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A Comparative Anatomic and Physiologic
Overview of the Porcine Heart

Pavlos P Lelovas,"” Nikolaos G Kostomitsopoulos,! and Theodoros T Xanthos?

Despite advances during the last 2 decades in every aspect of cardiovascular research (interventional cardiology, cardio-
pulmonary resuscitation, and so forth), Western societies still are plagued by the consequences of cardiovascular disease.
Consequently the discovery of new regimens and therapeutic interventions is of utmost importance. Research using human
subjects is associated with substantial methodologic and ethical considerations, and the quest for an appropriate animal
model for the human cardiovascular system has led to swine. The porcine heart bears a close resemblance to the human heart
in terms of its coronary circulation and hemodynamic similarities and offers ease of implementation of methods and devices
from human healthcare facilities. A thorough comprehension of the anatomy and physiology of the porcine cardiovascular
system should focus on differences between swine and humans as well as similarities. Understanding these differences and
similarities is essential to extrapolating data appropriately and to addressing the social demand for the ethical use of animals

in biomedical research.

Death due to cardiac etiology is currently one of the major
fields of scientific research. It may be due to a variety of causes,
and cardiac etiology represents one of the most significant caus-
es of noninjury deaths in adults in industrialized countries.!!

Coronary artery disease is one of the most common causes of
cardiac arrest, and death may be the first and only manifesta-
tion of the disease. Coronary artery occlusion leads to regional
ischemia, anaerobic glucolysis, intra- and extracellular acidosis,
and dysfunction of membrane permeability of cardiomyo-
cytes—all of which may trigger ectopic myocardial electrical
activities and subsequent generation of arrhythmias.?%” Other
pathologic entities that may lead to fatal arrhythmias are cardio-
myopathies, and for cases of unknown etiology, channelopathies
may be the underlying pathology.3746

Successful management of cardiac arrest should aim at the re-
turn of spontaneous circulation as well as cerebral resuscitation.
Currently, the only internationally accepted interventions are
chest compressions, defibrillation, and epinephrine administra-
tion. In particular, epinephrine has been implicated in causing
severe adverse effects on the myocardium.!4

The limited available interventions for cardiac arrest in addi-
tion to its acute nature and high social-economic impact prompt
rigorous research on new pharmaceutical modalities and thera-
peutic techniques. Implementing these novel interventions in
human patients directly is unethical and may be unproductive
due to genetic heterogeneity between subjects, different life
styles, need for populous statistical groups, and so forth. These
gaps are accommodated through the use of animal models.

Many animal species have served as models in preclinical
trials. The husbandry advantages of rodents over other animals
has made them some of the most favorable species in biomedi-
cal research. Although rodents have yielded a great amount of
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information regarding the molecular and cellular bases of car-
diovascular biology, intrinsic differences between rodents and
humans in terms of heart rate, oxygen consumption, adrenergic
receptor ratios, response to loss of regulatory proteins, duration
of the cardiac action potential, ionic currents contributing to
action potential, absence of the plateau phase, and contractile
protein expression critical to the excitation—contraction coupling
process as well as spontaneous reversion of experimentally in-
duced ventricular fibrillation into normal sinus rhythm renders
problematic the use of rodents and the extrapolation of data
derived from these models.15:16:17,56

The need for a species that accurately approximates the hu-
man cardiovascular anatomy and physiology is imperative.
Many previous advances that now constitute the basis of rep-
erfusion treatment were achieved through studies on canine
models.?*¥ However during past couple of decades, pigs have
gained favor over dogs, in part because of marked differences
in coronary anatomy between dogs and humans and in part
due to societal reluctance and concerns regarding their use in
biomedical research. The initial enthusiasm over the realization
that the porcine heart is almost identical to the human heart
has abated somewhat, mainly through studies investigating
swine as a donor for heart xenotransplantation.® A deeper un-
derstanding of the anatomy and physiology of the porcine heart
in comparison with those of other animal species and humans
will further facilitate the extrapolation and interpretation of data
derived from experimentation on this species.

Swine in Cardiovascular Research

Swine belong to the species Sus scrofa domestica, which com-
prises many different breeds that vary in size and appearance.
The range of swine breeds can be grossly subdivided into
2 categories: farm pigs (the most common breeds being the
Yorkshire, Landrace, and Duroc as well as their crosses) and
minipigs (such as Yucatan, Hanford, Gottingen, and Sinclair).
One of the major advantages of minipigs over farm breeds is that
for the same body weight, minipigs are more mature, and their
tissues are more resilient to experimental procedures.49 Given
that intubation in farm pigs presents numerous challenges (deep
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larynx, extended soft palate, fragile trachea, predisposition to
laryngospasm),'® this trait of minipigs may be important to
some researchers. Another disadvantage of farm breeds is that
they are susceptible to ventricular fibrillation, and some genetic
lines are predisposed to malignant hyperthermia. Furthermore
the high growth rate and adult size of farm pigs may present a
husbandry challenge for standard laboratory facilities. For these
reasons, many researchers favor the use of minipigs, especially
in long-term survival studies.??

The ratio of heart weight to body weight in 20- to 30-kg pigs,
which are used frequently in cardiovascular studies, is identical
(5 g/kg) to that of adult humans.?> One should bear in mind that
this ratio in such young animals is markedly higher than that
of adult pigs (2.5 to 2.9 g/kg). This ratio is approximately 7 g/
kg for adult dogs and approximately 3 g/kg for adult sheep.?®

Many of the differences in cardiac anatomy between pigs
and humans are the result of a quadruped compared with bi-
ped stance as well as the unusual conformation of the human
thorax, which is dorsoventrally compressed, compared with
the thorax of other mammals, which typically is laterally com-
pressed. Consequently, the morphology and topography as well
as the terminology of the thoracic organs differ between most
mammals used in biomedical research and humans. As far as
topography is concerned, the long axis of the swine heart tips
forward, forming an acute angle to the vertical plane (Figure 1).
Furthermore, the heart of these animals species are rotated
counterclockwise compared with the human heart. As a result,
the left ventricle and left atrium faces caudally, whereas the right
atrium and ventricle are cranially situated (Figure 1). Due to
the quadruped stance, the heart appears to be overhanging the
thoracic cavity by its major vessels; therefore, venal drainage has
a gravitational component. The orifices of the caval veins of pigs
and other animals form an angle as they enter the right atrium,
in contrast to the human caval veins, which are aligned along
the same axis.® Regarding terminology, the superior and inferior
caval veins of humans are called the cranial and caudal caval
veins in the majority of mammals used in biomedical research.
Animportant difference is the presence of the left azygous vein
in pigs, which drains directly into the coronary sinus; the human
heart lacks this anatomic arrangement.® In the swine heart, the
right auricle has a narrow tubular appearance, compared with
the triangular shape of that in humans. The number of orifices
for the left atrium varies among mammals. In pigs the left
atrium receives oxygenated blood from 2 pulmonary veins, in
dogs from 5 or 6, and in humans from 4 or 5.

In the trabecular component of the right ventricle, the trabecu-
lae carnae and papillary muscles of pigs are much coarser and
broader than those of the human right ventricle. Similar to the
arrangement in humans, the tendineae chordae of swine arise
from the apices of the papillary muscles to the free border of
the 3 leaflets of the tricuspid valve. One of the most prominent
features in the right ventricle of the porcine heart is the trabecula
septomarginalis, formerly known as moderator band. This
muscular strand connects the septal wall of the right ventricle
to its free wall (Figure 2) and carries Purkinje fibers from the
right atrioventricular bundle across the right ventricle’s lumen.
Compared with that in humans, the trabecula septomarginalis of
swine is more prominent and situated more proximally relative
to the base of the heart.1

In the left ventricle of pigs, the apical trabeculations are
coarse and not obviously different from those of the right ven-
tricle, contrary to the finer trabeculations of the left ventricle
of the human heart. These anatomic differences between the 2
species reflect the high variation of the Purkinje fiber network

Swine in cardiovascular research
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Figure 1. Right recumbency; left hemithorax, adjacent lung, and peri-
cardium removed. Position of the porcine heart in the thoracic cavity.
The upper line is parallel to the spine; the oblique line represents the
long axis of the heart. The acute angle in this figure is overestimated
due to lateral recumbency.

Figure 2. Porcine heart, right ventricle. The arrow indicates the tra-
becula septomarginalis. Compared with that in humans, the porcine
structure is much thicker and more proximally situated to the base of
the heart.

and probably result in differences in ventricular conductivity
and contractility.?6 The ratio of wall thickness between the left
to right ventricle is much higher in the porcine heart than in
the human heart.

In mammals, the cardiac valves follow in general the same
pattern. The atria are divided from the ventricles by the atrio-
ventricular valves, which are connected to the papillary muscles
through the tendinae chordae. The tricuspid valve of swine has
3 leaflets, whereas dogs typically have 2.1% The porcine mitral
valve has similar characteristics to those of the human valve
regarding size, leaflets, and tendinae chordae configuration.?
Substantial similarities between the 2 species are apparent as
far as their semilunar valves are concerned. The noncoronary
cusp of the porcine aortic valve has a fibrous attachment. This
structure is absent in bovine and ovine aortic valves.* Further-
more, swine and humans (although to a lesser extent in humans)
display a fibrous continuity between the leaflets of the mitral
and aortic valve.® Another difference is the increased myocardial
support of the porcine aortic valve when compared with that
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of humans.* Differences between the 2 species exist regarding
the size and geometry of the respective cusps of their aortic
valve.®3 In addition, differences between the 2 species have been
observed at the microstructural level of their valves, in regard to
metalloproteinase I expression and proteoglycan distribution.*”

Despite several differences, the vast anatomic and physiologic
similarities render the porcine heart a possible source for hu-
man valve bioprostheses. Compared with mechanical valves,
porcine valves do not require anticoagulant regimens, but their
rapid deterioration poses a significant disadvantage. At first,
this degenerative process was attributed to ‘wear-and tear’
phenomena, but substantial current evidence suggests that an
immune-mediated reaction contributes significantly.?’ Geneti-
cally modified pigs donors could, to some extent, overcome the
human host-mediated immune reaction.?’ The implementation
of a new prosthetic heart valve in clinical practice prerequisites
an animal model that accurately predicts the efficacy and safety
of the valve being tested. Even though swine closely approxi-
mate the human cardiovascular, coagulation, and inflammatory
systems, intraoperative and postoperative difficulties have
limited their use as an animal model of valve disease. Although
the ovine model is considered to be the animal species of choice
in this context,’ skepticism about its use has emerged after its
failure to predict the safety of a new prosthetic valve.** Moreo-
ver, the significant differences between the ovine and human
cardiovascular systems should not be overlooked. These limita-
tions of the ovine model led a team of researchers to propose
a reproducible porcine model for the long-term evaluation of
valvular prostheses.*

In addition, swine often demonstrate congenital heart anoma-
lies and therefore have been used as a spontaneous model for
the study of ventricular septal defect, atrial septal defect,
patent foramen ovale, patent ductus arteriosus, and tricuspid
dysplasia.®® As in humans, nonesterified fatty acids are the
predominant source of energy in pigs, supplying a maximum
of 80% of the energy needed; in situations where the oxidation
of fatty acids decreases, energy is delivered through increased
glucose extraction (Randle cycle).??

Coronary Circulation

In the past, dogs were used extensively as animal models
to study myocardial ischemia. However, this species demon-
strates significant variation in the coronary circulation pattern
between subjects!? (mongrels or purebreds) and an extensive
preexisting collateral epicardial circulation which can supply as
much as 40% of the blood flow after the occlusion of a coronary
artery.2? These features have prompted skepticism regarding
the appropriateness of using dogs in cardiovascular research.
In contrast, surface intercoronary anastomosis is rarely seen in
the swine heart, and the variation in coronary pattern distribu-
tion between subjects is analogous to that in humans.!%3° After
the occlusion of a branch of the left anterior descending artery,
swine had the least collateral flow (expressed as a percentage
of the ischemic zone) to the nonischemic zone, followed by
rabbits, baboons, ferrets, rats, cats, and dogs; guinea pigs had
the highest percentage of collateral circulation.!”

The porcine heart is characterized by right-coronary domi-
nancy.® Although in both humans and swine, the left coronary
artery (Figure 3) supplies the majority of the myocardium, right
dominance defines the origin of the artery descending into the
posterior (right) interventricular sulcus. In left dominance, the
artery of the posterior (right) interventricular sulcus originates
from the circumflex artery (ruminants, dogs) whereas in right
dominance, it originates from the right coronary artery (swine,

x branch
nary artery

e
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Figure 3. Anatomy of the circumflex branch and the left (anterior) in-
terventricular branch of the left coronary artery in the Landrace-Large
White breed.

humans). Substantial differences exist between studies about
the percentage of right dominance in the porcine heart. In some
studies, right dominance was an absolute phenomenon in the
swine population examined,* which agrees with our observa-
tion regarding Landrace-Large White breed hearts (Figure 4).
However, in other studies, the posterior descending coronary
artery was reported to originate from the left circumflex in 5%
to 10% of the swine population examined.*?*® The inclusion of
minipigs in the study population or variations in the coronary
circulation between breeds may account for these differences.
Furthermore, humans and swine are similar in regard to the
circulation of the interventricular septum. Although significant
interspecies variations exist, the general pattern of interven-
tricular vascularization in both species consists of anterior and
posterior septal arteries that arise from the left and right coro-
nary arteries, respectively. In addition, the atrioventricular node
and the bundle of His in both humans and swine are irrigated
predominantly by the posterior septal artery.* This anatomic and
structural resemblance implies that ischemia-associated injury
to the conduction system of the swine heart is analogous to that
in humans, contrary to the canine model, in which the blood
supply originates from the anterior septal artery.>°

The porcine heart responds similarly to the human heart
after infraction and presents arrhythmogenity with reperfu-
sion, contrary to the canine heart with its multiple preexisting
collateral anastomoses. For human cases where the infraction
has developed gradually, allowing time for the formation of
collateral circulation, dogs might serve as an appropriate animal
model. Swine could mimic such a situation after gradual occlu-
sion of a coronary artery by using balloon angioplasty and the
administration of an atherogenic diet.”'3* When compared with
sheep, swine resemble humans more closely regarding the heal-
ing characteristics of the myocardium, given that in ruminants,
healing is characterized by the formation of collagenous scars.®

A feature of paramount importance, especially for inter-
ventional cardiology, is the way arteries respond to traumatic
injuries. Many species have been used in vascular biology re-
search. Restenosis studies on the arteries of mice have gained
favor particularly through advances in molecular biology and
genome manipulation.?#! The main disadvantage of this model
is the extremely small size of the vessels, which hampers the im-
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Figure 4. Anatomy of the right coronary artery of the porcine heart. The
branch descending the right (posterior) interventricular groove origi-
nates from the right coronary artery in the Landrace-Large White breed.

plementation of traditional surgical methods.>? Atherosclerosis
and restenosis studies have been implemented on the carotid
artery of rats. However, the failure of this model to predict
responses to angiotensin-converting inhibitors analogous with
those in humans led researchers to devaluate its use.>*? The
different histopathologic lesions observed in the iliac artery
of the rabbit model after balloon angioplasty (the abundance
of foamy cells compared with their rarity in humans) caused
researchers to question the use of rabbits in interventional car-
diology. In contrast to those in other animals, vascular studies
in swine are implemented directly on the coronary arteries.
Neointimal thickening is observed within 28 d after vessel insult
induced by balloon angioplasty.*® The lesions closely resemble
the restenotic neointima observed in humans, and their sever-
ity is proportional to injury,?? thus permitting the quantitative
evaluation of the injury progression or the regression of the
lesion through the prophylactic or therapeutic interventions of
the study’s protocol. In addition, the porcine model has proven
to be accurately predictive of negative results in clinical trials.
Although many results suggest that the porcine model performs
similarly appropriately as a positive model, additional data are
needed for its full characterization.>

Swine have been used as a model in atherosclerosis research.
In this animal species, 60% of the circulating cholesterol is pre-
sent as low-density lipoproteins, with high-density lipoproteins
representing 38%. These values are almost identical to those in
humans, where the percentages are 63% and 28%, respectively.?”
Furthermore, aging pigs may spontaneously develop atheroscle-
rosis.” In biomedical research, experimentally induced lesions
in the coronary arteries of minipigs are achieved through the
administration of a diet containing 2% to 4% cholesterol and
40% fat. The prolonged time needed for the development of
these lesions (6 mo) can be accelerated by traumatizing the
endothelium with a balloon catheter. In addition, a strain of
pigs with mutations in Lpb5 and Lpul may present extensive
atherosclerotic lesions in all 3 coronary arteries after the con-
sumption of a normal diet.333

Swine in cardiovascular research

Hemodynamics

The acquisition of hemodynamic parameters is fun-
damental in cardiovascular research. Interpretation and
extrapolation of such data to humans are a key factor of any
hemodynamic study. Prognostic indexes are derivatives of
these data, especially in studies concerning cardiac arrest and
cardiopulmonary resuscitation.’®% Although the implemen-
tation of devices adapted to the small size of animals such as
rodents is now feasible, large animals provide values more
analogous to those in humans. Swine show high resemblance
to humans in regard to their hemodynamic parameters.
However, direct interspecies and intraspecies comparisons
should be made prudently. Significant alterations in values
emanate from differences in age, weight, breed, and the use
of anesthesia (various regimens). When animals of different
breeds are compared, they should be weight- and age-
matched.® This is not possible when comparisons are made
between farm pigs and minipigs. Furthermore, when values
are obtained from anesthetized animals, the pharmaceutical
combination as well as the depth of anesthesia may play
important roles.5>! Table 1 presents reference values for
key parameters of cardiovascular function. However these
values must be taken into account cautiously, mainly due to
differences in the age and weight of the pigs and the methods
used for data acquisition.

Electrophysiology

A productive and harmonic cardiac cycle is achieved
through the synchronized transmission of an electrical im-
pulse. The fibrous skeleton of the heart plays an important
role in this process, mainly due to electrical insulation of the
atria from the ventricles. The signal is transmitted through
specialized cardiac muscle cells. Afferent and efferent neural
pathways convey messages from and to the heart, accord-
ing to need.'? Different parts of the system retain different
intrinsic characteristics concerning time and velocity of elec-
trical transmission. Although the basic architecture between
mammals is similar, substantial differences exist.! Regarding
the conduction system, one fundamental difference is the
presence of numerous nerves in swine whereas humans have
few. These fibers are cholinergic and adrenergic in origin. This
specific feature has led some researchers to characterize the
swine conduction system as neuromyogenic in contrast to the
myogenic conduction system of the human.>

In the swine heart, the sinoatrial node lies at the right side
of the terminal crest, at the junction of the cranial vena cava
and the right atrial appendage and is relatively lower on the
septum than is the node in humans. The swine node appears to
be rectangular in its longitudinal direction but has a flattened
appearance perpendicularly, whereas the human node has a
central broad region with tapered ends.'® The innervation of
the swine atrial node has a uniform distribution, thus varying
substantially from the heterogeneous distribution of the human
node. This anatomic difference may account for the unifocal
impulse generation in the swine in contrast to the multifocal
impulse generation observed in the human and canine nodes.®3*
In swine, numerous ganglionated nerve trunks populate the
node, especially in its epicardial periphery, indicating either
substantial innervation of intrinsic origin or a synaptic contact
with cardiac ganglia.’ Differences in the sinus node also are
apparent between humans and other commonly used small-
animal models. In rabbits, the sinus node is in the intercaval
region and spans the full thickness of the atrial wall, whereas
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Table 1. Hemodynamic parameters in various swine breeds

Landrace-Large White? Hanford® Yucatan minipig®  Yucatan micropig®

Age 10-15 wk 4 mo 4 mo 4 mo

Heart rate (bpm) 116.41 £8.11 1057 112+3 106 +5
Cardiac output (L/min) 512+0.53 —

Left ventriclar systolic pressure (mm Hg) 108.97 £ 12.06 116+4 582 59+3

Left ventricular diastolic pressure (mm Hg) 8.88 +1.81 4+1 3+1 *

Right ventricular peak pressure (mm Hg) 21.24+2.16 30+1 24+2 27+2
Right ventricular diastolic pressure (mm Hg) 420+0.72 4+1 2+1 5+2

Values are presented as mean + 1 SD.
2From reference 58.
PFrom reference 51.

the human node demonstrates a wedge appearance at the
cavoatrial junction.!

The swine atrioventricular node resides on the right side of
the ventricular septum, an anatomic position similar to that in
humans,® but is more densely innervated. In most mammals, the
bundle branches are insulated from the ventricular myocardium
by a fibrous sheath. Such sheaths are not evident in the mouse
heart.! Furthermore, ganglion cell bodies are present within the
compact atrioventricular node of swine’ but are absent in hu-
mans, baboons, dogs, and cats. The penetrating bundle is shorter,
and the bifurcation into bundle branches occurs more proximally
in swine than in humans. Furthermore the right bundle branch
in the trabecula septomarginalis is situated more proximally to
the base of the swine heart compared with the human heart.? All
of these anatomic features contribute to the electrocardiographic
differences observed between the 2 species: the sinus rhythm is
faster and the PR interval is shorter in swine. Although the sinus
rhythm decreases as a pig matures, it remains faster than that of
a human of equivalent maturity® (Table 2).

The same pattern of increased innervation is also present
in the Purkinje fiber network. The Purkinje system of swine
is characterized by fast electrical coupling. Purkinje fibers
are connected to the ventricular myocardium at Purkinje—
ventricular junctions. In humans, dogs, and rabbits, these
junctions have been identified only subendocardially, whereas
they usually lie transmurally in sheep and pigs.>?%%5354 This
difference may explain why the endocardium and epicar-
dium are activated simultaneously in the swine heart. At the
microscopic level, the swine conduction system appears to
possess more connective than elastic tissue, compared with
that in humans.3%5!

Conclusion

In Western societies, cardiovascular disease is a leading cause
of mortality. Research in laboratory animals is a fundamental
cornerstone of modern biomedical science and provides tools
for deeper understanding of biologic processes and responses.
Therefore, animals are crucial to proving critical hypotheses
as far as basic or complex biologic mechanisms are concerned.
Although the primary benefits of research pertain to humans, we
should always remember that animals themselves benefit from
medical research. Researchers must thoroughly consider vari-
ous key scientific and ethical questions in every experimental
protocol. We consider these 2 components to be complementary
to each other, and they should be dealt equally meticulously. Our
knowledge increases not only because of similarities between
animal species and the direct extrapolation of scientific results
but also from their differences and deeper insight into how they
affect the scientific data obtained.

Table 2. Swine and human electrophysiologic parameters

Human

60-100

Swine

91-167

Heart rate (bpm)

PR interval (ms) 50-120 3-5y of age:

110-150
5-9y of age:
120-160

150-340 Heart rate 150
bpm: 210-280
Heart rate 100
bpm: 260-350

QT interval (ms)

HRA-LRA (ms) 10 2-5y of age: 6-38
6-10y of age:

041

LRA-H (ms) 60-65 2-5y of age:

45-101
6-10y of age:
40-124

H-V (ms) 20-35 2-5y of age:

27-59
6-10y of age:
28-52
H, bundle of His; HRA, high right atrium; LRA, low right atrium; V,
ventricle
Modified from reference 6.
The pigs were 10 to 15 wk old and weighted 30 to 40 kg.

According to our current knowledge, swine appear to be the
most appropriate species in cardiovascular research. Never-
theless, the use of swine is associated with several limitations,
including anatomic variation in the thoracic cavity, a trait that
is common to most mammals used in biomedical research, and
substantial differences between the conduction systems of swine
compared with humans. However, the conduction systems of
other commonly used animal species also differ significantly
anatomically and physiologically from that of humans.?° Swine
have gained in importance as an animal model in cardiovascular
research through social acceptance of their use, the similarity of
their coronary circulation to that of humans, the approximation
of their hemodynamic values, and their size and the relative
convenience associated with implementing methods and equip-
ment used in human medical practice.
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