivesttgation ito
the rduddon 1 egpillarisstion i hypoplastic kftheart
gmndrom e and the potential antrbution of CD 31 1n
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this donom ality is wananted. I the pathogenesis of
this disese is uncovared, the possbility for mae
effective trestm ent or perhaps even the preventin of
cattain subtypesofhypopladtic eftheart gndrom em ay
e day becom e meslity.
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