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CHAPTER OVERVIEW

INTRODUCTION AND HISTORIC BACKGROUND

In most hearts, the atria connect tbe ventriclesthrough the atrioventricular valves a parallel fashion,
which allowsvisualization of the four chambers of the heart in a horizontal long axis ddné f SR |
OK I Y o S NITh&pardlél Qature of the atrioventricular connectiopigsentin mostheartsregardless of
the type and mode of the given atrioventricular connectinaluding double inlet right or left ventricle and
the hearts with a common atrioventricular val{€iguresl-1 and1-2, upper panel¥ In addition, the great
arterial trunksusually show predictable spatial relationship for the given segmental conneciddren the
segmental connections are normal, the aorta and poadmonaryarterial trunk spiral each other with the
aortic valve positioned rightward and posterior. The heavith transpositionof the greatarteriestypically
show parallel great arteriesn most cases of complete transposition, tatais positioned rightward and
anterior. In most casesf congenitally correctedransposition the aortais positioned leftwad and anterior
Because of these classic spatial relationships of the great arterilee majority of theheartsin situs solitus
with transposition, complete and congenitally corrected transpositionsaisecalledP-transposii A and'@
transpositio/ ,espectively.

Frontal view Left anterior oblique view Posterior view s
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Frontal view Left lateral view Posteroinferior view

Figure 11. Volume rendered MR images of the cardiac cavéiesving aclassic form of

complete transposition (upper panels) and complete transposition with twisted atrioventricular
connection (lower panels). Note that the atrioventricular valves are arraimgpdrallel inthe
classic case, while they are not parallel ia #typical case with a twisted connection.
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Frontal view

Frontal view Left lateral view Posterior view Mig-CHO

Figurel-2. Volume rendered MR images of the cardiac cavitfesving eclassic form of
congenitally corrected transposition (upper panels) and congenitally corrected transposition
with twisted atrioventricular connection (lower panels). Note that the atrioventricular valves
are arrangedn parallel inthe classic case, whitbey are not parallel in the atypical case with a
twisted connection.

Rarely, the spatial relationships of the cardiac chambers and great arteries are not as expected for the given
segmental connectiong-{guresl-1 and1-2, lower panel3. As these heastshow unusual external and

internal appearances, they often cause diagnostic dilemmaddédfidultiesin describing their complex
anatomic features. These hearts have been described using various descriptiveaselisted inTable 11 [1-

11]. It is krown that the first description of the hearts with unusual spatial relationship of the cardiac
chambers for the given pathology wasen by Lev and Rowlatt in 198]. Certainly, theconcept and
terminology regarding such rare pathologic entitfes/eevolved with accumulation of case examples. Among
YI y& (c8sNdroasheal4, 5]landBuperoinferior ventricle§8, 9]have been most commonly opted.
Although both terms are excellent in highlighting a striking feature of the classic forms, therbd@ve
debates on whether one term @&nybetter than the other and whether the terms could be used
interchangeably.



Table 11. Evolutionof terminology

Year | Authors Remarks

1961 | Lev M and Rowlatt UR ] | Mixed levocardia

1974 | Kinsley RH, et §] Ventricular rotation

1974 | Anderson RH, et §B, 4] | Crisscross atrioventricular relationshigr crisscross heart

1976 | Ando M etal[5] Crossing atrioventricular valves
1976 | Guthaner DG, et §6] Uncorrected transposition withdrizontal ventricular septum
1977 | Momma K, et al{] Upstairsdownstairs alignment of the ventricles

1977 | Van Praagh R, et &,[9 | Superoinferioventricles

1991 | Seo JW, et allp, 17 Twistedatrioventricular connection

Themost commonly usetermsWONMNZ& & KSI NI Q | YR WasddbaSheRearysT S NA 2 NJ
with the same or similar pathology from the different points of view and perspectives. Theédgss

cross hearflescribes the directions of tht@vo blood streams from the atria to the ventricular apicgs

the axes of the atriovenicular valve openings ¢ K A £ S sufiefoBferior&eéntricle®bviously
describes the spatial relationship betwetre two ventricles. Although Richard van Praaglaimedthat
crisscrossing appearance is an illusion [XBg majority of the hearts éscribed as crissross heart did
showreal anatomical crossing of the connections between the atria and underlying ventricles as shown
in the lower panels oFigures 11 and1-2. In the majority ofthe hearts ofthiskind, both features

coexist. The hearts described \#esscross heart@lmostinvariably show the inlet of one ventricle
located superior to the inlet of the other ventricl€heright ventricular inlet ilmost alwaysuperior to

the left ventricularinlet. However, the positions of the apices of the ventricles vary, showing more
superoinferior relationship of the apices in some and more-bigside relationship in otherl3]. The
majority of the hearts described &uperoinferior ventricleGalsoshow crossed blood streams across

the atrioventricularjunction. However, there are hearts with their ventricles superoinferiorly related but
without a significant degree of crossing of the atrioventricular blood strefding\s there are such
exceptionalcases showing only orapparentfeature, the terms¥risscross heam®and Buperoinferior
ventricle€are not completely interchangeabl&herefore, loth terms fail to accommodate the whole
spectrum of similar malformations because of too distinctive eestrictivenature of the adjectives
acrisscrosg and ésupeninferiore. In fact, minor forms of a kind needed to be describedpastial criss
cross heart when the relationship of the inlets is not altered enough to be recognizédrasscrosg [4,

13].

In 1992, Seoetdlddzo f A & KSR (i K Surthér mdfphtlo@odl bdsenatidri orohearts with

twisted atrioventricular connections (crissss hearts ¢ ¢ K SNB (i K S dvangng dégreea of T SR (1 K
twistingin the spectrum of pathologil1]. Th& F2dzyR GKIF G (GKS FR2SOGABS aids
Brandtin 1980[10] best explains the common morphologic features and spectral nature of the

pathology.



Freedom et aldescribed two cases with theuperoinferiorly relatedsentricles withthe greatarteries
exiting from the diaphragmatic aspect of the ventricular miagkeir 1984 seminal textbook
GAngiography of Congenital Heart Diseaseé . S O tiZaBe pasterioinférir displacement of
the arterial pole, the brachiocephalic arteri@ere markedly elongated Freedomet alcalledthis
peculiar heara W (i 2-LB#zRII & [1&4].S | NI ¢

THEORETICAL PATHOGENETIC MECHANISMS

With growing experience, we find thatére arethree theoretical mechanisms that can produce
unexpectedventricular relatioships for the given segmental connectiofifiey ardwisting, tilting and
organoaxial rotatior{15].

Twisting Uncommonly, he cardiac chambers and arterial trurd¢sow unusual spatial relationships for
the given atrioventricular and ventriculoarteriednnectionsas if the heart were twistedlockwise or
counterclockwise around its long axis by the right hand placed on the cardiagndtiethe left hand
holding the posterior part of thbeartin a fixed positionKigure 13) [11, 16] Most of the heats
described as crissross heart or superoinferior ventricles shearying degreesf twisting of the heart
around the long axis. Crissoss heart is an extreme form of this category in whighatrioventricular
connection axes appe&n crosseach othe at a right angleA minor degree of twistings seen in cases
wherethe ventricles are superoinferily relatedwithout apparentcrossing of the atrioventricular
connectionsin the majority of the cases, twisting is in a direction to place the rightricds above the
left ventricle. Only a few cases have been reported in which the left ventricle is superior to the right
ventricle[17-19]. The common characteristics tife twisted hearts aréhe loss of normal parallel
orientation of the opening axes ttfie two atrioventricular valves, a curved or angled configuration of
the atrial andventricularsepta [11, 16, 20, 21]in addition, the great arterial trunks show unusual
spatial relationship for the given atrioventricular and ventriculoarterial corioecfThe twisted hearts
with complete transposition of the great arteriesually show the ascending aorta on the left anterior
aspect of the pulmonary arterial trunk. On the contrary, the twisted hearts with congenitally corrected
transposition typicallshow the ascending aorta on the right anterampectof the pulmonary arterial
trunk. Therefore, the whole heart including tla¢rioventricularopening axes and the great arteries
appears twisted.



Twisted heart in complete transposition

Twisted heart in congenitally corrected transposition

Figure 13. Twisting. Cartoons showing pathogeneticmechanism for s@alled crissross

hearts and most hearts with superoinferior ventricles in the presence of complete
transposition (upper panel) and congenitatlyrrectedtransposition (lower panel). The heart
appears twisted around the long axis of theart by the observe® right hand, clockwise in the
heart with complete transposition and counterclockwise in the heath congenitally

corrected transposition. Twistingccursin a direction to displace the right ventriculiatet
superiorly above the left ventricular inlet with the inlet part of the ventricular septum oriented
horizontally. Note that the ascending aorta is displaced to the other side of the pulmonary
trunk, leftward in complete transposition and rightward in condally corrected transposition.

Tilting: Rarely, the ventricles are related superoinferiorly with the @oventricular opening axes
being keptparallelas if the ventricles are tilted by lifting or displacing the ventricular apex upward
(Figues 1-4 and 1:5) [4.22]. The atria and atrial septum are oriented in a usual fashion, while the
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ventricular septum is tilted to a relativehorizontalplane. Tiltingpbccursalmost exclusively in hearts
with a discordantatrioventricular connectionTilting is more commonly in the direction that places the
right ventriclesuperiorto the left ventricle[22]. However, tilting may occur toward the right side in
which situation, the left ventricle is superior to the right ventricle. The latter relationshigpically seen
in congenitallycorrected transpositiomccurringin situs solitus and dextrocardia.

Figure 14. Volume rendered images in two cases of congenitally corrected transposition. Left
hand panel shows the ventricles related slueside. Ripgt-hand panel shows the ventricles
obliquely positioned with the right ventricle positioned to the left and superior relative to the
left ventricle. In extreme examples, the right ventricle may be positioned superior tiefthe
ventricle with the atriovetricular valve axes remaining aligned in parallel.

Figure 15. Tilting. Cartoons showing pathogenetic mechanism for superoinferior ventricular
relationship in congenitally corrected transposition. Meatricular apexs lifted leftward or
rightward without rotation. As a result, the ventricles are related superoinferiorly while the
atrioventricular opening axegmainparallel.



Organoaxial otation: Topsyturvy hearts are characterized liye cardiaacchambers showing superoinferior
relationship and the great arterial trunks exiting the heart very low close to the diaphragm asiittre
heartwererotated around its long axisy the two hands of the observ§t4]. As theentire heart is rotated,
the parallel axes of the atrioventricular connections are maintaiffédure 16). The great arterial trunks are
displaced irthe direction of rotation so that they are located far down in the thorax near the diaphragm.
few years ago, wexperienced fetuswith a peculiapathology that was vey similar to what Freedom et al
described Figurel-7) [23, 24] Although the fetus showed the four chamberfsthe heartoriented in a
coronal plane and had a disproportionately large ductus arteriosus, there wismtracardiac pathologyThe
arterial valves were displaced inferiorigsulting in unusually low position thfe aortic and ductal arcleeand
markedelongation of the head and neck branches of #fwetic arch.Most importantly, the trachea and left
main bronchus was elongated and compressedhsylow lying aortic and ductal arches and the left
pulmonary arteryErek et al subsequently reported three cases showing almost identical morphological
findings [25].

Figure 16. Organoaxial rotation Cartoons showing pathogenetic mechanism fahe
so-called topsyturvy heart in the presence of normal segmental connections. The heart
is rotated backward around its long axis by the obse@/&vo hands. The right atrium

and right ventricle are displadeupward on top of the left atrium and left ventricle,
respectively. As a result, the arterial roots arfisem the lower aspects of the displaced
right and left ventricles.



Stomach

Figurel-7. Postnatal MR angiograms of a newborn with a fetal diagnosispsfturvy heart.
Frontal view (left upper panel) shows the four cardiac chambers arranged in a coronal plane
with the left ventricularoutflow tract and the aortic root (Ao) in the center. Lateral views
(upper middle and right panels) show that the aoarises from the inferiorly located left
ventricle and the pulmonargrterialtrunk from the superiorly located right ventricle. There

is a large patent ductus arteriosus (PDA). Posterior views of MR angiogram (left lower panel)
and CT angiogram (right lowpanel) show very low position of the aortic arch and
superoinferior elongation of the head and neck branchgw left main bronchus (LMB) is
elongated and compressed by the ldying aortic arch. RMB, right main bronchus; T, trachea.

Most hearts typi@lly exhibitthe features that can be explained predominantly by one of these three
mechanismsHowever, a small number of cases may display mixed feattuaesan be explained by
combination of two or three of the above mechanisms

On the other hand, e ventricles may also appeauperoinferiorly locatedvithout any obvious signs of
twisting, tilting or rotation. Caglike doublehorned right ventricle may mimic the appearance of
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superoinferior ventricles6-29]. In these rare casethe right ventricula apex is severely hypoplastic or
absent, and the right ventriclappears to consist of two horns; the inlet and outlBecause of the absence
of its apex, the right ventricle is largely located superior to the left ventricle andtti@/entricular
connection may appear cri€sossing.This characteristic feature is elegantly illustrated in the 3D magnetic
resonance angiograms in tloase reportedecentlyby Lopez et ads crissross heart in otherwise normal
heart in situs inversu2p]. We beleve this case an example of doultierned right ventricle.

VENTRICULAR CHIRAIDRYTOPOLOGY

Whenthere isanabnormal ventricular relationship fdhe given atrioventricular connection as in twisted and
topsy-turvy hearts, the classic rigieft relationship betweerthe ventricles is broken and may even appear
inverted. To define the ventricular relationship in such abnormal situations, van Praagh, et al introduced a
method called¥entricular chiralit§dn which the observer places the palmar surfacéisfor her hand on the
septum of the right ventricle, the wrist in the apex, the thumb in the right ventricular inlet and the fingers in
the rightventricularoutlet (Figurel-8) [8, 9] If the right ventricular aspect of the septum accepts the palmar
surface of the observe® right hand, there is a normal ventricular chirality eloDp ventricularrelationship.
When the right ventricular aspect of the septum accepts the palmar surface of the ob®defehand, there

is an inverted ventricular chirajitor Lloop ventricular relationship. Anderson, et al adopted this concept in
their segmental approach but describeddp and EHoop ventricular relationships as righand and left

hand patterns of¥entricular topologRrespectivelyj4].

Right-hand pattern Left-hand pattern

Figurel-8. Cartoons showing the concept of ventricular chirality or topolddne palmar
surface ofthe observe®hand isplaced on the right ventricular segtaurface with the
wrist on theapex, the thumb in theinlet and the fingers in theutlet. Inthe presere of
right-handtopologyor D-loop ventricles the right ventriculaseptum accepts the palm
of the observe@right hand. Inthe presence ofeft-hand topologyor L-loop, theright
ventricular septum accepts the palm of tbeserve&left hand.
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Regardless of the spatial relationship between the ventriclespttern of atrioventricular connection is in
accordance with the ventricular topology chiralityin the majority of cases. When theredsncordant
atrioventricular connectiorn atrial situs solitusthe ventricular topology or chirality is almost always a Fght
hand pattern or doop. When there is discordant atrioventricular connectioratrial situs solitusthe
ventriculartopology or chirality is almostlwaysa left-hand pattern. Extremely rarely, the ventricular
topology or chirality is not in accordance with the giarioventricularconnection, for whichAnderson et al
described asdisharmonygbetween theatrioventricularconnection and segmental topolo§§0-34].

Although the concept of ventricul& O K A NI f A (i éh& beeNihtidducedia faclitate ientification of

the ventricular relationship odbopCand is applicable in the assessment of the pathological specimens, it is
difficult to apply this conceduring image interpretation especially whéme ventricular relationships

unusual for the given pathologyit is indeed a pity that theonceptis hardly applicable in those rare

situations where the concept istended to be appliedor and needed Furthermore, the arterial trunk or

trunks often arise from the top of the free wall of the right ventricle, not allowing the obs@rfiagers to be

placed in the outlet of the right ventricl&igure19).5 Sa LA GS GKS FIF Ol4 GKard GKS @S
Yiz2LRt23eQ 02yO0OSLIi A& ySSRSR 2yfteée Ay (KS Ay dSNLINBI
apply the concept to segmental approach to any form of congenital heart disease. Although it might appear
logical, its application in the assessnt and description of most usual cases of congenital heart disease is not

only cumbersome and time consuming but also lidbtemistakes Furthermore, chirality or topology hardly

has any cliical or surgical significance.

PDA
AV annulus
SVC AV annulus
PV annulus : Outlet TV orifice

septum
PV annulus

TV annulus

TV annulus MV annulus

Figure 19. Volume rendered images of a twisted heart with doubiglet right ventricle. Cast model (left
hand panel) an@ndocardiakurface model of the interior of the heart in coronal cut (middle paart

the interior of the right ventriclen a cut through tle ventricular septum (righhand panelshow the
ventricular septum in &orizontalplane between the superior right ventricle and the inferior left ventricle.
Both great arterial trunks arise from the top of the superior right ventricle. The ob<@rveerd can be
placed on the ventricular septum. However, the fingers cannot be pldwedghthe arterial outlets.
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GREAT ARTERIAL RELATIONSIBIBGCALLEDLOOP RUEE

In the majority of the abnormal hearts as well as the normal hearts, the ascendingeaarits valve are on

0KS &aARS 2F GKS Y2NLK2t23A0Ftfe& NARIKG GSYGaNROf So
highlighting that thedD-loopé ventricles (the right ventricle to the right side of the left ventricle) go with the
oD-positioned aort& (aorta on the right relative to the pulmonary arterial trunk), and tihidoop ventricles

go with thedl-positioned aortd o6 A dS P> GKS aS3IYSyidl f &a@Eiguredldidd 9{ =5
upper panes) [35, 36]. This strong tedency is typically broken when there is twisted atrioventricular
connection[37-41] (Figure X1 and 2 lower panek). When there is twisted concordant atrioventricular

connection, the aorta is typically displaced to the left and anterior or dir@cttgrior to the pulmonary

arterial trunk (i.e., {S,D,L} or {S,D,@&jpure 11, lower pane). It is in contrast to the usual complete

transposition, double outletight ventricle and normal heanh whichthe aorta is located to the right side of

the pulmonary arterial trunk (i.e., {B,D} or {3,3) (Figure 11, upper pane). When there is twisted

discordant atrioventricular connection, the aorta is typically displaced to the right and anterior or directly
anterior to the pulmonary arterial trunk..,{S,L,D} or {S,L)AFigure 12, lower pane). It is in contrast to

classic congenitally corrected transposition in which the aorta is located to the left and anterior to the
pulmonary arterial trunKi.e., {S,L,LYFigure X2, upper pane). Other malfomation that commonly breaks

0KS af 22 L) NUy cBréectedmalposiyfdn af #ha dre@tiartteries in which the aorta and pulmonary

arterial trunk arise from the appropriate ventricle but the great arteries are malposed due to the presence of
subaortt infundibulum or conusAR-44]. Although brokerdloop rule can be found any form of congenital

heart disease, it may bewvaluableclue to the diagnosis divisted heart and anatomically corrected

malposition of the greaarteries

I+

In most of the heats with the ventricles tilted, the usual great arterial relationship for the given pathology is
largely maintained4]. In topsyturvy hearts, he right and left relationship of the great arterial trunks appears
to be maintained, although the great arterial roots are displaced inferiorh2i3

ASSOCIATED ABNORMALTIES

Among three types of the hearts showing unusual or unexpected spatitibredhips of the cardiac
chambers for the given segmental combinations, twisted or tilted hearts are almost always associated with
intracardiac defects, while topayrvy hearts are usually seen without major defects.

Twisted heart: Twisted hears aremost commonlyseen in the setting of situs solitus and concordant
atrioventricular connection and less commonly in the setting of situs solitus and discordant atrioventricular
connection[37-60]. Twisted hearts are also seen in individuals with situs imgesad leterotaxysyndromes

[54, 57, 58 Majority of the twisted hearts showansposition o double outlet right ventricle, while

concordant ventriculoarterial connection is rarely seen. Because afuhesdor twisted configuration of the
ventricular £ptum, the distinction between transposition and double outlet ventricle is diffiéddpending

on the part of the ventricular septum th&bservermreferences, the arterial valve in question may appear to
arise from one or the other ventricle. As twistimgplies malalignment between the atrial and ventricular
septal planes, a VSD is almost always present. Very rarely, twisted heart occurs with intact ventricular septum
[3,65-67]. The VSD typically involves the inlet part of the ventricular septumwaitbble extension toward

the outlet and trabecular pastasobservedirom the right ventriclelt may also involve predominantly the
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outlet part of the septum as shown ase 6 and 8. Although the VSD may appear a perimembranous type,
its relationshipwith the remnant membranous septum is difficult to cleatbfine. Because of the
malalignment of theatrial and ventricular septa, the one or both atrioventricular valeten show annular
overriding with or withoutactualstraddling of the tension appatuses across the ventricular septud9[39,
59,68]. The right ventricle is often hypoplastic with its inlet dimenssignificantlycompromisedespecially
when there is straddling or overriding atrioventricular valve or valvé® right ventriculaoutflow tract is

often narrowed due to deviation of the outlet septum. In the presence of transposition, the right ventricular
outflow tract obstruction isassociatedvith tubular hypoplasia of the aortic arch and or coarctation of the
aorta. Subpulmonangtenosis or pulmonary valvatenosis or atresia is commoRght or left juxtaposition of
the atrial appendages is not uncommonly seen especially in extremely complicated32$85 70] The
atrioventricular connection may also appear twisted in deuiblet right or left ventricle$4, 62, 63. It has

also reported that the heart appears twisted in the presence of tricuspid atresialBé]conduction tissue
disposition including the location of the atrioventricular node and the course of the Hidldoand its

branches is consideregbnormalin the majority of the cases of twisted hea®? 46, 6§. However, it has not
been described in a large number of cases because of the rarity and compfeiigted hearts The origins
and distribution ofthe coronary arteries are also expected to be abnormal but the information is s@#ce |
71]. The origins androximalcoursesof the coronary arteries should be carefully assessed when intracardiac
repair is planned especially when an arterial switchragien or placement of a ventriculoarterial conduit is
considered.

Topsyturvy heart: In contrast tothe twisted hearts, most reported cases of topsyvy heart are not

associated with intracardiac defects. The cases we experienced and thelyagepotted cases have a great
similarityshowinga largeaortopulmonaryconnection through a large and short patent ductus arteriosus or
an unusual form ohortopulmonarywindow without intracardiac defects [225]. A coauthor of this article,

Whal Lee and hisoleague have recently experienced the most severe and peculiar form in which there was
a large VSD, double outlet from the inferiorly located right ventricle, a small patent ductus arteriosus and
right juxtaposition of the atrial appendageSdse 1R Most importantly,it should be reminded thathe low

lying position of the great arterial trunks in the thorax is associated with elongation and compression of the
trachea and one or both bronchi.

SURGICAL MANAGEMENT

Although biventricular repair is prefead, the associated abnormalities such as significant right ventricular
hypoplasia and straddling atrioventricular valve(s) often preclude this ofio#8, 7277]. Fang et al
reviewed150 patientsreported as crisgross heart or superoinferior ventricles betweg®77and2008[59].
Among 150 patientdnterventional or surgical procedures were descrilbe®7 patients Biventricular repair

with arterial switch, double switch or Rastelli proceduraswerformed irB4%of 37 patients,while 38%

were staged towards Fontatype operationsin the earlier era, biventricular repair might have been
discouragedecauseof inadequate demonstration of the intracardiac anatomy at conventional angiograms
or 2Dechocardiograms. With modern 3D imaging technology with CT or MRI and 3D printing technology as
introduced in this article, increasing number of cases would turn out to be eligible to biventricular repair.
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Chapter2. Case series-12

Casel. Twisted hearwith complete transposition of the great arteries
Case 2. Twisted heantith atrioventricular concordant connection amtbuble outlet right ventricle

Case 3. Mildly twisted atrioventricular connection to superoinferiorly related ventrasidsdouble
outlet right ventricle

Case 4. Twisted heart with congenitally corrected trars$jan of the great arteries
Case 5. Twisted heart with congenitally corrected transposition of the great arteries

Caseb. Twisted hearwith atrioventricular discordant connection, double outlet right ventricle with
a subpulmonary VSD, and partial anome@ulmonary venous connection

Case 7Twisted heart with aorta as a single arterial trunk from the right ventricle and pulmonary
atresia in situs solitus and dextrocardia

Case 8Superoinferiorly related ventricles with double outlet right ventricle tnssolitus and
dextrocardia

Case 9Twisted heart with the left ventriclsuperiorlylocated in situs solitus, mesocardia and
tetralogy of Fallot

Case 10Sccalled topsyturvy heart with double outlet right ventricle

Case 11Congenitally corrected trap®sition of the great arteries with superoinferior ventricles and
parallel atrioventricular valves

Case 12Classic double inlet left ventricle and transposition of the great arteries
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CASH. Twisted heart with complete transposition of the greatrteries

x  Source image€C&ated ontrastenhancedCTangiograms.

Summary:
" Situs solitus Levaardia /Left aortic arch

Concordant &ioventricular connectiori Discordant ventriculoarterial connection
Superoinferior relationship of the ventriclesth the right ventricle on top of the left ventricle
Aorta located anteriorly and slightly leftward relative to the pulmonary arterial trunk
Bilateral subaortic and subpulmonary infundibulum. Thkbmilmonary infundibulunis short.
Hypoplastic outlet sepm, mildly malaligned anteriorly relative to the rest of the ventricular septum.
Mild overriding of the pulmonary valve across 8D
Confluentinlet and outlet VSt a short distance from the semilunar valves
Tight pulmonary artery banding located soto the pulmonary arterial bifurcation

Models (4 pieces):

AV annulus
TV annulus

b ¢ 2 (

MV annulus

TV annulus MV annulus

Model 1A.Volume rendered images of the cardiac chambéesvedfrom anterior (left panel), left
posterior (middle panel) and posteidiaferior (right panel) aspects.

= @ » «VSD margin

~\
IMIB-CHD
~

Model 1B.Volume rendered image of the interior of the ventricles and  Model 1C Volume rendered image
right atriumviewedfrom front (left panel)andthe close up view of the of the ventricles and the left atrium
right ventricular aspect of the#SD(marked with green dots)Arrows in viewedfrom behind.Blackasterisls
right panel indicate a muscle bar traversing the VSD indicate pulmonaryartery banding.
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TV annulus-2

Model 1D.Volume rendered
images of the base of the
ventriclesviewedfrom the

apex at different angles. The
apical two thirds of the
ventricles were removed for
visualization of the basal plane
of the ventricles

AV annulus
T PV annulus

TV annulus 4R

MV annulus

Findings

= =4

= =4 =4

There is atrial situs solitus. The systearid pulmonary venous connections are normal.

The right and left ventricles are supeirderiorly related with the ventriculaseptumhorizontally oriented
(1A-10.

The right atrium connects to theuperiorlylocated right ventricle. The left atriuebnnects to the
inferiorly-located left ventricle 1A-10.

The right atrium is elongated with the tricuspid vabigeriorlylocated at a distance from the inferior
vena cavalA, 1B). The opening axes of the tricuspid and mitral valves are not paieidiD). The
tricuspidvalve is oriented in a sagittal plane to open directly leftward. The mitral valve is oriented
obliquely to open leftward, forward and slightly downward.

The aorta arises from the right ventricte®1D). The aortic valve is supgied by amildly narrow
muscular infundibulum. Theulmonaryarterial trunk arises from the left ventricl&4, 1C 1D). The
pulmonaryvalveis supported by a short but wide muscular infundibuldrhe left ventricular outflow
tract isposterior andinferior to the right ventricular outflow tract

TheVSDprimarily involves the inlet septum and extends towd#né outlet part (B-1D). As its posterior
rim abuts the tricuspid valve annulus, it is considered a perimembranous type. It is crossed by a thin
musclebar (arrows1B, right panel).

There is mild overriding of the pulmonary valve across the ventricular septal crest due to mild anterior
malalignment of the hypoplastic outlet septum relative to the rest of the ventricular seftiGn1D.

The ridnt ventricular side of the ventricular septum accepts the palmar surface of the ob&erigit hand
with the thumb in the inlet, the wrist on the apex and the fingers in the oufl®).(Therefore, there is a
right hand pattern or chirality of the ventricular topology.

There is severe st®sis of the distal part of the pulmonary arterial trudite to tight surgical pulmonary
artery banding 10.

The great arterietake parallel coursewith the aortalocated anteriorly and slightly leftward.

A single coronary artery arises from the right anterior facing sinus (Sini8)2) (

There is a secundum type atrial septal defect.
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CASR. Twisted heart with concordangtrioventricular connection and double outlet right
ventricle

x  Source imagesNonECGgated ontrastenhancedviRangiograms.

Summary:
" Situs solitus Levaardia /Left aortic arch

Concordant &ioventricular connectiord Double outlet right ventricle
Superoinferior relationship of the ventricles with the right ventricle above and behind the left ventricle.
Aorta located directly anterior to the pulmonary arterial trunk
Bilateral infundibulum with a long subaortic aaghort subpulmonary infundibulum
Subaortic narrowing due to deviated outlet septum
A large inlet VSD remote from the semilunar valid overriding of the tricuspid annulus across the VSD
Tubular hypoplasia of the aortic arch and coarctation of the aorta with small patent ductusaug

Models 6 pieces):

MV annulus ~
IMIB-CHD
~

TV annulus

Model 2A. Volume rendered images of the cardiac chambéesvedfrom anterior (left panel), lefanterior
andsuperior (middle panelland posterior (right panel) aspects.

Through TV

’/<oriﬁce

MV annulus Through MV orifice MV annulus g
|M|&;HD lMIgHD

Model 2B.VVolume rendered image and photograph of the model showingVlodel 2C Volumerendered image
the interior of theventricles and right atriurviewedfrom the front. White  of the ventricles and left atrium
barsare passedhrough thetricuspid and mitral valve openings of the viewedfrom behind.

model
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¥ TV orifice

IMIB-CHD
~

Model 2D. Volume rendered images of the right ventricukmpect(left and middle panels) anthe left ventricular
aspect(right panel) othe ventricular septum. The free wabhf the right and lefiventricles areremoved.os, outlet
septum; mb, muscle bundI&A, subaortic outflow tract; SP, subpulmonary outflow tract

Al anndilus £ Model 2E.Volume rendered
TV annulus I DA images of the interior of the
' 2 base of the ventricleas viewed
ot from the apexat different angles
L% annulus Red asterisks indicatae cut-
edge of the VSD. Green dots on
right panel indicate VSD margin
MV annulus viewedfrom the left ventricle 0s,
outlet septum.

AV annulus -

Findings

9 There is atrial situs solitus. The systemic and pulmonary venous connections are normal.

1 The right and left ventricles are supeirderiorly relatedwith the major part of the right ventricle above
and behind the left ventricl@A-2C, 2

1 The right atrium connects to theuperiorlylocated right ventricle. The left atrium connects to the
inferiorly-located left ventricle. The horizontally orientgdntricular septum is slanted backward
because of a high degree of twistirRyy, 2B, 2E A large part of the left ventricle is spatially related to
the lower part of the right atrium.

1 The right atrium is elongated with the tricuspid vabugperiorlylocated at a distance from the inferior
vena cavadA, 2B. The opening axes of the tricuspid and mitral valves are not parallefridimspid
valve is oriented in a sagittal plane to open directly leftw&#, (2B The mitral valve is oriented
obliqudy to open leftward, forward and downwar@B, 2C, 2E

1 Boththe aorta and pulmonary arterial trunk arise from the right ventricle through muscular
infundibulum @A-2Q). The outlet septum is an exclusively a right ventricular structure separating the
subaortic and subpulmonary outflow tracts. The outlet septentroache®on the subaortic outflow
tract (2B, 2D, 2FE There is a muscle bundle arising from the lower margin of the outlet septum and
attaching to the anterior free wall of the right ventric2g, 2D, 2E
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1 TheVSDs seeralong the lower part of the tricuspid valve annulus and the medial superior part of the
mitral valve annulussuggesting thathe defectis a perimembranous typ@volving predominantly the
inlet part(2B-2B). It is remotdrom the semilunar valves.

1 The inferior part of the annulus of the tricuspid valve overrides the ventricular septum to be related to
the left ventricular inlei(2B, 2B

91 The right ventricular side of the ventricular septum accepts the palmar surfabe abserve® right
hand with the thumb in the inlet and the wrist on the ap@8). It is considered a rigkitand pattern of
ventricular topology. However, the fingers of the right hand cannot be placed in the outlet because of its
unusualsuperiorpositionin the right ventricledirectly opposite to thehorizontalventricular septum

1 The subaortic outflow tract is narrow and the aortic valve annulus is small. The aortic arch shows severe
tubular hypoplasia. A narrow patent ductus arteriosus carie¢he pulmonanarterialtrunk to the
descendinguorta. There is a shalloposterior shelf at the junction between the aortic isthmus and
descending aorta2@).

1 The great arteriesake a parallel coursevith the aortadirectly anterior to the pulmonararterial trunk
(2A, 2D.

1 Thepulmonaryarterial trunk is aneurysmally dilated and theanch pulmonary arteries afeypoplastic

Comparison with Case: 1

AV annulus

TVannulus MV annulus MV annulus

1 9% Frontal view Left posterior oblique view

Case 2

LPA

PV annulus

~N TV annulus
ek Frontal view Left anterior and superior view

There is a higher degree of clockwise twisting of the ventriclg3ase 2 than in CaseThe trcuspid annulus
is higher in Case 2 than in Case 1 (left panels). In Case 1, the ventricles are largelinfenmnty related
and theventricularseptum is in a horizontal plane. In Cas¢h2, major part of the right ventricles
positioned poteriorly to the major part of the left ventriclavith the ventricularseptumslanted backward. In
Case 1, th@ulmonary arterial trunlarises mostly from the left ventricle (right panel). In Case 2, the
pulmonary arterial trunks obviously arising from #right ventricle (right panel).
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CASB. Mildly twisted atrioventricular connection to superoinferiorly related ventricles with
double outlet right ventricle

x  Source imagedNonECGEgated ontrastenhancedvViRangiograms.

Summary:
" Situs solitus Lewocardia /Right aortic arclwith mirror-image branching

Concordant &ioventricular connectiord Double outlet right ventricle
Rght ventriclepositionedsuperiorand anteriorto the left ventricle
Double outlet right ventricle with subaortic and subpulmopafundibubim
Aorta on the rightand anterior topulmonaryarterial trunk
VSD involmg mostly the inlet part of the right ventritar aspect of the septunAn additional apical
muscularvSD
Left juxtaposition ofhe atrial appendages

Models (3pieces):

svC

TV annulus

MR annulus

Model 3A. Volume rendered images of the cardiac chambéesvedfrom anterior (upper left panel), right

anterior and inferior (upper right panel), right posterior and superior (lower left panel), posterior (lower middle
panel), and left posterior and inferior (lower right panel) aspeCerdiac vake annuli are marka with color.

Double headed white arrow indicates the long vestibulart g the left atrium between the pulmonary venous
confluence and the mitral valvens, outlet septum; SA, subaortic outflow tract; SP, subpulmonary outflow tract.
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svC Model 3B. Volume rendered
images of the interior of the
ventriclesand atriaviewedfrom
front at different anglesos,
outlet septum; SA, subaortic
outflow tract; SP, subpulmonary
outflow tract.

; DA SP@ Muscle

bundle

~\
IMIB-CHD
~

AV annulus PV annulus

Model 3C Volume rendered
images of the interior of the

base of the ventriclegiewed

from the apex at different angles.
0s, outlet septum; SA, subaortic
outflow tract; SP, subpulmonary
outflow tract.

TV annulus MV annulus

TV annulus MV annulus

Findings

There is atrial situs solitus. The systemic and pulmonary venous connections are normal.

Theright atrium has an elongated tubular configuration above the left atriireright atrial appendagés

displaced to the lefand the two appendages are juxtaposed superoinferi(@8; lower left panel). The left atrium

is elongated superinferiorly with a large vesitibular part (double headed white arro\8An lower middle panel)
between the pulmonary venous confluence ane thitral valve

The right ventricles hypoplastic. It i$ocatedanterior and superior to the left ventricl&4).

The right atrium connects to the right ventricle. The left atrium connects to the left ven{8ai&Q0.

There is mild clockwise rdian of the cardiac chambers around the long axis of the heart as seen from the apex.
The right atrium and right ventriclgre located superior and anterior to the left atrium and left ventri@a, 3B).
There is only minimal twisting of tt&rioventricularconnection with theopening axes of the tricuspid and mitral
valvesalignedalmostin parallel(3B, 3.

Both aorta and pulmonary arterial trunk arise from the right ventricle through muscular infundib@#8Q). The
outlet septum & exclusively a right ventricular structure separating the subaortic and subpulmonary outftig/
There are two VSDs. One involves the basalaattis related tahe inlets of the right and left ventriclesh& other
involves the apical parBoth VSDs amemote from the semilunar valve§A-3Q.

The right ventricular side of the ventricular septum accepts the palmar surface of the ol8eigkt hand with the
thumb in the inlet and the wrist on the apex. It is considered a figintd pattan of ventricular topology. However,
the fingers of the right hand cannot be placed in the outlet because of its unusual position occupying the top of the
right ventricle.

The great arterietake a parallel coursevith the aortalocated anteriorand sligntly rightward relative tahe
pulmonary arterial trunk3A, 3Q.
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CASHE. Twisted heart with congenitally corrected transposition of the great arteries
x  Source image€C&ated ontrastenhancedCTangiograms.

Summary:
“  Situs solitus Levaardia /Leftaortic arch

Discordant &ioventricular connectiori Discordant ventriculoarterial connection
Inverted anteroposterior relationship of the ventricles for the given atrioventricular connection with the
right ventricle anterior andhe left ventricle posteior
Aorta located anteriorly and slightly leftward relative to the pulmonary arterial trunk
Aorta arising fronthe right ventricle throughe muscular infundibulum and pulmonary arterial trunk
arising fromthe left ventriclewithout muscular infundibulum
Confluent inlet and outleVSDwith its upper margin close to the semilunar valves
Dilatedright pulmonaryartery

Models @ pieces):

- MV annulus MV annulus

AV annulus

PV annulus

MV annulus

MV annulus

Model 4A. Volume rendered images of the cardiac chambaesvedfrom anterior (pper leftpanel),
right lateral (uppemiddle panel), left posterior (upper right panabferior (lower left panel) andeft
lateral superiorlower right panel) aspects.
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MV annulus

Model 4B.Volume rendered images of the ventricular septuiewedfrom the right ventricle (left panel)
and from the left ventricle (middle and left paisgl The VSEnharginis demarcatedy green dots.

AV annulus

PV annulus

AVannulus _

PV
annulus

MV annulus

IvC MV annulus

lmﬂ) IVC
~

Model 4C. Volume rendered images of the base of the ventricliesvedfrom the apex at different angles.
The VSInargin is demarcated by green dots.

Findings

9 There is atrial situs solitus. The systemic and pulmonary venous connections are normal.

1 The right and left atria are normally related but are shaped unusuttky.lower part of the right atrium

is elongated anteroposteriorly tharborits postercinferiorly located atrioventriculavalve 8A-4Q. The

left atrium is elongated from right teeft with a long vestibular pattetween the pulmonary venous
confluence adthe tricuspidvalve 4A-40.

The right and left ventricleare anteroposteriorlyrelatedwith vertically orientedventricularspetum(4A).

The right atrium connects to theosteriorly-located leftventricle(4A-4Q. The left atrium connects to

the anteriorly-locatedright ventricle 4A-4Q0).

1 The opening axes of the tricuspid and mitral valves are not paréhel@. Themitral valve is oriented
in a sagittal plane to open directly leftward. Tiieuspidvalve is oriented obliquely to open forward
downwardand slightly leftward

1 The aorta arises from the right ventridlerough amuscular infundibulun4A-4Q. Thepulmonary
arterial trunk arises from the left ventricldB, 4. The mitral valve is in direct contact with the
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pulmonaryvalve. As a consequence, the pulmonary valve is not supported by muscular infundibulum.
The ventricular outflow tracts are parallel to each otHers noteworthy that the left ventriculanutflow
tract is posterior and slightly rightward relative tle right ventricular inlet 4A).

1 The VSD involves thmsal part of the ventricular septu(B, 4G. As its posterior rim abuts the
tricuspid valve annulus, it is considered a perimembranous ffpe.upper margitmo the VSD is close to
both semilunar valve@A-40.

1 Asthe VSD involves the curved part of the ventricular septenpulmonary valvenay appear to mildly
override the ventricular septur®B, 4Q.

1 The right ventricular side of the ventricular septum accepts the palmar surface of the ol@é&iter

hand with the thumb in the inlet, the wrist on the apex and the fingers in the outBt (Therefore,

there is deft hand pattern or chirality of the ventricular topology.

The great arterietake a parallel coursevith the aortalocated anteriory and slightly leftward.

The pulmonary valve annulus is smaller than the aortic valve annulus

The right pulmonary artery is dilated

= =4 =9

Comparison with Case 1:

TVannulus MV annulus

Frontal view of cardiac chambers Frontal view of interior of RA, RV and LV

Case 4 oy

TV annulus

2 "\ _ AV annulus PV annulus
=—AV annulus e

MV annulus

MV annulus

Frontal view of cardiac chambers Frontal view of interior of RV and RA Posterior view of interior of RV, LV, LA and RA

In both cases, the ventricles show similar spatial relationstipvever, there i concordant atrioventricular
connection in Case 1 and discordattioventricularconnection in Casé. In Case 1, the right atrium has its
atrioventricularvalve (tricuspid valve) positioned high at a distance from the inferior vena caval orifice. In
Casél, the right atrium has itatrioventricularvalve (mitral valve) positioned low in close proximity to the
inferior vena caval orifice.
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CASHB. Twisted heart with congenitally corrected transposition of the great arteries

% Source imagedNonECGgatedcontrastenhancedvViRangiograms.

Summary:
" Situs solitus Levaardia /Left aortic arch
Discordant &ioventricular connectiord Discordant ventriculoarterial connection
Right ventricle positionedsuperior and anterior to théeft ventricle
Right andeft ventricula apices pointing the opposite directions
Nonparallel,twisted atrioventricular connection axes
Aortic valvelocateddirectly anteriorto the pulmonaryalve
Welldeveloped subaortic infundibulun¥ery shortsubpulmonary infundibulum
Long a&ad narrow musculasubaortic outflow tract.
Diffusely small aorta with sevetubular hypoplasia of the aortic arch and coarctation of the aorta. A
large patent ductus arteriosus
A large VSD between the inlet of the right ventricle and the outlet of the left ventricle.

Models (5 pieces):

AV annulus

svc - AV annulus

SVC

s
o)
>

TV annulus

- -

4

~»

\
1\

|

PV
annulus

2w
3

Model 5A.Volume rendered
images of the cardiac chambers
viewedfrom anterior (upper left
panel), anterior and inferior
(upper right panel), left anterior
(lower left panel), and left
posterior (lower right panel)
aspects. Cardiac wa annuli are
marked with color.
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MV annulus

MV annulus

Aortic arch

PT
PV annulus

AV annulus

TV annulus
MV annulus
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AV annulus

PV annulus
MV annulus

Model 5B.Volume rendered
images showingthe interior of

the right ventricleviewedfrom

the front at different angles. VSD
is marked with green dots

TV annulus

AV TV annulus
annulus

MV annulus

PV annulus

TV annulus

MV annulus

Model 5D.Volume rendered image of the
interior of the left ventricle.

30

Model 5C Volume rendered
image(left panel)showingthe
interior of theright and left
ventriclesviewedfrom behind
Corresponding photograph of
the model with a plastic bar
passed through the left
ventricular outflow tract (LVOT).
TheVSDmargin ismarked with
green dots

MV annulus

Model 5E Volume rendered image of tHease
of the ventricles. The VSD margin is marked with
green dots.



Findings

9 There is atrial situs solitus. The systemic palinonary venous connections are normal.

1 There isasuperoinferiorrelationship of the major parts of the atria with the left atrium superior to the
right atrium 6A, lower right panel)There is a secundum type defébD). The atrial septum is oriented
in a slanted coronal plane.

1 The right ventricle isuperiorand anterior to the left ventricle5A-5D).

9 The right atrium connects to the inferiorly located left ventricle. In contrast to the high position of the
tricuspid valvewithin the right atrium inCases 1 and 2, the mitral valve is located inferiorly and
posteriorlyto connect the right atrium to thénferiorly locatedeft ventricle(5A, 50.

1 The opening axes of the tricuspid and mitral valves are not parallel. The mitral valve is oriented in a
sagittal plane to open directly leftwai@C, S5k The tricuspid valve is oriented obliquely to open forward
andslightlyleftward GB-5B).

1 The right ventricular apex points to the right, anterior and inferior, while the left ventricular apex points

leftward andanterior (5A, 5B, 5D).

There is dargeVSD between theght ventricularinlet and the leftventricular outlet(5B-5B).

The right entricle is moderately hypoplastic.

The right ventricular side of the ventricular septum accepts the palmar surface of the oli3deder

hand with the thumb in the inlet, the wrist on the apex and the fingers in the outlet. Therefore, there is a

so-called lefthand pattern or chirality of the ventricular topologyB, 5G.

1 Theaorta arises from the right ventricle through a long infundibuldinepulmonary arterial trunk

arises from thesuperioraspectof the left ventricle. The left ventriculautlet consists of a short

muscular infundibulumvith close proximity of thgguimonary and mitral valvannuli The right

ventricular inlet waps around the left ventricular outlbB, 5G.

The subaortic outflow tract is narrow and the aortic valve ialkm

Theaortic valve is locatedirectly anterior to the pulmonary valvel'he aortacoursegposteriorly, while

the pulmonary trunk courses from the Idfi the right.

I The aortic arch showsevere tubular hypoplasid large patent ductus arteriosus connects the
pulmonary arterial trunko the descending aortdistal to the left subclavian arterial origihere is focal
coarctation due taa posterior shelf above the insertion of the ductus arteriosus to the aorta.

E R
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Comparison with Case 4:

Case 4 Case 5
AV annulus

SvC

MV annulus

MV annulus

Both cases have twisted atrioventricular discordeomnection Caseb showing a higher degree of tviilsg than
Cased. Note that the right ventricular apex points leftward in Cdsehile it points rightward in Cade In Case
5, the right and left ventricular apices poiimopposite directions.
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CASE. Mildly twisted heart with atrioventricular discordantconnection, double outlet right
ventricle with a subpulmonary VSD, and partial anomalous pulmonary venous connection

x  Source image€C&ated ontrastenhancedCTangiograms.

Summary:

Situs solitus Levaardia / Atrioventriculadiscordant connectiord Double outlet right ventricle

Superoinferior relationship of the ventriclesth mildly twisted atrioventricular connection axes
Aorta located anteriorly and rightward relative to the pulmonary arterial trunk.

Bilateral infundibulum with a long subaoramd short subpulmonary infundibulum
AunrestrictiveVSD extending toward the outlet awdmmitted to pulmonary outflow tract

Severe tubular hypoplasia of the aortic arch

Anomalous connection of the left upper pulmonary vein to the left brachioceptailic anomalous
connection of the right upper and middle pulmonary veins to the superior vena cava

Models (5 pieces)

Left brachio-
cephalic vein §*

Aortic arch

PV annulus
LUPV

MV annulus

Aortic arch

Aortic arch

PV annulus

MV annulus

Model 6A Volume rendered images of the cardiac chambgesvedfrom anterior (left panel), anterior and superior
(middle panel)and posterior and inferior (right panel) aspedBsS, outlet septum; SA, subaortic infundibulum; SP,

subpulmonaryinfundibulum.

Left subclavian artery

Distal
aortic

arch Vertical vein

Aortic
isthmus

MV annulus

Model 6B.Volume rendered image of the
interior of the ventricles and right atrium
in coronal planeiewedfrom front.
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Right brachio-
cephalic artery

Left brachiocephalic vein

Vertical vein
Left common carotid artery

PV annulus

Cut edge of

MV annulus atrial septum

Model 6C.Volume rendered image of the
interior of the atria and ventricles in
coronal planeviewedfrom behind.OS,
outlet septum.



Distal aortic arch

Aortic isthmus Left brachiocephalic vein
Vertical vein

Left brachio~ : [ N aorta

cephalic vein AV annulus

AV annulus

TV annulus

MV annulus

Model 6D.Volume rendered image of the Model 6E.Volume rendered image of the
ventricular septumviewedfrom the right base of the ventriclegiewedfrom the apex.
ventricular aspectOS, outlet septum; SA, VSD margin is marked by green d@s,
subaortic infundibulum; SP, spblmonary outlet septum; SAsubaortic infundibulum;
infundibulum; VIF, ventriculoinfundibular fald SP, supulmonaryinfundibulum.

Findings:

9 There is atrial situs solitus. The atrial septum shows a curved configuration mostly in an oblique vertical plane
(6B). The systemic venous connection is normal.

91 The left upper pulmonary vein connects to the left brachiocephalic vein through a vertical vein. The right
upper and middle pulmonary vein®nnectdirectlyto the superior vena cava. Both lower pulmonary veins
connect to the left atrium@A).

1 The right ventricle isuperiorto the left ventricle with the ventricular septum amaostlyhorizontal plane.

The atrial and ventricular septa asgnificantlymalaligned §B, 6C).

9 The right atrium connects to theferiorly located left ventricle§A-6Q. The left atrium connect® the
superiorly located right ventricléAright paneland6D).

9 Themitral valve is positioned antermferiorly relative to thetricuspidvalve 6A, 6E and low in the right
atrium (6B, 6C, 6E Thetricuspidvalve annulus is small. The opening axes of the tricuspid and mitral valves
are not paralle(6Aright pane). The mitral valvés oriented in a sagittal plane amgensleft ward and mildly
upward(6Aleft and rightpanels 6B,6Q. The tricuspidvalve is oriented obliquely anspens forward,
leftward and slightly downward@6A right pane| 6D).

1 Boththe aorta and pulmonangarterialtrunk arise from the right ventricles@, 60). The right ventricular
outflow tract is divided into the right anterior subaortic outflow trg&A)and left posterior subpulmonary
outflow tract (SP)y the outlet septun{OS) The outlet septum is exclusively a right ventricular structure,
appearing deted forward and rightward relative to the rest of the sept®D). The subaortic outflow tract
is alongnarrowmuscular infundibulung6A, 6D. The subpulmonary outflow tract is a short unobstructed
muscular infundibulum with the ventriculoinfundibuladdo(VIF) intervening betweehhe tricuspid and
pulmonary valve annu(BA-6D).

1 The right ventricular side of the ventricular septum accepts the palmar surface of the ol3édefehand
with the thumb in the inlet, the wrist on the apex and the fingirshe outlet. Therefore, there is a smalled
left hand pattern or chirality of the ventricular topology¥).

1 A large VSD involves the posterior basal pathethorizontally orientedsentricularseptum(6A-6E). The VSD
extends rightward and is locatezkclusivelyjbelow the subpulmonary outflow tract.he VSD is the gnl
outlet of the left ventricle §B, 6G.

1 The great arterial trunks aiie parallel.There is severe tubular hypoplasia of the aortic g6, 6D. A large
patent ductus arteriosusonnects the pulmonary arterial trunk to the descending aorta, forming a posterior
shelf.
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CASE. Twisted heart withaorta as a single arterial trunk from the right ventricle and pulmonary
atresia in situs solitus and dextrocardia

x  Source image€CEatedcontrastenhancedCTangiograms

Summary:
“  Situs solitus Dextracardia /Left aortic arch

Corcordant drioventricular connectior aortaas the single arterial trunk arisifigom right ventricle
Superoinferior relationship of the ventricles with thgpoplasticaright ventricle on top of the left
ventricle
Non-paralle| twisted atrioventricular connection axesicuspid valve opening directly forward and
mitral valve opening rightward and forward
A large VSD between the irdaif the ventricles
Small tricuspid valve annulaeserriding the ventricular septum through the VSD.
Aorta arising from right ventricle througheldeveloped subaortic infundibulum
Confluent pulmonary artéessupplied bya largeleft-side patent ductus arteriosudo mainpulmonary
arterial segment.

Models (5 pieces):

)\ AV annulus

Model 7A. Volume rendered
images of the cardiac chambers
with the aardiac vale annuli
marked with color.

TV annulus

Frontal view Right posterior oblique view

TV annulus
MV annulus

RPV

Inferior view Posterior inferior oblique view IMI-CHD
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Cutting plane

AV annulus

TV anulus

Right posterior oblique view

AV annulus

TV annlus MV annulus

i i IMI HD
Right lateral view s

Model 7B. Volume rendered imageshowingthe interior of the rightatrium, right ventricle and left ventriclseen
through a curved cut plane as shown in left panel figure

Cutting plane shown from front

T\

£
=

MV annulus

TV annulus

3 ~\
Frontal view IMIB-CHD
~

Cutting plane

svC

TV annulus

MV annulus
Right anterior oblique view INIg-CHD.
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Model 7C.Volume rendered
images showingthe interior of

the left atrium, left ventricle and
right ventricle seen through a
curved cut plane as shown in left

panel figure

Model 7D. Volume rendered
images showingthe interior of
the base of the ventricleseen
through a curved cut plane as
shown in left panel figure



Model 7E Volume rendered
images showingthe interior of
Avannulus the right ventricle seen after
removal of the free wall of the
right ventricle along the plane as
shown in left panel figure

VSD margin

Cutting plane Anterior superior view mu&;ub

Findings
9 There is atrial situs solited dextrocardiaThe systemic and pulmonary venasnections are
normal.
9 The right ventricle isuperiorto the left ventricle with the ventricular septum ahorizontalplane {A-
7B.

1 The right atrium connects to theuperiorly located right ventricle through a smiaituspidvalve A,
7B). Theleft atrium connects to thénferiorly located left ventriclg7A, 7C, 7D).

1 The opening axes of the tricuspid and mitral valves are not paralletritbspidvalveopens forward
and slightly leftward7A, 7B. Themitral valveopensforward, rightward and downward7A, 7Q.

1 The right ventricular apex is pointing rightward and slightly forward, while the left ventricular apex is

pointing rightward and slightlgosterior(7A).

There is darge inletVSD 1B-7E). There is overrithg of the tricuspid alve annulus.

The right ventricle is moderately hypoplastic.

The right ventricular side of the ventricular septum accepts the palmar surface of the ol3eigkt

hand with the thumb in the inlet, the wrist on théght-sidedapex and the fingers irhe outlet.

Therefore, there is a scalled righthand pattern or chirality of the ventricular topologyHj.

I Theaorta arises from the right ventricle through a long infundibul{®, 7E). The aortic arch is left
sided and unobstructed.

1 Thepulmonaryarterial trunkis not formed. The confluent pulmonaayteries aresupplied by a tortuous
left-sidedductus arteriosus.

= =4 =4
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CASE 8Superoinferiorly related ventricles with double outlet right ventricle in situs solitus and
dextrocardia

x  Source imagedNonECGgated contrastenhancedViRangiograms

Summary:
©  Situs solitus Dextracardia /Left aortic arch
Major part of theright atrium positionedsuperior to the left atrium with juxtaposition dhe atrial
appendages othe left side
Corcordant drioventricular connectiod Double outlet right ventricle
Superoinferior relationship of the ventricles with the right ventrisigeriorand posterior tathe left
ventricle
Parallel atrioventricular connection axes
Both aorta andulmonaryarterial trunk arising frorrthe right ventricle through a longesubaortic
infundibulumand a shorter and severely narrowed subpulmonary infundibulum
Ascending aort@ositioned leftward andnterior tothe pulmonary arterial trunk
A largeoutlet VSDcloser tothe aortic valve

Models (3 pieces):

AV annulus

MV annulus

TV annulus

~M\
Frontal view Right anterior oblique view Posterior view IMIg-CHD

Model 8A Volume rendered imageof cardiac chambers with the cardiac valves marked with cd®F, Blalock
Taussig.

Model 8B. Volume rendered
imagesshowingthe interior of
the right and left ventricles after
removal of the free wall of the
atria and ventricles.

BT shunt

RPA

PV annulus

MV annulus

TV annulus

Right ventricular aspect of the septum Left ventricular aspect of the septum
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Outlet

Subpulmonary
outflow tract

~M
IMIB-CHD
~

Model 8C Volume rendered
images showingthe interior of
the base of the ventriclesiewed
from the apex.

VSD

Findings

T

T

There is atrial situs solitnd dextrocardiaThe systemic and pulmonary venous connections are
normal.

The right atrium is located to the rigtdnteriorand superior relative to the left atrium. There is left
juxtaposition of the atrial appendages with the right atrial appendage displaced to the left side and
positionedabove the left atrial appendag@X).

The right ventricle isuperiorand posteriorto the left ventricle with the ventricular septum am oblique
plane between the coronal arfibrizontalplanes (8A).

There isa concordantatrioventricularconnection(8A and 8B). Despitethe superoinferior relationship
between the ventricles, thopening axes of the tricuspid and mitral valves are parafidithe apices of
the ventricles are pointing the same direction, rightward and forward

There is dargeoutlet VSD B and 8¢ The VSD is immediately below the aortic valve, while it $ow@te
distance from the pulmonary valve.

The right ventricular side of the ventricular septum accepts the palmar surface of the ol3eigkt
hand with the thumb in the inlet, the wrist on thigght-sidedapex and the fingers in the outlet.
Therefore, there is a scalledright-hand pattern or chirality of the ventricular topologyB).

Boththe aorta and pulmonary trunk arise from the right ventrigheough muscularinfundibul (8A-Q).
The subaortic infndibulum is longer than the subpulmonary infundibulum. The subpulmonary
infundibulum or outflow tract is narrow between théght-sided ventriculoinfundibular fold (VIF) and the
outlet septum.

Theascending aorta ianterior to and slightly to the left of the small pulmonamsterial trunk BA-C).
There is a modified Blalodkaussig (BT) shunt between the righbclaviarartery and the right
pulmonaryartery.
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CASB. Twisted heartwith the left ventricle superiorlylocated in situs solitus, mesocardia and
tetralogy of Fallot

x  Source image€C&ated ontrastenhancedCTangiograms.

Summary:
©  Situs solitus Mesocardia /Left aortic arch

Protruding hearunderneaththe deficient anterior chest wa(Figure)
Rght atrial vestibular parélongated in a righteft directionwith the tricuspidvalve displaced far
leftward. Hongated left atrial vestibular parh anteroposterior directiorwith the mitral valve displaced
superiorly
Large secundum atrial septal defect
Concordant atrioventricular connection with ngrarallel atrioventricular connection axes.
Mitral valvepositionedsuperior tothe tricuspid valve. Opéng axis of the tricuspid valve directed
forward and leftward. Opening axis of the mitral valve directed forward and slightly upward.
Leftventriclelocatedanterior and superior tahe right ventricle. Right ventricle wrapping around the
left ventricle frombelow and behind
Concordant ventriculoarterial connectianith an exaggeratethtertwined relationship between the
right and left ventricular outflow tracts and arterial trunks.
A laige confluent perimembranous V&bclose proximity to the aortic valve
Aortic valve locategosteriorly and inferiorly relativéo the pulmonary valve
Elongated pulmonary trunk

Anterior chest wall

Thesternum as well as theuscle layer of the lower part of the midline anterior chest wall is deficiEiné heart
protrudes forward throughhe defectunderneath the intact skiand is seen aa pulsating mass. Only the first
segmentof the sternum is present but is not normally formethesternum is bifid with itdwo lateral parts not
fused.

Manubrium Sternum

Figurel. Volume rendered images of the skin surface of the chest wall (left
panel) and bony thorax.
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Models @ pieces):

Model 9B. Volume rendered image
showingthe interior of the right
ventricle and base of the heart.

Model 9C Volume rendered
imageshowing the interiomwf the
right atrium and right ventricle
viewedfrom below.
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Model 9A Volume rendered
images of the cardiac
chamberswith the cardiac
vale annuli marked with color.

Model 9D. Volume rendered image
showingthe interior of the left
ventricle and ventricular septum
viewedfrom the front.



