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      Comparative Cardiac Anatomy       

     Alexander     J.     Hill      and     Paul     A.     Iaizzo     

    Abstract  

  The need for appropriate animal models to conduct translational research is vital for 
advancements in the diagnosis and treatment of heart disease. The choice of animal model 
to be employed must be critically evaluated. In this chapter, we present the comparative 
cardiac anatomies of several of the commonly employed animal models for preclinical 
research (dog, pig, and sheep). General comparisons focus on several specifi c anatomical 
features: the atria, ventricles, valves, coronary system, lymphatics, and the conduction sys-
tem. Finally, we present novel qualitative and quantitative data obtained from perfusion- 
fi xed specimens of these commonly used animal models.  
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6.1         Historical Perspective of Anatomy 
and Animal Research 

  Anatomy   is one of the oldest branches of medicine, with his-
torical records dating back at least as far as the third century 
 BC ; animal research dates back equally as far. More specifi -
cally, Aristotle (384–322  BC ) studied comparative animal 
anatomy and  physiology  , and Erasistratus of Ceos (304–258 
 BC ) studied live animal  anatomy   and physiology [ 1 ]. Galen 
of Pergamum (129–199  AD ) is probably the most notable 
early anatomist who used animals in research in which he 
attempted to understand the normal structure and function of 
the body [ 2 ]. He continuously stressed the centrality of anat-

omy and made an attempt to dissect every day, as he felt it 
was critical to learning [ 3 ]. His most notable work was  De 
Anatomicis Administrationibus  (On Anatomical Procedures) 
which, when rediscovered in the sixteenth century, renewed 
interest in anatomy and scientifi c methods [ 2 ]. 

 The Renaissance was a period of great scientifi c discov-
ery and included important advances in our understanding of 
human and animal anatomy. Andreas Vesalius (1514–1564 
 AD ) was arguably the greatest anatomist of the era [ 4 ]. To 
teach anatomy, he performed public nonhuman dissections 
at the University of Padua and is credited with creating the 
fi eld of modern anatomy [ 2 ]. His immediate successors at 
Padua were Matteo Realdo Colombo (1510–1559  AD ) and 
Gabriele Falloppio (1523–1562  AD ). It was Colombo who, in 
great detail, described the pulmonary circulation and both 
the atrial and ventricular cavities; Falloppio is credited with 
the discovery of the Fallopian tubes among other things [ 4 ]. 
Animal research fl ourished during this period due to a num-
ber of popular ideas launched by both the Christian Church 
and one of the prominent scientifi c leaders at that time, Rene 
Descartes. The Church asserted that animals were under the 
dominion of man and, although worthy of respect, could be 
used to obtain information if it was for a “higher” purpose [ 2 ]. 
Descartes described humans and other animals as  complex 
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machines, with the human soul distinguishing man from all 
other animals. This beast-machine  concept   was important for 
early animal researchers because if animals had no souls, it 
was thought that they could not suffer pain. Interestingly, it 
was believed that the reactions of animals were responses of 
automata and not pain [ 2 ]. 

 The concept of functional biomedical  studies   can probably 
be attributed to another great scientist and anatomist, William 
Harvey (1578–1657  AD ). He is credited with one of the most 
outstanding achievements in science and medicine—a dem-
onstration of the circulation of blood which was documented 
in his publication  Exercitatio Anatomica De Motu Cordis et 
Sanguinis in Animalibus (De Motu Cordis)  in 1628. Very 
importantly, his work ushered in a new era in science, where 
a hypothesis was formulated and then tested through experi-
mentation [ 4 ]. Many great  anatomists   emerged during this 
period and made innumerable discoveries; many of these dis-
coveries were named after the individuals who described 
them and include several researchers who studied cardiac 
anatomy such as the Eustachian valve (Bartolomeo 
Eustachio), the Thebesian valve and Thebesian veins 
(Thebesius), and the sinus of Valsalva (Antonio Maria 
Valsalva). It should be noted that during this time period, in 
addition to animal research, dissections on deceased human 
bodies were performed, but not to the degree that they are 
today. In fact, it is written that, in general, during the post- 
Renaissance era, there was a serious lack of human bodies 
available for dissection. Oftentimes, bodies were obtained in 
a clandestine manner, by grave robbing or using bodies of 
executed criminals for dissection. In spite of the lack of bod-
ies, most structures in the human body, including microscopic 
ones, were described by various anatomists and surgeons 
between the fi fteenth and early nineteenth centuries. 

 Early in the nineteenth century, the fi rst organized opposi-
tion to animal research occurred. In 1876, the Cruelty to 
Animals Act was passed in Britain. It was followed in the 
United States by the Laboratory Animal Welfare Act of 
1966, which was amended in 1970, 1976, and 1985. These 
two acts began a new era in how laboratory animals were 
treated and utilized in experimental medicine. Importantly, 
the necessity of animal research is still great, and therefore 
animals continue to be used for a variety of purposes  includ-
ing   cardiovascular device research.  

6.2     Importance of Anatomy 
and Preclinical Animal Research 

  Anatomy   remains as quite possibly one of the most impor-
tant branches of medicine. In order to diagnose and treat 
medical conditions, normal structure and function must be 
known, as it is the basis for defi ning what is abnormal. 
Furthermore, structure typically has a great impact on the 

function of an organ, such as with the heart. For instance, a 
stenotic aortic valve will usually cause functional impair-
ment of the left ventricle and lead to further pathologic con-
ditions (e.g., ventricular hypertrophy). Thus, knowledge of 
anatomy and pathology is fundamental in understanding not 
only how the body is organized but also how the body works 
and how disease processes can affect it. 

 Likewise,  preclinical animal research   has been at the core 
of much of the progress made in medicine. Most, if not all, of 
what we know about the human body and biology, in gen-
eral, has been initially made possible through animal 
research. A publication by the American Medical Association 
in 1989 listed medical advances emanating from animal 
research, including studies on AIDS, anesthesia, cardiovas-
cular disease, diabetes, hepatitis, and Parkinson’s disease, to 
name only a few [ 2 ]. More recently, in the fi eld of 
transcatheter- delivered cardiac valves (see Chap.   36    ), the use 
of various animal models for preclinical  research   has been 
essential not only to optimize the device designs but also to 
ensure relative safety prior to their use in man. Furthermore, 
it has been through animal research that nearly all advances 
in veterinary medicine have also been established. 

 Animal research is still fundamental in developing new 
therapies aimed at improving the quality of life for patients 
with cardiovascular disease. Specifi cally,  early cardiac 
device prototype testing   is commonly performed utilizing 
animal models, both with and without cardiovascular dis-
ease. More specifi cally, before any invasively used device (a 
class III medical device) can be tested in humans, the Food 
and Drug Administration (FDA) requires that suffi cient data 
be obtained from animal research indicating that the device 
functions in the desired and appropriate manner. It is also 
critical to subsequently extrapolate that a given device will 
be safe when used in humans, that is, it will behave in humans 
in a manner similar to its function in the chosen animal mod-
els in which it was tested. More specifi cally, this extrapola-
tion of animal testing data to the human condition requires 
that the animal model(s) chosen for testing possesses similar 
anatomy and physiology as that of humans (normal and/or 
diseased). Unfortunately, detailed information relating 
human cardiac anatomy to that of the most common large 
mammalian animal models has been relatively lacking. 

 The following historical example illustrates how such a 
lack of knowledge can have a dramatic effect on the out-
comes of cardiovascular research. During the 1970s and 
1980s, dogs were employed as the primary animal model in 
numerous studies to identify potential pharmacological ther-
apies for reducing infarct size. However, a detailed under-
standing of the coronary arterial anatomy was lacking or 
overlooked at the time; subsequently, it was shown that dogs 
 have   a much more  extensive   coronary  collateral   circulation 
 relative   to humans (Fig.  6.1 ). Thus, even when major 
 coronary arteries were occluded, reliable and consistent 
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myocardial infarcts were diffi cult to create. This led to false 
claims about the effi cacy of many drugs in reducing infarct 
size which, when subsequently tested in humans, usually did 
not produce the same results as those observed in the canine 
experiments [ 5 ]. Therefore, ischemia studies with human- 
sized hearts have shifted to alternative species such as swine, 
which are considered to resemble the coronary collateral cir-
culation of humans more precisely [ 6 – 9 ].

6.3        Literature Review of Large 
Mammalian Comparative Cardiac 
Anatomy 

 In general, the hearts of large mammals share many similari-
ties, and yet the size, shape, and position of the hearts in the 
thoracic cavities can vary considerably between species [ 10 ]. 

Typically, the heart is located in the lower ventral part of the 
mediastinum in large mammals [ 11 ]. Most quadruped mam-
mals tend to have a less pronounced left- sided   orientation 
and a more ventrally tilted long axis of the heart when com-
pared to humans [ 11 ] (Fig.  6.2 ). Additionally, hearts of most 
quadruped mammals tend to be elongated and have a pointed 
apex, with the exception of: (1) dogs which tend to have an 
ovoid heart with a blunt apex [ 11 ], (2) sheep which may have 
a somewhat blunt apex [ 12 ], and (3) pigs which have a blunt 
apex that is oriented medially [ 12 ]. Comparatively, human 
hearts typically have a trapezoidal shape [ 13 ] with a blunt 
apex. However,    the apices of  normal   dog, pig, sheep,  and 
   human   hearts are all formed entirely by the left ventricles 
[ 12 – 15 ] (Fig.  6.3 ).

    It is important to note that differences exist in the  heart 
weight to body weight ratios   reported for large mammals. It 
is generally accepted that adult sheep and  adult   pigs have 

  Fig. 6.1    Drawing of the 
 coronary arterial circulation   
in the: ( A ) dog, ( B ) pig, and 
( C ) human. Notice the 
extensive network of coronary 
collateralization in the dog 
heart, including many arterial 
anastomoses. The normal pig 
and human hearts have 
signifi cantly less 
collateralization; each area of 
myocardium is usually 
supplied by a single coronary 
artery.  Ao  aorta,  LAD  left 
anterior descending artery, 
 LCx  left circumfl ex artery,  PA  
pulmonary artery,  RCA  right 
coronary artery       
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smaller heart weight to body weight ratios than those of adult 
dogs. More specifi cally, the  adult   dog may have as much as 
twice the heart weight to body weight ratio (6.9 to 7 g/kg) as 
pigs (2.9 to 2.5 g/kg) or sheep (3.0 to 3.1 g/kg) [ 16 ,  17 ], yet 
such fi ndings will also likely be breed specifi c. The normal 
adult  human   heart weight to body weight ratio has been 
reported to be 5 g/kg which, on a comparative note, is similar 
to that of young pigs (25–30 kg animals) [ 7 ]. 

 All large  mammalian hearts   are enclosed by the pericar-
dium, which creates the pericardial cavity surrounding the 
heart. The pericardium is fi xed to the great arteries at the base 
of the heart and is attached to the sternum and diaphragm in 
all mammals, although the degree of these attachments to the 
diaphragm varies between species [ 10 ,  11 ]. Specifi cally, the 
attachment to the central tendinous aponeurosis of the dia-
phragm is fi rm and broad in humans and pigs, the phreno-
pericardial ligament is the only pericardial attachment in 
dogs, and the caudal portion of the pericardium is attached 
via the strong sternopericardial ligament in sheep [ 10 ,  11 ]. 

 The  pericardium   consists of three layers—the serous vis-
ceral pericardium (epicardium), the serous parietal pericar-

  Fig. 6.2    Lateral radiograph of  sheep thorax   showing orientation of the 
heart while the animal is standing. The cranial direction is to the left and 
ventral to the bottom. The apex of the heart is more ventrally tilted 
(down toward the sternum) than is seen in humans, due to the posture of 
quadruped mammals. It should be noted, however, that this tilting is 
limited due to extensive attachments of the pericardium to the sternum 
and diaphragm       

  Fig. 6.3    The anterior aspect 
of the  dog   ( A ),    pig ( B ),  and 
  sheep ( C ) hearts. The apex is 
formed entirely by the left 
ventricle in these hearts. Also 
notice the differences in 
overall morphology of the 
hearts. The dog heart is much 
more rounded than the pig 
and sheep hearts and has a 
blunt apex. The pig heart has 
more of a  valentine  shape 
with a somewhat blunt apex 
compared to the sheep heart. 
The sheep heart is much more 
conical in shape and has a 
much more pronounced apex 
than dog or pig hearts. Also 
noteworthy is the presence of 
signifi cant amounts of 
epicardial fat on the sheep 
heart, compared with dog and 
pig hearts.  LA  left atrium,  LV  
left ventricle,  RA  right atrium, 
 RV  right ventricle       

 

 

A.J. Hill and P.A. Iaizzo



93

dium, and the fi brous pericardium. The serous parietal 
pericardium lines the inner surface of the fi brous  pericardium, 
and the serous visceral pericardium lines the outer surface of 
the heart. The pericardial cavity is found between the serous 
layers and contains the pericardial fl uid. The pericardium is 
considered to serve many functions including: (1) preventing 
dilatation of the heart, (2) protecting the heart from infection 
and adhesion to surrounding tissues, (3) maintaining the heart 
in a fi xed position in the thorax, and (4) regulating the interrela-
tions between the stroke volumes of the two ventricles [ 18 – 20 ]. 
However, it should be noted that the pericardium is not essen-
tial for survival, since humans with congenital absence of the 
pericardium and pericardiectomized animals or humans can 
survive with minimal consequences for many years [ 18 ,  21 ]. 

 Although the basic structure of the pericardium is the 
same, there are important differences between species [ 18 , 
 19 ,  22 ]. For instance, pericardial wall thickness increases 
with increasing heart size [ 18 ]. Humans are the notable 
exception to this rule, having a much thicker pericardium 
than animals with similar heart sizes [ 18 ]. Specifi cally, the 
pericardium of the human heart varies in thickness between 
1 and 3.5 mm [ 20 ], while the average thickness of the peri-
cardium of various animal species was found to be consider-
ably thinner (sheep hearts, 0.32 ± 0.01 mm; pig hearts, 
0.20 ± 0.01 mm; dog hearts, 0.19 ± 0.01 mm) [ 19 ]. Differences 
in the amount of pericardial fl uid are considered to exist as 
well. Holt reported that most dogs have 0.5–2.5 mL of peri-
cardial fl uid with some dogs having up to 15 mL, compared 
to 20–60 mL in adult human cadaver hearts [ 18 ]. For addi-
tional information on the pericardium, see Chap.   9    . 

 The normally formed hearts of large mammals consist of 
four chambers—two thin-walled atria and two thicker walled 
ventricles. From both  anatomical and functional perspec-
tives,   the heart is divided into separate right and left halves, 
with each half containing one atrium and one ventricle. In 
the fully developed heart with no associated pathologies, 
deoxygenated blood is contained in the right side of the heart 
and kept separate from oxygenated blood, which is on the 
left side of the heart. The normal path of blood fl ow is similar 
among all large mammals. Specifi cally, systemic deoxygen-
ated blood returns to the right atrium via the caudal (inferior 
in humans) vena cava and the cranial (superior in humans) 
vena cava, subsequently passing into the right ventricle 
through the open tricuspid valve. At the same time, oxygen-
ated blood returns from the lungs via the pulmonary veins to 
the left atrium and then through the open mitral valve to fi ll 
the left ventricle. After atrial contraction forces the last of the 
blood into the ventricles, ventricular contraction ejects blood 
through the major arteries arising from each ventricle, spe-
cifi cally the pulmonary trunk from the right ventricle and the 
aorta from the left ventricle. Via the pulmonary arteries, 
blood travels to the lungs to be oxygenated, whereas aortic 
blood travels through both the coronary arterial system (to 

feed the heart) and to the systemic circulation (to oxygenate 
bodily tissue). For additional discussions of fl ow patterns 
and function, see Chaps.   1     and   20    . 

6.3.1     The Atria 

 The right and left  atria   of the  adult   mammalian heart are 
separated by the interatrial septum. They are located at what 
is termed “the base” of the heart. The base receives all of the 
great vessels and is generally oriented cranially or superi-
orly, although there are reported differences in orientation 
among species, which are mostly dependent on the posture 
of the animal [ 13 ,  14 ,  23 ]. During fetal development, blood 
is able to pass directly from the right atrium to the left atrium, 
effectively bypassing the pulmonary circulation through a 
hole in the interatrial wall termed the   foramen ovale   . The 
foramen ovale has a valve-like fl ap located on the left atrial 
side of the interatrial septum, which prevents backfl ow into 
the right atrium during left atrial contraction [ 24 ]. At the 
time of birth or soon thereafter, the foramen ovale closes and 
is marked in the adult heart by a slight depression on the 
right atrial side of the interatrial wall termed the   fossa ovalis    
[ 14 ,  24 ,  25 ]; it should be noted that it can remain patent in 
some individuals, and the rate of patent foramen ovale is 
comparable in adult humans and domestic swine at approxi-
mately 10–30 %. As compared to humans, the fossa ovalis is 
more posteriorly (caudally) positioned in dogs and sheep 
[ 11 ], but more deep-set and superior in the pig heart [ 13 ]. 

 The sinus venosus, a common separate structure in non- 
mammalian hearts, is incorporated into the right atrium and 
is marked by the sinoatrial node in large mammals [ 24 ,  25 ]. 
According to Michaëlsson and Ho [ 11 ], all the mammals 
studied (including dogs, pigs, and sheep) have principally 
the same atrial architecture including: the sinus venosus, 
crista terminalis, fossa ovalis, Eustachian valve (valve of the 
inferior vena cava), and Thebesian valve (valve of the coro-
nary sinus). All large mammalian atria also have an earlike 
fl ap called the auricle or appendage [ 13 ,  14 ,  25 ], although the 
size and shape of the auricles vary considerably between 
species [ 11 ,  13 ] (Fig.  6.4 ). In general, the junction between 
the right atrium and the right appendage is wide, whereas the 
junction on the left side is much more narrow [ 13 ]. Multiple 
pectinate muscles are found in both the right and left atrial 
appendages and on the lateral wall of the right atrium [ 11 , 
 13 ,  14 ] (Figs.  6.5  and  6.6 ). Commonly,    there is one posterior 
(caudal or inferior)    and  one   anterior (cranial or superior) 
vena cava, although in some mammals there are two anterior 
venae cavae [ 24 ], and the location of the ostia of the venae 
cavae entering into the atrium varies [ 11 ,  13 ]. Specifi cally, 
the ostia of the inferior and superior vena cavae enter at right 
(or nearly right) angles in large mammalian animal models 
while entering the atrium nearly in line in humans [ 13 ]. 
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  Fig. 6.4    Differences in large 
mammalian atria. Human: 
( left ) Right atrial appendage is 
generally triangular in shape 
and may be larger or smaller 
than the left atrial appendage; 
( right ) Left atrial appendage 
is generally tubular in shape. 
Canine: ( left ) Right atrial 
appendage is generally 
tubular and is larger than or 
similar in size to the left atrial 
appendage; ( right ) left atrial 
appendage is usually tubular. 
Ovine: ( left ) Right atrial 
appendage is generally 
half-moon in shape and is 
larger than the left atrial 
appendage; ( right ) left atrial 
appendage is generally 
triangular in shape. Swine: 
( left ) Right atrial appendage is 
usually half-moon in shape 
and is generally smaller than 
the left atrial appendage; 
( right ) left atrial appendage is 
generally triangular in shape. 
 Source :   www.vhlab.umn.edu/
atlas    , Comparative Anatomy 
Tutorial       
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Typically, the extent of the inferior vena cava between the 
heart and liver is long in domestic animals (>5 cm) and short 
in humans (1–3 cm) [ 11 ]. The coronary sinus ostium is 
 normally located in the posterior wall of the right atrium, but 
its location can differ slightly between species. Interestingly, 
the number of pulmonary veins entering the left atrium also 
varies considerably between species; human hearts typically 

have four [ 13 ] or occasionally fi ve [ 15 ], dog hearts have fi ve 
or six [ 14 ], and pig hearts have two primary pulmonary veins 
[ 13 ]. In all large mammalian hearts, the atria are separated 
from the ventricles by a layer of fi brous tissue called the   car-
diac skeleton   , which serves as an important support for the 
valves as well as to electrically isolate the atrial  myocardium 
  from the  ventricular   myocardium [ 23 ].

  Fig. 6.5    The cranial 
(superior) aspect of  dog   
( A  and  B ),  pig   ( C  and  D ),  and 
  sheep ( E  and  F ) hearts. 
Images on the  left  of the 
fi gure ( A ,  C , and  E ) show 
opened right atrial 
appendages, while images on 
the  right  ( B ,  D , and  F ) show 
opened left atrial appendages. 
 White arrows  point to 
pectinate muscles that line the 
right and left atrial 
appendages. Notice that the 
 right  and  left  atrial 
appendages of the dog heart 
are tubular in nature. In 
contrast, the right and left 
atrial appendages of the pig 
and sheep heart are more 
triangular in morphology.  LV  
left ventricle,  RV  right 
ventricle       
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6.3.2          The Ventricles 

 The left and right  ventricles of the   large mammals used for 
cardiovascular research essentially contain the same compo-
nents which are also structurally very similar to those in 
humans, including: an inlet (infl ow) region, an apical region, 
and an outlet (outfl ow) region. The ventricles can be consid-
ered the major ejection/pumping chambers of the heart, and, 
as expected, their walls are signifi cantly more muscular in 
nature than those of the atria. It should also be noted that the 
left ventricular walls are notably more muscular than those 
of the right ventricle, due to the fact that the left ventricle 
must generate enough pressure to overcome the resistance of 
the systemic circulation, which is much greater than the 
resistance of the pulmonary circulation (normally more than 
4 times greater). The walls of both ventricles near the apex 
have interanastomosing muscular ridges and columns termed 
the   trabeculae carneae    which serve to strengthen the walls 
and increase the force exerted during contraction [ 11 ,  14 ,  24 , 
 25 ]. However,  large   mammalian hearts reportedly do not 
have  the   same  degree   of trabeculation located in the ventri-
cles as normal adult human hearts, and the trabeculations in 
animal hearts are commonly more coarse than those of 
human hearts [ 11 ,  13 ] (Figs.  6.7  and  6.8 ). One can  also   com-
pare these relative anatomies by carefully studying various 
prepared plastinated cardiac specimens of large mammalian 
hearts, including humans. Papillary muscles supporting the 

atrioventricular valves are found attached to the walls of the 
ventricles. Similar to human anatomy, in the majority of 
large mammalian animal hearts, the right ventricle has three 
papillary muscles, and the left ventricle has two, although 
variations in individuals and species do occur [ 11 ]. It should 
be noted that, in general, each papillary muscle supplies 
chordae tendineae to at least 2 leafl ets, ensuring redundancy. 
Both ventricles typically have cross-chamber fi brous or mus-
cular bands, which usually contain Purkinje fi bers. Within 
the right ventricle of most dogs, pigs, and ruminants, a prom-
inent band termed the   moderator band    is typically present 
[ 11 ]. However, the origin and insertion of the band, as well 
as the composition of the band, differ notably between spe-
cies. For example, in the pig heart, the band originates much 
higher on the septal wall compared to the analogous struc-
ture in the human heart [ 13 ], and the sheep heart has a similar 
moderator band as the pig heart (Figs.  6.6 ,  6.7 ,  6.8 , and  6.9 ). 
 In   the dog heart, a branched or single muscular strand extends 
across the lumen from the septal wall near, or from the base 
of, the anterior papillary muscle [ 14 ] (Figs.  6.7 ,  6.8 ,  6.10 , 
and  6.11 ). However, Truex and Warshaw [ 26 ] did not fi nd 
any moderator bands in the dog hearts they examined 
( n  = 12), but  did    observe   them in all sheep hearts ( n  = 12) and 
all  pig   hearts ( n  = 12), compared to 56.8 % of  the   human 
hearts they examined ( n  = 500). Furthermore, they described 
three subtypes of moderator bands: a free arching band, a 
partially free arching band, and a completely adherent band. 

  Fig. 6.6    A human heart 
opened on the inferior and 
superior aspects of the right 
ventricle, to show the anterior 
and posterior walls.  White 
arrows  point to pectinate 
muscles in the right atrial 
appendage on the anterior 
aspect.  RV  right ventricle       
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Nevertheless, one must also consider the potential for breed 
differences in animals and ethnic variability in humans. It is 
interesting to note that while, in general, anatomical text-
books state there is no specifi c structure named the modera-
tor band in the left ventricle, left ventricular bands similar to 
the moderator band of the right ventricle have been described 
in the literature. For example, Gerlis et al. found left ven-
tricular bands in 48 % of the hearts  of   children and in 52 % 
of the  adult   human hearts studied [ 27 ] (Fig.  6.8 ). They also 
reported that left ventricular bands were highly prevalent in 
sheep,    dog, and pig hearts [ 27 ] (Fig.  6.7 ).

6.3.3            The Cardiac Valves 

 Large  mammalian   hearts have four cardiac valves with prin-
cipally similar structures and locations. Two atrioventricular 
valves are located between each atrium and ventricle on both 

the right and left sides of the heart, and two semilunar valves 
lie between the ventricles and the major arteries arising from 
their outfl ow tracts (the pulmonary artery and aorta). 
Chordae tendineae connect the fi brous leafl ets of both atrio-
ventricular valves to the papillary muscles in each ventricle 
and serve to keep the valves from prolapsing into the atria 
during ventricular contraction, thereby preventing backfl ow 
of blood into the atria. The semilunar valves—the aortic and 
pulmonic—do not have attached chordae tendineae and 
close due to pressure gradients developed across them. See 
Chap.   34     for more details on valvular structures, function, 
and defects. 

 The valve separating the right atrium from the right ven-
tricle is termed the   tricuspid valve    because it has three major 
cusps—the anterosuperior (anterior), inferior (posterior), 
and septal cusps. Typically, there are also three associated 
papillary muscles in the right ventricle. Interestingly, the 
commissures between the anterosuperior leafl et and the 

  Fig. 6.7    Images showing dog 
( A ),    pig ( B ),  and   sheep ( C ) 
hearts that have been opened 
along the long axis to show 
both ventricular  cavities  . The 
anterior half of the heart is 
shown (left ventricle on the 
left and right ventricle on the 
right).  Black arrows  point to 
ventricular trabeculations 
which are large and coarse. 
 White arrows  point to the 
moderator band. Notice that a 
fi brous, branched moderator 
band extends from the 
anterior papillary muscle to 
the free wall in the canine 
heart. In contrast, a muscular, 
nonbranched moderator band 
extends from the septal wall 
to the anterior papillary 
muscle in pig and sheep 
hearts. Additionally, notice 
the presence of fi brous bands 
in the left ventricle.  LV  left 
ventricle,  PA  pulmonary 
artery,  RV  right ventricle       
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inferior leafl ets can be fused in dog hearts [ 14 ], giving the 
appearance of only two leafl ets. Interindividual and interspe-
cies variations in the number of papillary muscles have also 
been reported [ 11 ]. The valve separating the left atrium from 
the left ventricle is termed the   mitral     or    bicuspid valve    
because it typically has two cusps, the anterior (aortic) and 
the posterior (mural). However, according to Netter [ 15 ], the 
human mitral valve actually can be considered to have four 
cusps, including the two major cusps listed above and two 
small commissural cusps or scallops; further publications on 
the mitral valve describe large variations in the number of 
scallops present in human hearts. Quill et al. studied the rela-
tive frequency of such variations in 38 human hearts and 
showed that the commonly described clefts on the posterior 
leafl et separating that leafl et into three regions (P1, P2, P3) 
were present in the majority of hearts; deviant clefts were 
also present in unexpected locations, such as the anterior 
leafl et, in some hearts [ 28 ]. In large mammalian hearts, two 
primary leafl ets of the mitral valve are always present, but 
variations in the number of scallops exist and can be quite 
marked, giving the impression of extra leafl ets [ 11 ]. A fi brous 
continuity between the mitral valve and the aortic valve is 
present in humans and most large mammals, extending from 
the central fi brous body to the left fi brous trigone [ 11 ] 
(Fig.  6.12 ). The length of this fi brous continuity, termed the 
  intervalvar septum     or    membranous septum   , varies consider-
ably in length in different animals but notably is completely 

  Fig. 6.8    Image of a  human heart   opened on the long axis to show both 
ventricular cavities. The left ventricle is on the left and the right ven-
tricle on the right.  Black arrows  point to ventricular trabeculations, 
which are fi ne and numerous. The  white arrow  points to the moderator 
band, which is thick and muscular. It is different in size, shape, and 
location from the animal hearts shown in Fig.  6.7 .  LV  left ventricle,  RV  
right ventricle       

  Fig. 6.9    Plastinated hearts  of   various species.  Human:  Trabeculae car-
neae in the apex are notably more numerous and fi ner than in the hearts 
of swine, canines, or sheep.  Canine:  Trabeculae carneae are coarser than 
those of humans; compared to swine and sheep hearts, the right ventricle 
has greater trabeculation though the left has similar trabeculation com-
pared to these other animals.  Ovine:  Trabeculae carneae are noticeably 
fewer and coarser compared to those in human hearts.  Swine:  Trabeculae 
carneae are noticeably fewer and coarser compared to humans.  Source : 
  www.vhlab.umn.edu/atlas    , Comparative Anatomy Tutorial       
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absent in sheep [ 29 ]. There are also differences in the fi brous 
ring supporting the mitral valve and in the composition of the 
leafl ets of the mitral valve between species. For instance, 
according to Walmsley, a segment of the ring at the base of 
the mural cusp is always present in the human heart, but is 
diffi cult to distinguish in certain breeds of dogs and  is   incon-
spicuous in the sheep heart [ 29 ].

   Differences in aortic valve anatomy have also been 
reported in the literature. For example, Sands et al. com-
pared aortic valves of human, pig, calf, and sheep hearts 
[ 30 ], and they reported that interspecies differences in leaf-
let shape exist, but that all species examined had fairly 
evenly spaced commissures. Additionally, they found that 
variations in leafl et thickness existed; in particular, sheep 
aortic valves were described as especially thin and fragile. 
They also noted that there was a substantially greater 
amount of myocardial tissue supporting the right and left 
coronary leafl et bases in the animal hearts relative  to   
humans [ 30 ].  

6.3.4     The Coronary System 

  Mammalian hearts   have an intrinsic circulatory system that 
originates with two main coronary arteries [ 11 ] whose ostia 
are located directly behind the aortic valve cusps. 
Deoxygenated coronary blood fl ow returns to the right 
atrium via the coronary sinus (into which the coronary veins 
drain) and also to the right atrium, the right and left ventri-
cles [ 24 ,  31 ], and the left atrium [ 32 ,  33 ] by Thebesian veins. 
According to Michaëlsson and Ho [ 11 ], differences in perfu-
sion areas exist between large mammalian species as well as 
within species (e.g., between breeds); these differences have 
also been described in humans. Dogs and sheep typically 
have a left coronary type of supply, such that the majority of 
the myocardium is supplied via branches arising from the 
left coronary artery. In contrast, pigs typically have a bal-
anced supply where the myocardium is supplied equally 
from both right and left coronary arteries [ 11 ]. Yet, Crick 
et al. [ 13 ] reported that most of the pig hearts they examined 

  Fig. 6.10    Drawing of an 
opened right ventricular 
cavity in  dog   ( A ),  pig   and 
 sheep ( B ), and   human ( C ) 
hearts.    The structure of the 
moderator band differs greatly 
between these hearts. In the 
dog heart, there is a branching 
fi brous band that runs from 
the anterior papillary muscle 
to the free wall of the right 
ventricle. In the human heart, 
the moderator band is 
typically located near the 
apex and is thick and 
muscular. In the pig and sheep 
hearts, the moderator band 
originates much higher on the 
interventricular septum and 
travels to the anterior 
papillary muscle. It is not as 
thick as in the human heart 
but is still muscular in nature. 
Also, note that the anterior 
papillary muscle in the dog 
heart originates on the septal 
wall, as opposed to 
originating on the free wall of 
the human, pig, and sheep 
hearts.  APM  anterior papillary 
muscle,  IVS  interventricular 
septum,  MB  moderator band, 
 PV  pulmonary valve       
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(80 %) possessed right coronary dominance. Additionally, 
Weaver et al. [ 34 ] found that the right coronary artery was 
dominant in 78 % of the pigs they studied. Most human 
hearts (approximately 90 %) also display right coronary arte-
rial dominance [ 35 ]. 

 Another important aspect of the  coronary arterial circula-
tion  , one that is of great importance in myocardial ischemia 
research, is the presence or absence of signifi cant collateral-
ization of the coronary circulation. Normal human hearts 
tend to have sparse coronary collateral development, which 
is very similar to that seen in normal pig hearts [ 34 ]. In con-
trast, it is now widely known that extensive coronary collat-
eral networks can be seen in normal dog hearts [ 5 ,  36 – 39 ]. 
Furthermore, Schaper et al. [ 40 ] found that the coronary col-
lateral network of dogs was almost exclusively located at the 

epicardial surface, while that of pig hearts, when present, 
was located subendocardially. They were unable to detect a 
signifi cant collateral network in the hearts of sheep (Fig.  6.1 ). 

 There are three major venous pathways that drain the 
heart—the coronary sinus, anterior cardiac veins, and 
Thebesian veins [ 33 ,  41 ]. Drainage from each of these 
venous systems is present in human hearts as well as in dog, 
pig, and sheep hearts [ 13 ,  14 ,  24 ,  33 ]. While the overall 
structure of the coronary venous system is similar across 
species, interindividual variations are common. Nevertheless, 
there is one notable difference in the coronary venous system 
between species that warrants mention, that is, the presence 
of the left azygos vein draining the left thoracic cavity 
directly into the coronary sinus; a left azygos vein is  typi-
cally   present in both pig [ 13 ] and sheep [ 11 ] hearts (Fig.  6.13 ).

6.3.5        The Lymphatic System 

 In addition to an intrinsic circulatory system, large  mamma-
lian hearts   have an inherent and substantial lymphatic system 
which serves the same general function of the lymphatic sys-
tem in the rest of the body. More specifi cally, the mammalian 
lymphatic system has been described as follows. Hearts have 
subepicardial lymphatic capillaries that form continuous 
plexuses covering the whole of each ventricle [ 42 ]. 
Furthermore, the lymphatic channels are divided into fi ve 
orders, with the fi rst order draining the capillaries and join-
ing to become the second order and so on, until the lymph is 
drained from the heart via one large collecting duct of the 
fi fth order. In general, it has been described that dogs, pigs, 
and humans have extensive subepicardial and subendocar-
dial networks with collecting channels directed toward large 
ducts in the atrioventricular sulcus that are continuous with 

  Fig. 6.11    Images showing the  moderator band   in the right ventricle of 
an ovine heart ( A ) and canine heart ( B ). The moderator band in the 
sheep is muscular, originating on the septal wall and running to the 
anterior papillary muscle. In contrast, the moderator band in the canine 
heart appears fi brous. It originates on the septal wall, runs to the anterior 
papillary muscle, and continues to the free wall of the right ventricle. 
 APM  anterior papillary muscle,  MB  moderator band,  SW  septal wall       

  Fig. 6.12    Fibrous continuity between the mitral valve and aortic valve 
in a human  heart  .  Source :   www.vhlab.umn.edu/atlas    , Left ventricle/
Aortic valve/Visible Heart (functional)/Heart0284-2       
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the main cardiac lymph duct [ 43 ]. Furthermore, it was found 
that the lymphatic vessels of the normal heart are distributed 
in the same manner as the coronary arteries and follow them 
as two main trunks to the base of the heart [ 44 ].  

6.3.6     The Conduction System 

 All large  mammalian hearts   have a very similar conduction 
system whose main components are the sinoatrial node, 
atrioventricular node, bundle of His, right and left main bun-
dle branches, and Purkinje fi bers. Yet, interspecies variations 
are well recognized, especially with regard to the fi ner details 
of the arrangement of the transitional and compact compo-
nents of the atrioventricular node [ 11 ]. In the mammalian 
heart, the sinoatrial node is the normal pacemaker [ 11 ,  24 , 
 25 ] and is situated in roughly the same location in all hearts: 
high on the right atrial wall near the junction of the superior 
vena cava and the right atrium. Conduction spreads through 
the atria to the atrioventricular node (which interestingly is 
unique to both birds and mammals) [ 25 ] and then to the bun-
dle of His, which is the normal conducting pathway from the 
atria to the ventricles, penetrating through the central fi brous 
body. The right and left main bundle branches emanate from 
the bundle of His and branch further into the Purkinje fi bers 
which then rapidly spread conduction to the ventricles [ 11 ]. 
The atrioventricular node and bundle of His are typically 
located subendocardially in the right atrium within a region 
known as the   triangle of Koch   , which is delineated by the 
coronary sinus ostium, the membranous septum, and the sep-
tal/posterior commissure of the tricuspid valve (Fig.  6.14 ). 

The presence of the  os cordis  has been noted to be present in 
the sheep heart, but not in dog, pig, or human hearts. 
Specifi cally, it is a small, fully formed bone that lies deep in 
the atrial septum which, in turn, infl uences the location and 
course of the bundle of His in sheep hearts. Other known dif-
ferences in the atrioventricular conduction  system    between   
human, pig, dog,  and   sheep  hearts   are illustrated in Table  6.1 . 
For more details on the conduction system, see Chap.   13    .

6.4          Qualitative and Quantitative 
Comparisons of Cardiac Anatomy 
in Commonly Used Large Mammalian 
Cardiovascular Research Models 

 The following section describes  original   research conducted 
at the University of Minnesota by the authors of this chapter. 

6.4.1     Importance for Comparing 
the Anatomy of Various Animal Models 

 Selection of the  proper   experimental model for use in cardio-
vascular research depends on many factors including: (1) 
cost, (2) quality and quantity of data, (3) familiarity with the 
model, and/or (4) relevance to the human condition [ 49 ]. 
Typically, a balance as to the relative importance of these 
factors is determined when optimizing any experimental pro-
tocol. Yet, one important parameter that is often overlooked 
in such a design is the comparative cardiac anatomy of the 
model in question relative to that of humans. 

  Fig. 6.13    Images showing the left azygos (hemiazygos) vein entering 
the coronary sinus in the pig ( A ) and sheep ( B ) hearts. The left azygos 
vein drains the thoracic cavity directly into the coronary sinus in these 
animals, rather than emptying into the superior vena cava via the azy-
gos as seen in dog and human hearts. Notice that it travels between the 

left atrial appendage and the pulmonary veins; the oblique vein of 
Marshall (oblique vein of the left atrium) travels this path in human and 
dog hearts.  CS  coronary sinus,  LAA  left atrial appendage,  LAZV  left 
azygos vein,  LV  left ventricle       
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 Even today, there is often considerable debate over which 
cardiovascular research model most closely resembles the 
human heart anatomically. Surprisingly, in spite of this 
debate, the comparative cardiac anatomy of such models as 
a specifi c topic is largely unexplored. Nevertheless, this 
question is especially important for biomedical device 
design and testing in which the goal is to test a product that 
directly interacts with specifi c anatomical structures. 
Furthermore, such comparisons often become even more 
complicated due to: (1) the relative orientation and/or posi-
tion of each species’ heart and (2) the various terminologies 
used to describe heart anatomy and position (attitudinally 
correct anatomy) which can vary between various animal 
models and in comparison to humans. In addition, one hopes 
to match the cardiac dimensions across species, but this can 
be further complicated by both gender and age. For exam-
ple, a 6–7-month-old Yorkshire swine has a typical cardiac 
mass between 300 and 400 g, which is similar to that of the 
healthy adult human. Finally, genetic heritage infl uences 
expressed cardiac anatomy, and specifi c descriptors are 
often missing in previous reports (i.e., specifi c breeds of 
animals studied). 

 Thus, the following studies were designed to elucidate the 
major similarities and differences between the hearts of several 
major large mammalian cardiovascular research models and 
then relate these fi ndings to humans. Specifi cally, qualitative 

and quantitative techniques were employed on post- mortem, 
   formalin-fi xed porcine, ovine, canine, and human hearts.  

6.4.2     Methods and Materials 

 For this study,    we obtained fresh hearts of humans ( Homo 
sapiens ; man), pigs ( Sus domestica ; swine, porcine), dogs 
( Canis lupus familiaris ; canine), and sheep ( Ovis aries ; 
ovine). Human hearts ( n  = 8) were obtained from the Anatomy 
Bequest Program at the University of Minnesota. All human 
hearts were previously unfi xed and devoid of clinically diag-
nosed heart disease or defect. Swine (Yorkshire cross), 
canine (hound cross), and ovine (Polypay cross) ( n  = 10 each) 
hearts were obtained from either Research Animal Resources 
at the University of Minnesota or the Physiological Research 
Laboratories at Medtronic, Inc. These animals were used for 
prior research studies that did not alter their anatomy. In 
other words, in all cases, care was taken to insure that hearts 
were only obtained from individuals and animals in which 
cardiac anatomy was not considered to be altered by disease 
processes or any prior experimental protocols. 

6.4.2.1     Heart Preservation 
 To preserve the hearts  and   prepare them for comparative 
anatomical study, specimens were all similarly  pressure 

  Fig. 6.14    The   triangle of 
Koch  in human  ,  dog,    sheep, 
  and  pig   hearts       
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perfusion fi xed . Briefl y, this consisted of suspending each 
heart in a large container of 10 % buffered formalin from 
cannulae tied into the following major vessels: the superior 
caval vein, the pulmonary trunk, the aorta, and one pulmo-
nary vein. All remaining vessels were sealed, with the excep-
tion of small vents positioned in both the inferior caval vein 
and in one of the pulmonary veins. Formalin was gravity fed 
down the cannulae from a reservoir chamber positioned 
35–40 cm above the fl uid level in the suspension chamber. 
This system generated a reproducible perfusion pressure 
between 45 and 50 mmHg. The hearts were allowed to fi x 
under these conditions for a minimum of 24 h in order to 
allow for adequate penetration of fi xative. This method of 
fi xation was quite reproducible to ensure that the hearts 
maintained a  similar   anatomical confi guration.  

6.4.2.2     Qualitative Anatomical Assessment 
of Perfusion-Fixed Hearts 

 Several observational assessments, similar to those  con-
ducted   and previously described by Crick et al. [ 13 ], were 
completed on each  heart  . In addition to these assessments, a 

6 mm endoscopic camera (Olympus Optical, Tokyo, Japan) 
was inserted into each chamber of each heart, with care taken 
not to distort any structure to be observed. This allowed for 
direct visualization of the internal chambers of the heart 
without dissection, hence allowing the anatomical structures 
to be examined in a more realistic state. Specifi c anatomical 
features assessed included:
•    Overall shape of entire heart (conical, valentine, trapezoi-

dal, elliptical, or rounded with blunt apex; Fig.  6.3 )  
•   Overall shape and size of atria and free portions of the 

appendages (triangular, half-moon, or tubular)  
•   Ventricular formation of the apex (right, left, or both 

ventricles)  
•   Number of pulmonary veins (best estimates were made as 

some pulmonary veins were dissected close to the atrium)  
•   Presence or absence of noncardiac coronary sinus tribu-

taries (left azygos vein)  
•   General shape of:

 –    Inferior caval vein ostium  
 –   Superior caval vein ostium  
 –   Pulmonic valve  

   Table 6.1    Similarities and differences in the  atrioventricular conduction systems   of dog,  pig  ,  sheep  ,  and   human hearts [ 45 – 48 ]   

 Location of AV node 
 AV node and bundle of His 
junction  Length of bundle of His  Route of bundle of His 

 Human  Located at the base of 
the atrial septum, 
anterior to the coronary 
sinus, and just above the 
tricuspid valve 

 End of the AV node and the 
beginning of bundle of His 
are nearly impossible to 
distinguish 

 Total length of the 
unbranched portion is 
2–3 mm. Penetrating 
bundle is 0.25–0.75 mm in 
length. Bundle bifurcates 
just after emerging from 
the central fi brous body 

 Bundle lies just beneath the 
membranous septum at the 
crest of the interventricular 
septum 

 Pig  Lies on the right side of 
the crest of the 
ventricular septum and 
is lower on the septum 
than in humans 

 No explicit information 
found 

 Penetrating bundle is very 
short in comparison to 
humans 

 Climbs to the right side of the 
summit of the ventricular 
septum, where it enters the 
central fi brous body. The 
bifurcation occurs more 
proximally than in humans 

 Dog  Same as in humans  Consists of internodal tracts 
of myocardial fi bers 

 Penetrating bundle is 
1–1.5 mm long, 
signifi cantly longer than 
the human penetrating 
bundle 

 His bundle runs forward and 
downward through the fi brous 
base of the heart, just beneath 
the endocardium. There are at 
least three discrete bundle of 
His branches of myocardium 
that join the atrial end of the 
AV node via a proximal His 
bundle branch 

 Sheep  Located at the base of 
the atrial septum, 
anterior to the coronary 
sinus, just above the 
tricuspid valve, and at 
the junction of the 
middle and posterior 
one-third of the os 
cordis 

 Junction is characterized by 
fi ngerlike projections, 
where the two types of 
tissue overlap; size and 
staining qualities of the 
initial Purkinje cells of the 
bundle of His make it easy 
to distinguish between the 
end of the AV node and the 
beginning of the bundle of 
His 

 Portion of the bundle 
passing through the central 
fi brous body is ~1 mm. 
Bundle extends 4–6 mm 
beyond the central fi brous 
body before it bifurcates 

 Unbranched bundle must pass 
beneath the os cordis to reach 
the right side of the ventricular 
septum. The bundle of His then 
remains relatively deep within 
the confi nes of the ventricular 
myocardium. Branching occurs 
more anteriorly in sheep than 
in humans 

   AV  atrioventricular  
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 –   Tricuspid valve  
 –   Aortic valve  
 –   Mitral valve  
 –   Coronary sinus ostium     

•   Presence or absence of the valve of the coronary sinus 
ostium (Thebesian valve)  

•   Presence or absence of the moderator bands of the right 
ventricles (if present, the locations of attachment points 
were noted)  

•   Number of papillary muscles found in the right and left 
ventricles  

•   Degree of trabeculation of right and left ventricular endocar-
dium (1–5; 1 = no trabeculations, 5 = highly trabeculated)  

•   Presence or absence of any  left   ventricular bands (i.e., 
similar structures to the moderator bands of the right 
ventricle).     

6.4.2.3     Quantitative Anatomical Assessments 
of Perfusion-Fixed Hearts 

 The following quantitative  measurements   were performed 
on each heart by employing a novel 3D technique. Briefl y, 
a MicroScribe® 3D digitizing arm (3DX, Immersion Corp., 
San Jose, CA, USA), consisting of a touch probe with six 
degrees of freedom, was used to gather the 3D data points. 
First, each heart was suspended and stabilized within a 
rectangular metal frame via sutures placed into the aorta, 
the right and left lateral ventricular walls, and the apex. 
More specifi cally, the heart was suspended in the  classic 
   valentine heart  position, with the apex pointing toward the 
bottom of the frame and base toward the top, for easy com-

parison between hearts. In all cases, attitudinally correct 
nomenclature was used to describe structures in a more 
meaningful manner (Figs.  6.15  and  6.16 ; see also Chap.   2    ). 
To allow for the generation of a consistent coordinate axis 
system, three small holes for touch probe placement were 
drilled into a right angle scribe that was affi xed to a corner 
of the support structure. This setup allowed for a consistent 
reference frame for all subsequent digitizations; each heart 
was maintained within the same 3D space, allowing for 
precise measurement between all digitized locations. 
Furthermore, this overall setup and experimental design 
allowed for free movement of the 3DX probe as the refer-
ence frame could be regenerated following each move-
ment, allowing for complete probe access to all desired 
aspects of the heart.

    For probe initialization, the coordinate axes were set up 
using the acquisition software (Inscribe, Immersion Corp.) 
on the right angle scribe by digitizing the location of the 
three holes that were set up as the origin, a point on the 
 x -axis, and a point on the  y -axis; the software then automati-
cally generated the  z -axis. Prior to dissection, eight external 
locations were digitized in each heart (Table  6.2 ) such that 
comparisons of the major external dimensions could be per-
formed (Table  6.3 ). Then, small incisions were made in the 
right and left atrial appendages to allow for internal access in 
each heart. With the simultaneous use of endoscopic cam-
eras, the touch probe was navigated to specifi c locations in 
each heart such that comparisons of valve dimension, ven-
tricular chamber dimension, and those of the coronary sinus 
ostium could be subsequently calculated (Tables  6.2  and 
 6.3 ). It should be noted that all orientational terms are in rela-

  Fig. 6.15    Anterior surface of 
a fi xed  sheep heart    and 
  end- diastolic volumetric 
reconstruction of a sheep 
heart from magnetic 
resonance images. Note that 
the apex of the sheep heart is 
pointed inferiorly and slightly 
anteriorly.  LA  left atrium,  LV  
left ventricle,  RA  right atrium, 
 RV  right ventricle       
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tion to the reference frame, which closely mimics the orien-
tation of the animal hearts in vivo. However, these terms do 
not necessarily describe the exact positions of the human 
hearts in vivo. In total, only three measurements from por-
cine heart number 1 needed to be removed due to improper 
coordinate axis regeneration. These were (1) posterior base 
to whole heart apex, (2) aortic valve mid-left coronary cusp 
to left ventricular apex, and (3) aortic valve center to left 
ventricular apex.

    All calculations were analyzed both  as   raw data and as nor-
malized data (divided by the given heart weight). Statistical 
signifi cance tests were performed using one-way ANOVA 

and Bonferroni post analyses;    signifi cance was set at  α  = 0.05. 
All values are presented as means ± standard deviation.   

6.4.3     Results 

 The average heart weights were 367.3 ± 65.8 g for humans, 
274.6 ± 50.4 g for pigs, 258.1 ± 36.2 g for dogs, and 
353.1 ± 120.7 g for sheep. Human heart weights were signifi -
cantly larger than dog heart weights ( p  < 0.05). The average 
age of the human donors was 63.8 ± 19.5 years. Although the 
exact age of the animals was not known, all porcine hearts 
were from younger rapidly growing animals (<1 years old); 
all canine (1–2 years old) and ovine hearts (1–3 years old) 
were from mature animals. Six of the human hearts were 
obtained from females and 2 were from males. All porcine 
and canine hearts were from male animals, while all ovine 
hearts were from female animals. 

6.4.3.1     Qualitative Comparisons 
 The human hearts had  the   largest variation in overall shape 
compared to the animal hearts. Three human hearts were 
classifi ed as having an elliptical shape, 2 were conical, 2 
were rounded with a blunt apex, and 1 was valentine shaped. 
The overall defi ned shapes of the animal hearts were as fol-
lows: 6 ovine hearts were considered conical and 4 were 
valentine; 8 porcine hearts were valentine and 2 were trap-
ezoidal; and all 10 canine hearts were elliptical. Nevertheless, 
the apexes of the hearts were formed entirely by the left ven-
tricles in all animal hearts and in 5 of the 8 human hearts. In 
the other 3 human hearts, the apexes were mostly left but 
were considered slightly shifted toward a “joint apex.” 

 Generally, the free portions of the right atrial appendages 
of the human hearts were defi ned as either triangular (7 of 8) 
or tubular on the left (8 of 8). The size of the free portion of 
the appendages was variable in the human hearts with 3 hav-
ing larger right appendages, 3 having larger left appendages, 
and 2 having similar sized appendages. The free portions of 
the right atrial appendages of the ovine hearts were in the 
shape of a half-moon (9 of 10) and typically characterized as 
triangular on the left (8 of 10). The free portions of the right 
atrial appendages were larger than the left in 7 hearts and the 
same size as the left in the remaining 3 hearts. The free por-
tions of the right atrial appendages of the porcine hearts were 
generally in the shape of a half-moon (9 of 10) and typically 
triangular on the left (6 of 10). The left atrial appendage was 
larger than the right in 9 hearts and the same size in the 
remaining heart. In the canine hearts, the free portions of both 
atrial appendages were considered to be tubular in 9 hearts 
and triangular in 1 heart. The free portions of the right atrial 
appendages were larger than the left in 5 hearts and the same 

  Fig. 6.16    Anterior surface of a fi xed  human heart   and  end-diastolic 
volumetric reconstruction   of a human heart from magnetic resonance 
images. Note that the apex of the human heart is pointed to the left and 
slightly anteriorly.  LV  left ventricle,  RAA  free portion of right atrial 
appendage,  RV  right ventricle       
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size as the left in the other 5 hearts. The left azygos (hemiazygos) 
vein was present as a tributary to the coronary sinus in all 
ovine and porcine hearts examined; it was not present in any 
of the canine hearts or human hearts. Thebesian valves cover-
ing some aspect of the coronary sinus ostium were present in 
all human hearts, but absent in all animal hearts examined. 

  Moderator bands   were present in the right ventricles of all 
hearts examined (Figs.  6.7 ,  6.8 ,  6.10 , and  6.11 ). However, the 
origin and attachment of these bands, as well as their appear-
ance, were varied among species. In the human hearts, the 
moderator band typically arose more apically on the septal 
wall and attached to the base of the anterior papillary muscle 
(APM). Interestingly, the band was a free arc in 6 of the 
hearts and a ridge in 2 hearts. In both sheep and pigs, the 
moderator bands presented as muscular structures that origi-
nated on or near the septal papillary muscle (SPM), inserted 
at the body or head of the APM, and were free arcs in all. In 

contrast, the moderator bands of the canine hearts presented 
as fi brous networks that originated on the APM or septal wall 
and inserted on the free walls of the right ventricles (usually 
at multiple sites). Similar to all pig and sheep hearts and 75 % 
of the human hearts, the canine moderator band was a free 
arching structure across the ventricular cavity. There were 
left ventricular bands, similar to the moderator band (com-
posed of or containing what are considered to be conduction 
fi bers), identifi ed in all but 1 porcine heart and 1 human heart. 

 All human, ovine, and porcine hearts had one well-defi ned 
APM in the right ventricle. In contrast, 6 canine hearts had 2 
APMs and 4 hearts had a single APM. Nine ovine hearts had 
a single posterior papillary muscle (PPM) in the right ven-
tricle and 1 heart had 2 PPMs. Six porcine hearts had a single 
PPM, 3 hearts had 2 PPMs, and 1 heart had 3 PPMs. Only 1 
canine heart had a single PPM, 5 hearts had 2 PPMs, and 4 
hearts had 3 PPMs. Three human hearts had a single PPM, 1 

    Table 6.2    Digitized locations   

  External locations    Description  

 Base  Anterior (anterosuperior) at the origin of the pulmonary trunk 
 Posterior (posteroinferior) at the junction of the coronary sulcus and the interventricular sulcus 
 Right lateral at the right atrial/right ventricular junction 
 Left lateral at the left atrial/left ventricular junction 

 Apex coronary sinus  At the true apex of the heart (LV) 
 The entry of the coronary sinus into the right atrium on the posterior aspect of the heart and three evenly spaced 
points to the end of the coronary sinus, defi ned as the junction of the great cardiac vein and the oblique vein of the 
left atrium (Marshall) 

  Internal locations    Description  

 Tricuspid valve  Anterior (superior) 
 Posterior (inferior) 
 Septal (posterior) 
 Lateral (anterior) 
 Center—best approximation 

 Coronary sinus  Superior (posterolateral) 
 Inferior (anteroseptal) 
 Lateral (superior) 
 Septal (inferior) 
 Thebesian valve leading edge (when present) 
 Center—best approximation 

 Pulmonic valve  Midpoint on anterior cusp 
 Midpoint of right cusp 
 Midpoint of left cusp 
 Center—best approximation 

 RV apex mitral valve  Deepest point in the RV apex 
 Anterior (superior) 
 Posterior (inferior) 
 Septal (posterior) 
 Lateral (anterior) 
 Center—best approximation 

 Aortic valve  Midpoint of right coronary cusp 
 Midpoint of left coronary cusp 
 Midpoint of non-coronary cusp 
 Right coronary/left coronary commissure tip 
 Right coronary/non-coronary commissure tip 
 Left coronary/non-coronary commissure tip 
 Center—best approximation 

 LV apex  Deepest point in the LV apex 

A.J. Hill and P.A. Iaizzo



107

heart had 2 PPMs, and 4 hearts had 3 PPMs. Eight ovine 
hearts had a single SPM and 2 hearts had 2 SPMs. In con-
trast, 4 canine hearts had a single SPM and 6 hearts had 3 or 
more SPMs. Additionally, only 2 porcine hearts had a single 
SPM, 4 hearts had 2 SPMs, and 4 hearts had 3 or more SPMs. 
Three human hearts had a single SPM, 3 hearts had 2 SPMs, 
and 2 hearts  had   3 SPMs. All hearts from all species had 
other small papillary muscles on the septal wall which were 
not fully formed and projected into the right ventricle, as well 
as chordae appearing to attach directly to the septal wall. 

 In the left ventricle, all animal hearts from all species 
had a single APM with varying numbers of heads. In con-
trast, 5 human hearts had a single APM, 1 heart had 2 
APMs, and 2 hearts had 3 APMs. All porcine and canine 
hearts had a single PPM in the left ventricle, while 8 ovine 
hearts had a single PPM and 2 hearts had 2 PPMs. Four 

human hearts had a single PPM in the left ventricle, and 4 
hearts had 2 PPMs. 

 Generally, the right ventricle and left ventricle apexes of 
human hearts were far more trabeculated as compared to 
each species of animal hearts. In the right ventricle, the 
canine hearts were more trabeculated than those of porcine 
and ovine hearts. In contrast, the degree of trabeculation in 
the left ventricular apexes was similar across animal hearts. 
It was also noted that the epicardia of the ovine hearts were 
typically covered in greater amounts of fatty tissue relative 
to the canine and porcine hearts. 

 The shape of the ostia of the superior vena cavae and the 
inferior vena cavae was circular in all hearts examined, with 
the exception of 1 human heart in which the inferior vena cava 
ostium was removed during heart removal. The shape of the 
tricuspid valves and mitral valves ranged within species and 

    Table 6.3    Calculated measurements   

  External measurements    Description  

 Base to apex length  Anterior (anterosuperior) to apex 
 Posterior (posteroinferior) to apex 
 Right lateral to apex 
 Left lateral to apex 

 Coronary sinus  Length of the coronary sinus 

  Internal measurements    Description  

 Coronary sinus ostium  Superior (posterolateral) to inferior (anteroseptal) diameter 
 Lateral (inferior) to septal (superior) diameter 
 Functional ostium—Thebesian valve to septal (superior) 
diameter 

 Tricuspid valve  Anterior (superior) to posterior (inferior) diameter 
 Septal (posterior) to lateral (anterior) diameter 

 Right ventricular infl ow  Anterior (superior) tricuspid valve to apex distance 
 Posterior (inferior) tricuspid valve to apex distance 
 Septal (posterior) tricuspid valve to apex distance 
 Lateral (anterior) tricuspid valve to apex distance 
 Center tricuspid valve to apex distance 

 Pulmonic valve  Sinotubular junction diameter 
 Basal annular diameter 

 Right ventricular outfl ow  Mid-anterior cusp pulmonic valve to apex distance 
 Mid-right cusp pulmonic valve to apex distance 
 Mid-left cusp pulmonic valve to apex distance 
 Center pulmonic valve to apex distance 

 Mitral valve  Anterior (superior) to posterior (inferior) diameter 
 Septal (posterior) to lateral (anterior) diameter 

 Left ventricular infl ow  Anterior (superior) mitral valve to apex distance 
 Posterior (inferior) mitral valve to apex distance 
 Septal (posterior) mitral valve to apex distance 
 Lateral (anterior) mitral valve to apex distance 
 Center mitral valve to apex distance 

 Aortic valve  Sinotubular junction diameter 
 Basal annular diameter 

 Left ventricular outfl ow  Mid-right coronary cusp aortic valve to apex distance 
 Mid-left coronary cusp aortic valve to apex distance 
 Mid-non-coronary cusp aortic valve to apex distance 
 Center aortic valve to apex distance 
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included elliptical, circular, nearly circular, and half- moon. 
Similarly, the aortic and pulmonary valves were circular in all 
hearts examined. The coronary sinus ostia were elliptical in 
the majority of hearts. 

 Due to cannulation of the hearts for perfusion and dissec-
tion of the pulmonary veins near the left atrium, the number 
of pulmonary veins could not be reliably determined in all 
hearts. Typically, major ostia were seen within each heart, 
but bifurcation patterns were different within and between 
species. Oftentimes, the myocardium traveled deep into the 
“vein” which was defi ned by a major ostium, yet the veins 
could be bifurcated almost directly at the myocardial/venous 
tissue junction into 2 to 4 veins. The canine hearts were the 
only exception to this generalization, in which 7 hearts had 
greater than 5  pulmonary   veins (range 5–8).  

6.4.3.2     Quantitative Comparisons 
 In general,    calculated dimensions and heart weights were not 
well correlated, with the highest correlations found in ovine 
hearts. Therefore, statistical analyses were performed on 
both raw measurements and on those normalized to heart 
weight values. Statistically signifi cant differences between 
the species were found for both raw and normalized data. 
Although some overlap of statistically signifi cant differences 
existed between the raw and normalized values, oftentimes 
statistical signifi cance was not conserved between the two 
methods. Therefore, only raw data is presented throughout 
the remaining portion of this chapter and in Tables  6.4  and 
 6.5 , with statistically signifi cant differences noted.

    Externally, the average anterior (anterosuperior) base to 
apex distance was signifi cantly longer in sheep hearts than 
canine hearts. The average base to apex distance on the pos-
terior (posteroinferior) and left lateral aspects was signifi -
cantly longer in the human hearts than swine, canine, and 
ovine hearts. The average right lateral base to apex distance 
was signifi cantly longer in human hearts compared to swine 
and canine hearts, and the ovine hearts were also signifi -
cantly longer than the swine hearts. The average external 
length of the coronary sinus was signifi cantly longer in the 
human hearts compared to the swine, canine, and ovine 
hearts (Table  6.4 ). 

 Internally, the average superior (posterolateral) to inferior 
(anteroseptal) coronary sinus ostium diameter was signifi -
cantly larger in human hearts compared to swine, canine, and 
ovine hearts. The average lateral (inferior) to septal (supe-
rior) diameter was signifi cantly smaller in canine hearts 
compared to human, swine, and ovine hearts. As stated ear-
lier, Thebesian valves were present in all human hearts. Due 
to this valve, the functional ostium of the coronary sinus (i.e., 
that which was not covered by a Thebesian valve) was 
reduced in the superior/inferior dimension in these hearts as 
the attachment of the valve was typically in the posterolat-
eral/anteroseptal direction. When taking into account the 
Thebesian valve, the average diameter of the functional 
ostium of the human hearts was signifi cantly smaller than 
that of the swine and ovine hearts (Table  6.5 ). 

 The average tricuspid valve diameters were all of similar 
size, with the exception of the anterior (superior) to posterior 
(inferior) dimension, which was signifi cantly larger in human 
hearts than pig hearts. The average right ventricular infl ow 
tract length was signifi cantly longer in human hearts com-
pared to the animal hearts in all dimensions analyzed. No 
signifi cant differences were seen in the average length of the 
outfl ow tracts of the right ventricles, with the exception of 
the mid-left cusp to apex dimension, which was signifi cantly 
shorter in canine hearts than human hearts. The average 
diameter of the sinotubular junction of the pulmonic trunk 
was signifi cantly greater in the human hearts as compared to 
the animal hearts. No signifi cant differences were observed 
in the average diameters of the basal annular ring of the pul-
monic valve (Table  6.5 ). 

 No signifi cant differences were observed in the average 
diameter of mitral valve in the anterior (superior) to posterior 
(inferior) dimension. However, the average diameter of the 
mitral valve in the septal (posterior) to lateral (anterior) 
dimension was signifi cantly larger in the human hearts as 
compared to the animal hearts. The average dimensions of 
the infl ow tracts of the left ventricle were signifi cantly 
shorter in the canine hearts compared to human, swine, and 
ovine hearts in all dimensions analyzed. The average diam-
eter of the left ventricular outfl ow tract was generally longer 
in the human hearts than the animal hearts. The average 

    Table 6.4    External dimensions (mean ± std. dev)   

 Measurement  Human  Swine  Canine  Ovine 

 Anterior (anterosuperior) base to apex 
distance (mm) 

 98.7 ± 14.6  101.2 ± 6.8  93.5 ± 4.1  111.1 ± 16.8  ζ  

 Posterior (posteroinferior) base to apex 
distance (mm) 

 87.7 ± 12.4  65.6 ± 4.2  71.3 ± 2.9  72.6 ± 7.6  αβθ  

 Right lateral base to apex distance (mm)  106.4 ± 10.9  88.4 ± 4.8  94.3 ± 5.8  103.8 ± 12.7  αβε  

 Left lateral base to apex distance (mm)  99.7 ± 9.5  80.8 ± 5.3  78.6 ± 3.5  87.4 ± 10.2  αβθ  

 Coronary sinus length  46.5 ± 5.2  25.1 ± 2.7  29.8 ± 6.7  29.9 ± 8.6  αβθ  

  Signifi cant differences are noted by the following symbols: α — human, swine; β—human, canine; θ—human, ovine; δ—swine, canine; ε—swine, 
ovine; ζ—canine, ovine  
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      Table 6.5    Internal dimensions (mean ± std. dev)   

 Measurement  Human  Swine  Canine  Ovine 

  Coronary sinus ostium  

 CS Os superior (posterolateral) to inferior (anteroseptal) 
diameter (mm) 

 12.3 ± 4.2  7.7 ± 1.4  5.0 ± 1.0  8.1 ± 3.2  αβθ  

 CS Os lateral (inferior) to septal (superior) diameter (mm)  15.7 ± 2.4  16.4 ± 2.9  9.8 ± 2.2  18.3 ± 5.0  βδζ  

 CS Os functional ostium—Thebesian valve to opposite 
edge diameter (mm) 

 8.1 ± 2.9  NA  NA  NA  αθδζ  

  Tricuspid valve  

 Tricuspid valve anterior (superior) to posterior (inferior) 
diameter (mm) 

 43.0 ± 3.1  37.2 ± 4.2  38.8 ± 3.0  39.9 ± 3.8  α  

 Tricuspid valve septal (posterior) to lateral (anterior) 
diameter 

 37.7 ± 7.2  30.3 ± 5.5  29.5 ± 4.6  36.0 ± 9.4 

  RV infl ow tract  

 Tricuspid valve anterior (superior) to RV apex 
distance (mm) 

 86.9 ± 12.9  72.0 ± 4.7  65.3 ± 4.1  66.1 ± 15.9  αβθ  

 Tricuspid valve posterior (inferior) to RV apex 
distance (mm) 

 78.9 ± 19.9  55.5 ± 3.3  49.3 ± 3.6  51.9 ± 11.1  αβθ  

 Tricuspid valve septal (posterior) to RV apex distance (mm)  77.4 ± 14.0  61.8 ± 4.3  55.5 ± 4.8  59.5 ± 10.1  αβθ  

 Tricuspid valve lateral (anterior) to RV apex distance (mm)  83.7 ± 21.0  61.6 ± 4.9  55.7 ± 3.8  58.7 ± 16.7  αβθ  

 Tricuspid valve center to RV apex distance (mm)  73.1 ± 19.2  51.8 ± 2.7  45.7 ± 4.5  50.4 ± 9.8  αβθ  

  Pulmonic valve  

 Pulmonic valve sinotubular junction diameter (mm)  28.1 ± 3.8  18.7 ± 1.6  18.3 ± 3.3  22.8 ± 5.7  αβθ  

 Pulmonic valve basal annular diameter (mm)  31.1 ± 3.2  25.6 ± 2.0  25.5 ± 2.9  29.8 ± 6.8 

  RV outfl ow tract  

 Pulmonic valve mid-anterior cusp pulmonic valve to apex 
distance (mm) 

 86.9 ± 14.7  93.3 ± 6.2  84.8 ± 5.0  90.4 ± 16.0 

 Pulmonic valve mid-right cusp pulmonic valve to apex 
distance (mm) 

 93.9 ± 15.0  85.4 ± 5.9  76.7 ± 4.1  82.4 ± 21.1 

 Pulmonic valve mid-left cusp pulmonic valve to apex 
distance (mm) 

 87.9 ± 13.6  79.0 ± 4.7  69.4 ± 4.3  79.2 ± 9.7  β  

 Pulmonic valve center pulmonic valve to apex 
distance (mm) 

 90.4 ± 16.7  85.6 ± 6.5  77.9 ± 4.3  81.4 ± 11.3 

  Mitral valve  

 Mitral valve anterior (superior) to posterior (inferior) 
diameter (mm) 

 37.9 ± 4.6  31.0 ± 3.9  31.3 ± 4.6  36.9 ± 7.4 

 Mitral valve septal (posterior) to lateral (anterior) 
diameter (mm) 

 32.5 ± 5.6  23.7 ± 2.7  22.0 ± 4.9  25.8 ± 6.3  αβθ  

  LV infl ow tract  

 Mitral valve anterior (superior) to LV apex distance (mm)  83.7 ± 18.0  76.8 ± 6.3  63.1 ± 6.0  75.7 ± 13.5  β  

 Mitral valve posterior (inferior) to LV apex distance (mm)  78.2 ± 18.2  68.2 ± 5.5  60.0 ± 5.8  67.4 ± 11.6  β  

 Mitral valve septal (posterior) to LV apex distance (mm)  80.7 ± 15.7  70.6 ± 6.1  65.2 ± 5.8  70.2 ± 13.4  β  

 Mitral valve lateral (anterior) to LV apex distance (mm)  77.4 ± 17.3  72.1 ± 5.3  59.4 ± 4.8  72.1 ± 13.2  β  

 Mitral valve center to LV apex distance (mm)  69.5 ± 16.2  62.0 ± 5.9  52.1 ± 4.9  62.3 ± 11.3  β  

  Aortic valve  

 Aortic valve sinotubular junction diameter (mm)  26.4 ± 3.0  21.4 ± 2.3  16.8 ± 2.7  20.4 ± 3.8  αβθδ  

 Aortic valve basal annular diameter (mm)  30.0 ± 2.6  25.1 ± 3.2  23.2 ± 4.1  28.9 ± 5.4  βζ  

  LV outfl ow tract  

 Aortic valve mid-right coronary cusp to LV apex 
distance (mm) 

 89.9 ± 18.6  72.5 ± 6.2  65.2 ± 5.8  76.2 ± 13.3  αβ  

 Aortic valve mid-left coronary cusp to LV apex 
distance (mm) 

 89.7 ± 18.6  77.1 ± 5.5  67.1 ± 6.1  77.3 ± 14.5  β  

 Aortic valve mid-non-coronary cusp to LV apex 
distance (mm) 

 92.7 ± 20.1  73.8 ± 6.2  67.1 ± 7.1  73.0 ± 11.9  αβθ  

 Aortic valve center to LV apex distance (mm)  90.8 ± 18.3  75.9 ± 5.8  63.7 ± 6.6  75.2 ± 12.8  βθ  

  Signifi cant differences are noted by the following symbols: α—human, swine; β—human, canine; θ—human, ovine; δ—swine, canine; ε—swine, 

ovine; ζ—canine, ovine  
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human dimensions were signifi cantly longer than the swine 
and canine hearts in the mid-right cusp dimension, signifi -
cantly longer than the canine hearts in the mid-left dimen-
sion, signifi cantly longer than all hearts in the non-coronary 
dimension, and signifi cantly longer than the canine and 
ovine hearts from the center of the aortic valve. The average 
diameter of the sinotubular junction of the aorta was signifi -
cantly larger in the human hearts than all animal hearts. 
Additionally, the average diameter of the swine hearts was 
signifi cantly longer than the canine hearts at this location. 
Finally, the average diameter of the basal annulus of the 
 aortic valve was signifi cantly larger  in   human and ovine 
hearts than canine hearts (Table  6.5 ).   

6.4.4     Discussion and Consideration 
of Previous Studies on Comparative 
Anatomy 

 In the present study,    we examined the gross morphology of 
the hearts of humans, pigs, dogs, and sheep and compared 
them both qualitatively and quantitatively. To the authors’ 
knowledge, this is the fi rst study specifi cally aimed at eluci-
dating both qualitative and quantitative similarities and/or dif-
ferences in the cardiac anatomy of these commonly employed 
species for cardiovascular research. These presented fi ndings 
should be seen as a unique initial database on the overall 
shape of hearts, appendages, and valves, the presence or 
absence of specifi c anatomical features, and quantitative 
dimensions, which were measured in nondissected pressure-
fi xed, end-diastolic volume hearts. These comparisons dem-
onstrate that important anatomical differences exist between 
hearts isolated from humans, pigs, dogs, and sheep. Hopefully, 
these results can be used by future investigators as an aid in 
making critical choices as to which animal model would be 
best for their specifi c biomedical/cardiovascular research. 

 A sizeable quantity of literature has been published on 
many qualitative aspects of large mammalian cardiac anat-
omy. However, much of this research is very general (i.e., all 
mammalian hearts have a right and left atrial appendage) 
[ 11 ,  13 ,  14 ,  25 ] or very specifi c (i.e., comparative cardiac 
anatomy of the cardiac foramen ovale) [ 50 ], and, impor-
tantly, most research is not done in a truly comparative fash-
ion. Furthermore, much of this literature does not provide 
information useful for those specifi cally performing cardio-
vascular research with the hope of translating such results to 
relevant human research. 

 There are specifi c examples of anatomical structure that 
we studied in these comparative analyses that have been 
described somewhat differently in the previous literature. 
Crick et al. [ 13 ] reported that the shape of the porcine heart 
was valentine; we observed this shape in 8 of 10 hearts. They 
also reported a trapezoidal shape of the human hearts they 

examined. Greater variability was seen in the observed shape 
of our human hearts with no general trend seen. The forma-
tion of the apex of the heart entirely by the left ventricle has 
also been previously reported for all animals examined in this 
study [ 12 – 14 ]; this is also the case for most of the human 
hearts in this study and is widely reported in literature and 
textbooks. The presence of a moderator band in the right ven-
tricle in all hearts examined has also been previously noted 
[ 11 ,  13 ,  51 ]. However, Truex and Warshaw [ 26 ], while fi nding 
a moderator band in the right ventricle of all sheep and pigs 
studied, failed to fi nd such a band in the canine hearts they 
examined and only found a band in 56.8 % of human hearts. 
This discrepancy was likely due to defi nition and to the differ-
ent morphology presented by the band in these animals. 
Interestingly, we observed left ventricular bands in nearly all 
of the hearts examined (7 human, 9 swine, 10 canine, and 10 
ovine). Gerlis et al. [ 27 ] reported that they found left ventricu-
lar bands in 100 % of ovine hearts ( n  = 42), 100 % of canine 
hearts ( n  = 12), and 86 % of porcine hearts they examined 
( n  = 36), but only in 52 % of adult hearts examined ( n  = 50). 
Joudinaud and colleagues [ 51 ] cataloged the papillary mus-
cles of the swine heart in 2006, classifying them based on the 
leafl ets they supported. They defi ned them as anteroposterior 
(APM in this study), anteroseptal (SPM in this study), and 
posteroseptal (PPM in this study). They found, on average, 
1.1 anteroposterior papillary muscles, 2.4 posteroseptal  papil-
lary   muscles, and 1.8 anteroseptal papillary muscles. These 
fi ndings are similar to our  observations of an average of 1 
APMs, 1.9 PPMs, and 2.1 SPMs, with a slightly different 
weighting toward more SPMs than PPMs in our study com-
pared to their research. While a specifi c report on the number 
of papillary muscles in the ventricles of other hearts could not 
be found, it has been reported that human, canine, porcine, 
and ovine hearts typically have three papillary muscles (APM, 
PPM, and SPM) in the right ventricle and two (APM and 
PPM) in the left ventricle [ 11 ]. While our fi ndings are similar 
for the left ventricle, we found a much greater variability in 
the number of papillary muscles in the right ventricle of all 
species examined, with some canine hearts having as many as 
6 right ventricular papillary muscles. 

 Relative to recent interest in the development of access 
and closure devices for the atrium or means for occluding the 
left atrial appendage in patients with atrial fi brillation, it 
should be noted that some of our qualitative fi ndings were 
different from what has been previously reported. For exam-
ple, Crick et al. [ 13 ] reported that the right atrial appendages 
of the swine hearts typically had a tubular shape, while we 
found that the right atrial appendages were shaped more like 
a half-moon. Also, they reported that the right and left atrial 
appendages of swine hearts were of similar size; we found 
that the left atrial appendages were larger in 90 % of the 
hearts examined. This discrepancy could be related to the 
breed differences; Crick et al. did not provide the specifi c 
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breed of the animals used in their study. Interestingly, they 
reported that the right atrial appendages of the human hearts 
were “appreciably” larger than the left, a fi nding which is 
similar to our fi ndings in 3 of the 8 hearts examined. It should 
be noted that we believe the authors of that study were refer-
ring to the free portion of the right appendage for compari-
son, as it is believed that the atrial appendage of the right 
atrium technically includes all pectinate portions of the 
atrium arising from the terminal crest [ 52 ]. However, the 
authors reference that the appendage on the right side con-
sists of pectinate muscles and that these pectinate muscles 
“surround entirely the parietal margin of the vestibule of the 
tricuspid valve.” If the defi nition is used to describe the right 
atrial appendage, one would fi nd that only in rare cases (most 
likely pathological) would the left atrial appendage be larger 
than the right as the pectinate muscles of the left atrium are 
nearly always contained within the free portion. 

 As mentioned previously, there has been a lack of pub-
lished information comparing canine, porcine, and ovine 
hearts quantitatively. Yet, Lev et al. [ 53 ] eloquently described 
methods to study the congenitally malformed heart quantita-
tively in 2D in 1961 and followed with an excellent paper on 
the anatomy of the normal human child heart in 1963 [ 54 ]. 
These methods were applied to the swine heart in a publica-
tion by Eckner et al. [ 55 ]. More specifi cally, they measured 
the infl ow and outfl ow tracts of the swine right and left ven-
tricle using methods as described by Lev et al. in 1961. From 
27 porcine hearts weighing in the range of 200–300 g, they 
found the length of the right ventricular infl ow tract to be 
5.4 ± 0.4 cm, the length of the right ventricular outfl ow tract 
to be 8.6 ± 0.5 cm, the length of the left ventricular infl ow 
tract to be 7.6 ± 0.4 cm, and the length of the left ventricular 
outfl ow tract to be 7.4 ± 0.4. In the present study, we found 
the length of the right ventricular infl ow tract to be 
5.6 ± 0.3 cm, the right ventricular outfl ow tract to be 
7.9 ± 0.5 cm, the length of the left ventricular infl ow tract to 
be 6.8 ± 0.6 cm, and the length of the left ventricular outfl ow 
tract to be 7.3 ± 0.6 cm. Overall, the measurements from the 
two studies are similar; however, the right ventricular out-
fl ow tract and left ventricular infl ow tract were noticeably 
shorter in the hearts examined in this study compared to 
those of Eckner et al. It should be noted that the methods 
described by Lev et al. and used by Eckner et al. were slightly 
ambiguous regarding their defi nitions of the measurement 
end points. For instance, the right ventricular infl ow tract 
measurement was described as “the length of the infl ow tract 
of the right ventricle is measured from a point at the tricuspid 
annulus in the center of the posterior wall to the apex” [ 53 ]. 
Thus, depending on one’s interpretation of the location of 
this point, signifi cantly varied measurements could be 
obtained. In spite of this, the measurement locations in the 
present study were selected so that they were as close as pos-
sible to as those measured by Eckner et al. Similarly, another 

group of investigators, Alvarez et al. [ 56 ], applied similar 
assessment methods to the right ventricles of 75 porcine 
hearts. They found the length of the right ventricular infl ow 
tract was on average 5.9 ± 0.8 cm, and the outfl ow tract was 
8.4 ± 1.0 cm. Interestingly, the outfl ow tract length was again 
longer than that measured in the current study, while the 
infl ow tract length was similar among all three studies. While 
the breed of swine used by Eckner et al. was not reported, 
Alvarez et al. used hearts obtained from the Europa breed. 
The hearts used in the present study were from Yorkshire 
cross animals; this variation in breed may explain the differ-
ences  in   measured dimensions. 

 In contrast to the lack of publications examining the gross 
dimensions of the hearts, there have been publications con-
cerned with the dimensions of the cardiac valves, mostly 
focused on the aortic and mitral valves. The sheep is the most 
common model used in experimental models of mitral regur-
gitation, and, due to this, there are numerous studies examin-
ing both the normal and pathological anatomy of the mitral 
valve (see also Chap.   27    ). Yet, many of these studies do not 
provide comparable measurements. However, in 1997, 
Gorman et al. published a study of 6 sheep, demonstrating 
that the end-diastolic anterior–posterior dimension was 
26.6 mm and the end-diastolic commissure–commissure 
dimension was 35.4 mm [ 57 ]. In 2002, Timek et al. reported, 
in a study of 6 sheep instrumented with radiopaque markers, 
that the end-diastolic anterior–posterior dimension of the 
mitral valve was 2.6 ± 0.3 cm and the end-diastolic commis-
sure–commissure dimension was 3.6 ± 0.4 cm [ 58 ]. While the 
nomenclature used between these studies and the data we 
presented is slightly different, these reported measurements 
are very similar overall: our measurements were 
25.8 ± 6.3 mm septal–lateral (anterior–posterior) and 
36.9 ± 7.4 mm anterior–posterior (superior–inferior or com-
missure–commissure). Tsakiris et al. [ 59 ] reported that the 
average early diastolic anterior–posterior dimension of 5 
canine hearts was 2.1 ± 0.2 cm, similar to our fi ndings of 
22.0 ± 4.9 mm. Chandraratna and Aronow [ 60 ] reported a 
mean maximal diastolic anterior–posterior diameter of 
2.2 ± 0.2 cm and end-systolic anterior–posterior diameter of 
1.8 ± 0.2 cm from 23 normal human subjects studied with 
echocardiography. Nordblom and Bech-Hanssen [ 61 ] 
reported a mean end-diastolic anterior–posterior dimension 
of 2.9 ± 0.4, mean end-systolic anterior–posterior dimension 
of 3.3 ± 0.3 cm, and mean end-diastolic commissure–com-
missure dimension of 3.7 ± 0.4 cm in 38 normal human sub-
jects. These two publications show the wide variation of 
reported results in the literature. Reporting on all of the mitral 
publications is beyond the scope of this paper; however, it 
should be noted that our results were more similar to the pub-
lication by Nordblom than that of Chandraratna. Added con-
siderations in comparing anatomical studies that one needs to 
keep in mind are that differing methodologies may slightly 
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skew data or that newer methodologies may provide more 
accurate measurements. For example, this could be due to 
changes in the defi nition of the dimensions measured and 
also to higher resolution offered by  newer   ultrasound tech-
nology which provides important in vivo measurements. 

 Regarding the aortic valve, Sands et al. published the only 
available quantitative study examining the aortic valves of 
multiple hearts, including 10 swine, 9 ovine, 9 bovine, and 7 
humans [ 30 ]. Interestingly, in their investigations, aortic valve 
diameters were measured via passing an obturator through 
fresh hearts until a snug fi t was determined. They reported the 
average annulus diameters of 26.4 ± 3.2 mm in human hearts, 
26.6 ± 1.8 mm in pig hearts, and 25.8 ± 0.3 mm in sheep hearts. 
It may be assumed that, by annulus, they were actually refer-
ring to the basal portion of the annulus. For the in vitro data 
on perfusion-fi xed hearts we provided above, larger average 
basal annular diameters in human hearts (30.0 ± 2.6 mm) and 
in sheep hearts (28.9 ± 5.4 mm) were observed, and slightly 
smaller average diameters in pig hearts (25.1 ± 3.2 mm) were 
found. More recently, Lansac and colleagues published a 
sonometric study of 8 ovine aortic valves and ascending aor-
tas, in which they reported average basal annular diameters of 
20.7 ± 0.4 mm and commissure diameters of 14.1 ± 0.2 mm, 
which are both smaller than our reported diameters [ 62 ]. Sim 
and colleagues [ 63 ] published a comparison of 12 human and 
12 swine aortic valves in which they reported mean diameters 
of 2.6 ± 0.1 cm for human hearts ( n  = 12) and 2.2 ± 0.3 cm for 
swine hearts, both which are smaller than that observed in our 
studies. Interestingly, Swanson and Clark [ 64 ] published a 
study of 5 normal human aortic valves in 1974, using silicone 
casts of aortic valves prepared at various pressures 
(0–120 mmHg). Regardless of the pressure used, on average, 
the basal annulus in their study was smaller than that observed 
in this study. Finally, in support of the fact that sheep are the 
most commonly used animal model for aortic valve studies, 
we found that the average basal annulus diameters were most 
similar between sheep and human hearts. However, we noted 
that the sinotubular junction diameters were signifi cantly 
smaller in all animals studied as compared to the human 
hearts. This could have implications for selection of an animal 
model for newer technologies such as transcatheter-delivered 
aortic valves, as some technology engages the sinotubular 
junction for fi xation of the device. 

 Publications on the valves on the right side of the heart are 
scarce, especially the pulmonic valve, and none were found 
with comparable measurements. The tricuspid valve has 
been quantitatively studied in sheep, canines, and humans, 
although like mitral valve studies, similar measurements to 
this study are not evident in many publications. Jouan and 
colleagues [ 65 ] studied the tricuspid annulus of 7 sheep and 
showed that during the cardiac cycle the minimum diameter 
(approximately perpendicular to the septum) changed from 
17.8 ± 1.9 to 21.2 ± 2.0 mm and maximum diameter (approxi-

mately parallel to the septum) changed from 36.4 ± 2.4 to 
40.1 ± 2.6 mm. While this report does not specifi cally give 
orientational references for these numbers, the minimum 
diameter is described as perpendicular to the septum  and   
therefore is much smaller than that observed in this study. 
The maximum diameter, however, is similar to the anterior–
posterior (superior–inferior) diameter of this study. In 2007, 
Anwar and colleagues reported the average tricuspid annular 
diameter of 100 normal patients to be 4.0 ± 0.7 cm [ 66 ]. 
Again, no orientational references were given to this diame-
ter, but rather it appears to be the maximal diameter, which 
most likely correlates to the anterior–posterior (superior–
inferior) diameter of this study with similar values observed. 

 The dimensions analyzed in the perfusion-fi xed hearts we 
provided above can also be used to illustrate some differ-
ences in gross morphology. Interestingly, the average right 
ventricular infl ow tract of the human hearts examined in this 
study was signifi cantly longer than that of the other hearts 
examined, although the outfl ow tracts of the right ventricles 
were relatively the same length among all hearts. This has 
direct applicability to right ventricular apical pacemaker lead 
design, in which the designs intended ultimately for human 
hearts are studied in any of the animal species examined in 
this study—the lead length to reach the right ventricular apex 
from the tricuspid valve in the animal species is on average 
1–2 cm shorter than in human hearts. The rest of the implant 
anatomy would also need to be considered for complete 
analysis. Another interesting fi nding was the signifi cantly 
smaller diameter of the coronary sinus ostia in canine hearts 
compared to the other hearts examined. Coupled with the 
external measured length of the coronary sinus, which was 
signifi cantly longer in human hearts than other hearts, impli-
cations for animal model selection in biomedical device 
research become obvious. Similar to the right ventricular 
apical lead length mentioned above, coronary venous- 
delivered left ventricular pacing lead lengths may need to be 
shortened for animal work. Furthermore, when choosing an 
animal model to simulate coronary sinus access similar to 
humans with Thebesian valves, the canine model becomes 
an obvious choice due to the similarity in size. Maric et al. 
[ 67 ] examined the diameter of the coronary sinus ostium in 
humans and dogs; they found the diameter to be 8.4 ± 2.6 mm 
in humans and 6.5 ± 1.3 mm in dogs. Unfortunately, Maric 
does not mention which diameter  was   measured (superior/
inferior or lateral/septal).   

6.5     Summary 

 Cardiac research is an important fi eld that will continue to 
thrive for many years. It is critical that the appropriate animal 
models are employed to perform well-designed translational 
research prior to human clinical trials. In this chapter, we 
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presented a unique set of comparative information relative to 
cardiac anatomy of several large mammalian models com-
monly used for such laboratory testing: the pig, dog, and 
sheep. Important difference and similarities exist that may 
impact research results relative to either device testing or 
pharmacological therapeutic trials. The novel research data 
presented here from our laboratory were specifi cally 
designed to systematically compare the anatomical features 
of these animal models to humans, both qualitatively and 
quantitatively. The techniques employed were unique in that 
they allowed study of nondissected hearts, providing mea-
surements from realistic geometric confi gurations. We 
observed that specifi c differences in the cardiac anatomy 
exist between the species, for hearts isolated and pressure 
perfusion fi xed with similar weights, and that these differ-
ences may be useful in choosing an animal model for certain 
types of biomedical research. It is likely as CT and MRI 
methodologies continue to advance that more specifi c struc-
tural comparisons can be performed on functioning hearts, 
yet details about animal age, weight, health status, and/or 
breed will need to be well described in order to make such 
data sets of higher value.     
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