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ABSTRACT
The complete division of the atrial cavity by a septum, resulting in a left and
right atrium, is found in many amphibians and all amniotes (reptiles, birds,
and mammals). Surprisingly, it is only in eutherian, or placental, mammals
that full atrial septation necessitates addition from a second septum. The high
incidence of incomplete closure of the atrial septum in human, so-called probe
patency, suggests this manner of closure is inefficient. We review the evolution
and development of the atrial septum to understand the peculiar means of
forming the atrial septum in eutherian mammals. The most primitive atrial
septum is found in lungfishes and comprises a myocardial component with a
mesenchymal cap on its leading edge, reminiscent to the primary atrial septum
of embryonic mammals before closure of the primary foramen. In reptiles,
birds, and mammals, the primary foramen is closed by the mesenchymal tis-
sues of the atrioventricular cushions, the dorsal mesenchymal protrusion, and
the mesenchymal cap. These tissues are also found in lungfishes. The closure of
the primary foramen is preceded by the development of secondary perforations
in the septal myocardium. In all amniotes, with the exception of eutherian
mammals, the secondary perforations do not coalesce to a secondary foramen.
Instead, the secondary perforations persist and are sealed by myocardial and
endocardial growth after birth or hatching. We suggest that the error-prone sec-
ondary foramen allows large volumes of oxygen-rich blood to reach the cardiac
left side, needed to sustain the growth of the extraordinary large offspring that
characterizes eutherian mammals. Anat Rec, 302:32–48, 2019. © 2018 The
Authors. The Anatomical Record published by Wiley Periodicals, Inc. on behalf
of American Association of Anatomists.
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Septation of the atrium is an extraordinarily long and
complicated process during the ontogenetic development
of the human heart. Septation starts already in the fourth
week of gestation, but is not completed until after birth
when the secondary septum merges with the primary

septum (Anderson et al., 2014). Ventricular septation, in
contrast, is completed within the second month of gesta-
tion (Van Mierop and Kutsche, 1985; Sizarov et al.,
2011a). The primary atrial septum is a flimsy sheet
formed almost 2 months before the secondary septum.
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The need for the secondary atrial septum, stems from the
development of a large hole, the secondary foramen, in the
primary atrial septum (Anderson et al., 2014). Remarkably,
the postnatal merger of the primary and secondary septum
fails to complete in approximately a quarter of the human
population, resulting in a persistent foramen ovale, where a
probe can be advanced from the right atrium to the left
atrium (Fig. 1) (Hagen et al., 1984; Calvert et al., 2011). The
incidence of a persistent foramen ovale is much higher than
the low incidence of ventricular septal defects or patent duc-
tus arteriosus (around 0.36% and 0.08%, respectively)
(Hoffman and Kaplan, 2002). Although the setting of persis-
tent foramen ovale is rarely a clinical concern, it may associ-
ate with cryptogenic stroke and an increased risk of
developing decompression illness when diving (Calvert et al.,
2011; Nakanishi et al., 2017). Thus, “if an oral or subcutane-
ous vaccination for PFO [persistent foramen ovale] closure
was available, it would be used generously” (Meier and
Nietlispach, 2017). Human atrial septation is, therefore, a
surprisingly protracted, complicated, and inefficient process.

In every minute of fetal life, oxygen-enriched blood pass
through the foramen ovale to reach the left side of the heart
and subsequently the coronary and cephalic circulation
(Kiserud, 2005) (Fig. 2). Both heart and brain are metaboli-
cally highly active organs and may have a greater depen-
dency on oxygen-enriched blood than most other fetal organs
(Battaglia and Meschia, 1978; Fisher et al., 1980; Feit et al.,
1991). The magnitude of the shunt across the foramen ovale
is 20–30% of total cardiac output and equals hundreds of mil-
liliters in late fetal life (Kiserud, 2005). Indeed, a small fora-
men ovale associates with fetal growth retardation (Sutton
et al., 1994; Kiserud et al., 2004), although this association is
often in a setting of multiple abnormalities (Feit et al., 1991;
Uzun et al., 2014). The fetus takes up oxygen in the placenta

from where the oxygen-enriched blood is returned to the
right atrium via the umbilical vein, the ductus venosus, and
the inferior (or posterior) caval vein (Morton and Brodsky,
2016) (Fig. 2). The inferior caval vein is also a conduit for the
substantial amounts of oxygen-poor blood coming from the
abdomen. Nonetheless, the ductus venosus and inferior caval
vein are angled with regards to the right atrium, such that
oxygen-enriched blood preferentially streams through the
foramen ovale (Fig. 2) (Dawes et al., 1955; Edelstone and
Rudolph, 1979; Anderson et al., 1981; Kiserud et al., 1992).
The probe shown in Figure 1 approximates the direction of
the stream of the oxygen-enriched blood in the fetal circula-
tion. After birth, the placental circulation regresses, the pul-
monary circulation more than doubles, and a relatively high
left atrial pressure presses the primary septum against the
secondary septum which closes the foramen ovale (Dawes
et al., 1955; Morton and Brodsky, 2016). The role of the fora-
men ovale therefore changes dramatically around birth from
being of paramount importance for normal growth to being
of no consequence in postnatal life in many and a potential
risk for well-being in a few.

To better understand the peculiar traits of atrial septa-
tion, we first summarize the key structures and events of
human atrial septation. The most conspicuous feature of
the formed atrial septum is the fossa ovalis, a circular
depression approximately in the center of the atrial sep-
tum. Our survey of the literature reveals that the fossa
ovalis is a feature of the atrial septum of eutherian mam-
mals only. We then show that the key mesenchymal and
myocardial elements of the primary atrial septum can be
traced back in evolution to lungfishes and that these tis-
sues form the basis for incomplete and complete atrial
septation in all tetrapods (amphibians, reptiles, birds,
and mammals). Only eutherian mammals, not marsupial

Fig. 1. The human atrial septum, in the setting of persistent foramen ovale, seen from the cavity of the right (A) and left atrium (B). A. The fossa
ovalis is delimited by the so-called secondary septum which comprises a superior (cranial) fold (S) of the atrial roof and its inferior (caudal) buttress
(I) derived from embryonic mesenchymal tissues. While the atrial septum appears fully formed, a probe can be advanced to the left atrial cavity.
B. In the left atrial cavity, the probe emerges from beneath the primary septum, or flap valve (1st septum), and through the persistent foramen
ovale. CS, mouth of the coronary sinus; LV, left ventricle; RV, right ventricle; SCV, superior caval vein.
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or monotreme mammals, develop a large secondary fora-
men in the primary septum and subsequently require a
secondary septum to close it. Finally, we suggest the sec-
ondary foramen is an adaptation required to deliver suffi-
cient amounts of oxygen to the cardiac and cephalic
circulations of the large eutherian mammal fetuses dur-
ing the exceptionally long gestation periods.

THE ANATOMY OF THE ATRIAL SEPTUM OF
EUTHERIAN MAMMALS

As Seen from the Right Atrium

The atrial septum divides the cavities of the right and
left atrium (Rowlatt, 1990). It has a dorsal position and a

smooth surface, when inspected from the right atrial cav-
ity, and is thereby distinct from the right atrial append-
age, which is dominated by pectinate muscles (Fig. 1A).
Cranial to the atrial septum (superior in human), is
always the entrance of the right cranial caval vein, and
caudal to it (inferior in human) is always the mouths of
the caudal caval vein and the left cranial caval vein, or
coronary sinus (Rowlatt, 1990). There is a deep depres-
sion on the right atrial face of the septum, the fossa ovalis
(Fig. 1A). Between species, the position of the fossa ovalis
can differ and is, for instance, more cranially positioned
in pigs compared to humans (Crick et al., 1998). The bot-
tom of the fossa ovalis is the thinnest part of the atrial
septum and is the only part of the primary atrial septum
that can be seen from the right atrium. The roundish rim
of the fossa ovalis is commonly called the secondary sep-
tum, or limbus (Rowlatt, 1990), because of its distinct and
later development than the primary septum. (Fig. 1A)
(Jensen et al., 2017). Muscular and mesenchymal line-
ages give rise to the secondary septum, and it can be con-
sidered to have a distinct dorso-cranial and ventro-caudal
part accordingly (Fig. 1A).

As Seen from the Left Atrium

The left atrial surface of the atrial septum is also
smooth, but without any structure resembling the fossa
ovalis (Rowlatt, 1990) (Fig. 1B). The wall of the left
atrium is also smooth, except the small appendage, and
there is no distinct border between the primary septum
and the body of the left atrium (Rowlatt, 1990) (Fig. 1B).
Most of the left atrial face of the septum is the primary
septum, commonly called the “flap valve” in medical liter-
ature, which has two horns, or cornua (Franklin et al.,
1942), extending cranially (Jensen et al., 2017). Between
the horns is a depression that is the postnatal remnant of
the embryonic secondary foramen, which is probe patent
in the human heart as shown in Figure 1B. Even in the
setting of persistent foramen ovale, there is no overlap
between the secondary foramen and fossa ovalis due to
the dorso-cranial rim (Fig. 1A,B) (Calvert et al., 2011).

Common Defects of the Atrial Septum

The presence of a fossa ovalis indicates that the atrial
septum was formed from the merger of the primary and
secondary septum. The incidence of failed merger, persis-
tent foramen ovale, is only well established in humans,
but is probably as prevalent in rats (LekanneDeprez
et al., 1998; Michaëlsson and Ho, 2000). In one relatively
comprehensive study, however, only one of the 36 investi-
gated hearts of the harbor porpoise (Phocoena phocoena)
had persistent foramen ovale (Rowlatt and Gaskin, 1975).
This incidence is much lower than in humans, but still
much greater than the incidence of ventricular septal
defects and patent ductus arteriosus in human and
domesticated mammals (Michaëlsson and Ho, 2000). The
data from human and eutherian mammals, therefore,
strongly suggest that the formation of a full atrial septum
from two septa is an inefficient process. Inefficiency is
selected against in evolution. We propose, however, that
the eutherian mammalian manner of forming the atrial
septum also allows for particularly long gestation and
large offspring and this has a greater positive impact on

Fig. 2. Overview of the fetal circulation, emphasizing the route of
oxygen-enriched blood (red) from the placenta, through the foramen ovale
(FO), to the cranial circulation. This route entails two shunts, through the
ductus venosus (DV) and the foramen ovale. The third fetal shunt is from
the pulmonary artery (PA) through the ductus arteriosus to the aorta (Ao).
The oxygen saturation (sat) only drops from ~75–65% from the placenta to
the cranial arterial circulation. This suggests that the stream of oxygen-
enriched blood avoids mixing with much of the oxygen-poor blood coming
from the inferior caval vein (ICV) and other systemic veins. It also shows
that a large proportion of the left ventricular output stems from the blood
shunted across the foramen ovale, a flow that equals ~20% of cardiac
output, with the remainder of the output stemming from the pulmonary
veins. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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reproductive success than the limited detrimental impact
of inefficient atrial septation.

In addition to a persistent foramen ovale, the human
atrial septum can be afflicted by multiple types of other
congenital malformations (Patten, 1938; Driscoll, 2016;
Jensen et al., 2017). In the setting of the septum secun-
dum defect, a relatively common congenital malformation
in human and other eutherian mammals, the secondary
foramen or other perforations may be so extensive that
they are not covered by the dorso-cranial rim of the sec-
ondary septum (Patten, 1938; Michaëlsson and Ho, 2000).
Principally, the dorso-cranial rim may also be feebly
developed, leading to interatrial communication despite a
normal secondary foramen (Patten, 1938; Michaëlsson
and Ho, 2000). There are recent and comprehensive
reviews on genes associated with atrial septal defects in
human (Khan and Jay, 2016) and on experimental models
of atrial septal defects (Jay et al., 2016).

The Atrial Septum in Other Mammals

Extending back to at least the 19th century, it was
occasionally observed that the fossa ovalis can be found
in eutherian mammals only, and not in marsupial mam-
mals, such as kangaroos, or monotreme mammals
(Martin, 1836; Röse, 1890; Franklin et al., 1942; Ottaway,
1944; Rowlatt, 1990; Runciman et al., 1992). Developmen-
tal studies further showed that the secondary foramen is
particular to eutherian mammals (Röse, 1890; Franklin
et al., 1942). In marsupials, for instance, the primary sep-
tum does develop secondary perforations, but these will
not coalesce to a secondary foramen. Already Röse (1890)
proposed the secondary foramen was an adaptation to
particular conditions of gestation and Runciman and col-
leagues (Runciman et al., 1995) suggested a role for the
great duration of the eutherian mammal gestation. Mar-
supials almost invariably have shorter gestational period
(12–38 days) than eutherians (16–660 days) (Ferner et al.,
2017). Some reptiles have a gestation period of several
months (Gregorovicova et al., 2012), but the work of the
heart, cardiac output and metabolic rate of mammals is
several times greater than in similarly sized reptiles
(Jensen et al., 2014). To the best of our knowledge, how-
ever, the secondary foramen of eutherian mammals
remains a curious feature that has not been ascribed any
advantageous function over the secondary perforations
from which it develops. In the next two sections, we first
summarize the key features of the normal development of
the atrial septum in eutherian mammals and then
attempt to establish their evolution. Last, we synthesize
the preceding sections to propose an advantageous func-
tion of the oval foramen in the final section.

NORMAL DEVELOPMENT OF THE ATRIAL
SEPTUM IN EUTHERIAN MAMMALS

The Primary Septum

In the diagrams of Figure 3, we summarize the time
course and key events and structures in the formation of
the full atrial septum in human, much of which has
already been described (Patten, 1938). The morphogene-
sis and lineages of the mesenchymal and myocardial tis-
sues of the primary septum are well described in both
human and mouse, whereas the formation of the compo-
nents of the secondary septum is less understood (Webb

et al., 2001; Briggs et al., 2012; Anderson et al., 2014;
Sylva et al., 2014; Jay et al., 2016).

In early development, the tubular heart is attached to the
pharyngeal mesenchyme by a dorsal mesocardium (Wessels
et al., 2000; Sizarov et al., 2011b). As the heart tube loops
and chambers start to form in the fourth week of gestation,
the middle part of the tubular heart breaks free from the
dorsal mesocardium. Concomitantly, cardiac jelly of the
atria retracts such that the endocardium is nestled against
myocardium, except in a ridge of mesenchyme that spans
the atrial roof from the ventral part of the atrioventricular
cushions to the dorsal mesocardium. The myocardial pri-
mary septum will grow from beneath this mesenchymal
ridge, which will then be carried forward as a cap on the
leading edge of the myocardial primary septum (Fig. 3A,B).
Similar to the forming ventricular septum, the leading edge
of the atrial septum expresses the transcription factor Tbx3
(Aanhaanen et al., 2010), which is involved in establishing
chamber boundaries among all vertebrates (Kokubo et al.,
2010; Jensen et al., 2012). The lumen between the atrioven-
tricular cushions and the mesenchymal cap is called the pri-
mary foramen, and this lumen is progressively diminished
by the growth of the septum (Patten, 1938; Wessels et al.,
2000) (Fig. 3B). Around this time, the fourth week of gesta-
tion, dorsal mesenchymal cells protrude into the atrial
lumen forming the dorsal mesenchymal protrusion, or ves-
tibular spine (Tasaka et al., 1996; Briggs et al., 2012; Ander-
son et al., 2014). On its left, is the single pulmonary vein
(Fig. 3B’). The dorsal mesenchymal protrusion can be identi-
fied by expression of the transcription factor Isl1 just like
the pharyngeal mesoderm it derives from (Mommersteeg
et al., 2006; Snarr et al., 2007; Sizarov et al., 2010; Sizarov
et al., 2011b). Within the fifth week of gestation, growth of
the septum has brought its mesenchymal cap in contact
with the atrioventricular cushions and these mesenchymal
tissues, together with the dorsal mesenchymal protrusion,
merge and thereby close the primary foramen (Fig. 3C)
(Briggs et al., 2012). Accordingly, distinct types of the atrial
septal defects can be ascribed to defects in the vestibular
spine, mesenchymal cap, and the atrioventricular cushions
(Jensen et al., 2017).

Formation of the Secondary Foramen

In week 5 of human gestation and before the primary
foramen closes, the cranial part of the primary atrial sep-
tum develops multiple perforations (Fig. 3C). This
enables continued shunting, where the oxygen-rich blood
that returns to the right atrium can enter directly into
the left atrium without having to flow through the pulmo-
nary circulation prior to reaching the left side of the
heart. At least in the fetal setting, the shunting to the left
atrium is very substantial and amounts to some 20–30%
of total cardiac output (Kiserud, 2005). Some 10–20% of
cardiac output returns to the left atrium from the pulmo-
nary circulation and the left ventricle pumps ~40% of
total cardiac output (Kiserud, 2005) (Fig. 2). Shortly after
the secondary perforations have formed, they will coa-
lesce to form a single hole, the secondary foramen
(Fig. 3D). The presence of the secondary perforation, but
not yet a secondary septum, remains until around week
12. The molecular mechanisms of formation of the perfo-
rations and the secondary foramen are not clear. In
chicken, the secondary perforations are always lined with
endothelium suggesting they are not created by
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destructive forces or programmes (Morse and Hendrix,
1980). Apoptosis does occur in developing hearts, but is
not considered part of the formative process for the atrial
septum (Icardo, 1996; Poelmann et al., 2000; Cheng
et al., 2002).

Closure of the Secondary Foramen

In the last stages of embryonic development, approxi-
mately weeks 6 through 8, the mesenchyme that closed
the primary foramen will start to differentiate into myo-
cardium (Wessels et al., 2000; Snarr et al., 2007; Briggs
et al., 2012; Anderson et al., 2014). This is the beginning
of the formation of the inferior-anterior rim of the second-
ary septum (Figs. 1A and 3E). Later, around week 12, an
infolding will start in the right atrial roof between the
primary septum and the mouth of the cranial caval vein
(Webb et al., 2001) (Fig. 3E). In humans, the infolding is
pronounced, whereas in mouse it is more of a solid ridge
(Jay et al., 2016; Wessels, 2016). This is the beginning of
the formation of the dorso-cranial rim of the secondary
septum, and while further development will take place,
the principal components to the secondary septum are
now in place. In mice, the infolding of the atrial roof
develops in the days just before birth (Anderson et al.,
2014). The duration of human gestation is much longer
than mouse. During the rapid growth of the last 20 weeks
of human gestation (Kiserud et al., 2017), the gap
between the primary and secondary septal parts, that is,
the foramen ovale, remains approximately constant rela-
tive to the size of the right atrium (Kiserud et al., 2004).

Presumably, all components of the atrial septum follow
the overall rapid growth of the heart. In the fetal setting of
hypoplastic left or right ventricle, the foramen ovale is pro-
portionally small or large respectively, suggesting hemody-
namics may shape the orifice (Feit et al., 1991). At these
stages, the primary septum is commonly referred to as the
flap valve of the developing oval foramen, and echocardiog-
raphy reveals that the foramen ovale is closed by the flap
valve for ~20% of the cardiac cycle during atrial systole
(Schmidt et al., 1996). During the temporary closure, pre-
sumably, left atrial pressure exceeds that of the right
atrium, and the left atrial pressure in preterm lamb is
slightly higher than the right atrial pressure (Anderson
et al., 1985). After birth, left atrial diastolic pressure
exceeds right atrial pressure and ensures that the primary
septum is pressed against the dorso-cranial rim of the
fossa ovalis, such that the two structures merge (Fig. 3F).
In smaller mammals, such as mouse and rat, closure of
the foramen ovale occurs in the first week, whereas it
takes months in cattle (Murakami et al., 1990; Cole-Jeffrey
et al., 2012; Elliott et al., 2014). The closure in rat is due to
fibrosis mediated by transition of the endocardium into
mesenchyme of the primary and secondary septum (Elliott
et al., 2014). Failed or incomplete merger results in persis-
tent foramen ovale (Fig. 3F’) (Calvert et al., 2011).

Variation in the Primary Septum and the
Secondary Foramen Among Eutherian Mammals

In postnatal mouse and rat hearts, there is a fairly
extensive primary septum as compared to the fossa

Fig. 3. Structures and processes of normal atrial septation in human in four-chamber view. (A) The primary septum (1) initiates from a
mesenchymal cap in the atrial roof (2) beneath which is the primary foramen (3) and the cushions of the atrioventricular canal (4). Approximately
week 4, Carnegie stage 12. (B) The septum grows (5) toward the atrioventricular cushions. Approximately week 4, Carnegie stage 14. (B’) Here
illustrated in the sagittal view, the dorsal mesocardium (d) contributes the dorsal mesenchymal protrusion (D) to the atrial cavity. (C) Formation of
secondary perforations (6) just precedes the merger (7) of the mesenchymal cap (2), dorsal mesenchymal protrusion (D), and the atrioventricular
cushion (4) to close the primary foramen. Approximately week 5, Carnegie stage 16. (D) The secondary perforations expand and coalesce to form
the secondary foramen (8). Approximately week 5, Carnegie stage 16. (E) The atrial roof folds inward on the right atrial side (9) and mesenchyme of
the mesenchymal cap and dorsal mesenchymal protrusion differentiates into myocardium and grows (11) and collectively constitutes the rim of the
foramen ovale (10). Approximately week 8, around embryo-fetal transition. (F) After birth, the primary septum is pressed against the posterior-
superior (dorso-cranial) fold and merges with it (12). The foramen ovale is now called the fossa ovalis (12) and is delimited by the posterior-superior
fold (9), which is buttressed anterior-inferiorly (ventro-caudally) by the myocardialized mesenchyme of the mesenchymal cap (2) and dorsal
mesenchymal protrusion (D). These myocardial structures comprise the secondary septum. (F0). Persistent foramen ovale (PFO) results from
incomplete merger (12). Timeline based on (Webb et al., 2001; Sizarov et al., 2011b; Anderson et al., 2014; Jensen et al., 2017).
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ovalis, at least in contracted atria, and the foramen ovale
is closed within the first week after birth (Cole-Jeffrey
et al., 2012; Elliott et al., 2014). Possibly, the secondary
foramen is relatively small in rodents, but the configura-
tion in rodents (order Rodentia) resembles those of
human and other primates (Franklin et al., 1942; Ander-
son et al., 2014). In carnivores (order Carnivora), there is
a single large secondary foramen, but this may come at
the end of a short sleeve-like extension of the primary
septum, which projects into the left atrial lumen
(Franklin et al., 1942; Macdonald et al., 1995; Macdonald
and Johnstone, 1995). Among odd-toed ungulates (order
Perissodactyla, e.g., horse) and even-toed ungulates
(order Artiodactyla, e.g., sheep and whales), the setting
can become extreme (Fig. 4). Here, the fetuses of some
species develop a substantial “tunnel” rather than a short
sleeve as in Carnivora. Further, the secondary foramen,
which is at the distal end of the tunnel, may comprise
multiple large perforations rather than a single orifice
(Franklin et al., 1942; Anderson et al., 1985; Macdonald
et al., 1988, 2007) (Fig. 4). After birth, the extensive pri-
mary septum of horse and cow merges into the wall of the
left atrium and is hardly distinguishable by 6 weeks
(Ottaway, 1944). While the settings shown in Figure 4
are surely extreme, it can be envisioned that these are
the outcomes of an expansion of the primary atrial sep-
tum along with its secondary perforations driven by the
long exposure to incremental blood flows during a long
gestation.

Elephants belong to an early branch of eutherian mam-
mals (Song et al., 2012) and it is possible that the exten-
sive atrial septum with a perforated distal part in the
fetal heart of the African elephant represents the ances-
tral condition (Amoroso et al., 1941). In agreement with
this notion, a secondary foramen of multiple perforations,
rather than a single foramen, is common among euthe-
rian mammals. When surveying eutherian mammals, it
appears the secondary perforations can either coalesce or
expand and the magnitude of either process is partly
given by phylogeny. Based on an extensive analysis,
Franklin and colleagues (Franklin et al., 1942) concluded

there can be considerable intraspecific differences in the
structures that surround the secondary foramen, but the
differences between mammalian orders are nonetheless
much larger. The secondary foramen expands as the fetus
grows, but it is not clear how its configuration is affected
by hemodynamics. The evolutionary ancestral condition
of the secondary foramen may be little more than a sim-
ple expansion of the primary atrial septum with numer-
ous secondary perforations.

EVOLUTION OF THE ATRIAL SEPTUM
Components of the Most Primitive Atrial Septum

Fossilized hearts have only been described for fish
without any cardiac septation (Maldanis et al., 2016).
Rather than relying on fossils, we can compare hearts of
extant vertebrates with known phylogenetic relations to
infer evolutionary trends (Burggren et al., 2014). All fish
have a single atrium, and lungfishes (Dipnoi) were the
first vertebrate group to develop an atrial septum as the
evolutionary emergence of lungs provided a functional
advantage by reducing the mixing of the oxygen-poor and
oxygen-rich blood flows returning to the heart. Lung-
fishes, are a sister group to the tetrapods, which comprise
amphibians, reptiles, birds, and mammals (Perry et al.,
2001; Amemiya et al., 2013). Given their phylogenetic
position, their poorly developed atrial septum, particu-
larly in the Australian lungfish, is probably also the most
primitive state of atrial septation (Klitgaard, 1978; de
Bakker et al., 2015). Only in the Hynobidae and Pletho-
dontidae salamanders is the atrial septum less developed,
but this is a derived state related to the subsequent evo-
lutionary loss of lungs (Lewis and Hanken, 2017).

In the fully formed lungfish, the atrial septum is a
flimsy meshwork of fine trabeculations, but systemic and
pulmonary venous blood streams are well separated in
the partially divided atrium. This may be surprising
given the meager appearance of the atrial septum and
laminar flow behavior of the blood could play a substan-
tial role (Fig. 5) (Burggren and Johansen, 1986). At the
earliest stages of lungfish heart development, the atrial

Fig. 4. The secondary foramen in fetal specimens of horse and humpback whale. (A) The roof of the left atrium has been cut away in this fetal
horse heart to illustrate the extensive primary septum (A.P.) which ends in a meshwork of numerous fine strings. Franklin and colleagues (Franklin
et al., 1942), from whom the figure is adapted, likened the appearance of the septum to a “worn-out finger stall”. (B) In the fetal humpback whale,
the primary septum projects into the left atrial cavity (LA) and ends in a meshwork of numerous fine strings. The right atrial cavity (RA) can be seen
through the prospective fossa ovalis. Adapted from (Macdonald et al., 2007). (C) In contrast to the human setting, in ungulates and cetaceans, the
primary septum becomes extensive as it projects deep into the left atrial cavity, comprising a proximal funnel (F) which ends in numerous
perforations (P). Ao, aorta; PA, pulmonary artery; P.V.C., posterior caval vein.
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septum initiates as a ridge of mesenchyme, as in euthe-
rian mammals (Robertson, 1913; Sizarov et al., 2010)
(Fig. 6A,B). In later stages, this ridge, which we deem to
be homologous to the mesenchymal cap of the primary
septum (Fig. 3A), serves as anchorage for the meshwork
of trabeculations that constitute the atrial septum (Fig. 5)
(Robertson, 1913). At this point, the atrial septum of the
lungfish resembles the perforated primary septum of the
human heart prior to the closure of the primary foramen
(Fig. 3B,C) and atrial septation is considered similar in
lungfishes and salamanders (Robertson, 1913). Text-Fig-
ure 13 of Robertson (Robertson, 1913) shows the develop-
ing atrial septum of the South American lungfish as an
unperforated sheet. However, it is not clear whether sec-
ondary perforations develop in lungfishes, or the later
growth is by trabeculated myocardium (as the remainder
of the atrial wall) whereby the atrial septum acquires the
appearance of a meshwork. In the formed lungfishes, the
mesenchymal cap is recognized as the so-called pulmo-
nary fold that directs the pulmonary venous return from
the single pulmonary vein toward the left side of the
atrial cavity (Robertson, 1913; Klitgaard, 1978; Icardo
et al., 2005; Icardo, 2017). Part of the atrial mesenchyme
of the lungfish derives from the dorsal mesocardium,
which harbors the solitary lung vein on its left in both
lungfishes and mammals (Fig. 6C) (Robertson, 1913). We
consider this dorsal mesenchymal protrusion homologous
to the one of mammals and it will likely be without sarco-
meric protein and express Isl1, but this remains to be
clarified. To conclude on the atrial septum of lungfishes,
its earliest development builds on the same principal
components as in eutherian mammals (cf., Fig. 3A,B’),
but its later development and final appearance is differ-
ent from any stages seen in eutherian mammals.

Atrial Septation in Amphibians

The earliest tetrapods were amphibians. Present-day
amphibians are grouped in three orders (Kamei et al.,
2012; San Mauro et al., 2014). The most recently evolved
order is the Anura (frogs and toads). To infer the

ancestral condition of amphibians, one can then compare
the Urodela (salamanders) and Gymnophiona (caecilians),
which are snake-like amphibians. Recent publications
have surveyed the atrial septum across multiple families
of caecilians and salamanders (de Bakker et al., 2015;
Lewis and Hanken, 2017).

In all caecilians and salamanders there is always a
gap between the leading edge of the atrial septum and
the atrioventricular valve (Davies and Francis, 1941;
Ramaswami, 1944; Putnam and Kelly, 1978; de Bakker
et al., 2015; Lewis and Hanken, 2017). From a mamma-
lian stance, this resembles persistent primary foramen
(Fig. 3B). Compared to lungfishes, the myocardial part of
the septum is much more extensive and is essentially a
sheet with a great number of perforations (Fig. 7A, A’).
The perforations may be secondarily formed (Schilling,
1935; Terhal, 1942) and at least in the early develop-
ment of the caecilian Idiocranium, the atrial septum
starts as an unperforated sheet (Fig. 7B). The dorsal
base of the atrial septum of adult caecilians and sala-
manders consists of connective tissue and is without
myocardium (Fig. 7A). This part has also been called the
“Atrial Septum 2” (Lewis and Hanken, 2017) and “ib”
(Putnam and Parkerson, 1985). Presumably, the connec-
tive tissue part is derived from the dorsal mesocardium,
but this has not been demonstrated (de Bakker et al.,
2015). In the Xenopus frog, the pharyngeal mesoderm
expresses Isl1 and contributes to the arterial pole as in
other vertebrates, but it has not been investigated
whether it adds dorsal mesenchyme in the form of a dor-
sal mesenchymal protrusion (Brade et al., 2007). Archi-
tecturally, the atrial septum of caecilians and
salamanders resembles an expanded state of the perfo-
rated primary atrial septum before closure of the pri-
mary foramen (Fig. 3B,B’). In the Xenopus frog, the
atrial septum initiates from a ridge of mesenchyme and
grows as a single unperforated sheet (Jahr and Manner,
2011) and thus resembles the early stages of the mam-
malian primary septum (Fig. 3B). In fully formed frogs
and toads, there is a full atrial septum without any
indication of rim-like structures to delimit a fossa

Fig. 5. Blood flow and septation in the atrium of the African lungfish. (A) In the atria of the African lungfish pulmonary venous return is remarkably
well separated from the systemic venous return of the right atrium (RA), here visualized by X-ray contrast. (B) The atrial septum is a sheet of
mesenchymal tissue associated with the ventricular base, the so-called pulmonary fold (F), to which several prominent trabeculations attach
(arrowhead). We consider this the most primitive state of the myocardial primary septum among extant vertebrates. In this preparation, the atrial
cavity is quite contracted. Avc, atrioventricular canal; LA, left atrium; oft, outflow tract; P, the atrioventricular plug (valve); vs, ventricular septum. A,
adapted from (Johansen and Hol, 1968), B adapted from (Icardo et al., 2015).

JENSEN ET AL.38



ovalis (Fig. 8). Given the state of the atrial septum in
caecilians and salamanders, the full atrial septum of
anurans is probably a derived condition.

Atrial Septation in Reptiles and Birds

Reptiles, birds, and mammals develop with extraem-
bryonic membranes, including the amnion, not to be

found in fishes and amphibians (Alfoldi et al., 2011).
Accordingly, they are grouped together as amniotes.
Birds and crocodilians evolved from basal reptiles and
are grouped in the archosaur clade, whereas mammals
evolved from an even earlier branch of reptiles (Green
et al., 2014). Concerning the heart, the typical reptile
heart likely represents the ancestral condition of reptiles

Fig. 6. Cardiac mesenchyme (yellow) functions as a “guide” (“Leitbahn” in German (Benninghoff, 1933)) to atrial and ventricular septation in both
embryonic Australian lungfish (A) and human (B, Carnegie stage 14). Adapted from (Greil, 1913; Sizarov et al., 2011a). (C) In the South American
lungfish, a dorsal mesenchymal protrusion (in yellow) contributes to the mesenchymal “auriculo-ventricular ridge” (av.r.) and thereby establishes a
bridge between the atrial cavity and the pulmonary vascular plexus. This section is sagittal and is perpendicular to the image plane of A. Adapted
from (Robertson, 1913).
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and mammals.1 In all amniotes, the atrial septum is
complete (Jensen et al., 2014).

Following the building plan of lungfishes and amphib-
ians, the atrial septum initiates as a mesenchymal ridge
in the atrial roof (Greil, 1903; Benninghoff, 1933; Jensen
et al., 2013). In chicken, the mesenchymal ridge is subtle
around Hamburger-Hamilton stages 17–18 when the
myocardial component starts to grow (Chang, 1931; Quir-
ing, 1933; Männer and Merkel, 2007). The subsequent
growth of the primary septum, the closure of the primary

foramen, and the formation of secondary perforations in
the cranial part of the septum is like in eutherian mam-
mals (Figs. 3A–C, 9)(Hendrix and Morse, 1977; Kutsche
and Van Mierop, 1988; Jensen et al., 2013; Cook et al.,
2017). We show here, as has previously been shown for
mammals (Fedorow, 1910), that dorsal mesenchyme
expressing Isl1 contributes a dorsal mesenchymal protru-
sion to the mesenchymal tissues that close the primary
foramen (Figs. 3B’, 10). In contrast to the setting of euthe-
rian mammals, the secondary perforations do not coalesce

Fig. 7. The atrial septum of the caecilian amphibian, Idiocranium. (A–A’). Transverse section of the atrial cavity, showing an atrial septum with a
myocardial component with multiple perforations (arrows) and a smaller connective tissue component (cp) dorsally. (in A staining is by fluorescent
immunohistochemistry, in A’ the same section was subsequently stained with alcian blue for connective tissue). Adapted from (de Bakker et al.,
2015). (B) The atrial septum (red arrowheads) of a developing Idiocranium. In this early stage, the atrial septum appears as a single unperforated
sheet. The photo is from specimen AMP-121 of the Hill collection. cTnI, cardiac troponin I; LA, left atrium; oft, outflow tract; pv, pulmonary vein; RA,
right atrium; SMA, smooth muscle actin.

1 The pre-endotherm mammalian ancestors can be assumed to
have had a heart quite like those of squamate reptiles based on
the following observations: (1) Reptile hearts have a valve
between the sinus venosus and the right atrium, so do mono-
treme mammals and many birds (Jensen et al., 2017); (2) Reptile
hearts have a primary atrial septum only, so do monotreme and
marsupial mammals and birds. Only eutherian mammals have a
primary and secondary atrial septum; (3) All amniotes

incorporate the myocardial outflow tract during development,
but amphibians do not. In this process, the muscular ridge/hori-
zontal septum/folding septum is formed (Jensen et al., 2013);
(4) All ectotherms have a highly trabeculated ventricle (Burggren
et al., 2014; Jensen et al., 2016). It seems a reasonable assump-
tion that the pre-endotherm mammalian ancestors had features
1–4, and the presence of all four characters only occur in the
formed reptile hearts.
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to a secondary foramen.2 Around birth or hatching, the
secondary perforations simply close by growth of myocar-
dial and endothelial tissues around the margins of each
perforation (Röse, 1890; Hendrix and Morse, 1977; Jensen
et al., 2013). The differentiation from mesenchyme into
myocardium is a key process in the formation of the
ventro-caudal margin of the fossa ovalis (Figs. 1A, 3E)
and it is noteworthy that atrial mesenchymal tissues in
reptiles also exhibit some capacity to differentiate into
myocardium (Fig. 10). This capacity may be lacking in
amphibians as the connective tissue part of the atrial sep-
tum is without myocardium (Fig. 7). In chicken, and pre-
sumably birds in general, much atrial mesenchyme
differentiates into myocardium, including at the base of
the atrial septum (de Groot et al., 1987; van den Hoff
et al., 2001; van den Hoff et al., 2004).

Reptiles have a large groove in the atrial roof contain-
ing the truncus arteriosus, the common trunk of the pul-
monary artery and the two aortae (Jensen et al., 2014).
Beneath this groove is a prominent crest of trabecula-
tions, which is immediately to the right of the primary
septum and then in the same position as the dorso-cranial
rim of the fossa ovalis (Figs. 3E,F, 11). During ventricular
diastole, the atrial septum is pressed against this crest in
a manner that strongly resembles the setting of persis-
tent foramen ovale in human, where the primary septum,
or flap valve, is pressed against the dorso-cranial rim of
the fossa ovalis (Fig. 11A,A’). In reptiles, it is the cranial
part of the atrial septum that develops secondary perfora-
tions, as in eutherian mammals, and that is pressed
against the crest in the atrial roof (Fig. 11B). It is not
clear whether the bird heart has a similar crest. Instead,
the atrial roof is dominated by a large transverse arch
(Benninghoff, 1933; Smith et al., 2000). Concluding on
reptiles and birds, they have a primary atrial septum like

in mammals (cf., Fig. 3C), but their secondary perfora-
tions do not coalesce to a secondary foramen. The mesen-
chyme that will form the ventro-caudal rim of the fossa
ovalis of eutherian mammals, can differentiate into myocar-
dium (cf., Fig. 3E, structure 11), but does not form a rim. At
least reptiles appear to have a structure comparable to the
dorso-cranial rim of the fossa ovalis (cf., Fig. 3E, structure
10), but a rim and fossa ovalis does not form, because the
primary septum and the putative rim do not merge.

Atrial Septation in Monotreme and Marsupial
Mammals

Mammals of the order Monotremata (meaning single
hole), like the Australian platypus, have a cloaca like rep-
tiles and birds, rather than separate orifices for feces and
offspring, they lay eggs, and belong to an early branch
within mammals (Warren et al., 2008). They also have
fur and secrete milk from pores on the belly. Marsupials,
like kangaroos, give birth to very immature offspring that
complete most of the development in the mother’s pouch
(Ferner et al., 2017; Guernsey et al., 2017). Marsupials
are considered a sister group to eutherian mammals
(Song et al., 2012). Very little is known of the formation
of the atrial septum in monotremes, but the existing liter-
ature on marsupials allows for some anatomical compari-
son to other vertebrates.

In monotremes the atrial septum initiates as a mesen-
chymal ridge in the atrial roof (Fig. 12) Around the time
of hatching a single thin atrial septum has formed that
has a few perforations cranially (Fig. 12). Presumably,
the development of the monotreme atrial septum follows
the sequence and events summarized in Figure 3A–C. In
the formed heart, the atrial septum is unperforated, but
without a fossa ovalis (Rowlatt, 1990). The perforations

Fig. 8. Blood flows in the toad heart. (A) Dorsal halve of the fixed heart of a cane toad (Rhinella marina) projected onto a copied
echocardiography screen shot, similar to the one shown in B. Note the highly trabeculated ventricle (V). The atrial septum is indicated by the
dashed line and fully separates the cavities of the right (RA) and left atrium (LA) from the atrial roof to the atrioventricular canal (avc). (B)
Echocardiography in the horizontal plane in an anesthetized cane toad at late atrial diastole. The atrial septum (AS) is the echogenic substrate in the
center of the atrial cavity. (C) Same specimen, 8 s later, also late atrial diastole, where physiological saline containing micro-bubbles had been
injected on the cardiac right side via the postcaval vein. Blood of the right atrium (RA) is entirely separated from blood of the left atrium (LA) due to
the full atrial septum. Note the preferential distribution of micro-bubbles on the ventricular right side, despite the absence of a ventricular septum.

2 In a case report on the Komodo dragon, the defect atrial septum
had a single large hole resembling the foramen ovale, but we
deem this resemblance to be coincidental (Pizzi et al., 2009).
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are presumably sealed by growth of the endothelium and
myocardium after hatching. In marsupials, just before
birth, there is, like in the monotremes, a single thin atrial
septum. There can be multiple perforations, some may be
a few hundred micrometers in diameter while other perfo-
rations remain much smaller, but they do not coalesce to
form a single secondary foramen (Fig. 13A) (Röse, 1890;
Franklin et al., 1942; Runciman et al., 1995). Runciman
et al. (1995) studied perinatal hearts of eight species of
marsupials and in one, the Eastern native cat (Dasyurus
viverrinus), there was a single and large secondary perfo-
ration resembling the foramen ovale in three out of four
studied hearts, but this is likely a derived condition given
the phylogenetic position of Dasyurus in the marsupial
clade (Kealy and Beck, 2017). After birth, the perforations
are sealed by growth of endothelium and probably myo-
cardium as well (Runciman et al., 1995). The formed

atrial septum is without a fossa ovalis (Rowlatt, 1990;
Runciman et al., 1992).

Based on the available literature, it is not possible to
come to an exact conclusion on the differences between
the multiple secondary perforations of the marsupial pri-
mary septum and the likely primitive state of the fora-
men ovale in eutherian mammals comprising multiple
perforations. The greater duration of gestation in euthe-
rian mammals may explain most of these differences.

The right atrium of fully-formed monotremes and mar-
supials always has a so-called “torus of Lower” (Rowlatt,
1990). The torus, or tubercle, of Lower is considered to be
the dorso-cranial rim of the fossa ovalis (Loukas et al.,
2012) (cf., Fig. 3E, structure 9). Although present, it is
poorly developed, forming “a flat band,” when compared
to eutherian mammals (Rowlatt, 1990). The dorso-cranial
rim can also be recognized in embryonic marsupials of

Fig. 9. The developing atrial septum of birds. In the 7-day-old chicken embryo, the roof of the left atrium has been cut away to show that the
primary atrial septum has developed multiple perforations (FS) and the strings surrounding these are pushed into the left atrial cavity. Adapted from
(Hendrix and Morse, 1977). In the embryonic house sparrow (Passer domesticus), a passerine bird that is phylogenetically distant from chicken
(Zhang et al., 2014), the atrial septum (red circle) is perforated like in chicken. The photo is from specimen A153 of the Hill collection. LA, left atrium;
LV, left ventricle; RA, right atrium; RV, right ventricle; SV, sinus venosus.

Fig. 10. Dorsal mesenchymal protrusion in a lizard. (A) In the embryonic green anole lizard (Anolis carolinensis, Sanger (Sanger et al., 2008) stage
7), Ils1 is expressed in the dorsal mesenchymal protrusion (negative for the sarcomeric protein tnnt2, save a few noticeable specks) on the left of
which is the pulmonary vein (pv) as in mammals. (B) Schematized sagittal section of the heart with the same principal components as in eutherian
mammals (Fig. 2B’). 1, primary septum; 2, mesenchymal cap; 4, atrioventricular cushions; d, dorsal mesocardium; D, dorsal mesenchymal
protrusion; LA, left atrium; RA, right atrium; V, ventricle.
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some species as a “rudimentary septum,” but, if present,
it does not “overlap the fenestrated septum to any extend”
and is in a less developed state than in eutherian mam-
mals (Fig. 13B structure 9, also compare to Fig. 11B
structure 9) (Runciman et al., 1995). It remains unclear
whether the atrial mesenchyme of monotremes and mar-
supials can differentiate into myocardium (cf., Fig. 3E,
structure 11). A structure like the ventro-caudal rim of
the fossa ovalis appears absent (Röse, 1890; Franklin
et al., 1942; Rowlatt, 1990; Runciman et al., 1995).

SYNTHESIS
Evolution of the Atrial Septum

In vertebrates that form an atrial septum, atrial septa-
tion initiates around the time of chamber formation and
begins as a ridge of cardiac jelly or mesenchyme. Presum-
ably, this ridge of mesenchyme is the ancestral setting
(Fig. 14). Amphibians, reptiles, birds, and mammals share
with lungfishes the principal components for forming a full
primary atrial septum. The full atrial septum by the

primary septum only, always requires the closure of the pri-
mary foramen by the merger of the mesenchymal tissues of
the atrioventricular cushions, the mesenchymal cap on the
leading edge of the septum, and the dorsal mesenchymal
protrusion. The relative importance of the three tissues can-
not be assessed yet. Full septation further requires the clo-
sure of perforations by endothelial and myocardial growth.
This is the setting of reptiles, birds, and mammals of Mono-
tremata and Marsupialia, and possibly also in anuran
amphibians. Only in eutherian mammals will a fossa ovalis
form, which reflects firstly an unparalleled growth of the
myocardialized mesenchyme at the atrial septal base, sec-
ondly an enhanced development of an atrial fold, or second-
ary atrial septum, and associated myocardium in the atrial
roof, and thirdly the merger of the primary septum and the
dorso-cranial rim of the fossa ovalis (Fig. 14).

A Full Septum Evolved Earlier in the Atrium
Than in the Ventricle

It is noteworthy that many species without ventricular
septation have either a substantial atrial septum

Fig. 11. Cranial fold in the atrial roof of reptiles. (A) Echocardiography of a 6 kg yellow anaconda (Eunectes notaeus), showing the atrial septum
(red arrowheads). Numbers on the scalebar are centimeters. The roof of the right atrium has a crest (9) in a position comparable to the dorso-cranial
fold of the eutherian mammal heart (Fig. 2E,F, structure 9). (A’) During ventricular filling, the cranial part of the atrial septum is pressed against the
crest, and thus resembles the apposition of the primary septum (flap valve) against the dorso-cranial rim of the fossa ovalis in a setting of persistent
foramen ovale. Adapted from (Jensen et al., 2014). (B) The heart of a brown anole lizard, just before hatching (Anolis sagrei, Sanger (et al., 2008)
stage 17), stained for atrial myosin (Myh6). The crest (9) is recognizable by particularly prominent trabeculations beneath a fold in the atrial roof.
Note the secondary perforations (within the red circle) immediately next to the crest. LA, left atrium; RA, right atrium; V, ventricle.

Fig. 12. In the embryonic echidna (Tachyglossus sp), at the earliest stage of cardiac chamber formation, the prospective atrial septum is identified
by a ridge of cardiac jelly in the process of becoming mesenchyme. The insert schematizes the ridge of cardiac jelly in yellow and myocardium in
blue. The photo is from specimen MOF-161 of the Hill collection. In the hatchling of the echidna, the single atrial septum only has few secondary
perforations (black arrows). The photo is from specimen M-44 of the Hill collection. LA, left atrium; OFT, outflow tract; RA, right atrium; V, ventricle.
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(Gymnophiona and Urodela) or a full atrial septum (non-
crocodilian reptiles). This suggests that the evolution of
atrial septation had a greater impact on the separation of
the systemic venous and pulmonary venous blood streams
than ventricular septation. Septation of the outflow tract,
either partial as seen in amphibians or full as seen in rep-
tiles, also evolved earlier than full septation of the ventri-
cle (Jensen et al., 2014; Poelmann et al., 2017). Indeed,
the highly trabeculated ventricles of amphibians and rep-
tilians are capable of pronounced blood flow separation
presumably because inflowing blood is lodged within the
innumerous intertrabecular lumina (exemplified in the
marine toad in Fig. 8) (Johansen and Burggren, 1980;
Hicks and Wang, 2012; Jensen et al., 2014).

Is the Secondary Foramen Particular to
Eutherian Mammals?

Only in eutherian mammals are the components of the
second septum so extensive that a fossa ovalis appears
(Rowlatt, 1990). As the second septum is the closing
mechanism of the secondary holes, or hole, in the primary
septum, then, presumably, there is something excessive
about the secondary holes as well. The meshwork appear-
ance of the secondary foramen in cetaceans and ungu-
lates, and possibly elephants, could be a simple expansion
of the multiple secondary perforations seen in the embryo
and other amniotes. In contrast, a single hole of the sec-
ondary foramen, like in carnivores, rodents, and pri-
mates, appears to be a derived condition among
eutherian mammals only.

The carnivorous bears have long gestation, almost as
long as in similar sized ungulates, but a single secondary
foramen like in other carnivores. This suggests phylogeny
is a major determinant of the architecture of the second-
ary foramen, presumably mediated by clade-specific mor-
phogenetic programs. Humans have a single secondary
foramen, small primary septum in the fetal stages, and a
high frequency of patent foramen ovale. Conceivably, a
perforated and extensive primary septum, like in the har-
bor porpoise (Macdonald et al., 2007), could deliver more
tissue to close the foramen ovale and harbor porpoises

appear to have a much lower incidence of persistent fora-
men ovale than human (Rowlatt and Gaskin, 1975). The
risk of decompression sickness is greater in the setting of
persistent foramen ovale (Calvert et al., 2011; Nakanishi
et al., 2017) and the extensive primary septum and rela-
tive efficient closure of the foramen ovale of the harbor
porpoise may be an adaptation to diving. The extensive
primary septum, however, is a character of ungulates
(Fig. 4), including the harbor porpoise and its fellow ceta-
ceans, and it was likely present before the evolution of
diving behavior in ungulates.

What is the Evolutionary Advantage to a
Secondary Foramen?

The secondary foramen is probably an adaptation to
the developmental conditions during the long gestation of
eutherian mammals (Röse, 1890; Runciman et al., 1995).
The large fetus resulting from a long gestation is enabled
by the presence of the diaphragm, which prevents the
large growing offspring from displacing the mother’s
abdominal organs into her thoracic cavity and thus
restricting the lung volume (Perry et al., 2010; Ferner
et al., 2017). During human gestation, fetal cardiac out-
put increases exponentially to exceed 1 L min−1 and the
secondary foramen accommodates ~20–30% of this flow
(Teitel et al., 1987; Sutton et al., 1994; Mielke and Benda,
2001; Kiserud et al., 2006). This flow is driven by a minis-
cule pressure head; in late fetal lambs, the right and left
atrial pressures are low and almost similar, ~3 mmHg
(Assali et al., 1965; Anderson et al., 1981; Anderson et al.,
1985). The oxygen-enriched blood at the intake of the duc-
tus venosus flows at more than 0.5 m s−1 and kinetic
energy may drive much of the shunt across the foramen
ovale (Kiserud, 2005). The hemodynamic forces, however,
are small and the secondary foramen must offer little
resistance to flow. In humans, the secondary foramen and
the foramen ovale expand in proportion to atrial growth
and, before birth, will have a cross sectional area of
approximately 0.5 cm2 or some fourfold greater than the
corresponding area of the brachial artery of the arm of
adult males (Kiserud and Rasmussen, 2001; Tomiyama

Fig. 13. Atrial septation in the peri-natal the marsupial tammar wallaby. (A) Four-chamber view, showing one atrial septum only with multiple
secondary perforations (black arrowheads). (B) The roof of the right atrium (RA) has a crest (9), or “rudimentary septum” (RS), beneath a groove in
the atrial roof and next to the secondary perforations (within the red circle) and therefore in a position comparable to the dorso-cranial fold of the
eutherian mammal heart (Fig. 2E,F, structure 9). Compare also to Figure 11B, structure 9. The secondary perforations in the tammar wallaby vary in
diameter from ~50–200 μm (Runciman et al., 1995). Adapted from (Runciman et al., 1995). LA, left atrium; RA, right atrium.
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et al., 2015). By expansion of the numerous secondary
perforations, or coalescence, the secondary foramen
acquires a greater cross sectional area and will then have
a lower resistance to flow.3 We, therefore, propose the
advantage of the secondary foramen is its low resistance
to shunts to the systemic circulation. Indeed, gestational
growth retardation in human has been associated with a
proportionally small foramen ovale, suggesting that the

absolute size of the secondary foramen can be a bottle-
neck for fetal growth (Kiserud et al., 2004).

CONCLUSION

The secondary foramen is likely an adaptation to
accommodate the large right-to-left shunts associated
with the prolonged gestation of eutherian mammals. The
secondary septum is a compensating adaptation to the
large and secondarily formed holes in the primary atrial
septum. It develops from structures that are present in a
less developed state in other mammals and reptiles. In
evolution, the incidence of persistent foramen ovale and
the associated risks, were likely benign compared to the
benefits associated with prolonging gestation and hence
delaying birth to enable more mature offspring with
increased survival capacities immediately after birth. The
human predicament of ubiquitous persistence of the fora-
men ovale is not necessarily a trait that is shared with
most other eutherian mammals and may reflect the
much-reduced state of the primary septum in humans.
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