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Sheep (Owvis aries) as a Model for Cardiovascular
Surgery and Management before, during, and
after Cardiopulmonary Bypass

Louis DiVincenti Jr,"* Robin Westcott,2 and Candice Lee®

Because of its similarity to humans in important respects, sheep (Ovis aries) are a common animal model for translational
research in cardiovascular surgery. However, some unique aspects of sheep anatomy and physiology present challenges to
its use in these complicated experiments. In this review, we discuss relevant anatomy and physiology of sheep and discuss
management before, during, and after procedures requiring cardiopulmonary bypass to provide a concise source of informa-
tion for veterinarians, technicians, and researchers developing and implementing protocols with this model.

Abbreviations: ACT, activated clotting time; CPB, cardiopulmonary bypass; CVP, central venous pressure; MAP, mean arterial

pressure; RAP, retrograde autologous priming.

The recent focus on rapidly translating findings in the labo-
ratory to clinical applications has resulted in a shift to large
animal models that closely correlate with human anatomy and
physiology. The field of cardiac surgery is perhaps the most ap-
parent beneficiary of animal research.® Sheep (Ovis aries) have
emerged as a widely used model for cardiovascular surgical
device testing, especially that involving cardiac valves.304262
Despite the widespread use of sheep in the research setting,
there are no comprehensive reviews of the relevant anatomy and
surgical approaches, animal preparation, anesthetic protocols
and monitoring, and postoperative care. The unique physiol-
ogy of sheep coupled with the complexity of cardiovascular
surgical research results in significant morbidity and mortality
in this animal model.#2

After IACUC approval, our institution undertook investi-
gations of several novel cardiac devices and interventions in
sheep, thus requiring the development of a conditioning and
management protocol for animals before, during, and after
major cardiac surgery involving cardiopulmonary bypass
(CPB). Because neither a thorough review of sheep anatomy
and physiology nor an adequate discussion of all the layers
of anesthetic management during these complex procedures
existed in the literature, our procedures were developed
through a review of published literature, extrapolation from
humans, clinical experience, and continued refinements as
outcomes were evaluated. In this review, we aim to provide
a comprehensive overview of relevant literature and share
our experience from studies conducted in our AAALAC-
accredited, NIH-assured institution to provide a concise
source for researchers and veterinarians who are developing
cardiovascular surgical protocols in sheep and to minimize
adverse events during their implementation.
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Relevant Cardiovascular Anatomy and Physiology

Anatomic and physiologic similarities between sheep and
humans make sheep an accepted animal model for cardiovas-
cular research. A detailed review of cardiovascular anatomy and
physiology is beyond the scope of this overview, but clinically
relevant aspects are discussed briefly. The cardiovascular system
consists of 2 circulations, the systemic and pulmonary, joined
in series by the heart. Heart rate and intracardiac pressure of
sheep approximate the normal values measured in humans.?
The systemic circulation is a high-pressure system with a
mean blood pressure of approximately 100 mm Hg in the large
systemic arteries. In contrast, the pulmonary circulation has
much lower pressure due to the low flow resistance of the lung
capillary bed, and the mean pressure in the pulmonary artery
is 15 mm Hg.?® Systole (ventricular contraction) and diastole
(ventricular relaxation) occur cyclically. An adequate cardiac
output depends on preload (for example, blood volume filling
the heart), afterload (for example, systemic vascular resistance),
myocardial contractility, and heart rate.®

In addition to arterial pressures, central venous pressure
(CVP) is frequently measured in cardiac patients or as a meas-
ure of intravascular volume deficit to guide fluid therapy and
reflects right atrial pressure. In animals, CVP is most com-
monly measured in the cranial vena cava via catheterization of
the external jugular vein, and measurements in awake sheep
have been reported to be approximately 3 to 4 cm H,O, with
no difference in standing or laterally recumbent animals, but
approximately 7 cm H,O in anesthetized sheep.” Similarly, the
normal CVP range in humans has been reported to be 4 to 11
cm H,0.% Decreases in CVP indicate hypovolemia, vasodila-
tion, or high cardiac output, whereas an elevated CVP indicates
hypervolemia, right heart failure, or pulmonary hypertension.?8

Similarities in body weight and cardiac output make sheep a
more appropriate model for cardiac assist devices than smaller
animals, such as rats and dogs.!® Large animals other than
sheep, such as pigs and cows, are useful models for cardiovas-
cular surgical device testing, and readers are referred to more
comprehensive explorations of animal models of cardiovascular
research for more information.2® However, being quadripedal
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animals, sheep do have significant anatomic variations from
humans. In our view, the use of cadaver hearts or the dissection
of carcasses should be the first step for a new research team
prior to attempting procedures in live animals. Sheep have 13
pairs of ribs, 8 of which are associated with sternebrae.!” The
very narrow sternum of the sheep makes a median sternotomy
technically difficult, given that the longitudinal dissection may
result in deviation toward the intercostals.? The heart itself lies
to the left of midline, but less significantly in sheep (and other
quadripedal animals) than in people. In the standing sheep, the
heart lies between the second and fifth intercostal spaces and is
covered by the forelimbs. For this reason, an echocardiogram
in the standing animal is best accomplished by pulling the left
forelimb forward and applying the probe to the exposed axilla.
The sheep heart is more ventrally tilted along its long axis than is
the human heart and has a relatively blunt apex formed entirely
by the left ventricle.** Whereas the normal heart weight:body
weight ratio in adult humans has been reported to be 5 g /kg,¥
the ratio in sheep is 3 g/kg.*° Because the base of the heart lies
dorsally in the chest, a left lateral thoracotomy may provide
improved surgical exposure to the left atrium and descending
aorta than does a median sternotomy, a surgical approach that
also is associated with more postoperative complications than is
a lateral intercostal thoracotomy.®” As previously reported,” we
have found that a left lateral thoractomy at the fifth intercostal
space provides adequate access to the left side of the heart and
great vessels when the sheep is in right lateral recumbency. In
contrast, a right lateral thoracotomy at the fourth intercostal
space provides better access to the right side of the heart and
venae cavae.

The valvular anatomy of sheep is similar to that of humans
in terms of size and function.®® The mitral valve has 2 leaflets
(anterior and posterior) that are attached to anteriolateral and
posteriomedial papillary muscles by chordae tendinae. The
intervalvular, or membranous, septum, a fibrous continuity
between the mitral valve and the aortic valve is present in hu-
mans but absent in sheep.3 The aortic valve leaflets have been
described as especially thin and fragile compared with those
of humans.®® In terms of approach, the pulmonary and aortic
valves are at the levels of the third and fourth ribs, respectively,
approximately 10 cm dorsal to the costochondral junctions,
whereas the tricuspid and mitral valves are at the levels of
the fourth and fifth ribs. The moderator band, a prominent
cross-chamber muscular band, is usually present within the
right ventricle of most sheep and is highly prevalent in the left
ventricle as well 34

Finally, a discussion of the great vessels and blood supply to
the heart is important. The coronary venous systems are fairly
similar between sheep and humans, with the major exception
of the left azygous vein. In sheep, the left azygous vein drains
the dorsal part of the left chest and crosses cranial to the root
of the left lung and winds over the surface of the left atrium
before entering the right atrium at the coronary sinus.!” A right
azygous vein is also present but is relatively insignificant. In
contrast to that in humans, the ascending aorta in the sheep is
short and immobile, which has implications during cannula-
tion prior to cardiopulmonary bypass (CPB). Whereas pigs and
people have a right coronary type circulation, sheep (and dogs)
have a left coronary type circulation, in which the majority of
the myocardium receives its blood supply via branches of the
left coronary artery.*8 Sheep do not have a significant coronary
collateral network, similar to the situation in pigs and people,
and so may be useful in myocardial ischemia research.® Infarc-
tion models can readily be created in sheep through ligation of

the left anterior descending coronary artery, which is accessible
through a left thoractomy via the fourth intercostal space.t!
Although considerable literature describes either very general
or very specific aspects of mammalian cardiac anatomy, little
quantitative, truly comparative research has been done, so re-
searchers using animal models of cardiovascular disease should
continue to publish their findings to add to the literature to allow
such translation to human interventions.

Preoperative Care

The care of sheep during the preoperative period, from arrival
through surgery, is critical to the success of research projects
using this animal model. Housing and husbandry procedures
must take into account the “prey mentality” of sheep and provide
the animals with social companionship whenever possible.!
Depending on the specific protocol, Dorset sheep ranging in age
from neonates to adults were acquired from a conventional farm
and arrived in our facility at least 1 wk prior to the surgical pro-
cedure for acclimation and conditioning. SPF sheep are available
but were unnecessary for the type of research performed. Sheep
were housed in pens that provided approximately 20 to 40 ft
per animal, depending on the census, and that contained straw
or woodchip bedding. Whenever possible, sheep were housed
in social groups consisting of at least 2 animals, but when only
one animal was housed, mirrors were used to provide visual
enrichment. Environmental conditions in the room were: tem-
perature, 21 + 1 °C; humidity, 30% to 70%; light cycle, 12:12 h.
Veterinary staff evaluated each animal to ensure overall health
and performed routine husbandry and diagnostic procedures
as indicated to characterize the animal’s fitness for surgery. At
minimum, diagnostic evaluation prior to cardiovascular surgery
included a CBC, a chemistry panel, and Q fever serology. After
characterizing parasite load associated with particular vendors
by using routine fecal examinations, anthelmintic selection was
based on historic results, and animals were treated prophy-
lactically on arrival with either fenbendazole (50 mg/kg PO)
or ivermectin (0.2 mg/kg SC). Vendors that provided heavily
parasitized animals were excluded. In addition, sheep were
treated with florfenicol (20 mg/kg IM every 48 h for 1 wk) for
prophylactic treatment of subclinical mycoplasmosis. During
this time, the animals had free access to water and were fed
pelleted feed as well as high-quality hay to encourage normal
rumen function. Although the potential for grain overload
warrants caution, sheep undergoing these major recovery
procedures may have increased metabolic demands and may
require additional grain to meet their nutritional requirements,
especially during times of decreased hay quality.

The large, multicompartmental stomach characteristic of ru-
minants requires careful consideration to avoid hemodynamic
and respiratory compromise during periods of recumbency. In
addition, regurgitation and aspiration of gastric contents during
anesthesia is more common in ruminants than other animals.
Although fasting has little effect on the volume of digesta
present, it may reduce the incidence of rumenal tympany.??
Reduction of the weight of the gastrointestinal tract through
withholding of food and water ameliorates the negative effects
on cardiorespiratory function that occur in recumbent animals
during anesthesia.”! Water should also be restricted because
continued water intake in a fasting animal would increase the
liquid contents of the rumen and increase the risk of regurgi-
tation. In our facility, food was withheld from adult animals
for 24 h and water was withheld for 8 to 12 h prior to surgery.
Suckling lambs were used for some studies, but as previously
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reported, these animals were allowed to nurse until the time
of anesthesia.!?

Anesthetic Management

Table 1 provides an overview of drugs, dosages, and in-
dications useful for cardiac surgery in sheep. The goal of
premedication prior to anesthesia is to minimize the stress that
the animal experiences. In our experience, the placement of an
intravenous catheter on the day prior to surgery in animals that
could be manually restrained easily greatly facilitated induc-
tion on surgery day. In most cases, sheep were compliant, and
minimal restraint was necessary once the animal was turned
on its hindquarters in the rumping position. A single-lumen,
18-gauge central venous catheter (J1041, Jorgensen Laboratories,
Loveland, CO) was aseptically placed in an external jugular
vein, and the site bandaged to protect it from the animal. Al-
ternatively, double-lumen catheters were used in some cases
to allow for measurement of CVP simultaneously with fluid or
drug administration intraoperatively. If preplacing catheters
was not possible, intravenous drug delivery through the jugular
vein was used for anesthetic premedications to minimize prean-
esthetic distress. Although the choice of specific drugs is a matter
of preference and depends on the experience and comfort level
of the staff, an anesthetic regimen that rapidly induces seda-
tion and recumbency in the housing room provides for a more
stable induction and early anesthetic period. We have found
that ketamine (4 mg/kg IV; Ketamine hydrochloride, 200 mg/
mL, Wildlife Pharmaceuticals, Windsor, CO) combined with
midazolam (0.4 mg/kg IV; Midazolam, 50 mg/mL, Wildlife
Pharmaceuticals)’! and glycopyrrolate (0.004 mg/kg IV) com-
bined in the same syringe and administered into the external
jugular vein to be the most rapid and reliable drug regimen, with
concentrated formulations resulting in a small volume for rapid
injection. A combination of intravenous midazolam (0.5 mg/
kg) and fentanyl (0.005 mg/kg) has also been described,”! and
we have used this regimen in our facility without complication
for nonsurgical procedures requiring recumbency. Both of these
regimens result in lateral recumbency.

Use of anticholinergics in ruminants is controversial;, how-
ever, we have found the use of glycopyrrolate to be beneficial
with no observed adverse effects. The continuous salivation
of ruminants coupled with the increased salivation observed
after ketamine administration can prevent clear visualization
of the larynx during intubation.® Suction may be a useful aid
in visualization of the larynx, but anticholinergics can also be
effective when suction is insufficient. Although anticholiner-
gics reportedly do little to affect the volume of secretions of
ruminants,’” we have observed marked reduction in salivation
resulting in improved intubation efficiency. For cardiovascular
surgery, anticholinergics generally are avoided due to concerns
with cardiac arrhythmias. However, the rapid removal of gly-
copyrrolate from serum after IV administration makes it likely
that the drug is mostly excreted prior to surgical manipula-
tion;”” however, pharmacokinetic data regarding glycopyrrolate
metabolism and excretion in sheep are not available. We have
observed no changes in heart rhythm with the addition of gly-
copyrrolate to our anesthetic protocol. Finally, the potential for
anticholinergics to cause gastric stasis and ileus is a significant
consideration for their use in ruminants, in which rapid return
to normal gastrointestinal function is imperative for anesthetic
recovery. We observed no decrease in gastrointestinal func-
tion, based on return of normal rumination, appetite, and fecal
production, after surgery for which glycopyrrolate was added
to our anesthetic regimen.

Sheep in cardiovascular research

After heavy sedation in the housing room, sheep were
quickly transported to the preparatory area in either left lat-
eral or sternal recumbency. As soon as practical, each animal
received respiratory support with 100% oxygen via face mask.
Supplementation with isoflurane or another gas anesthetic was
occasionally necessary during this time if a catheter had not been
preplaced. The animal then was shifted to sternal recumbency
to prepare for intubation, and general anesthesia was induced
with propofol (2 to 4 mg/kg IV). Assuring that the animal
was anesthetized sufficiently prior to attempting intubation
increased the likelihood of success,”! and in our experience,
injectable induction agents have been much more efficient at
producing sufficient anesthesia than are inhalant anesthetics
delivered via face mask. Propofol has emerged as a first-choice
induction agent in a variety of species for a variety of surgical
procedures. When dosed to effect, propofol’s short half-life and
rapid metabolism facilitate rapid induction and recovery with
minimal effects on cardiac function. Administering the drug
slowly until sufficient jaw relaxation occurs reduces likelihood
of significant cardiorespiratory depression. In sheep, visualiza-
tion of the epiglottis is limited due to the narrow oral opening,
but the use of a laryngoscope with a long blade (> 20 cm) and
an endotracheal tube stylet is helpful. The animal was retained
in sternal recumbency until the endotracheal tube was secured
and the cuff inflated. Anesthesia then was maintained with 1%
to 2% isoflurane in 100% oxygen.

Intermittent positive-pressure ventilation was used as
soon as the endotracheal tube was secured. In the laterally
recumbent animal, the large mass of abdominal organs places
pressure on the diaphragm, so use of intermittent positive-
pressure ventilation is essential to prevent serious respiratory
compromise and acidosis. The baseline settings used for the
ventilator in our facility were as follows: tidal volume, 10 to
12 mL/kg; inspiratory:expiratory ratio, 1:2; respiratory rate,
12 to 15 breaths per minute; and positive end-expiratory pres-
sure, 5 to 10 cm H,O. Tidal volume was adjusted up or down
to generate inspiratory pressures of approximately 15 to 20 cm
H,O. Although usually unnecessary, the respiratory rate was
increased when intermittent positive-pressure ventilation was
first initiated to capture the animal’s spontaneous respirations,
and then adjusted to maintain an end-tidal CO, of 35 to 45 mm
Hg. Many veterinary ventilators cannot provide positive end-
expiratory pressure, which minimizes atelectasis associated with
long surgical procedures and recumbent positions by maintain-
ing positive pressure even during expiration.64 However, we
have observed and at least one study has reported significant
improvement in lung aeration and gas exchange with the use
of positive end-expiratory pressure in mechanically ventilated
sheep.®8

Next, an orogastric tube was placed to minimize free-gas bloat
and rumenal tympany.?> The sheep then received carprofen
(3 mg/kg IV, Rimadyl , Zoetis Animal Health, Florham Park,
NJ) for preemptive analgesia. Carprofen, a cyclooxygenase-
2-specific NSAID, was the first veterinary NSAID to be labeled
specifically for postoperative pain. In addition, a single in-
travenous dose reportedly provides analgesia in sheep for as
long as 3 d with minimal adverse effects.”® Sheep also received
cefazolin (22 mg/kg IV) for antimicrobial prophylaxis during
surgical preparation. Few controlled clinical trials in sheep are
available to guide antimicrobial prophylaxis regimens, so our
regimen was adopted from recommendations for human car-
diovascular surgery. A first-generation cephalosporin, cefazolin
provides adequate coverage against bacteria most likely to
cause surgical site infections and is considered the first choice
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Table 1. Drugs used during cardiovascular surgery

Dosage Indication
Anesthetic premedication and induction
Ketamine 4mg/kg IV As a part of a premedication cocktail to induce lateral recumbency
Midazolam 0.4 mg/kg IV As part of a premedication cocktail to induce lateral recumbency
Glycopyrolate 0.004 mg/kg IV As part of a premedication cocktail to reduce salivary secretions
Propofol 2-4 mg/kg IV to effect Anesthetic induction
Preoperative
Heparin 5000 U SC To reduce risk of venous thrombus formation during surgical preparation
Cefazolin 22 mg/kg IV Prophylactic antimicrobial therapy
Carprofen 3mg/kg IV Preemptive analgesia
Intraoperative
Heparin 250 U/kg IV, repeated as 5000- to  To induce anticoagulation prior to CPB
10,000-U boluses as needed
Phenylephrine 100200 pg IV To increase systemic vascular resistance in response to hypotension
1 ug/kg/min IV
Lidocaine 2-4mg/kg IV To prevent or treat ventricular fibrillation
Epinephrine 2-8ug IV To provide inotropic support in cases of ventricular dysfunction
2-10 pug/kg/min IV
Dobutamine 5-10 pg/kg/min IV To provide inotropic support in cases of ventricular dysfunction

Calcium chloride 0.5-1gIVv To treat persistent hypocalcemia induced by CPB

Potassium chloride 5-10 mEq IV slowly To treat hypokalemia (K* < 3.5 mEq/L) induced by CPB

Magnesium sulfate 1-2gIV To treat hypomagnesmia induced by CPB

During surgical closure

Bupivicaine Up to 2 mg/kg perineurally To provide local anesthesia
Furosemide 0.5-1.0mg/kg IV To induce diuresis to minimize potential postoperative pulmonary edema
Buprenorphine 0.005 mg/kg IV To provide postoperative analgesia
Albuterol Via nebulization To induce bronchodilation to increase air flow
Postoperatively
Buprenorphine 0.005 mg/kg IV or IM TID or BID To provide analgesia if needed
Cefazolin 22 mg/kg IV BID Continued antimicrobial coverage for 2448 h after surgery

36

for antimicrobial prophylaxis for clean and clean—contaminated ~ does not reduce the incidence of postoperative infection,’® we

surgeries in humans.* Cefazolin was readministered every 2 to
3 h throughout the procedure and continued twice daily for 24
to 48 h after surgery, unless a known break in aseptic technique
warranted additional infection control measures. Although an-
timicrobial treatment that extends beyond the surgical period

believe that this 24 to 48 h period of antimicrobial control was
important as the animal still had a central venous line in place
that represented a possible source of microbial exposure.
After provision of preemptive analgesia and prophylactic
antimicrobials, an arterial catheter (no. 498107, Argon Medical
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Devices, Athens, TX) was placed in the radial artery of the
forelimb by using a cutdown procedure. Although other sites
for arterial catheter placement such as the auricular, carotid,
and femoral arteries are available, we have found that the
artery in the forelimb site is the most consistently successfully
catheterized and maintained. Because the sheep was in left
lateral recumbency during preparation and the artery could
readily be palpated on the caudomedial aspect of the limb,
the arterial catheter was placed in the left (down) forelimb.
Standard aseptic techniques for arterial catheter placement were
used. Immediately after placement, an arterial blood sample
was taken for assessing baseline acid-base status, electrolytes,
hematocrit, hemoglobin, and activated clotting time (ACT). A
transducer with blood sampling ports (DT4812, DTX Plus, Ar-
gon Medical Devices) was used to allow simultaneous invasive
blood-pressure monitoring and arterial blood sampling during
the procedure. Finally, the sheep was moved into the position
required for surgery, and the surgery site and an area on the
rump for the electrocautery ground pad were clipped and
cleaned. Once in the operating room, the animal was positioned
appropriately, and the head was elevated to reduce regurgitation
of rumen contents. ECG, pulse oximetry, capnography, invasive
blood pressure, and rectal temperature were monitored by a
dedicated anesthetist continuously throughout the procedure.

Intraoperative Care and CPB

Systemic heparinization is required to prevent thrombosis
of the CPB circuit or the animal’s organs during CPB, and
the ACT is the standard method of assessing anticoagulation
status intraoperatively. Although our institution uses 480 s
as the target for heparin therapy in human CPB patients, the
minimal ACT to prevent thrombosis in humans and animals
remains unknown.? During our protocol development, we
noted a wide variation in responses to heparin dosing and
complications associated with both prolonged bleeding and
thrombus formation. The actual heparin doses required to attain
acceptable ACT actually paralleled the dose range (200 to 400
U/kg) reported in the literature for sheep models®!4%975 and
reports of heparin response variability and resistance in human
patients.”® In response to a lethal pulmonary embolism that
developed in one of our animals, potentially secondary to em-
bolization of a deep-vein thrombosis, we adopted a protocol of
preoperative administration of 5000 U heparin subcutaneously
in adult sheep immediately on arrival to the surgical prepara-
tory space. In human surgical patients, subcutaneous heparin
therapy reduces the incidence of thrombosis without inducing
clinically significant bleeding.?® Because venous stasis is likely
present in the sheep’s extremities during the preparatory and
operative phases, we believe that early subcutaneous heparin
therapy reduces the risk of thrombus formation without causing
bleeding complications during surgery. After exposure of the
heart, each sheep received an additional bolus of heparin (250
U/kg IV). Because heparin induces its maximal effect within 5
min of administration,?> ACT was measured at that point. ACT
measurements were repeated every 45 to 60 min throughout the
procedure, and heparin boluses of 5,000 to 10,000 U were given
as needed to maintain sufficient ACT.

Like others,>®” we have not used protamine to reverse
heparin. A protein derived from salmon sperm, protamine
neutralizes heparin through ionic binding but may result in
anaphylaxis and a terminal pulmonary vasoconstriction syn-
drome, especially in sheep.*® However, several others have used
protamine (maximum, 2 mg/kg) in sheep without encountering
these adverse effects.!3 The rate of protoamine administration

Sheep in cardiovascular research

apparently is the primary factor in protamine sensitivity, and
adverse effects can be eliminated by administering the dose
over a 30-min period. Using these data, we were prepared
to administer protamine if clinically indicated, but we have
yet to note clinical bleeding at the time of wound closure that
warranted heparin reversal.

Although we have not found it necessary for the types of
procedures performed in our facility, neuromuscular blockade
is common in human cardiac surgery® and has been used in
ovine cardiac surgery.®® Sheep can be intubated and mechani-
cally ventilated without the use of neuromuscular blocking
agents, so, as in humans, the use of these agents should be
restricted to situations where clinical neuromuscular paralysis
is necessary.*? Vecuronium and atracurium dosed as 25-ug/
kg and 500-ug/kg IV boluses, respectively, have been used in
sheep to facilitate mechanical ventilation and produce paralysis
indicated for surgery.!%%® Vecuronium reaches its peak effect
approximately 3.4 min after intravenous injection and persists
for 40 min.'% Atracurium, with a more rapid onset and shorter
duration, may be a more appropriate neuromuscular blocking
agent when a brief blockade is desired. The effective dose of
vecuronium in sheep is reportedly a maximum of one third that
in humans, so extrapolation of dosages from human medicine
should be done with caution.*” Cardiac dysrrhythmias have not
been reported in sheep treated with vecuronium, atracuruim,
or mivacurium.!® Neuromuscular blockage can be reversed
with edrophonium (500 pg/kg) or neostigmine (50 ug/kg) and
atropine 80 ug/kg."! When neuromuscular blocking agents are
used, return of voluntary muscle function must be confirmed
before the sheep leaves the operating room.

Shifting to a discussion on the surgical aspects of this model,
sheep have a relatively short ascending aorta, so arterial can-
nulation of the ascending aorta and placement of an aortic cross
clamp may not be feasible. The descending aorta is well exposed
and can be accessed easily through a left thoracotomy via the
fifth intercostal space. We performed arterial cannulation via
the descending aorta with an 18-French femoral arterial can-
nula (Fem-Flex II, Edwards Lifesciences, Irvine, CA). In larger
animals, a small-sized aortic cannula (18 to 21 French) can be
used in place of a femoral cannula. When choosing an aortic
cannula, consider the aortic diameter at the cannulation site
and the maximum flow permitted through the cannula. The
aortic cannula should be small enough that it will not impede
normal aortic blood flow around the cannula when inserted,
but it should be large enough to provide adequate flow without
excessive pressure drop across the cannula to minimize shearing
forces. The femoral arterial cannula that we chose provides a
maximal flow of 4.25 L/min, which is more than adequate to
provide optimal CPB flow rates (2.2 to 2.5 L/min-m?) in adult
sheep.??

The CPB circuit was primed with 1200 to 1500 mL Plasma-
Lyte A (Baxter Healthcare, Deerfield, IL); however, retrograde
autologous priming (RAP) routinely was used to minimize
hemodilution. After insertion of the arterial cannula, arterial
blood was pulled retrograde through the CPB circuit to replace
the priming solution in the arterial line, venous reservoir, and
filter-oxygenator. At the start of CPB, blood was taken back
through the venous tubing to clear Plasma-Lyte A from the
venous lines, leaving only 100 to 200 mL Plasma-Lyte A remain-
ing in the circuit. Although the use of RAP has been shown to
decrease introperative and postoperative blood transfusion
requirements, it has not clearly been shown to improve patient
outcomes.®%® Nevertheless, RAP can be an extremely useful tool
to offset intraoperative blood losses and hemodilution during
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instances where blood transfusions are not readily available. If
the surgical team elects to use crystalloid priming solutions in
place of RAP, plasma expanders (for example albumin, man-
nitol, dextran, and hetastarch) can be added to the priming
solution to minimize hemodilution and pulmonary edema.®
In human patients at our institution, 150 mL 15% mannitol is
typically added to 1050 mL Plasma-Lyte A to make 1200 mL
priming solution for CPB.

Venous cannulation was performed with a 24-French venous
catheter (DLP Single Stage Venous Cannula, Medtronic, Minne-
apolis, MN) placed in the main pulmonary artery and directed
toward the pulmonary valve. If pulmonary surgery is planned,
right atrial venous cannulation can be performed via the right
atrial appendage, which is accessible through a left thoractomy
incision in the third or fourth intercostals space. The superior
and inferior vena cava, however, are not easily accessed from a
left thoractomy incision. If access to right-sided heart structures
is required, then a right thoracotomy via the fourth or fifth
intercostal space or a median sternotomy is preferable. Bicaval
venous cannulation and constriction will provide more efficient
venous drainage and improve visualization during the repair
of right-sided heart structures.

Immediately after initiation of CPB, systemic arterial hypoten-
sion occurs secondary to the acute intravascular hypovolemia
and hemodilution that occur during RAP of the circuit. Although
hemodilution improves organ blood flow through a reduction in
blood viscosity during CPB, excessive hemodilution (Hgb <5 to
7 g/dL) can be detrimental inducing a variety of complications
including hypotension, pulmonary edema, renal failure, and
stroke.?” To minimize hemodilution, intravenous fluid admin-
istration should be conservative prior to bypass and cease after
initiation of CPB. Decreases in Hct of 20% to 40% are common
and significantly reduce blood viscosity, reducing systemic vas-
cular resistance and secondarily mean arterial pressure (MAP).
A target MAP of 50 to 60 mm Hg has generally been considered
to be appropriate during CPB, but recent data are suggesting
that MAP greater than 70 mm Hg improves outcomes in high-
risk patients.> The lower limit of this interval is based on data
suggesting that cerebral autoregulation is disrupted below 50
mm Hg, but more recent data indicate that cerebral autoregula-
tion may be maintained at MAP as low as 20 to 30 mm Hg in
anesthetized humans during hypothermic CPB.>2 In our experi-
ence, sheep typically maintained a MAP of 70 to 80 mm Hgina
surgical plane of anesthesia prior to CPB, and MAP fell to 35 to
40 mm Hg immediately after initiation of CPB. After stabiliza-
tion of pump settings and occasional pharmacologic support,
MAP stabilized to 40 to 50 mm Hg throughout the procedure.

Phenylephrine, a selective al-adrenergic agonist with no
effects on [ receptors, has emerged as the best choice for phar-
macologic treatment of CPB-induced hypotension given that
its principal effect is increasing systemic vascular resistance
through vasoconstriction. Phenylephrine boluses of 100 to 200
ug can be given directly into the pump or into the central venous
line to counteract moderate to severe hypotension associated
with CPB initiation. The short half-life of phenylephrine (about
4 min) in sheep requires repeated boluses or continuous rate
infusion at 1 to 3 ug/kg/min to sustain the effect.?#>® As a result
of the absence of sufficient data to provide recommendations
for appropriate MAP during CPB, it is important to recognize
that pump flow rate may affect systemic oxygen delivery more
than MAP. Thus, increasing the flow rate on the CBP machine
may be more beneficial in terms of oxygenation than are phar-
macologic options to increase blood pressure, with an optimal
flow rate of 2 L/min in most situations.* In this regard, pH is a

useful bedside measurement in determining adequate perfusion
because it can indicate the adequacy of total blood flow, given
that lactic acid produced by anaerobic metabolism will lower
pH.!®In any case, the anesthetist should communicate with the
perfusionist to address CPB-induced hypotension.

During CPB, a surgical plane of anesthesia was maintained by
using isoflurane at 1% to 2% delivered directly into the circuit.
When ventilation did not interfere with surgical exposure, lung
ventilation continued throughout the procedure, to minimize
atelectasis. It is important to optimize cardioprotection yet
maintain a bloodless working field during the procedure. The
mainstays of cardioprotection during cardiac surgery are car-
dioplegia, hypothermia, and prevention of cardiac distention.
Cardioplegia is designed to rapidly induce electromechanical
cardiac arrest, thereby decreasing metabolic demands as well
as preventing degenerative and ischemic changes during
CPB.?# These benefits limit the degree of myocardial injury
during aortic cross clamping? and aid the surgeon by allow-
ing surgery to be performed on a flaccid heart. If the surgeon
elects not to use cardioplegia, the heart may be fibrillated and
moderate hypothermia (approximately 25 °C) used. Moderate
hypothermia has been shown to protect the myocardium by
decreasing cell metabolism, oxygen demand, and cell damage
and death.”? During periods of mechanical or functional cardiac
arrest, monitoring and preventing cardiac distention is key to
reduce myocardial oxygen demand (from increased myocardial
wall tension), reduce the risk of air emboli, and improve surgical
visualization.®® To prevent cardiac distention in our sheep, the
left side of the heart was vented by using a CPB suction catheter
placed through the mitral valve into the left ventricle during
ventricular fibrillation.

Distortion of the left ventricle and left ventricular outflow
tract during surgical manipulation can cause aortic insufficiency,
so intermittent aortic cross clamping was used to inhibit back-
bleeding of blood into the surgical field. Prolonged aortic cross
clamping is associated with increased postoperative morbidity
and mortality, including increased 30-d mortality, risk of stroke,
renal insufficiency, and myocardial dysfunction.’® However,
intermittent aortic cross-clamping on fibrillated hearts under
mild-moderate hypothermia (32 to 34 °C) for periods up to
15 min alternating with periods of perfusion for 5 min has
been shown to provide equivalent myocardial protection as
cardioplegic arrest, with comparable postoperative morbidity.t*
Aortic cross-clamping in the fibrillated heart not only facilitates
visualization but also can reduce the risk of air emboli. In ad-
dition, the use of CO, insufflations minimizes the risk of air
embolism. CO, is more than 25 times as soluble in tissue and
blood as in air and is 50% heavier than air; these characteristics
assist in the displacement of air from the cardiothoracic cav-
ity. Before initating cardiac repair, CO, was flooded into the
intrathoracic surgical field through a 10-French Jackson—Pratt
drain tucked adjacent to the cardiotomy. Prior to release of the
aortic cross clamp and rewarming, lidocaine (2 mg/kg) was
given directly into the CPB circuit to reduce the risk of reperfu-
sion ventricular fibrillation and improve cardioconversion back
into sinus rhythm.* Pediatric internal paddles connected to a
manual defibrillator (HeartStart MRx, Philips Medical Systems,
Andover, MA) were used to defibrillate the animals back into
sinus thythm when they did not spontaneously revert after
rewarming and lidocaine.

Once sinus rhythm was restored and echocardiography
confirmed adequate cardiac function, sheep were weaned off
CPB. At this point, ventilation was restored for cases in which
ventilation had not been continuous throughout the procedure.
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During this period, significant complications can occur, requir-
ing effective communication among all members of the surgical,
anesthesia, and perfusion team. Prior to weaning, normothermia
was achieved by using the heat exchanger on the bypass ma-
chine and a Bair hugger or other warming device. The animal’s
anesthetic plane was monitored carefully during this period,
because the reduction in anesthetic requirement resulting from
induced hypothermia and slowed metabolism reversed as the
animal’s temperature increased. We administered buprenor-
phine (0.005 mg/kg IV) at this time to reduce the requirements
for isoflurane, a cardiodepressant, and to provide immediate
postoperative analgesia.

In addition, arterial blood analysis was performed to assess
the proximity of electrolytes (especially K* and Ca2*), acid-base
status, and glucose to their normal ranges. Any abnormalities
were corrected prior to attempts at bypass weaning. Human
clinical studies indicate that ionized calcium and magnesium
decrease in all cases, whereas potassium decreases after CPB in
as many as 40% of patients.!18%° Because myocardial contrac-
tility is dependent on calcium,® clinical decreases in ionized
calcium should be corrected if the hypocalcemia is sustained
during rewarming.®! However, the routine administration of
calcium to human patients in the absence of hypocalcemia and
ventricular dysfunction is not advised, because excess calcium
may worsen reperfusion injuries.®!

Although magnesium is not often evaluated in veterinary
patients, correction of hypomagnesemia is important, given that
it predisposes to cardiac arrhythmias.! Magnesium decreases
systemic vascular resistance, potentially inducing hypotension,
so blood pressure should be closely monitored during adminis-
tration. In addition, magnesium can potentiate neuromuscular
blocking drugs, so the timing of magnesium administration
should be sufficiently prior to extubation to allow monitoring
for these effects. Magnesium repletion should be considered
when cardiac arrhythmias, especially atrial fibrillation, occur
during CPB weaning. Furthermore, hypokalemia predisposes
to ventricular arrhythmias and can result in generalized muscle
weakness.”® The perfusionist can administer 5 to 10 mEq KCl
over 1 to 2 min, 0.5 to 1 g calcium chloride or gluconate, or 1
to 2 g magnesium sulfate (or their combinations) directly into
the CPB pump.

Simultaneously with electrolyte replacement, oxygenation
and mechanical ventilation was reset, and the lungs were rein-
flated manually by using sustained pressures of 40 to 50 mm
Hg. Ventilating the lungs throughout the procedure, even while
the animal is on CPB, will prevent significant atelectasis and
improve oxygenation postoperatively. Alternatively, intraop-
erative alveolar recruitment with sustained insufflations until
visual confirmation of the absence of atelectasis throughout
most of the lungs also improved postoperative oxygenation””
and reduced recovery time, in our experience.

Apparent hypotension as measured by the arterial catheter
may develop at the end of CPB, especially during rewarming.
This reduction represents a relatively common artifact, in which
radial artery pressures underestimate central aortic pressure by
as much as 30% to 40% and can continue for as long as 30 min
after discontinuation of CPB.1® The physiologic basis of this
mismatch is not fully understood, but radial arterial pressures
should be confirmed by obtaining either central aortic or even
anoninvasive pressure measurement before aggressive therapy
isinitiated. Hypotension at the time of bypass cessation is often
aresult of reduced preload and underfilling of the heart, which
can be assessed visually by the surgeon.*> We have found that
autotransfusion of blood from the cardiotomy reservoir improved

Sheep in cardiovascular research

cardiac output in these situations. Other research groups report
having donor whole blood available for transfusion when neces-
sary. Judicious use of crystalloids and colloids (for example,
hetastarch) may also be used to increase intravascular volume.
In cases in which hypotension occurred secondary to ventricular
dysfunction in a sheep with a normal electrolyte status, inotropic
support was helpful. B-agonists are typically the first choice in
these cases in people, and epinephrine is used often, given that
ithas both inotropic and chronotropic effects.®! When necessary,
epinephrine was given as 2- to 8-ug boluses or as an infusion
at 2 to 10 ug/min.

Once these physiologic measures (temperature, cardiac func-
tion, ventilation, and acid-base and electrolyte status) were
normalized and the surgeon controlled all major sources of
bleeding, weaning and disconnection from CPB ensued. Blood
volume from the cardiotomy reservoir was gradually emptied
into the animal, paying close attention to its ability to accom-
modate the increased preload by increasing stroke volume and
maintaining MAP. After successfully weaning the sheep from
CPB, the venous cannula was removed. Blood from the CPB
machine was still given via the arterial cannula during this
time. After sufficient blood volume had been returned with
adequate MAP, the arterial cannula was removed. Both venous
and arterial cannulation sites were checked for hemostasis
before closure.

During closure, bupivicaine intercostal nerve blocks (maximal
dose, 2 mg/kg) were performed at the thoracotomy rib space
as well as the rib spaces cranially and caudally to provide local
anesthesia to the surgical site. Albuterol, a selective 2-agonist,
was administered via neubulization directly into the endotra-
cheal tube to prevent bronchoconstriction-bronchospasm and to
increase air flow into the lungs.>>” Furosemide (0.5 mg/kg IV)
was administered to treat reactive pulmonary edema after cardiac
surgery and CPB."> Although outcomes were not improved in a
clinical trial assessing routine use of diuretics in human cardiac
patients,* we have observed improvements in postoperative
ventilation after the routine addition of furosemide to our
recovery phase. Electrolyte replacement and autotransfusion
continued as needed throughout this period. Once the surgeon
had completed the procedure, a final arterial blood sample was
taken to assess acid /base status. If no abnormalities were noted,
the arterial catheter was removed, the artery ligated, and the
site bandaged. Concurrently, the anesthetist began weaning the
sheep from the ventilator by slowly decreasing both isoflurane
concentration and respiratory rate until spontaneous respiration
occurred. Once spontaneous respiration returned, the sheep was
transported to the recovery area. In the recovery area, the animal
was shifted to sternal recumbency as soon as possible to allow
normal eructation to occur. Pulse oximetry was used to monitor
heart rate and oxygen saturation, and a rectal thermometer used
to monitor temperature. Heat supplementation, including warm
fluids and a Bair hugger, were provided, and 100% oxygen was
administered into the endotracheal tube until the animal began
chewing. The endotracheal tube was removed with the cuff par-
tially inflated to remove any aspirated ingesta from the trachea.

Postoperative Care

Immediately after extubation, the sheep was moved from
the table to a Panepinto sling. In our experience, the ability
to maintain the animal in sternal recumbency until standing
has been critical to recovery. We have observed that hypoxia,
hypothermia, electrolyte deficiencies (especially hypokalemia
and hypocalcemia), and pain markedly hinder rapid recovery.
As discussed, these factors should be addressed prior to the
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discontinuation of anesthesia to provide maximal benefit. In
terms of oxygenation, using positive pressure and sustained
lung insufflations to eliminate atelectasis intraoperatively im-
proves oxygenation.?® Providing 100% oxygen via face mask
and maintaining the animal in sternal recumbency to shift the
weight of the abdominal organs away from the diaphragm also
improved the animal’s oxygenation. To address hypothermia,
the CPB machine’s heat exchanger was used to allow rapid
rewarming of the animal at the end of bypass, but this tech-
nique also results in a heat debt. This heat debt manifests as
a rebound hypothermia in the postoperative period, referred
to in the human literature as ‘afterdrop.’'® We have observed
sheep that leave the operating room at near normothermic (102
°F) and that subsequently become moderately hypothermic
(96 to 98 °F) within 30 min of transfer to the recovery area, ne-
cessitating the use of warming blankets and other aggressive
warming techniques (warmed intravenous fluids and so forth)
to prevent such hypothermia. We also have noted moderate
to severe hypokalemia (2.8 to 3.2 mmol/L) and hypocalcemia
(0.9 to 1.1 mmol /L) during the postoperative period and occa-
sionally persisting for as long as 24 h after surgery. Potassium
rapidly self-corrected once the animal began eating, but calcium
required supplementation with 0.5 to 1 g calcium gluconate or
calcium chloride intravenously in many cases. Hypocalcemia
was so severe in some sheep that we believe it resulted in
generalized weakness that hindered recovery. After calcium
supplementation in these animals, a prolonged recovery rapidly
ended, with the animal being able to stand and eat within justa
few minutes of intravenous calcium supplementation. Because
venous blood gas values can be used in lieu of arterial samples
for evaluation of acid-base and oxygenation status in sheep,>*
the indwelling central venous catheter provided an essential
tool for evaluating both acid-base and electrolyte status in the
recovery period.

Assessment of pain in sheep can be difficult given that they
are relatively stoic prey animals that may not display obvious
signs of pain or distress.?! Signs of pain may be subtle, such
as shifting, reluctance to move, and mild tachycardia, or more
significant, such as pawing at the surgical site or anorexia. Early
in the recovery process, pain may be manifested simply as a
prolonged recovery in the absence of electrolyte, temperature,
or oxygenation abnormalities. Despite the difficulties in assess-
ing pain in ruminants, multimodal preemptive analgesia is the
current standard of veterinary care in companion animals’! and
should be used for research sheep undergoing surgery even in
the absence of significant signs of pain. As described, sheep
are preemptively administered carprofen, a NSAID indicated
for the treatment of postsurgical pain that has been reported to
provide analgesia for as long as 3 d in sheep.”® Although other
drug classes are useful to reduce the intensity of postoperative
pain, NSAID are unique in their ability to treat the underlying
processes (that is, inflammation) that result in pain.? In addition
to preemptive NSAID administration, we use nerve blocks with
local anesthetics, the most commonly used analgesics in food
animals,®! to provide immediate postoperative pain relief. In
the case of thoracic surgery in quadrupeds in which consider-
able body weight is maintained on the ribs and sternum, such
local immediate pain relief improves the animal’s ability to
rapidly regain a normal posture after surgery. Opioids are more
effective in small ruminants such as sheep than cattle, and the
use of buprenorphine as an analgesic in sheep after surgery is
well described.”2¢” Buprenorphine’s long half-life compared
with other opioids makes its use more attractive in the labo-
ratory animal setting. In our facility, sheep receive carprofen

(3 mg/kgIV) prior to surgery and buprenorphine (0.005 mg/kg
IV) during skin closure. Buprenorphine (0.01 mg/kg IM or IV)
was repeated 6 h later and then every 12 h, and carprofen (2 to
4 mg/kg IM or IV) was repeated as often as once daily for 5 to
7 d as needed. We have used an ‘all of the above” approach to
analgesia, using low doses of multiple agents, including local
anesthetics, NSAID, and opioids, to provide sufficient postop-
erative pain relief without adverse effects.

Each sheep was maintained in the recovery area until it had
normal respirations, pink mucous membranes and normal
oxygen saturation without any oxygen therapy, was able to
stand with minimal ataxia, and no longer tolerated the Pane-
pinto sling. On average, sheep spent approximately 2 to 4 h
in the recovery area. During this time, animals were observed
continuously and monitored as discussed so that timely inter-
vention could be provided when necessary. Once the animal
was standing, it was returned to the housing room and allowed
nose-to-nose contact with conspecifics but was singly housed.
After return to housing, sheep were monitored for 1 to 2 h
longer until complete anesthetic recovery occurred. By this time,
animals were ambulating normally and eating.

In the 7 d after surgery, each sheep was observed daily for evi-
dence of surgical site infection, pain, cardiovascular compromise,
and electrolyte status. This observation included at minimum a
brief physical exam, observation of the surgical site, assessment
of attitude, activity, appetite, and fecal production, measurement
of temperature, pulse rate, respiratory rate, thoracic auscultation,
and oxygen saturation via pulse oximetry. When necessary, blood
pressure measurements, electrocardiography, or echocardiog-
raphy (and their combinations) were performed. Laboratory
analyses of WBC count and electrolytes were performed daily
for 1 to 2 d after surgery and whenever animals appeared weak
or lethargic. However, WBC count in animals after CPB should
be interpreted with caution, because CPB initiates a systemic
inflammatory response through complement activation, cytokine
release, leukocyte activation, and production of oxygen free
radicals and other inflammatory mediators.”* No surgical site
infections have been observed, although a local infection at the
site of the arterial catheter occurred in 2 animals. In animals that
were eating within 6 to 12 h of surgery, electrolyte replacement
therapy was not necessary beyond the immediate periopera-
tive period. However, some animals did require potassium and
calcium supplementation for 1 to 2 d after surgery. Sheep were
returned to social housing with conspecifics within 48 h of surgery
(after removal of central venous catheters), and analgesics were
continued as needed for 5 to 7 d after surgery.

Conclusion

Cardiovascular surgery in sheep presents the research team
with significant challenges, but sheep provide a robust animal
model for the investigation of human cardiovascular disease and
novel interventions. Through careful management, attention to
the sheep’s unique anatomic and physiologic characteristics,
and effective collaboration among a research team including sur-
geons, veterinarians, anesthetists, and perfusionists, the sheep
model is reproducibly successful for translating research find-
ings into novel interventions for human cardiovascular patients.
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