
THE MORPHOGENESIS OF MOST TYPES OF HUMAN

congenital cardiovascular malformations is
still obscure. The reasons for this are, first, the

lack of series of human embryos and fetuses to facili-
tate the documentation of the morphogenesis of a
given malformation and, second, the paucity of appro-
priate animal models. During the past few years, we
have tested several chemical agents for their terato-
genic potential on chick embryos, hoping to find sub-
stances that could be used for the development of

models for congenital malformations, especially car-
diac defects. The drug suramin has proven to be a
promising teratogen. In previous studies, we docu-
mented the entire spectrum of congenital malforma-
tions induced by the administration of suramin during
the early stages of organogenesis.1,2 In this study, we
describe a special type of congenital cardiac malfor-
mation that was found in one-fifth of the embryos
surviving until developmental stages corresponding
to early human fetal stages. This defect is charac-
terised by the abnormal location of both the atrial
appendages to the left of the great arteries. A similar
positional relationship between the atriums and great
arteries is classified in humans as left juxtaposition
of the atrial appendages.3 We speculated, therefore,
that we had found an animal model for human left
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juxtaposition of the atrial appendages that might be
used for clarifying the morphogenesis of this type of
congenital cardiac lesion.

Human hearts with left juxtaposition of the atrial
appendages show a characteristic pattern of associated
cardiovascular anomalies.4–6 In the present study, we
analysed the pattern of cardiovascular anomalies asso-
ciated with our abnormal chicken hearts to answer
the question as to whether these defects might pro-
vide an appropriate animal model for human cases of
left juxtaposition of the atrial appendages.

Materials and methods

We examined 10 hearts from suramin-treated chick
embryos in which both the atrial appendages were
positioned completely to the left of the great arteries.
Administration of suramin to these embryos was 
performed on the 3rd day of incubation, as described
previously.1,2 Suramin can severely block the devel-
opment of the chorioallantois, which in its turn inter-
feres with survival of chick embryos beyond the 8th
day of incubation.2 Of the hearts, 8 were obtained from
studies in which the embryos were allowed to develop
only until the 8th day of incubation, corresponding to
29th through the 31st developmental stages charted
by Hamburger and Hamilton.7 On the 8th day of incu-
bation, the cardiac septums are not normally nor fully
developed in every embryo, but the heart itself is suf-
ficiently advanced to facilitate diagnosis of the final

phenotype. The additional two hearts were obtained
from a study in which the embryos were allowed to
develop until the 10th day of incubation, correspon-
ding to the 35th and 36th developmental stages
according to Hamburger and Hamilton.7

Hearts were fixed in dilation and prepared for scan-
ning electron microscopy as described previously.8

The examination of the hearts, and the documenta-
tion of the findings by scanning electron microscopy,
was performed stepwise in alternation with microdis-
section. As the first step, the topography and external
shape of the hearts were studied on unopened speci-
mens. As subsequent steps, the internal aspects of the
hearts and great vessels were studied after opening
the cardiac chambers and great vessels. Examinations
were made according to the principles of sequential
segmental analysis.9

Results

Frontal views of the unopened hearts demonstrate
the striking similarities between our chicken hearts
and human hearts with left juxtaposition of the atrial
appendages (Fig. 1). After opening the cardiac cham-
bers, the usual viscero-atrial arrangement was found
to be present in all hearts. It was always the morpho-
logically right atrial appendage, therefore, that was
malpositioned with respect to the great arteries. The
systemic venous connections were always normal, but
totally anomalous pulmonary venous connection was

Figure 1.
Ventral views of hearts and great arteries of 10-day-old chick embryos. External aspects of a normal heart (a) and of a heart with left juxta-
position of the atrial appendages (b).
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noted in one case (Fig. 2). The atrioventricular connec-
tions were concordant in nine hearts, with a univen-
tricular connection to the left ventricle, due to absence
of the right atrioventricular connection (Figs 3–5),
being found in the other heart. The ventriculo-arterial
connections, in contrast, were abnormal in every case.
In eight hearts, there was double outlet from the right
ventricle (Figs 3a; 4c; 6). The remaining two cases had
a single outlet from the right ventricle, one case via
a common arterial trunk, and the other via a solitary

arterial trunk (Figs 3b; 4d). Consequently, the blood
from the left ventricle exited through the inter-
ventricular communication in every heart examined
(Figs 4c; 6b). The atrial septum, which in the chick
is normally formed only by the primary septum, was
normally developed in nine cases. The remaining case
had a small atrioventricular septal defect (Fig. 7).

Anomalies of the atrioventricular valves were found
in five hearts, including one case of tricuspid atresia
(Figs 4b,d; 5), three cases of tricuspid stenosis, and

Figure 2.
Hearts with left juxtaposition of the atrial appendages of 8-day-old chick embryos. Internal aspects of the left atrium. There is a normally
developed primary septum with normal fenestrations (secondary foramen) in both hearts, but there is absence of pulmonary venous connection to
the left atrium in the heart shown in Fig. 2b (�35). F: secondary foramen; M: mitral valve; P: mouth of the pulmonary veins.

Figure 3.
Ventral views of opened hearts with left juxtaposition of the atrial appendages of 8-day-old chick embryos. (a) Heart with normally developed
atrioventricular valves. (b) Heart with tricuspid atresia, absence of the pulmonary trunk, and totally anomalous pulmonary venous connection.
Note the hypoplasia of the right atrium and right ventricle in the heart shown in Fig. 3b (�19). Same abbreviations as before.
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one case of common atrioventricular junction and
valve (Fig. 7a,b).

At the ventriculo-arterial junction, we found two
arterial valves in eight hearts only. A single arterial
valve was found in the two hearts with single outlet
from the right ventricle. The position of the aortic
valve with respect to the pulmonary valve was abnor-
mal in all of the eight hearts with two arterial valves.
The aortic valve was directly anterior in three, ante-
rior and to the right in four, and side-by-side and to
the right of the pulmonary valve in one of the cases.

The positional relationships between the atrioven-
tricular valves and the arterial valves were also abnor-
mal in every heart. This anomaly was not simply the
abnormal position of the aorta typically found in
“classical” cases of hearts with double-outlet right

ventricle. Malpositions of the valves reflected also the
positional anomaly of the atrial appendages, the two
atrioventricular valves being located almost com-
pletely to the left of the arterial valves (Figs. 4a–d; 6b).
Malposition of the morphologically right atrium with
respect to the great arteries was, therefore, not con-
fined to its appendage, but also involved the body of
the chamber and the systemic venous sinus.

Examination of the great arteries displayed a fre-
quent association with anomalies of the arterial trunks
themselves, such abnormalities being found in seven
cases. Most of lesions, five in all, involved the pul-
monary circulation, including absence of one or of
both of the branches of the pulmonary trunk in four
cases, and absence of the trunk and its intrapericardial
branches in the one heart with solitary arterial trunk

Figure 4.
Hearts with left juxtaposition of the atrial appendages of 8-day-old chick embryos. The plane of the cardiac valves is viewed from the atrial
cavities (a,b), and viewed from the cardiac apex (c,d). Note the abnormal left-sided position of both atrial cavities with respect to the origin of
the great arterial trunks. Note also the absence of the tricuspid valve in the heart shown in Fig. 4b,d. (�35). Ao: aortic valve; IA: interatrial
septum; M: mitral valve; P: pulmonary valve; S: mouth of systemic venous sinus; T: tricuspid valve; *: the borders of the ventricular septal
defect.
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(Fig. 3b). Absence of the right brachiocephalic artery
was found four times, and anomalies of the aortic arch
were found twice, the latter comprising interruption
of the aortic arch, and presence of a left aortic arch
instead of the normal right aortic arch of chicks.

Discussion

The term “juxtaposition of the atrial appendages”
describes the situation in which the two atrial
appendages do not embrace the arterial trunks, but lie
side-by-side, either to the left or to the right of the
arterial pedicle.4,5,6,10 Hearts with such a side-by-side
arrangement of the atrial appendages can then be
divided as left- and right juxtapositions, respectively,
taking the position of the two juxtaposed atrial
appendages relative to the great arterial trunks to be
the defining feature.3 With such left juxtapositions, it
is usually the morphologically right atrial appendage
that is malpositioned with respect to the great arter-
ies, whereas in right juxtapositions it is typically the
morphologically left appendage that is juxtaposed.
Both types of juxtaposition are frequently associated
with severe cardiovascular malformations.4–6

This classical classification has recently been chal-
lenged by the finding that the identities of the jux-
taposed appendages are reversed in the extremely rare
settings of atrial juxtaposition with mirror-imaged 
viscero-atrial arrangement.4,10 Based on this finding,
a new classification was proposed, which used the mor-
phological identity of the malpositioned appendage
as the defining feature.4,10 This classification based on
morphology then distinguishes between juxtaposition
of the morphologically right atrial appendage, cor-
responding to the majority of cases previously classi-
fied as left juxtaposition, and juxtaposition of the

Figure 5.
Tricuspid atresia. Higher magnification view of the right atrium as
shown in Fig. 4b. Note the presence of a slight depression (*) at the
normal side of the orifice of the tricuspid valve (�65). F: secondary
foramen; IA: interatrial septum; LA: left atrium; S: mouth of sys-
temic venous sinus.

Figure 6.
Same heart with atrial juxtaposition as shown in Fig. 1b. The internal aspects of the cardiac chambers, and of the aorta and the brachiocephalic
arteries, have been exposed by stepwise dissection. Note the anterior position of the aorta, the left-sided position of the atrioventricular valves with
respect to the great arterial trunks, the ventriculo-arterial connection of double-outlet right ventricle, and the only outlet of the left ventricle via
an interventricular communication (�19). Ao: aorta; LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle; S: mouth of
systemic venous sinus.
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morphologically left atrial appendage, which corre-
sponds to the majority of cases previously classified
as right juxtaposition. It was also suggested that each
of these syndromes had a distinct pattern of associ-
ated cardiovascular defects.4,10 Juxtaposition of the
morphologically right atrial appendage, for example,
was reported to be associated with hypoplasia of the
right ventricle and abnormal infundibular morphol-
ogy, whereas juxtaposition of the left atrial appendage
was reported to be associated with hypoplasia of 
the left ventricle, but normal infundibular structures.
This concept itself, however, is challenged by other
data showing that the patterns of cardiovascular lesions
associated with juxtaposed atrial appendages do not
strictly depend on the morphological identity of the
malpositioned atrial appendage, but are related to
the specific type of atrioventricular connection.11,12

In the present study, we describe the pathomor-
phological features of chicken hearts with left juxta-
position of the atrial appendages induced by the
administration of the drug suramin to embryos during
the early phase of organogenesis. In all theses hearts, it
was the morphologically right atrial appendage that
was juxtaposed. Our cases of juxtaposition, therefore,
can also be classified as juxtaposition of the morpho-
logically right atrial appendage. For simplicity of
description, nonetheless, we have retained the classi-
cal terminology.

The pattern of cardiovascular malformations found
in our chicken hearts was very similar to that described
for the corresponding human cases.4–6 Thus, we found
frequent associations with stenosis or atresia of the

tricuspid valve, abnormal relationships between the
great arteries, typically an anterior aorta, abnormal
ventriculo-arterial connections, and anomalies of the
aortic and pulmonary arterial pathways.

On the other hand, however, we have to state that
there also seem to be some differences from the human
situation. In our chicken hearts with left juxtaposi-
tion, double-outlet from the right ventricle was the
predominant form of ventriculo-arterial connection,
whereas discordant ventriculo-arterial connections were
not found. In the human situation, double-outlet
right ventricle has been seen, but discordant ventriculo-
arterial connections predominate.4–6 A second dif-
ference seems to concern the position of the atrial
chambers. In our chicken hearts, the malposition with
respect to the great arteries was not confined to the
appendage of the right atrium but regularly included
almost its entire chamber so that these heart defects
would be best classified as complete malposition of
the morphologically right atrium to the left of the
great arterial trunks. This situation seems to differ
from that found in the human, since several authors
have stated that, in the human cases, the positional
anomaly is confined only to the appendage of the right
atrium, with the body of the chamber and the sys-
temic venous sinus being located in the usual position
behind and to the right of the roots of the arterial
trunks.13–16 When reviewing the literature, however,
we also found descriptions of atrial anatomy in the
setting of human hearts with left juxtaposition that
suggest that the malposition is not always confined to
the right atrial appendage. Allwork and coauthors,17

Figure 7.
Atrioventricular septal defect. (a) The plane of the cardiac valve is viewed from the cardiac apex (�50). (b) Internal aspect of the left atrium.
There is an almost normally developed primary septum with normal fenestrations (secondary foramen). (�35). AV: opening of the common atri-
oventricular valve; F: secondary foramen; L: left portion of the atrioventricular canal; O: ventricular outlet portion; R: right portion of the atri-
oventricular canal; *: the crest of the interventricular septum.
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for example, noted that “ … the right atrium, instead
of forming the right border of the heart, was immedi-
ately anterior to the left.” Moreover, we have become
aware of at least three case reports on human hearts
with left juxtaposition that have described or illus-
trated a left-sided position of the tricuspid valve with
respect to the origin of the great arteries.3,18,19 Inter-
estingly, these three human hearts not only showed
the same kind of malposition of the right atrial cham-
ber as did our chicken hearts with left juxtaposition,
but additionally had the same ventriculo-arterial con-
nection, namely double-outlet from the right ventri-
cle. Fragoyannis and Nickerson20 have also described
a heart with left juxtaposition in which the right
atrial chamber was positioned entirely to the left of
the great arteries. In this heart, a solitary ventricle of
undetermined morphology gave rise to the pulmonary
trunk, and the tricuspid and aortic valves were atretic.

We draw the following conclusions. First, in human
beings, the diagnostic group of congenital cardiac
malformations with left juxtaposition of the atrial
appendages seems to encompass a spectrum of cardiac
malformations ranging from hearts with malposition
of only the right atrial appendage to hearts with mal-
position of the entire right atrium. They might, there-
fore, be more heterogeneous than previously thought.
Second, our chicken hearts with left juxtaposition do
not reflect the entire spectrum of the human entity,
but correspond to malposition of the entire morpho-
logically right atrium. The fact that hearts of this sub-
population, chicken as well as human, usually show
the ventriculo-arterial connection of double-outlet
from the right ventricle raises the question of whether
the type of ventriculo-arterial connection found in
human hearts with left juxtaposition might depend
on the degree of malposition of the right atrial cham-
ber. We speculate that the occurrence of discordant
ventriculo-arterial connections is limited only to those
hearts with normal position of the body of the right
atrial chamber and the systemic venous sinus. Unfor-
tunately, information on the position of the tricuspid
valve with respect to the roots of the great arteries 
is not given in the majority of the papers previously
published.

The apparent restriction of the present series of
chicken hearts with left juxtaposition to one subpop-
ulation of the human spectrum might be explained
in part by the process of selection of the specimens
from the pool of hearts from suramin-treated chicks.
Among this pool, there were not only specimens with
left juxtaposition of the atrial appendages but also
specimens in which the right atrial appendage was
behind the great arteries.2 At the time-point of exam-
ination of our specimens, the basic features of the four-
chambered heart are present but the atrial appendages
usually are not very well developed. It is conceivable

that, at this developmental stage, recognition of two
poorly developed atrial appendages to the left of the
great arteries is only possible in hearts with malposi-
tion of the entire right atrium. The milder forms of
atrial malposition, which might have a potential for
later manifestations of juxtaposed appendages, could
therefore escape diagnosis.

Our animal model for juxtaposition of the atrial
appendages is not the first for this type of human
congenital cardiac malformation. A review of the lit-
erature showed that similar cardiac phenotypes have
previously been induced in rat and chick embryos by
the administration of trypan blue.21–25 Surprisingly,
the authors of the papers did not realize that these
abnormal cardiac phenotypes had their counterparts
in human cardiovascular pathology. The main interest
in this model, therefore, focussed on the pathogenesis
of the induced abnormal ventriculo-arterial connec-
tions.23,24 Trypan blue shares some chemical similar-
ities with suramin. We have found that both agents
cause not only a similar spectrum of cardiac malfor-
mations, but also a similar spectrum of non-cardiac
malformations.2 With respect to juxtaposition of the
atrial appendages, however, there also seem to be some
differences. In our suramin-induced chicken model,
we observed only left juxtaposition, and double-
outlet right ventricle was the only type of abnormal
ventriculo-arterial connections found. In the trypan
blue-induced rat models, however, both left and right
juxtapositions were found, and discordant ventriculo-
arterial connections occurred in addition to double-
outlet right ventricles.23 The occurrence of left and
right juxtapositions in the rat models might be
explained by the fact that the administration of try-
pan blue to pregnant rats was performed during a
period when the left and right identities of the embry-
onic body halves were being established. The rat
embryos, therefore, might have been sensitive to pos-
sible interferences of trypan blue with the establish-
ment of left-right body asymmetry. In contrast, the
administration of suramin to our chick embryos was
carried out one day after the normal establishment 
of the bodily asymmetry, which precluded any possi-
ble interference of suramin with these processes. The
occurrence of discordant ventriculo-arterial connec-
tions in the rat model might be explained by a par-
ticular potential of the mammalian embryonic heart to
develop such connections or by the possibility that,
in the cases with discordant ventriculo-arterial con-
nections, the atrial malposition might have been con-
fined only to the atrial appendages.

Another cardiac phenotype with left juxtaposition
of the atrial appendages has recently been described,
namely in Pitx2 knockout mice,26 suggesting that
mutations of the Pitx2 gene might be involved in
the aetiology of this kind of cardiac malformation.
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We do not, however, regard the Pitx2 knockout mouse
as a proper model for left juxtaposition of the atrial
appendages. First, a cardiac phenotype with left jux-
taposition of the atrial appendages was reported only
in one study of these knockout mice that, addition-
ally, did not contain any data on the incidence of the
anomaly.26 Other investigators have not found atrial
juxtaposition within the spectrum of abnormal car-
diac phenotypes found in Pitx2 knockout mice.27,28

Second, juxtaposition of the atrial appendages has not
been found in abnormal hearts of human patients
with the Axenfeld-Rieger anomaly,29 which can be
associated with mutations in the human Pitx2 gene.
Third, the hearts of Pitx2 knockout mice with left
juxtaposition are all characterized by complete absence
of the interatrial septum and the presence of a com-
mon atrioventricular junction and valve.26 Such fea-
tures are found in only a small minority of human
hearts with juxtaposition of the atrial appendages,4

as well as in a minority of animal hearts with suramin-
and trypan blue-induced juxtapositions.

The fact that hearts with the main characteristics
of left juxtaposition of the atrial appendages as seen in
man can be induced in avian and mammalian embryos
by the administration of suramin or the chemically
related dye trypan blue might have some important
implications for the understanding of the aetiology
and morphogenesis of these congenital cardiac mal-
formations. Finding the molecular target(s) of suramin
and trypan blue within the developing heart, for exam-
ple, might facilitate the identification of genetic
defects possibly underlying some of the human con-
genital cardiac malformations with juxtaposition of
the atrial appendages. Furthermore, the chemical sim-
ilarities between suramin and trypan blue, which are
both polysulfonated agents, might facilitate the iden-
tification of exogenous factors with the potential of
inducing such malformations. In this respect, we
should not forget that suramin is used for the chemo-
therapy of frequent infectious diseases, such as African
trypanosomiasis and onchocerciasis. This fact poses
the question as to whether suramin might induce in
such patients the birth of children with juxtaposi-
tion of the atrial appendages. In view of the use of
suramin mainly in developing countries, however, the
answer to this question will not be easy.

Various hypotheses have been published to explain
the morphogenesis of human hearts with left juxta-
position of the atrial appendages. Due to the lack of
embryological data, none of these hypotheses has thus
far been confirmed. With our chicken model for left
juxtaposition, we now possess a tool that might clar-
ify the morphogenesis. Further study of our chicken
model might not only help to clarify the basic devel-
opmental errors underlying the human hearts with
left juxtaposition, but also facilitate the unravelling

of some of the morphogenetic mechanisms under-
lying normal cardiac development. This is because the
abnormal positional relationship between the atriums
and great arteries present in left juxtaposition resem-
bles the normal situation of the embryonic heart loop
at the beginning of the late phase of cardiac looping.
Left juxtaposition of the atrial appendages has, there-
fore, been interpreted by many authors as the result
of a developmental arrest of the process of cardiac
looping.4,18–20,30–32 If this hypothesis is true, our
chicken model might also help unravel the morpho-
genetic mechanisms underlying this late phase of nor-
mal cardiac looping, characterised by a shift of the
proximal portion of the outflow tract of the embry-
onic heart from a right lateral position with respect to
the atriums towards its final position ventral to the
right atrium.33
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