THE HUMAN EMBRYONIC HEART IN
THE NINTH WEEK

RICHARD H. LICATA
Department of Anatomy, University of Michigan Medical School, Ann Arbor:

SIXTEEN FIGURES

Although observations on the developing heart go back to
the time of Aristotle, it was not until late in the 19th century
that the work of His (1885, 1886) and Born (1888, 1889)
resulted in an understanding of heart development that was
of sufficient accuracy to be still of basic value by present
standards. One of the crucial factors in their work was the
development of adequate methods of reconstruction. Although
His was the first to attempt such reconstructions, his efforts
met with limited success and he had to resort to freehand
modelling of embryonic hearts. These models, reproduced
commercially by Ziegler, are fairly accurate, though they lack
the detail of models made by the wax-plate method. In 1883
Born began to employ the wax-plate reconstruction method
as a means of studying heart development. This technique
was improved by Kastschenko (1886) and Strasser (1887).
Later, the continued efforts of Born and Strasser brought
this technique to a high degree of accuracy. A description
of their methods was published in detail by Born in 1889.

Tandler (12, ’13) greatly furthered knowledge of heart
development by codrdinating the results of earlier workers
and supplementing them with extensive contributions of his
own. Mall’s work (’12) on the structure of the ventrieles, and
his observations on the development of the conduction sys-

1 This paper represents a condensation of one section of a dissertation sub-

mitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy in the University of Michigan.
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tem, appeared concurrently. Davis (’25, '27) provided a
comprehensive account of some of the early phases of car-
diogenesis. Knowledge of the valves, especially those of the
sinus venosus, was augmented by Chiari (1897) and Rokitan-
sky (1875). The importance of the highly variable vestiges
of these valves in the adult was emphasized by Yater (’29)
and later by Wright, Anson and Cleveland (’48).

Recently emphasis has been placed on the interatrial sep-
tal complex and the functional significance of its valvular
mechanism. The extensive work of Patten (30, 31, ’38, ’53),
Barclay and his co-workers (’44), Barcroft (’47), and Frank-
lin (’48) has contributed to understanding of the intracar-
diac balance in the prenatal circulation. These papers will
be discussed in connection with the findings here presented
concerning the formation of the interatrial septal complex.

Although present knowledge of heart development is exten-
sive there are many phases which require re-examination. The
present study was undertaken to ascertain the state of devel-
opment of certain rapidly changing structures at relatively
advanced stages which, as yet, have not been studied in de-
tail. The selection of embryos in the 9th week was dictated
also by the fact that most of the major cardiac structures are
clearly established at this age, but are nevertheless still suf-
ficiently embryonic to reflect the developmental processes in-
volved in their origin.

In selecting this period for special study due cognizance
was taken of the fact that previous investigators, namely,
Born (1889), Waterston (’18), and Tandler (’12), have in-
cluded hearts at approximately this stage of development in
their series of reconstructions. Although their studies pro-
vide excellent foundational data in regard to the heart at this
age, they do not deal with many details that have assumed
increasing importance as knowledge of the general pattern of
cardiac development has advanced. There is, for example,
very little in these earlier papers on the histogenesis of the
heart, a subject to which this study gives special attention.
Moreover, in recognition of the fact that many of the mor-
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phogenetic changes are intimately correlated with prevailing
functional activities, the dynamic aspects of heart develop-
ment, wherever possible, have been taken into consideration.

MATERIALS AND METHODS

The University of Michigan embryological collection of se-
rial sections of human embryos provided the material chiefly
used in this work. Many of these specimens had come in with-
out detailed clinical histories and the ages here given were
estimated on the basis of the table and graphs in Patten’s
Human Embryology (’46). His age-length curves fall in the
zone between the earlier ones of Mall (’18) and the more re-
cent ones of Streeter (’51). Although embryos within the
9th week of development were selected for intensive study,
younger and older specimens were examined to determine the
course of cardiac development in the adjacent age ranges.
The two most promising embryos were EH 164, 25 mm C-R
(Streeter’s Horizon XXII), and EH 377, 31.5mm C-R
(Streeter’s Horizon XXIII). Both of these embryos had
been cut in a transverse plane at 10 p. Wax-plate reconstruc-
tions (X 100) were made of the hearts of these two embryos.
Wax of different colors was employed to distinguish such
structures as cardiac vessels, conduction tissue, nerves, en-
docardial cushion tissue, and epicardial connective tissue. In
addition, transparent reconstructions were made from sheets
of plastic material on which the various structures had been
drawn in color. This latter method was used for restricted
regions such as the septum membranaceum, parts of the con-
duction system, and the dorsal aspect of the heart to show
its relation to the posterior mediastinum and its contents,
especially the nerves. These reconstructions, coupled with dis-
sections under a wide-field binocular and histological study
of sections, further supplemented by the collateral study of
a number of additional hearts falling within the same and
adjacent age groups, yielded a comprehensive picture of the
heart in the 9th week.
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With the exception of a limited number of slides within
one series which had been stained with Masson and Heiden-
hain’s Azan triple stains, both embryos selected for recon-
struction had been prepared with haematoxylin and eosin.
As a result some of the histological differentiations were
more difficult to make than would have been the case had
special staining techniques been more extensively employed.
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Fig. 1 Ventrocephalic aspect of heart of 31.5-mm embryo showing the super-
ficial cardiac vessels. The arch of the aorta has been represented as if pulled
craniad a little, to show the ductus arteriosus more clearly. (Reconstruetion
X 100, illustration X 34.)

In spite of this, the differentiation of the conduction system,
and some of the elements of the associated nervous tissues,
had progressed sufficiently to make their identification pos-

sible.
OBSERVATIONS

(feneral orientation and external configuration
of heart

In embryos of the 9th week the heart has assumed an orien-
tation within the thoracie cage such that its apex lies opposite
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the 5th intercostal space. The apical end of the heart 1s, how-
ever, more strongly directed to the left than is that of the
adult.

The external configuration of the heart is at this stage
essentially similar to that of the postnatal heart (figs. 1, 2).
The truncus arteriosus has completed its division into ascend-
ing aorta and pulmonary trunk. In the territory of the great
veins the two splanchnic layers of the primary dorsal meso-
cardium early became backed by a mass of loose embryonic

Coronary

SINUS left ventricle Left ventricle

Fig. 2 Dextral view of heart of 31.5-mm embryo, showing the superficial car-
diae vessels. (Reconstruction X 100, illustration X 34.)

connective tissue. This mesenchymally packed space between
the two leaves of the dorsal mesocardium forms an open
route for the entrance of nerve fibers, as well as for the de-
veloping pulmonary veins. In embryos of the 9th week the
ingrowth of merves by this route is extensive (fig. 15).

The regression of the left common cardinal vein has been
accompanied by a gradual shift in the connective tissue
within the mesocardium so that the membranes of this at-
tachment now form duplicated pericardial reflections around
the venous orifices. As a result a prominent fold 1s formed
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extending dorsally and to the left across the pericardial eavity.
This plica of Marshall, or fold of the left superior vena cava
as 1t is now usually called in adult anatomy, partitions the
pericardial cavity into a well-defined transverse sinus (arrow
m fig. 3) and a temporary retroplical space which will be
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Fig. 3 Dorsal aspect of heart of 31.5-mm embryo, showing the perieardial re-
flections where the heart was cut from the dorsal mediastinal wall. The fold of
Marshall has been cut to show the transverse pericardial sinus (arrow). The
course of the oblique vein within the fold of Marshall is indicated by interrupted
lines. (Reconstruction X 100, illustration X 34.)

progressively obliterated by fusion of the plica to the dor-
sal body wall. The left, or free, margin of the fold contains
a partly atrophied left common cardinal vein (oblique vein
of Marshall, 1850). In its new position across the dorsal wall
of the left atrium the left horn of the sinus venosus has as-
sumed relations which identify it as the definitive coronary
sinus. The primordial coronary sinus is, however, still con-
nected distally with the much reduced, but patent, left com-
mon cardinal vein.
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Internal organization of the heart

Interatrial septal complex. Morphologically, the heart at
the age under consideration and the postunatal heart differ
most markedly in the organization of the interatrial septal
complex. By the 9th week, what was originally a common
atrial chamber has been subdivided by the septum primum and
the septum secundum (of Born). Although septum primum is
the first part of the interatrial septal complex to make its
appearance and is initially conspicuous, by the 9th week it
has been greatly reduced as a result of the formation of
foramen secundum. Coincidentally its persisting basal por-
tion has become fused to septum secundum. It is easier, there-
fore, to consider the organization of the interatrial septal
complex at this stage by beginning with septum secundum,
and then proceeding to the relations of what remains of sep-
tum primum on its left, and finally to the way in which the
left venous valve becomes fused to its right atrial face.

Septum secundum develops in the relatively narrowed cen-
tral portion of the primary atrial chamber. It lies in a planc
between the venous mesocardium dorsally, and the ventral
limit of the interatrial sulcus which is molded by apposition
of the aortic trunk at this level. Septum secundum grows in
this plane as a crescentic structure with one arm extending
ventrally and the other cephalodorsally (figs. 4-7), thus form-
ing the limbus foraminis ovalis. During development, the free
muscular edge of the concavity of septum secundum is di-
rected toward the inlet of the inferior vena cava. Because
of the manner in which the caval stream, in the fetal ealf
heart, is apparently separated against this limbus into right
and left moieties, Franklin (’48) calls this structure the crista
dividens. Although this may be an excellent term from the
functional standpoint in the fetus, it is less readily translated
into adult anatomical terminology than is the older name
limbus foraminis ovalis which is, essentially, retained for the
structure familiar postnatally as the limbus fossae ovalis.

In the 9th week, the thickness of septum secundum is al-
ready one of its characteristic features. Ventrally, part of



80 RICHARD H. LICATA

septum secundum blends into a poorly defined mass of loosely
organized tissue in the floor of the right atrium involving the
convergence of the sinus septum, and the regressed lower
part of the left venous valve. Septum secundum has by no
means completed its growth so that the foramen ovale is
still relatively large. As a result septum primum cannot func-
tion.as a competent valve and there remains an unguarded
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Fig. 4 Dextral view of heart of 25-mm embryo with atrium opened. A tag of
tissue which is attached to the septum primum is just visible above the right
venous valve. (Reconstruction X 100, illustration X 40.)

area where the two atria are in open communication by way
of the foramen ovale in septum secundum and the foramen
secundum in septum primom (figs. 5, 7).

In contrast to septum secundum, the persisting part of sep-
tum primum is relatively thin. This makes it possible for the
transseptal blood flow to balloon it into the left atrium. For
example, in the heart of a 25-mm embryo (EH 164), septum
primum projects strikingly to the left, making for a free
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interatrial communication (fig. 8). In the same specimen the
free edge of septum primum has an irregunlar tag of tissue
attached to it which is suggestive of the net-like vestiges
(Chiari, 1897) sometimes found in abnormal adult hearts.
In the heart of a 31.5-mm embryo (EH 377), however, sep-
tum primum covers a greater proportion of the foramen
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Fig. 5 Dextral view of heart of a 25-mm embryo, with the right atrium opened,
and the right venous valve cut away. The tag of tissue shown attached to septum
primum is a result of irregular resorption in the formation of ostium II. (Recon-
struction X 100, illustration X 40.)

ovale and has a free margin with a regular, crescentic con-
tour (fig. 9).

Another significant relationship is that the opening, where
the right pair of pulmonary veins become confluent as they
enter the left atrium, is situated immediately adjacent to the
base of septum primum on its left side. Not far to the left
of the orifice of the pulmonary veiuns, a myocardial ridge
traverses the floor of the atrium. This ridge is produced by
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the proximal part of the left horn of the sinus venosus which
first becomes applied to, and later absorbed into, the atrial
wall externally. This ridge helps to deepen the bay into which
the right pulmonary venous flow enters. It seems not unlikely
that the mounting return from the lungs tends to well into
this bay and crowd the septum primum increasingly against
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Fig. 6 Dextral view of heart of a 31.5-mm embryo, with the right atrium
opened. The lower part of the right venous valve shows local areas of resorp-
tion, (Reconstruetion X 100, illustration X 35.)

septum sccundum as development advances. The postnatal
inerease in pulmonary return into this region might well be
one of the ancillary factors in paving the way for the fune-
tional closure of the foramen ovale following birth.

Sinus venosus, venous valves, and septum spurium. Dur-
ing the early stages of cardiac development the vaguely de-
fined territory where the great veins become confluent to
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discharge into the heart is called the sinus venosus. Shortly
after its establishment the orifice of the sinus is gradually
shifted out of its original midline position to empty into the
right atrium. This orifice is guarded by two conspicuous folds,
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Fig. 7 Dextral view of heart of 31.5-mm embryo with the right atrium opened
and the right venous valve removed. (Reconstruction X 100, illustration X 35.)

the right and left venous valves, or valvulae venosae. The
venous valves meet along the roof of the right atrium in a
prominent ridge to form the septum spurium. As the sinus
venosus becomes incorporated into the dorsal part of the
heart, the septum spurium projects progressively farther into
the right atrium forming the right boundary of a territory
which may be designated as the sinal bay of the right atrium.
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In embryos of the 8th and 9th weeks this bay is strikingly
deep because of the strongly developed right venous valve
which is continuous with the septum spurium (figs. 4, 6). The
sinal bay is bounded medially by a much reduced left venous
valve and the developing interatrial septum secundum adja-
cent to which this valve has come to lie (figs. 5, 7).
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Fig. 8 Sinistral view of heart of a 25-mm embryo with the left atrium opened
to expose the interatrial septal complex. (Reconstruction X 100, illustration X 40.)

During development, the regressing left venous valve be-
comes increasingly closely related to septum secundum. Its
primary association with the right venous valve and septum
spurium makes it desirable to consider first this relation-
ship. At the beginning of the 9th week, a cleft-like recess is
present between the upper part of the left venous valve and
interatrial septum secundum. This recess is a remnant of an
originally wider atrial pocket designated as the spatium inter-
septovalvulare (Tandler, 12). At earlier stages the cephalic
limit of the left venous valve could be clearly identified as
the point where it met the right venous valve to form septum
spurium. By 9 weeks, however, the regression of the most
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cephalic portion of septum spurium is well advanced, and
what remains of it has, for the most part, fused with septum
secundum, so that considerable obliteration of the spatium
has occurred. The upper part of the left venous valve also
is involved in the fusion and as a consequence it has become
directly adherent to the developing septum secundum in this
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Fig. 9 Heart of a 31.5-mm embryo with the left atrium opened to show the
interatrial septal complex in sinistral view. (Reconstruetion X 100, illustration
X 35.)

region. The progressive fusion of this part of the valve to
the septum, accompanied by regression of the valve itself, re-
sults in further reduction of the spatium. Moreover, from an
early age the left valvula has been lagging behind the right
in rate of growth. As a result, in comparison with the highly
developed right venous valve, the left valve at this stage is
strikingly small (ef. figs. 4, 5). Its further regression is
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presaged by the fact that what remains of it has become
relatively thin. Caudally, the valve has become even more
markedly reduced and has fused almost indistinguishably with
septum secundum around the caudal margin of the foramen
ovale so that the valve and septum appear to merge in this
area (figs. 5, 7).

The right venous valve regresses much later than the left.
During the 8th and 9th weeks, it has a height which, in dex-
tral view of the opened right atrium, almost completely ob-
seures the foramen ovale (figs. 4, 6). At this age the valve
deepens the sinal bay of the right atrium sufficiently to form
a baffle which may well be a factor in routing a considerable
proportion of the caval blood into the left atrium by way of
the wide, poorly guarded interatrial orifice. The mural attach-
ment of the valve is along the medial margin of a muscular
band developed in the atrial wall which becomes the defini-
tive fasciculus terminalis. Throughout its course the embry-
onic fasciculus terminalis sends out smaller muscular bands
(taeniae musculari) into the atrial walls. These are the pri-
mordia of the pectinate fasciculi.

In the floor of the atrium the right venous valve skirts the
right margin of the inferior caval inlet and thence continues
along the lateral margin of the coronary sinus inlet. Be-
tween these venous orifices it is bound to the base of the in-
teratrial septal complex by a growing band of young connec-
tive tissue, the ‘‘Querfalte’” of Born (1888), or the ‘‘sinus
septum’’ of Tandler (’12). Since this structure might be des-
ignated more precisely as the ‘‘cavocoronary sinus septum,”’
because of the way it separates these two orifices and their
valves, this term is adopted here.

In younger embryos the point within the pars confluens of
the sinus venosus, where the left horn originally met the right,
is marked by a ridge. This mass is the primordium of the
cavocoronary sinus septum. With the later shift of the orifice
of the sinus venosus into the right atrium the ridge appears
to arise from the inferior medial aspect of the floor of the
sinus and continues to grow toward the caudal part of the
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right venous valve which it eventually meets. The subsequent
fusion of these two structures progresses from the base to the
free edge of the valve.

At the beginning of the 9th week this fusion has involved
approximately one-half of the width of the valve at its point
of junction with the sinus septum (figs. 4, 6). With later ex-
tension of this fusion toward the free edge of the valve a par-
tiation is thus formed, completely separating the inferior caval
inlet from the orifice of the coronary sinus. This cavocoronary
sinus septum at the same time subdivides the right venous
valve into a large upper, and a small lower component. The
FEustachian valve of the inferior vena cava will be derived
from the unresorbed part of the upper portion of the right
venous valve, while the Thebesian valve of the coronary si-
nus will be derived from what remains after resorption of the
lower portion.

Even at this early stage, a tendinous cord in found devel-
oping in the upper part of the cavocoronary sinus septum
which is retained and further developed in the adult heart
as the tendon of Todaro (1877). A second strand of tendinouns
tissue develops at the line of fusion of the sinus septum with
the right venous valve. The tendon of Todaro as recognized
in the adult, therefore, appears to be a three-limbed structure.
The main limb proceeds from the ventral pillar of the limbus
fossae ovalis to divide into two secondary limbs at the sinus
septum, one inserting in the Eustachian valve, the other div-
ing deep into the floor of the atrium between caval inlet and
coronary sinus orifice.

At the beginning of the 9th week a few minute, thinned
areas appear in the marginal portions of the right venous
valve. In somewhat older embryos these thinned areas de-
velop into perforations. Still a little later, the coalescence of
these originally isolated perforations leads to the resorption
of large marginal areas of the valve. This manner of reduc-
tion of the marginal parts of the right venous valve in giving
rise to the Eustachian and Thebesian valves undoubtedly ac-
counts for the frequency with which these valves in the adult
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exhibit multiple small perforations, especially near their mar-
gins. The extensive net-like vestigial structures occasionally
found in the right atrium of adult hearts (first described by
Chiari, 1897), are a result of incomplete resorption of the
right venous valve in the process that normally reduces it to
the small valves of the inferior vena cava and the coronary
sinus.

The ventricles and atrioventricular valves. The histogene-
sis of the atrioventricular junction has received little attention
since the work of Kent (’13, ’14). During early stages the
atrial portion of the heart is delimited from the ventricles
externally by a progressively deepening atrioventricular
groove. This same area is marked internally by a narrowing
of the cardiac lumen to establish the atrioventricular canal.
Growth and subsequent fusion of the dorsal and ventral endo-
cardial cushions in this primary common atrioventricular ca-
nal establish separate right and left orifices. This partition-
ing mass of embryonic connective tissue is located between
the interatrial septal complex and the growing interventricu-
lar septum musculare. It is continuous laterally with the
histologically similar, but less thick, tissue lining the entire cir-
cumference of each of the atrioventricular orifices. Coincident
with these internal changes, the embryonic epicardial connec-
tive tissue in the atrioventricular sulcus begins to cut progres-
sively deeper into the heart wall, thus initiating the separa-
tion of the atrial myocardium from that of the ventrieles.

By the 9th week the atrioventricular junction shows well ad-
vanced histogenetic changes. The myocardium is compressed
between the encroaching epicardial and endocardial 1ryers
of connective tissue at the atrioventricular junction, and in
that zone shows the beginning of atrophy. The cytoplasm of
the muscle fibers has diminished, and the enlarged interstices
between the fibers are occupied by a homogeneous matrix.
The endocardial cushion tissue, lying internally, is more
richly cellular where it is situated immediately adjacent to
the myocardium. Externally, in the atrioventricular sulecus,
cells within the deeper layers of the epicardial connective tis-
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sue have also apparently begun to proliferate in many places.
Embryonic fibroblasts from the rapidly proliferating endo-
cardial and epicardial connective tissues have migrated into
the interstices between the atrophic myocardial fibers. This
process is the initial phase in the formation of the atrioven-
tricular annuli fibrosi although the fibers associated with
these cells at this age are still relatively sparse and slender.

Toward the end of the 7th week, the interventricular fora-
men was completely occluded by a mass of endocardial cush-
ion tissue. This tissue was derived from three separate
sources: (1) the tubercles of the fused atrioventricular ca-
nal cushions; (2) the conus ridges; and (3) the crest of the
interventricular septum (Odgers, ’38; Kramer, '42). By the
9th week, two flanges from this composite mass extend lat-
erally into the atrioventricular canals. The central and main
portion of this mass of richly cellular embryonic connective
tissue extends over the entire crest of the muscular part of
the interventricular septum. Where it comes into relation
with the atrioventricular bundle, however, it becomes rather
more loosely organized and is continuous with the develop-
ing connective tissue sheath of the bundle. Later this cen-
tral area of embryonic connective tissue will become thinner
and more densely woven, and give rise to the septum mem-
branaceum. The thinning is accomplished in part by this
process of connective tissue concentration and in part by the
undercutting of the main mass to form flange-like projections
into the atrioventricular canals. The right flange is the pri-
mordium of the medial (septal) cusp of the tricuspid valve,
while the left flange is the primordium of the anterior (septal)
cusp of the bicuspid valve.

At this age the interiors of the ventricles are richly tra-
beculated, giving them a labyrinthine appearance. The com-
pact layer of the left ventricular wall, however, appears to
be somewhat thicker than that of the right, although the
over-all thickness is approximately equal in the two ventricles.
Many of the more massive trabeculae are connected to the
ventricular faces of the atrioventricular valve primordia (fig.
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10). The framework of the cusps of the developing atrio-
ventricular valves consists of two different components. A
layer of endocardial cushion tissue lies beneath the atrial
endocardium, while the tissue deep to the ventricular endo-
cardium consists of a muscular lamina anchored by massive
chordae carneae. With the subsequent regression of the car-
diac muscle fibers from the ventricular surfaces and their re-
placement by collagenous fibers the valve cusps are estab-
lished. The anchoring trabeculae at their valvular ends
undergo similar histological changes, thus giving rise to the
chordae tendineae. The mural ends of the muscular trabecu-
lae, however, are retained as primordia for the papillary mus-
cles.

Aortic and pulmonary outlets. The truncoconal junction
represents the future division between the ventricles of the
heart and the arterial trunks which arise from them. The
histogenetic changes pertaining to the aortic and pulmonary
outlets in some respects correspond to those which occur at
the atrioventricular junection. A basic distinction lies in the
fact that the former involves a separation of atrial from ven-
tricular myocardium. HKxternally the truncoconal junction is
marked by a slight constriction (fretum Halleri, Haller,
1786) which partly results from a thinning of the epicardial
connective tissue at this level. The most striking histologi-
cal change at this age is the progressive regression of myo-
cardium at, and above, the truncoconal junction. This proe-
ess is characterized by marked atrophy of the cardiac musecle
fibers accompanied by increase in connective tissue, and later
in the smooth muscle of the developing media of pulmonary
trunk and ascending aorta.

Internally the truncoconal junction is ringed by richly cel-
lular endocardial cushion tissue which serves as the basal

Fig. 10 Photomicrograph (X 42) showing the developing trieuspid valve in a
31.5-mm embryo. Note the endocardial cushion tissue on the atrial faces, and the
regressing myocardium on the ventricular faces of the leaflets. Abbreviations:
E, endocardial cushion tissue; LA, left atrium; LV, left venous valve; M, myo-
cardium; RA, right atrium; RV, right venous valve; 8 I, septum primum; S II,
septum secundum; T, tricuspid valve.
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Figure 10
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attachment for the cusps of the semilunar valves (fig. 11).
This annular concentration of rapidly proliferating embry-
onic connective tissue represents, in both the aortic and pul-
monary trunks, the precursor of the fibrous annulus. The
nuclei of these fibroblasts are large and strongly basophilic.
Many fibroblasts migrate into the interstices between the
atrophic muscle fibers; a few come into this same zone from
the epicardial embryonic connective tissue. A cord of pro-
liferating fibroblasts connects the aortic and pulmonary annuli
and represents the future pulmono-aortic ligament (tendon
of the conus).

The primordial cusps of the aortic and pulmonary semi-
lunar valves are derived from endocardial cushion tissue
elaborated from the truncus ridges (Kramer, '42). At this
age these cusps consist of endothelially covered, cup-shaped
masses of embryonic connective tissue which, although rela-
tively short and thick (fig. 11), appear to be functionally ef-
fective., The free edge of each cusp of the semilunar valves
has a button-like thickening characterized histologically by
a whorl of fibroblasts. This concentration of cells constitutes
the primordial tissue of the nodulus Arantius of the adult.

The walls of the ascending aorta and pulmonary trunk are
richly cellular and so compact that definite orientation of the
muscle elements was difficult to make out. In general, the
muscle appeared to have a circular to spiral arrangement.
The distal end of the pulmonary trunk is marked by a promi-
nent dilation at the point where it gives off the pulmonary
arteries. The ductus arteriosus takes its origin from this site
and proceeds, with an ineclination toward the left pulmonary
artery, to join the aorta.

Fig. 11 Photomicrographs showing the developing pulmonary semilunar valves
in a 31.5-mm embryo.

A. Low magnifieation (X 45) of section, passing through semilunar valves and
ductus arteriosus, for general topography. A, aorta; C, ducto-aortic crista (erista
reuniens) ; D, duetus arteriosus; J, juxtaduetal body; P, pulmonary trunk.

B. Developing valve leaflet (V) more highly magnified (X 85). This section
shows, also, the truncoconal junction, characterized at this stage by regressing
myocardium (R) and the endocardial cushion tissue of the developing fibrous
annulus at the bases of the semilunar valve cusp.
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In both the hearts which were reconstructed the ductus ap-
peared to have been fixed in a contracted state, for the lumen
in cach was markedly narrow and the wall relatively thick.
Subendothelially, a mucoid substance could be seen as a deli-
cately outlined intimal stratom. In general, the layers of
embryonic musecle fibers constituting the wall of the ductus
appeared to have a helicoid arrangement. At the point where
the ductus joins the aorta the muscle fibers are so arranged
that a crescentic flange (fig. 11 A) extends from the cephalic
rim of this junction. This flange has been observed also in
the fetal lamb (erista reuniens, of Barclay, Franklin and
Prichard, ’44). In this paper it will be referred to as the
crista ducto-aorticus.

Coronary ctrculation

Study of the blood supply of the myocardium was carried
back into stages younger than those reconstructed. The coro-
nary arteries appear at the transition from the 6th to 7th
week as solid angioblastic buds and, once established, extend
rapidly through the epicardial layer of the heart. The car-
diac veins slightly precede the arteries in their development.

By the 9th week practically all the major branches of the
coronary arteries characteristic of the adult heart are rep-
resented (figs. 1, 2). From its origin the right coronary ar-
tery extends into a relatively thick mass of embryonic con-
nective tissue which lies in the depression between the right
atrium and the conus. Among the first branches to leave it
is one supplying the primordium of the sino-atrial node (fig.
12). This vessel courses within the groove between atrium
and conus whence it crosses over the atrial wall to penetrate
the nodal primordium at its medial aspect. This region of
the nodal primordium is the point of convergence, not only
for the principal blood vessels but also, as we shall see later,
of important nerves. Within the body of the node the artery
bends sharply, and then follows the right limb of the sino-
atrial fasciculus. Before the nodal artery loses itself within
this tissue, however, it contributes fine twigs to a pericaval
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arterial annulus. Lower in the suleus terminalis a stout
branch (ramus fasciculis terminalis) leaves the main vessel
to penetrate the crista terminalis. Within the sinus wall,
capillaries from the nodal artery enter into a plexus in com-
mon with capillaries connecting with atrial ‘‘Thebesian”’
veins (Geraudel, '28). These vessels which open into the in-
terior of the atrium are the principal means of drainage for
the node.

A second atrial branch leaves the right coronary artery as
it enters the atrioventricular sulcus and arborizes extensively
within the atrial wall. From here the main artery courses
within the atrioventricular sulcus to the dorsal aspect of the
heart, finally reaching the point of intersection of the atrio-
ventricular sulecus with the principal axis made by the inter-
atrial and Interventricular sulci — a region sometimes called
the erux (Haas, ’11). At the erux the artery turns sharply
to course within the interventricular suleus as the dorsal (pos-
terior) descending artery. A small but important branch
leaves the right coronary artery near the crux to penetrate
the heart wall at the atrioventricular junection. This is the
ramus septi fibrosi (Tawara, ’06; Moenckeberg, ’08; Haas,
’11) or the first dorsal perforating septal branch (fiz. 13).
This vessel passes to the cephalodorsal part of the interven-
tricular septum where it divides into two principal branches.
A left branch plunges directly into the primordial mass of
the atrioventricular node. A second branch deviates to the
right where it comes into relation with the main bundle of
His. In addition, this area of the septum is pervaded by a
rich eapillary plexus drained by myocardial sinusoids which
open into the right and left ventricular chambers. A strik-
ing feature of the ramus septi fibrosi is its relatively poor de-
velopment in comparison with the right nodal artery.

The left coronary artery turns sharply at its origin to de-
scend into the conoventricular groove. Within the groove
it divides into a ventral (anterior) descending, and a circum-
flex branch (fig. 12). The ventral descending branch has a
comparatively direct course in the ventral interventricular
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sulcus and appears to be the best developed of the cardiac
vessels. The prinecipal vessels which leave it consist of super-
ficial epicardial twigs and deep ventral perforating septal
branches. Its terminal portion extends around the incisura
apicis cordis to anastomose with the dorsal (posterior) de-
scending branch of the right coronary artery. The left conal
branch leaves the main artery shortly after it enters the
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Fig. 12 Semischematic diagram to show the branches of the coronary arteries
which supply the sino-atrial node. The heart has been cut at the level of the
aortie valve and the pulmonary conus.

suleus (fig. 12). The conal artery almost immediately pene-
trates the conus musculature. Its main intramural branch
follows the right branch of the bundle of His and finally ex-
tends into the moderator band. This vessel (fig. 13) may be
designated appropriately as the artery to the right branch of
the His bundle or ramus limbi dextri of Gross (’21). A
homologous conal branch arises from the right coronary ar-
tery but has a much less extensive distribution than the left.
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A variable branch to the sino-atrial node may arise from
the left circumflex artery just as it enters the suleus. In the
heart of the 25-mm embryo this left nodal artery was clearly
defined (fig. 12), but in the 31.5-mm embryo it showed defi-
nite signs of deterioration. Shortly beyond its origin the left

Septum 1

Venous valves

Septum 1

0™

Cavacoranory

sinus septum /‘_‘_:;-,rLeH atrium
Dan‘i\g’s‘ﬁ;epﬁ I_ AV node primordium

Rt caronary Sinistrodorsal  brs.

Badrodensal’ s Bundle of His primordium

Beadiovalwlor: s Sinistrovalvulor  brs.

Sinistroventral brs.

(left bronch)

Dextroventral brs.
(right branch)

Romus limbi  dextri Left conal a

Fig. 13 Semischematic diagram to show the branches of the coromary arteries
supplying the bundle of His and its main branches. The illustration was drawn
as if the eomposite mass of endoecardial cushion tissue which occludes the inter-
ventricular foramen had been completely removed to expose the bundle of His.

nodal artery penetrates the atrial wall just lateral to the
entrance of the left pair of pulmonary veins. Thence it passes
ventral to the oblique vein of Marshall and courses deep
within the atrial musculature in the direction of the right su-
perior vena cava. In the heart of the 25-mm embryo which
was reconstructed and in some other specimens examined,
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this vessel was contained in a muscular trabecula which bulged
into the atrial chamber. Just medial to the sino-atrial node
this vessel sometimes anastomoses with the right nodal ar-
tery, or in other hearts may constitute the exclusive blood
supply to the node. The node thus may be supplied by either
a right or left nodal artery, or by both.

Attention already has been drawn to the fact that the pri-
mordial cardiac venous plexus precedes the coronary arteries
in development. It will be recalled, also, that the cardiac
veins and their tributaries were established early in the 6th
week by endothelial sprouts which arose directly from the
coronary sinus and spread rapidly within the epicardium.
By the 31.5-mm stage, all the major cardiac veins familiar
in the adult are represented (figs. 1, 2). The middle cardiac
vein and the dorsal vein to the left ventricle are among the
earliest of these vessels to develop. The primordia of the
great (left) and small (right) cardiac veins are also clearly
present at this age.

In addition to the cardiac veins which drain into the coro-
nary sinus, a special, independent set of veins arises in rela-
tion to the right atrial wall. These are the ventral (anterior)
cardiac veins, or venae parvae cordis. These vessels appear
to develop relatively late as endocardial diverticula from the
atrial lumen, secondarily establishing connection with the epi-
cardial venous plexus. The special atrial branches originally
deseribed by Cruveilhier (1849) and Zuckerkandl (1881)
could not be clearly identified and must be presumed to arise
at later stages.

Innervation

In dealing with the innervation of the adult heart it has
become customary to refer to a superficial and a deep cardiac
plexus. In the developmental phases of cardiac innervation,
however, a different terminology seems more appropriate.
In the present work, the term ‘“truncoconal cardiac plexus’’
is used instead of ‘‘superficial cardiac plexus,”’ and ‘‘sino-
atrial cardiac plexus” instead of ‘‘deep cardiac plexus.”
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The following account of the related changes which set the
stage for the establishment of cardiac innervation brings out
the factors which led to the adoption of this terminology.
In the early stages of heart formation, the condensed mes-
enchyme within the original dorsal mesocardium was utilized
by nerve cells and fibers as an avenue of ingress to the heart.
Postganglionic sympathetic neurons enter from cervieal and
thoracic levels. Terminal parasympathetic ganglion cells mi-
grate along the path of the cardiac branches from the vagi.
Later, with the formation of the transverse pericardial sinus,
the primary dorsal mesocardinm becomes divided into arterial
and venous components. Thus, one set of nerves passes
through the arterial mesocardium to reach the truncoconal
end of the heart, while another set enters through the ve-
nous mesocardium to reach the sinus venosus and the atria.
It is, therefore, appropriate to speak of the former as the
“‘truncoconal cardiac plexus’’ and the latter as the ‘‘sino-
atrial cardiac plexus.”” In this connection it should be men-
tioned that His, Jr. (1891, 1897), in his classic treatises on
the development of the cardiac nerves, and the development
of the sympathetic nervous system in vertebrates, designated
these cardiac nerve plexuses as the ‘‘Bulbusgeflecht’” and the
““Vorhofsgeflecht,”” respectively. In the same work he re-
fers to a ‘‘Verbindungsgeflecht,”” which connects the two in
the mediastinum. The present study did not deal with suf-
ficiently early stages to throw any further light on the origin
of the ‘“Verbindungsgeflecht”’ of His. It seems probable,
however, that this plexus is the forerunner of the pulmonary
plexus. Since the pulmonary circulation is relatively new in
phylogeny, it is plausible that with the development of the
pulmonary arteries and veins in the mediastinum, a secondary
nerve plexus should be established about them having connee-
tions with the two adjacent primordial cardiac plexuses.
During the 6th week the truncus ridges have met each
other to partition the lumen of the originally common truncus
arteriosus. By the 9th week the walls of the aortic and pul-
monary components have been reorganized. In this process
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Fig. 14 Ventral aspect of heart and great vessecls of a 31.5-mm embryo, show-
ing the distribution of the cardiac nerves and ganglia. (Reconstruetion X 100,
illustration X 350.) For greater clarity, the vessels and nerves cephalic to the
heart have been represented as if pulled out somewhat longer than their true
proportions. The aortic arch is shown as if drawn craniad so the relations of
the ductus arteriosus and the nerves could be more readily shown.
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the original truncoconal plexus becomes modified into a plexus
around the ascending aorta and the pulmonary trunk. There
is less modification of the original sino-atrial plexus about the
venous end of the heart.
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Fig. 15 Dorsal aspect of the heart of a 31.5-mm embryo, showing the distribu-
tion of the cardiac nerves in relation to the pericardial reflections and the loca-
tions of the cardiac ganglia. (Reconstruetion X 100, illustration X 50.)
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By the 9th week two major cardiac branches leave each
vagus nerve at cervical levels (figs. 14, 15). These are the
superior cervical and inferior cervical cardiac branches which
together participate in the formation of the truncoconal
plexus. The left superior cervical cardiac branch passes dor-
sal to the arch of the aorta, as is the case with both the su-
perior and inferior cervical cardiac branches of the right
vagus. These cardiac nerves converge dorsal to the great ar-
terial trunks where they distribute parasympathetic fibers
prinecipally to the ascending aorta, the primordium of the
ganglion of Wrisberg, and the pulmonary trunk (figs. 14, 15).
Some terminal filaments from this plexus enter the caval plica.

The inferior cervical cardiac branch of the left vagus passes
ventral to the arch of the aorta. Within the subaortic recess,
tust to the right of the ductus arteriosus and pulmonary
trunk, it bears a mass of neuroblastic tissue (fig. 14) which
is the primordium of the ganglion of Wrisberg (Wrisberg,
1783). Part of one of the probable pathways of migration
of these cells is indicated by aggregations of histologically
similar tissue strung out along the left vagus and its recur-
rent laryngeal branch. Before passing through this gangli-
onic condensation, the left inferior cervical cardiac branch
gives off minute fibers which enter a nerve plexus in relation
to the aortic arch aund the ductus arteriosus. Nerve fibers and
neuroblasts leave this mass to descend in the interval between
ascending aorta and pulmonary trunk and terminate in a
plexus in relation to the conus and the coronary arteries.
Neuroblasts are strewn along the left inferior cervical car-
diac branch and there is a particularly large mass associated
with it as it passes ventral to the arch of the aorta. The right
superior cardiac nerve contributes a comparable branch which
passes ventrolaterally to the arch of the aorta and distributes
fibers to the ascending aorta. Some smaller cardiac rami are
contributed to the trumncoconal plexus by the left recurrent
laryngeal nerve together with rami from the right and left
sinus nerves.
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Cardiac branches, which leave the vagi at thoracic levels,
constitute the major contribution to the sino-atrial (deep)
cardiac plexus. The main thoracic cardiac branch from the
left vagus passes from the mediastinum to enter the fold of
Marshall where it breaks up into several small rami. This
nerve was originally the nerve to the left horn of the sinus
venosus and for this reason it can be designated as the left
sinal nerve (fig. 15), a term which is equally appropriate in
the adult in view of the fact that its most lateral branch ac-
companies the oblique vein of Marshall. Some of its fibers
reach the left pair of pulmonary veins by way of the left
limb of the venous mesocardium. Others terminate in the
heart wall at the point of mesocardial attachment. Still others
extend as far as the coronary sinus where they come in rela-
tion with terminal ganglion cells.

A similar thoracie cardiac branch leaves the right vagus at
a somewhat higher level. This right sinal nerve (fig. 15) origi-
nally distributed branches to the right horn of the sinus veno-
sus, and now innervates the sinus venarum. Small rami from
it pass through the venous mesocardium of this region and
thus come into relation with the ganglion cells situated dor-
sally along the interatrial sulcus. Nerve fibers appear to pene-
trate the heart wall along this suleus, reaching the interatrial
septa and bases of the venous valves internally. A branch
of the right sinal nerve courses within the adventitia of the
superior vena cava to reach the right aspect of the primor-
dium of the sino-atrial node which it penetrates (fig. 14). An
additional branch from approximately the same level passes
to the ganglion of Wrisherg and the left pulmonary artery.
At lower thoracic levels a fairly stout cardiac branch enters
the caval plica at its parietal pericardial attachment.

Sympathetie fibers accompany practically all the branches
of the vagi and in some situations cannot be distinguished
from them. Although their exact distribution at this age is
not vet clearly established, three major cardiac branches leave
the sympathetic ganglia at cervical levels. At thoracic levels
the number and ultimate distribution of sympathetic cardiac
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nerve strands ave obscure. The principal thoracic sympa-
thetic cardiac branches accompany the left and right sinal
nerves and have a similar distribution to the heart wall.

At this stage, migrating neuroblasts are strewn throughout
practically the whole extent of both vagi and their branches.
Local concentrations of them are intimately related to the
great vessels. The locations of some of the major juxtavas-
cular aggregations are shown in figure 14. A particularly
prominent mass lies in the interval between the internal and
external carotid arteries, immediately above the carotid sinus.
This condensation, the primordium of the carotid body, lies
characteristically within the adventitia of the internal carotid
artery. At this level, the internal carotid lies close to the
superior cervical ganglion and the nodose ganglion. Para-
sympathetic contributions to the developing carotid body come
from the superior laryngeal branch of the vagus, as well as a
relatively stout branch (nerve of Hering) from the glosso-
pharyngeal nerve. Neuroblasts accompany these nerve fibers.
Thus one componcent of the carotid body is derived from the
original concenfration of mesodermal cells lying within the
adventitia of the internal carotid artery; the other is an in-
vasion of neuroblasts.

There are two areas on the dorsal wall of the heart where
concentrations of terminal ganglion cells may be found readily.
One is along the interatrial sulcus, and the other is in the
depression between the coronary sinus and the bulge in the
left atrial wall caused by the entering pulmonary veins. From
these two areas neuroblasts that have invaded the heart wall
may be seen in abundance, deep in septum secundum, between
the lower basal attachment of septum primum and that of the
left venous valve. Beyond this region neuroblasts reach the
primordium of the atrioventricular node and the His bundle.
An aggregation of neuroblastic tissue is found at the point
where the branch to the sino-atrial node leaves the main right
sinal nerve (figs. 14, 15). Neuroblasts are distributed all along
the course of this nerve, and ultimately pass through the meso-
cardium of the superior vena cava to reach the medial aspeet
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of the sino-atrial node primordium. A few ncuroblasts reach
the dorsal wall of the superior vena cava, as well as the lat-
eral aspect of the node. The dorsal wall of the inferior vena
cava is rich in ganglion cells. Superficially, other scattered
ganglion cells may be found within the epicardium, particu-
larly along the courses of the coronary arteries and their
branches.

Conduction system

The histological characteristics of the adult sinoventricular
conduction system are not yet fully differentiated at the 9th
week. Nevertheless, the primordia of the sino-atrial node and
the atrioventricular (His) bundle are definitely recognizable.
The node is foreshadowed by a fascicle of muscle fibers (fas-
ciculus sino-atrialis), the main mass of which lies ventrolat-
eral to the entrance of the superior vena cava into the right
atrium (figs. 3, 12). In section, this primordium is crescentic
with its concavity adjacent to the ventral margin of the caval
orifice (fig. 16 B). The right limb, which is actually a direct
continuation of the body of the primordium, swings laterally
along the caval side of the sulcus terminalis whence it fans
out dorsally in the sinus wall. Its fibers are oriented for the
most part in a cephalocaudal direction in the dorsal wall of
the sinus. They are fusiform and have elongated nuclei.

The fibers within the main mass of the sino-atrial node have
a less consistent orientation than those in its right limb. An
ill-defined group of fibers leaves the primordium on its medial
aspect and passes dorsomedially to terminate near the cone
of origin of the right pair of pulmonary veins. These fibers
constitute the left imb of the node (fig. 12). Although they
stain less intensely than the remainder of the primordium,
they nevertheless show clear transverse striations. This left
limb may be identified in the adult heart as part of an inter-
atrial band of musele which has been described under various
names by several authors — Keith and Flack (’06, ’07), Tand-
ler (’12), Lewis, Meakins and White (’14), Bachmann (’16),
and Papez (’20).



Fig. 16 Photomicrographs showing parts of the developing sinoventricular conduction sys-
tem in the heart of a 31.5-mm embrvo.

A. Section (X 27) passing through right atrium near level of entrance of superior vena
cava. Abbreviations: LA, left atrium; RA, right atrium.

B. Area indicated by rectangle in A, photographed at higher magnification (X 125) to
show the primordium of the sino-atrial node. Note the position of the nodal artery. Abbrevia-
tions: NA, nodal artery; SA, sino-atrial node; Sh, conneetive-tissue sheath; SVC, superior
vena cava.

C. Section (X 20) through the intervemtricular septum from same heart as that shown in
A. LA, left atrium; RA, right atrium.

D. Area indicated by rectangle in C (X 208) to show the main conduction bundle of His.
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The tissue of the nodal primordium as a whole takes a
deeper stain than the less compact atrial myocardium outside
this specialized area. Throughout practically its entire ex-
tent, the muscle fibers of the sino-atrial primordium are in
syneytial continuity with those of the adjacent atrial myo-
cardium. A delicate, loosely organized embryonic connective
tissue sheath presents only a vague demarcation between the
nodal primordium and the remainder of the myocardium.

In contrast with the clearly recognizable sino-atrial node,
I was unable to find any clearly established primordium rep-
resenting the atrioventricular node in either of the hearts
reconstructed.

The ventricular component of the conduction system is more
distinet, histologically, from the rest of the myocardium than
is the atrial component. The primordium of the atrioven-
tricular (His) bundle is recognizable as a band lying along
the crest of the interventricular septum musculare (fig. 13).
It skirts the right inferior margin of the centrally located,
composite mass of endocardial cushion tissue which will form
the septum membranaceum. The flange which is the primor-
dium of the septal (medial) cusp of the tricuspid valve has
its origin immediately cephalic to the bundle. The histologi-
cal characteristics which, at this age, distinguish the His bun-
dle from the ventricular myocardium are the more compact
arrangement of its fibers and the deeper staining of its nu-
clei (figs. 16 C, D). Tts fibers merge with the adjacent myo-
cardium without any definite line of demarcation. Their
nuclei are large, elongated, and deeply staining. Faint trans-
verse striations can be seen in the branches of the bundle, but
they cannot be made out as readily in the bundle itself. The
bundle is beginning to be separated from adjacent tissues by
a delicate sheath of young connective tissue in which a homo-
geneous mucoid substance occupies the interstitial spaces.

Among the first branches to leave the main bundle for the
right ventricle are small fascicles extending into the more
dorsal parts of the ventricular wall. These are the dextro-
dorsal branches (fig. 13). Other small twigs (dextrovalvular
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branches) extend into the muscle lamina which, at this stage,
lies along the ventricular face of the septal (medial) cusp of
the tricuspid valve (fig. 13). Beyond these twigs the major
part of the right branch courses along the septum to pass fi-
nally into a short, stout trabecula which is the primordium
of the moderator band (trabecula septomarginalis Leonardii).
Fine fibers extend from this band into the anterior papillary
muscle and spread out into the myocardium. The right branch,
together with its offshoots, constitutes the dextroventral com-
ponent of the ventricular conduction system.

The left branch leaves the main bundle just below the point
where the septal (anterior) cusp of the mitral valve attaches
to the interventricular plug of endocardial cushion tissue. It
gives off small fascicles to dorsal parts of the ventricular
wall, the so-called sinistrodorsal branches (fig. 13). Other fila-
ments (sinistrovalvular branches) from the bundle extend into
the myocardium along the ventricular face of the mitral valve.
Although the general histological characteristics of the left
branch are similar to those of the right, it has a more diffuse
distribution. Rami from the left branch extend into the wall
of the subaortic sinus, the adjacent trabeculae, and along the
left face of the muscular interventricular septum. These
branches constitute, collectively, the sinistroventral compo-
nent of the ventricular part of the conduction system. The deli-
cate fascicles of this component lie immediately under an ex-
tremely thin endocardium, which appears to consist in some
areas solely of endothelium.

The muscle fibers in the region of the atrioventricular junc-
tion were found to be in a definite state of atrophy, with the
enlarged interstitial spaces occupied by a homogeneous gela-
tinous substance. The endocardial cushion tissue of this re-
gion appeared to be generally more richly cellular, and fibro-
blasts from this tissue had apparently already begun to invade
the interstices between the atrophic muscle fibers. This was
particularly true of the ‘‘interventricular plug’’ and was in-
terpreted as being part of an early phase in the formation of

——— M. 4
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9 weeks the separation of the originally continuous atrial and
ventricular myocardium is well advanced. The only nonre-
gressing atrioventricular muscular connection is the atrioveu-
tricular bundle already described.

DISCUSSION
The septal system

The major morphological features of the heart at the begin-
ning of the third month should be considered in the light of
carier and later stages. Characteristically, there exists at
cach phase a balanced interplay between the inherent develop-
mental processes which mould the various cardiac structures
and the hemodynamies of the intracardiac circulation. This
aspect of cardiogenesis, particularly for the late fetal period,
has rececived considerable attention. Conspicuous among the
controversial issues has been the question of the complete
crossing of caval currents in the right atrium, a tenacious
doctrine originally postulated by Sabatier in 1791. In this
connection Pohlman (’07, ’09), by the injection of colored
starch grains, and Kellogg (’28, ’30), by oxygen analyses,
demonstrated that the inferior caval blood stream does not
pass entirely through the interatrial foramen. An evaluation
of this concept with regard to the human heart was made by
Patten, Sommerfield and Paff (’29) on the basis of the sizes
of the significant cardiac apertures in fetuses at term. They
showed that the narrowest part of the interatrial channel is
the opening into the left atrium between the free edge of
septum primum and that of the septum secundum. This they
designated as the ‘‘functional orifice.”” Their studies indi-
cated that the functional orifice of the foramen ovale was not
sufficiently large to accommodate all of the inferior caval
blood and that, as a result, a partial mixing of caval blood
streams must be presumed to occur within the right atrium.
This conclusion is strengthened by the recent work of Bar-
clay, Franklin and Prichard (’44) who demonstrated, by
means of cineradiographic techniques, that in the fetal lamb
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by no means all of the inferior caval stream passes directly
into the left atrinum. In spite of the extensive work on this
problem by various investigators, there still exists some lack
of agreement as to the precise details of the intracardiac cir-
culation in the human fetus, although the divergence of opin-
ion among competent observers is lessening as new bits of
evidence are brought to bear.

In the 9th week the relations in the cardiac territory where
the great veins open into the sinal bay of the right atrium
differ essentially from those of a fetus near term. The in-
teratrial communication is relatively larger, and the sinal
bay of the right atrium much deeper. The venae cavae, as
well as the coronary sinus, open into this deep bay making
it the common entrance for the venous blood from systemic,
portal, and placental circulations. In contrast to this tre-
mendous intake in the right atrium, the pulmonary return to
the left atrium is still relatively small. Nevertheless, from
the capaciousness of the left atrial chamber one can reason-
ably deduce that it must receive a proportionate volume of
blood. As a matter of fact, the two atria are approximately
equal in size indicating that they accommodate reasonably
comparable amounts of blood. There must be, therefore, a
relatively large quantity of blood which enters the left atrium
by way of the foramen ovale, thereby making for equalized
intakes. As has already been pointed out, the morphology of
the interatrial septal complex, at this stage, is fully in line
with such a concept.

From the confined nature of the sinal bay due to a highly
developed right venous valve, it seems probable that there
must occur within it some mixing of blood from the superior
cava and coronary sinus with that part of the inferior caval
stream that does not enter the left atrium. The inferior vena
cava, however, is so oriented that its stream is directed es-
sentially toward the foramen ovale so it is undoubtedly the
dominant source of the equalizing flow to the left atrium. A
further analysis of this orientation, in hearts of 9 weeks,
shows that the stream of blood from the inferior vena cava
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must impinge on the ventral pillar of septum secundum
(limbus foraminis ovalis) and is probably divided into two
streams as postulated by Franklin and his co-workers for the
lamb heart at term. Because of the splitting of the inferior
caval current Franklin designates this margin of septum
secundum as the crista dividens, and refers to the path taken
by the divided stream to the left, through the foramen ovale,
as the via sinistra. In like manner he names that path taken
by the part of the caval stream directed toward the right at-
rium, the via dextra.

The area of the interatrial functional orifice in the 9th
week is roughly equal to the inferior caval inlet. This is in
striking contrast to conditions at term when, as shown by Pat-
ten, Sommerfield and Paff (’29), the functional orifice of the
interatrial channel is only about 40% of the orifice of the in-
ferior vena cava. The relative diminution in the size of the
interatrial communication as development progresses is, as
Patten et al. emphasized, correlated with the increasing pul-
monary return to the left atrium as the lungs begin their rapid
development in the latter part of pregnancy.

In 1669 Lower described a local elevation situated in the
dorsal wall of the sinus venarum, and stated that its fune-
tion was to divert the flow from the superior vena cava into
the right atrium and thus prevent it from hindering the in-
flow from the inferior vena cava. Recently Franklin has re-
named this elevation, which is conspicuously present in the
fetal sheep heart, calling it the crista interveniens. In the
past, this structure has commonly been termed the tubercle,
or torus, of Lower. In the human heart, though recognizable,
it is less distinet than in the sheep. At the 9th week, the
crista interveniens is represented by a ridge arising, in part
at least, as a result of an angulation of the dorsal wall of
the sinus venosus due to the underlying right pair of pul-
monary veins. This angulation is certainly in a position lend-
ing plausibility to the contention that it may direct some of
the superior caval blood away from the foramen ovale, al-
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though a partial mixing of the two caval streams within the
confined sinal bay seems inevitable.

The comparatively high degree of development exhibited by
the right venous valve during the middle trimester of preg-
nancy, has received considerable attention. Born (1889) held
that the sinus valves develop in situ. Rése (1889), on the
other hand, asserted that during development the sinus and
atrial walls became apposed for some distance along their
zone of union, thus adding to the extent of the venous valves
by a sort of infolding process. Waterston (’18), also, de-
scribed the ‘‘invagination’’ of the right horn of the sinus
venosus into the atrium as giving rise to the sinus valves.
Odgers (’33) was in partial agreement when he maintained
that ““co-aptation’’ of the sinus wall with that of the atrium
gives rise to the right venous valve, but not the left. In the
present study evidence in support of this ‘“infolding” proc-
ess was found only in those parts of the venous valves near
the inlets of the cavae. At these levels, the right venous valve
in particular contained a central sheet of delicate embryonic
connective tissue which could be interpreted as a carrying-in
of the epicardium.

The ultimate fate of the right venous valve has long been
known to be significant in the origin of the filamentous or
reticulate structures which are found in the right atrium of
some adult hearts. A great variety of such vestiges are gen-
crally referred to as Chiari’s nets. The present study indi-
cates that a Chiari’s net could result from less than the nor-
mal amount of resorption of the venous valves, principally
the right valve, and the associated septum spurium. When,
as occasionally happens, the resorption is incomplete there
are bound to be net-like remnants bordering the old sinal bay.

The atrioventricular junction is a clearly defined, modified
area of the heart wall. Attention has already been drawn to
the fact that this junction is marked, internally, by endocar-
dial cushion tissue which plays an important role in the for-
mation of the cardiac skeleton. In embryos of the 9th week,
the primordium of the septum membranaceum of the adult
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heart is represented by a composite mass of endocardial
cushion tissue (Odgers, ’38; Kramer, ’42) situated just above
the primary muscular part of the interventricular septum.
This mass is what His (1885) called the septum intermedium.
The thinning of this interventricular plug during later stages
gives rise to the septum membanaceum of the adult heart.
As a result of subsequent changes of the position of the septal
cusp of the tricuspid valve, the septum membranaceum be-
comes divided into atrioventricular and interventricular com-
ponents. The manner in which these changes are accomplished
has not yet been worked out in detail, although differential
growth and redistribution of the endocardial cushion tissue
appear to be important factors in the process.

Coronary circulation

The rapidity with which the coronary circulation is estab-
lished is one of the striking features of cardiac development.
The markedly developed right nodal artery at 9 weeks (fig.
12) is in keeping with the presence, at this stage, of a well-
defined primordium of the sino-atrial node. The homologous
left nodal artery, when present, may develop even earlier
than the right. In many instances, by the 9th week, this ves-
sel appears to have passed the peak of its relative develop-
ment and begun to undergo atrophic changes. When present
it takes its origin from a point in front of the oblique vein
of Marshall (left common cardinal vein) which corresponds,
on the left side, to the position of the sino-atrial node on the
right. Its association with this regressing vessel may under-
lie the fact that a left sino-atrial artery tends to undergo
atrophic changes developmentally and is, therefore, the less
frequent source of the blood supply for the sino-atrial node
in the adult.

The ramus septi fibrosi, which is the chief source of the
blood supply for the atrioventricular node in the adult, is
recognizable although relatively poorly developed at this stage
(fig. 13). This is in consonance with the fact that in the 9th
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week the primordinm of the atrioventricular node is poorly
defined. The ramus septi fibrosi was the only blood vessel
which could be found penetrating the atrioventricular junc-
tion at this age. The principal blood supply to the right
branch of the bundle of His is by means of a branch of the
left conal artery (fig. 13). The right conal artery has a less
extensive distribution.

Innervation

The basic plan of cardiac innervation can be more readily
understood from the pattern established in the 9-week em-
bryo than from the complex plexuses present in the adult. In
embryos of this age the cardiac branches of the vagus nerve
are more fully developed and more easily distinguishable than
those of the sympathetic trunk. The sympathetic branches,
however, could be identified accompanying those of the vagus
to reach the heart wall at the same relative points. In some
situations it was not possible to distinguish clearly between
the two as they converged on the heart. It was for this
reason that the compound term ‘‘vagosympathetic’” was sug-
gested as a name for these particular fibers by Keng (1893).

The manner in which a branch of the left sinal nerve of the
sino-atrial plexus accompanies the oblique vein of Marshall
(fig. 15) is of particular interest. In the adult, Worobiew
(’28) described the part of the fold of Marshall which trans-
mits this nerve as the ‘‘plica nervina atrii sinistri.”” Per-
man (’24) described a similar nerve passing through the
‘Marschallsche Perikardialfalte.”” In this same paper he
acknowledged that Scarpa (1794) was the first to observe it
in man, and stated that Schumacher (’02) noted it in only
two cases out of 30 examined. Perman, nevertheless, consid-
ered this nerve to be constant for man. This nerve is desig-
nated here as the left sinal nerve (fig. 15). It should be
recognized that, although it consists primarily of parasympa-
thetic fibers at this stage, sympathetic components probably
already accompany it. Its homologue, the right sinal nerve,
is better developed and its distribution is easier to follow.
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The sinal nerves are undoubtedly derivatives of the nerves
that Shaner (’30), in his study of younger developmental
stages of the pig heart, called the ‘‘left and right cardinal
nerves.”” In adult man it seems preferable to designate the
left sinal nerve as the nerve to the coronary sinus and the
right sinal nerve as the nerve to the sinus venarum.

The primordium of the atrioventricular node appears to re-
ceive contributions from both right and left vagus nerves.
This is in sharp contrast with the fact that the primordinm
of the sino-atrial node receives only a specific branch from
the right sinal nerve.

In the present work an attempt was made to determine,
also, the distribution of neuroblasts over the surface of the
heart. Many aggregations of such terminal ganglion cells
were found in relation to the great vessels and the base of the
heart. Those in relation to the blood vessels can conveniently
be designated as juxtavascular bodies. One of these masses
of tissue, namely the carotid body, contained epithelioid cells
as well as neuroblasts. For this reason the inclusion of this
composite tissue by various authors (Wiesel and Biedel, ’02;
Trinci, 07 ; Bussachi, ’12; Rabl, ’22; Watzka, ’30; Penitschka,
’31; Palme, ’34; Secto, ’35; Muratori, ’34; and Nonidez, '35,
’39) under the general heading of ‘‘paraganglia’’ is mislead-
ing in that it connotes that all of this tissue is derived ex-
clusively from neural crest ectoderm. DeCastro (’26) and
Boyd (’37) asserted that the primordium of the carotid body
is predominantly mesodermal in origin.

A mass of neuroblastic tissue arises in relation to the ductus
arteriosus. In this paper this tissue is designated as the jux-
taductal body (fig. 14). The close relationship of this mass
to the ductus would suggest that it may be concerned in regu-
lating its caliber. The ganglion of Wrisberg (1793) is derived
from this primordium and retains a similar relationship to
the ligamentum arteriosum. The function of this ganglionic
mass in the adult is uncertain.

The neuroblastic mass directly related to the nerve of the
sino-atrial node is found at the point where this nerve leaves
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the main right sinal nerve (figs. 14, 15). A few terminal neuro-
blasts lie within the nodal primordium itself. The innervation
of the atrioventricular node is less specific. Belowa (’28) de-
seribed a *depression of the dorsal cardiac wall, situated
medial to the inferior caval orifice and cephalic to the atrioven-
tricular junction. He designated this depression as the ‘‘Fos-
sula cordis nervina,’”’ emphasizing its rich innervation. In
the 9th week there is no depression since this area is filled
by a thick mass of embryonic epicardial connective tissue. It
should be noted, however, that the area in question is the
place at which the nerves and blood vessels to the primordinm
of the atrioventricular node penetrate the heart wall.

Conduction system

The discovery of specialized muscle fibers by Purkinje 2
early in the 19th century opened the door for a series of
studies on the coordination of contraction in the mammalian
heart. Stanley Kent (1893) and Wilhelm His, Jr. (1893) al-
most simultaneously announced the discovery of a muscular
connection between atrium and ventricle. The presence of
the atrioventricular bundle was subsequently substantiated by
the work of Braeunig (’04), DeWitt (’09) and Lewis (’17).
Tawara published his discovery of the atrioventricular node
in 1906. In 1907 Wenckebach deseribed as the site of initia-
tion of the impulse to contraction a fascicle of muscle (Schlin-
genfasern) arising in the proximal part of the superior vena
cava. In the same year Sir Arthur Keith, with the collabora-
tion of Martin Flack, described the sino-atrial node which
they presumed to be the site of origin for the impulse of heart
contraction. This concept was proved to be correct by the ex-
tensive electrocardiographic investigations of Sir Thomas
Lewis beginning in 1910.

? Bibliographiecally, Purkinje is acknowledged as having discovered the modified
cardiac musele fibers, which bear his name, in 1845. This work was, however,
first reported in 1839 by Bogislaus Palicki, one of Purkinje’s students, in his
published treatise, ‘‘De musculari cordis structura,’’ Breslau, in Volume 24 of

Medical Dissertations, 40 pages, Dec. 1839, giving full eredit to Purkinje for
the original discovery.
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Relatively recently, the developmental aspects of the propa-
gation of the heart beat have attracted a wide interest (Ret-
zer, ’20; Shaner, ’29; Patten and Kramer, ’33; Hoff, Kramer,
DuBois and Patten, ’30; Goss, 40, ’42; Walls, ’47; and Pat-
ten, ’49).

An understanding of the histogenesis of the junctional re-
gion of the atria and ventricles is necessary as a basis for
understanding the development of a specialized atrioventricu-
lar conduction system. In the 9th week the atria are still in-
completely separated from the ventricles at the atrioventricu-
lar junction although the formation of the fibrous annulus has
been presaged by connective tissue invasion and the muscle
fibers have undergone partial atrophy. There is apparently
some individual variability in the completeness with which
atrial and ventricular muscle are finally separated by this
process. In this regard, Kent (1893) remarked: ‘‘It would
appear then that the fact of two masses of muscle being
joined together by fibrous tissue is in itself no argument
against the muscular continuity of such masses, the fibrous
nature of the intervening tissue by no means excluding the
possibility of muscular fibers running through it and preserv-
ing the muscular connection.”” We now know of course that
some of the original myocardial continuity may be retained
in the adult heart in the form of accessory bundles giving rise
to variations in conduction phenomena (Wolff, Parkinson and
White, ’30).

The most strongly developed component of the sinoventricu-
lar conduction system in the 9-week heart is the main atrio-
ventricular bundle which courses along the crest of the inter-
ventricular septum musculare. Even in this location the bundle
is not completely separated from the muscular part of the in-
terventricular septum by its developing connective tissue
sheath. There is at this age considerable continuity between
the main bundle and the adjacent cardiac muscle of the sep-
tum. Apparently some of this continuity is normally retained
in the adult. The function of ‘‘para-specific septal conduc-
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tion’’ has been attributed to such fibers in the adult heart by
Mahaim and Winston (’41).

The sinistrodorsal and sinistrovalvular branches of the con-
duction system of the embryo (fig. 13) probably give rise to
the fascicles deseribed in the adult heart by Mahaim (’32) as
the ¢“. .. connexions superieures et posterieures de la branche
gauche. . .”> The dark-staining quality of the conduction tis-
sue, at this age, contrasts sharply with the paler staining
qualities (Mahaim, ’31) of the same tissue in the adult heart.
Terminal fibers, similar to the Purkinje fibers characteristic
of the adult heart, do not appear to be recognizably differen-
tiated in hearts of the 9th week.

SUMMARY AND CONCLUSIONS

This study of the morphology of the human heart in the
9th week of development was based primarily on wax-plate
reconstructions augmented by transparent plastic reconstrue-
tions of certain regions. Microdissections of embryos in this
age period were made for cardiac relations and proportions.
This stage was selected because most of the cardiac strue-
tures recognized in the adult are already clearly established
and yet are still sufficiently embryonic to reflect the develop-
mental processes involved in their origin.

The interatrial septal complex is of particular interest.
There has been extensive resorption of septum primum to
form a large ostium secundum. A thick, but not yet fully de-
veloped, septum seccundum delimits a wide foramen ovale.
This arrangement leaves a much freer interatrial communi-
cation than is characteristic of the heart at term.

The right venous valve is extraordinarily highly developed
at this age, whereas the left venous valve already has been
considerably reduced. As a result there is a deep sinal bay
of the right atrium between the right venous valve and the
interatrial septal complex into which all the major veins empty.
The morphology of this region suggests that a considerable
part of the inferior caval blood stream passes directly through
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the interatrial ‘‘functional orifice’’ into the left atrium. The
right venous valve may well act as a baffle helping to insure
adequate charging of the left atrium which still has only a
relatively small direct return from the lungs. In the sinal
bay there must be considerable mixing of the blood entering
by way of the superior vena cava and the coronary sinus with
that part of the inferior caval blood that does not go to the
left atrium.

The septum membranaceum is not, as yet, fully differenti-
ated histologically, but the interventricular foramen has been
closed by a composite mass of endocardial cushion tissue ly-
ing along the crest of the interventricular septum musculare.
Some of this tissue extends into the primordia of the atrio-
ventricular valves as part of their framework. The frame-
work of the valves at this stage is two-layered. Beneath the
atrial endothelium it is composed of endocardial cushion tis-
sue; under the ventricular endothelium there is still a layer
of cardiac muscle. The endocardial cushion tissue of this
region, together with that lining the atrioventricular orifices,
will participate in the formation of the fibrous skeleton of the
heart.

By the 9th week all of the major cardiac vessels are pres-
ent and there are already special branches to the sino-atrial
node and to the main atrioventricular bundle.

Both divisions of the autonomic supply are represented in
the 9-week heart, but the parasympathetic branches from
the vagus are more highly developed than the sympathetic
branches. Local aggregations of neuroblasts are found in
many areas in relation to the heart and the great vessels.

A well-defined primordium of the sino-atrial node can be
identified by the 9th week. The bundle of His, and its major
branches, is the most strongly developed component of the
conduction system at this age. The atrioventricular node was
not clearly recognizable and the terminal (Purkinje) fibers
were as vet undifferentiated from the rest of the cardiac mus-
cle fibers.
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