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Refinement of Pig Retroperfusion Technique:
Global Retroperfusion with Ligation of the Azygos
Connection Preserves Hemodynamic Function in an

Acute Infarction Model in Pigs (Sus scrofa domestica)

Frank Harig,"” Evelyn Hoyer,' Dirk Labahn,’ Joachim Schmidt,* Michael Weyand,' and Stephan M Ensminger’

In ischemic hearts, venous retroperfusion is a potential myocardial revascularization strategy. This study aimed to refine the
technical and functional aspects of a pig model of acute myocardial infarction and retroperfusion with respect to the azygos con-
nection. Global retroperfusion after ligation of the ramus interventricularis paraconalis (equivalent to the left anterior descending
artery in humans) was performed in 16 Landrace pigs (Sus scrofa domestica). Coronary sinus perfusion was performed in 8 pigs
(P+) but not in the other 8 (P-), and the azygos vein was ligated (L+) 4 of the 8 pigs in each of these groups but left open (L-) in the
remaining animals. Hemodynamic performance (for example, cardiac output, stroke volume) was significantly better in P+L+ pigs
that underwent coronary sinus perfusion with ligation of the azygos vein compared with all other animals. In addition, troponin I
release was significant lower in P+L+ pigs (1.7 + 1.3 ng/mL) than in P-L- (5.47 + 2.1 ng/mL), P-L+ (6.63 + 2.4 ng/mL), and P+L- (4.81
+2.3 ng/mL) pigs. Effective retrograde flow and thus hemodynamic stability was achieved by ligation of the azygos vein. Therefore,
experiments focusing on global retroperfusion will benefit from effective inhibition of the blood flow through the azygos vein.

Abbreviations: ACS, aorta-to-coronary-sinus shunt; CS, coronary sinus; L, ligation; LAD, left anterior descending artery; P, perfu-

sion.

Animal models are used frequently to investigate myocardial
revascularization techniques, and researchers have studied global
or selective venous retroperfusion in dogs,” pigs,’ and sheep.*
The goal underlying retrograde coronary sinus (CS) perfusion is
perfusion of the ischemic myocardium proximal to the occlusion
or stenosis. This method frequently is used for delivering car-
dioplegic solutions during cardiac surgery. In addition, both clini-
cal??6162830 and experimental 1#%3%4 studies have validated the
efficiency of CS retroperfusion.

Interpreting the results from experimental animal models and
follow-up examinations of patients who have undergone venous
revascularization has led to controversy.”¥ In particular, technical
problems with some studies have been identified. Previous ani-
mal studies on interspecies anatomic differences in mammals*”*
have concentrated on the venous connections of the vessels drain-
ing the myocardium and have demonstrated a need for further
feasibility studies of the pig model (German Landrace pigs, Sus
scrofa domestica) that focus on hemodynamic performance.

We wanted to characterize in detail the contribution of the azy-
gos vein connection in swine during retroperfusion after myo-
cardial infarction and hypothesized that ligation of the azygos
vein would preserve hemodynamic function after ligation of the
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left anterior descending artery (LAD) in a global retroperfusion
model in pigs.

Materials and Methods

Animals. This study used 16 German Landrace pigs (Schmidt’s
Farm, Langensendelbach, Germany), which received humane
care in strict compliance with the Principles of Laboratory Animal
Care formulated by the National Society for Medical Research
and the Guide for the Care and Use of Laboratory Animals.? 3 All
procedures were performed in accordance with the European
Convention for the Protection of Vertebrate Animals Used for Ex-
perimental and Other Scientific Purposes'? and the German Ani-
mal Protection Law of 1998, and permission was obtained from
the local Veterinary Office (Regierungsprasidium Mittelfranken,
Ansbach, Germany; permission no. 54-2531.31-30/06).

The animals were housed at Friedrich—Alexander University’s
Animal Research Center (Franz Penzoldt Center of Animal Sci-
ences, Erlangen, Germany). The pigs had ad libitum access to
water and were fed a commercial diet (V4133-000 SSNIFF 4 mm,
Ssniff Spezialdiaeten, Soest, Germany). A room temperature of
18.5 to 21.5 °C and humidity of 50% to 70% were maintained. The
animals were acclimated for at least 2 wk and carefully checked
for preexisting diseases before undergoing the surgical proce-
dures. Food was withheld on the morning of surgery.

Anesthesia and monitoring. Healthy male pigs (weight, 30.8 to
50.7 kg; median, 38.5 kg; age, 86.2 + 8.5 d) were premedicated in-
tramuscularly with ketamine hydrochloride (20 mg/kg; Ketavet,
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Pfizer, Karlsruhe, Germany), azaperone (4 mg/kg; Stresnil, Jans-
sen-Cilag, Neuss, Germany), midazolam hydrochloride (1 mg/
kg; Midazolam, Ratiopharm, Ulm, Germany), and atropine (0.01
mg/kg; Atropine, Braun, Melsungen, Germany). After loss of
consciousness, the spontaneously breathing pigs were transferred
to the operating theater. A marginal vein in 1 ear was cannulated
with a 32-mm 20-gauge intravenous catheter (Venflon 2, Braun)
for fluid and drug administration. After 3 min of preoxygenation
with 15 L oxygen flow by face mask, anesthesia was supplement-
ed by rapid intravenous infusion of ketamine (10 mg/kg; Ketavet,
Pfizer) and bolus infusion of propofol (1 to 2 mg/kg; Disoprivan,
Pfizer) and rocuronium (1 mg/kg; Esmeron, Essex Pharma, Mu-
nich, Germany) or cis-atracurium (0.2 mg/kg; Nimbex, Glaxo
Smith Klein, Munich, Germany). Sixty seconds later, the animals
were endotracheally intubated with a cuffed tube (inner diameter,
6.5 or 7.5 mm; Woodbridge endotracheal tube, Mallinckrodt, Gos-
port, Hampshire, UK).

After induction of unconsciousness and sufficient anesthesia
as determined by hemodynamic and clinical observation (lack
of reaction to noxious somatic and autonomic stimuli**); neuro-
muscular blockade (rocuronium or cis-atracurium) was given
only to achieve good intubation conditions. Depth of anesthesia
was maintained by inhaled isoflurane (1% to 3%; Forene, Abbott,
Wiesbaden, Germany) and intravenous fentanyl (10 ng/kg; Fen-
tanyl, Janssen-Cilag).

Ventilation was performed by using a respirator in volume-
control mode (Fabius, Dréger, Liibeck, Germany) at a frequen-
cy of 20 to 25 breaths per min, tidal volume of 10 to 12 mL/kg,
positive end-expiratory pressure of 5 mbar, and inspired oxygen
fraction of 0.5. A 3-lead electrocardiogram was attached. Body
temperature was monitored by using a rectal probe thermometer
and maintained at 37 + 1 °C by warm infusions, a heating pillow,
and a room temperature of 25 °C. Central venous catheterization
of the right jugular vein was accomplished by using a 7-French,
30-cm multilumen catheter (Arrow, Reading, PA) for further infu-
sions and blood sampling. Hemodynamic monitoring was per-
formed by using PiCCO technology (Pulsion Medical Systems,
Munich, Germany), a pulse-pressure method that measures the
pressure in an artery over time to derive a waveform and uses
this information to calculate cardiac performance for continuous
monitoring of cardiac output.>*141826293941 To this end, an arterial
catheter (5 French, 20 cm; Pulsiocath Thermodilution Catheter
PV2015L20, Pulsion Medical Systems) was inserted into the right
inguinal artery, threaded through the femoral artery until it rested
entirely within the abdominal aorta, and connected to the PiCCO
Monitor (PULSION Medical Systems); normal saline (15 mL, 4 to
8 °C) then was injected.

The heart was exposed a median sternotomy, and the pulmo-
nary artery was catheterized directly (under echocardiographic
control) with a multiple-lumen central venous catheter (7 French,
30 cm; Arrow) just to the bifurcation to monitor pulmonary artery
pressure and to obtain blood for analyses of oxygen tension, acid-
base balance, and electrolyte levels (ABL800 Flex and Hemoxime-
ter OSM3, Radiometer, Copenhagen, Denmark).

A 32-mm, 20-gauge intravenous catheter (Venflon 2; Braun)
was placed in the left atrial appendage for measurement of mean
left atrial pressure, which correlates directly with the left ven-
tricular end-diastolic pressure in the absence of preexisting mitral
valvular disease (as in our pigs).??® A transducer system (Becton
Dickinson Critical Care Systems, Salt Lake City, UT) was connect-
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ed, placed at the level of the heart, and calibrated. The transducer
was zeroed to atmospheric pressure and not calibrated against a
known standard.

Experimental design. We allocated the 16 pigs into 4 groups of
4 pigs each. In each group, acute ischemia was induced by liga-
tion of the ramus interventricularis paraconalis (equivalent to
the LAD) in the middle of the sulcus interventricularis by using
a beating heart technique. The hemodynamic effect of CS perfu-
sion was studied, either with the azygos vein open or ligated.
To this end, the azygos vein was identified angiographically. In-
traoperative venograms were obtained by using mobile X-ray
imaging (Arcadis Avantic, Siemens, Medical Solutions, Erlangen,
Germany) and 50 to 70 mL iomeprol (Imeron 350, Altana Pharma,
Konstanz, Germany) as the contrast medium.

Surgical procedures. A median incision and sternotomy were
performed in anesthetized pigs, and the heart was exposed by
using pericardial stay sutures. Heparin (200 IU/kg) was adminis-
tered, and the activated clotting time (Hemochron Jr Whole Blood
Coagulation System, International Technidyne Corporation, Edi-
son, NJ) was kept above 200 s.

The CS was catheterized by introducing an occlusive cardiople-
gia catheter (RC2014MIB, Edwards, Unterschleifsheim, Germany)
transatrially after a 5-0 polypropylene pursestring suture was
placed on the lateral wall of the right atrium. The presence of an
azygos connection was checked angiographically through the CS
(Figure 1). The azygos vein was identified, slung with a tourni-
quet, and held open until the start of the experiment. The ascend-
ing aorta was cannulated with an antegrade cardioplegia cannula
(CA21VK, Maquet, Rastadt, Germany), and global retrograde
perfusion was established by creating an aorta-to-CS shunt (ACS)
connecting the 2 conventional cannulae. Intraoperative trans-
esophageal echocardiography was performed by means of an ul-
trasound machine (Acuson CV70, Siemens, Erlangen, Germany).

In all 16 pigs, the LAD was ligated in the middle of the sulcus
interventricularis for 20 min by using 5-0 polypropylene sutures,
and hemodynamic performance was observed for 1 h with (P+)
or without (P-) global retrograde perfusion via the ACS, dur-
ing which time the azygos vein was either open (L-) or ligated
(L+) by closing the tourniquet. Efficiency of the ACS was evalu-
ated by coronary angiography and online pressure measurement.
The following parameters were monitored: electrocardiographic
changes, cardiac output, mean arterial pressure, mean pulmonary
artery pressure, heart rate, stroke volume, and ejection fraction.
After the end of the observation period, the animals were eutha-
nized (80 mg/kg pentobarbital sodium; Eutha 77, Essex Pharma)
during deep anesthesia. Cardiac arrest was induced by infusion
of Bretschneider cardioplegic solution (Custodiol, Kéhler Che-
mie, Alsbach-Héahnlein, Germany). The hearts were explanted
and histopathologically examined.

Laboratory measurements. The concentration of cardiac tro-
ponin I was determined automatically (Access 2, Beckman
Coulter, Krefeld, Germany). The cutoff point was 0.07 ng/mL.
The analytic specificity for swine cardiac troponins has been pub-
lished elsewhere.!

Statistical analysis. Data were analyzed by using SigmaStat
statistical software (Systat Software, San Jose, CA). All data are
presented as mean *+ 1 SD. Two-way ANOVA for repeated mea-
surements was used to compare variables within and between
groups. A P value of less than 0.05 was considered statistically
significant.
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Figure 1. The operating field seen from the perspective of the surgeon; cranial is to the left. (A) A balloon-tipped catheter (1) is placed transatrially
into the coronary sinus and connected to an aortic canula, creating an aorta-to-coronary—sinus shunt (3). The ramus interventricularis paraconalis (2)
and its concomitant vein (vena cordis magna) also are shown. (B) The facies diaphragmatica of the heart is shown, with a view of the coronary sinus
(1) and the vena cava caudalis (3). (C) Preparation of the vena azygos sinistra after creation of a pericardial window (3). The azygos vein (2) is shown
before ligation, for which a suture is placed by means of a clamp (1). (D) The vena cava cranialis (1), azygos vein (ligated with a tourniquet; 2), and the
pericardial window (3).

Results

All pigs survived surgery and remained alive without signs of
nociception throughout the 1-h observation period.

Angiographic results of the examination of the azygos connec-
tions. Intraoperative venograms confirmed the presence of an
azygos connection (left, 14; right, 2) in all 16 pigs (Figure 2). After
ACS catheterization, effective retrograde flow could be verified
angiographically only when the azygos vein was ligated (Figure
1).

Myocardial enzyme release. Troponin I release was significantly
(P < 0.05) lower in pigs with ACS perfusion and ligation of the
azygos vein (P+L+ group; 1.7 + 1.3 ng/mL) than in the P-L—- (5.47
+2.1ng/mL), P-L+ (6.63 + 2.4 ng/mL), and P+L- (4.81 +2.3 ng/
mL) groups.

Hemodynamic performance. Parameters of hemodynamic per-
formance declined after LAD ligation in the groups without ACS
perfusion and that with ACS perfusion and an open azygos vein.
Only in pigs with ACS perfusion and ligated azygos veins did
intraoperative hemodynamic variables remain unchanged from
preoperative values (Table 1). Left ventricular ejection fraction,
measured planimetrically by using transesophageal echocardiog-
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raphy, declined (P < 0.05) from approximately 60% preoperatively
to 29% in P-L- pigs, 28% in P-L+ animals, and 32% in the P+L-
group. In contrast, the intraoperative left ventricular ejection
fraction in the P+L+ group (53%) did not differ from that preop-
eratively but was significantly (P < 0.05) higher than the intraop-
erative values of the other groups. Similar changes occurred in
the left ventricular end-diastolic pressure, which was significantly
increased intraoperatively compared with preoperative values
in the P+L-, P-L+, and P-L- groups but not in the P+L+ group
(Table 1). In all groups, changes in cardiac output, the clinically
most important parameter, reflected changes in stroke volume
(Table 1). The effect of azygos vein ligation on cardiac output is
shown in Figure 3.

Electrocardiographic changes and rhythm disorders. All pigs
showed signs of myocardial ischemia after LAD ligation (el-
evation of the ST segment, ventricular extrasystole as a sign of
electrical instability due to ischemia), but the changes were non-
significant in the P+L+ group only (Table 1). In addition, mean
arterial pressure was maintained throughout the observation pe-
riod in the P+L+ group but declined compared with preoperative
values in the other 3 groups.
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Figure 2. Intraoperative retrograde venograms of the connection of the venus azygos sinistra; cranial is to the left. (A) Retrograde venogram of the
vena azygos sinistra (*) before ligation; a balloon-tipped catheter (#) is placed transatrially into the coronary sinus (*). The cardiac venous system (for
example, vena cordis magna) lacks contrast because of backflow of blood to the vena azygos sinistra. (B) Venogram of the vena cava caudalis (*) is
shown to distinguish the vena cava caudalis from the vena azygos sinistra (#, balloon-tipped catheter). (C) Venogram of the cardiac venous system.
The vena azygos sinistra () contains contrast material just to the point of ligation (X). The tourniquet (0), vena cordis magna (*), and sinus coronarius
(#) are shown. (D) After backflow of the contrast medium has been blocked by ligation of the azygos vein, the vena cordis magna () is now visible.
Visualization of the vena cordis magna indicates effective retrograde flow through the aorta-to-coronary- sinus catheter. In addition, the vena cordis
media (+), sinus coronarius (#), and tourniquet (o) are shown.

Discussion azygos vein, whereas the right azygos vein of dogs did not divide
Retroperfusion of the CS is used to improve myocardial per- into a left azygos vein; Landrace horses often had a branching
fusion and postischemic systolic and diastolic function during left azygos vein arising from the right azygos vein, whereas cows
many surgical procedures, such as off-pump coronary artery often demonstrated a right azygos beside the left azygos vein."
bypass grafting® and percutaneous intermittent coronary sinus We used intraoperative angiography to confirm the presence of
occlusion.®? In routine clinical settings, retroperfusion of the CS an azygos connection in all pigs in the present study. In 2 of the
is frequently used to deliver cardioplegic solutions.”® However, 16 pigs (12%), the right azygos vein branched off of the left azygos
clinical use of retroperfusion is not widespread because findings vein.
from pig models have generated controversy.*'* One problem Previous studies using animal retroperfusion models in dogs,*
is that pig studies have not always included structured analy- pigs,”” and sheep®* did not focus on the potential obstacle cre-
sis of the animals” anatomy, perhaps explaining some reports of ated by anatomical variation. For example, one retroperfusion
poor outcomes. In the current study, we therefore aimed to refine study in pigs sought to improve systolic and diastolic dysfunc-
the experimental techniques used in a short-term retroperfusion tion during off-pump cardiac surgery.” The authors reported that
model in pigs. retrograde CS perfusion during simulated off-pump coronary
In previous animal studies, the anatomy of the azygos vein bypass revascularization in Yorkshire-Duroc pigs diminished
has been of morphologic interest only,*** and various azygos con- systolic and diastolic dysfunction and concluded that retrograde
nections have been observed in mammals. In one study, the left perfusion was insufficient because ischemia-induced ventricu-
azygos vein in Landrace pigs did not always divide into a right lar fibrillation occurred and contractile function did not return
to normal after 60 min of reperfusion.’ However, the authors
41
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Table 1. Hemodynamic variables at before (preoperative) and 60 min after LAD ligation

Preoperative After LAD ligation

P-L- P-L+ P+L- P+L+ P-L- P-L+ P+L- P+L+
Ejection fraction (%) 61+£69 615+£71 59579 603+75 29.4+9.5° 28.2+11° 32.3+9.8 53.1£13F
LVEDP (mm Hg) 716 83+0.8 73%2 74%2 11.2+4.3 13.3+£7.3* 122+6.7% 8.8+3.9°
Cardiac output (L/min) 55£13 61+£11 53%13 5.7+0.9 29+1.2° 32+1.3° 27+1.8° 49+11°
Heart rate (bpm) 77+9 79111 79+13 78 +10 8717 81+19* 8917 80+11
Stroke volume (mL) 574+7 53.5%9 57+6 543+6 31.3+13° 29.2+8.8 27.3+9° 482 +12°
ST segment elevation (mm) 03+02 03+03 0.1+£0.1 03+0.2 11.5+6.2¢ 12.1+5.12 10.1+3° 21+1.9*
Ventricular extrasystole (bpm) 1+1.5 1+1 1x1 0+1 4+8° 3+4° 3+3 1+2°
Mean arterial pressure (mm Hg) 64+8 66*9 65+9 68+9 44 +14° 42 +16° 45+11° 60+11°
MPAP (mm Hg) 24+3 21+£2 2512 20£2 36 £ 4° 39+ 8 33+£11° 26+ 8°
Troponin I (ng/mL) 055+03 04+05 043+04 035+04 547 +2.1° 6.63 £2.4° 481+2.3 1.7+1.3°

LAD, left anterior descending artery; CS, coronary sinus; L, ligation of azygous vein (+, present; —, absent); LVEDP, left ventricular end-diastolic
pressure; MPAP, mean pulmonary artery pressure; P, perfusion through ACS (+, present; —, absent).

Values are presented as mean + 1 SD (n = 4).
P < 0.05 versus baseline value for same group and parameter.

PP < 0.05 versus postligation values for the same parameter for the P-L—, P-L+, and P+L- groups.

120

100

-30 L] 30 60 120

time [min]

Figure 3. Changes in cardiac output after LAD ligation: effect of azy-
gos vein ligation. Data are presented as percentages of the preoperative
(preop.) cardiac output. Each line represents an individual animal. The
solid line represents the mean value (error bars, 1 SD). The 4 pigs in the
P+L+ group comprise the upper cluster of data points, whereas those
of the P+L—group comprise the lower cluster. 0 min, start of LAD liga-
tion; 60 min, start of reperfusion. *, Significantly (P < 0.05) different from
preoperative value.

failed to establish whether an azygos connection was present in
their animal model. Other investigators used a similar model to
analyze the effect on infarct size of arterialization of the cardiac
venous system by means of the CS in dogs** and observed only
limited myocardial protection.

Our study assessed the clinical importance of the azygos con-
nection in a pig model of retroperfusion. We studied the effect
of simultaneous global retrograde perfusion of the CS by means
of an aorta-to-coronary-sinus shunt by analyzing cardiocircu-
latory parameters during acute ischemia due to LAD ligation.
As expected, we found that mid-LAD occlusion reduced cardiac
output and worsened cardiac and circulatory parameters, includ-
ing ejection fraction, end-diastolic pressure, stroke volume, and
mean arterial pressure, as well as created electrocardiographic
changes (ST elevation) that were consistent with myocardial isch-
emia. In addition, all pigs manifested rhythm disturbances during
the 20-min LAD occlusion period. We interpret these combined
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data as an indirect sign of sufficient myocardial oxygen supply,
a conclusion that is supported by the serum levels of cardiac tro-
ponin L In short, global retroperfusion prevented hemodynamic

% © s deterioration only if it was used in combination with azygos liga-
s ot tion. By combining global retroperfusion with azygos ligation,
- e arterialized blood was prevented from flowing into the abdomen
E.,', - (bypassing the heart) and was redirected to the CS and ischemic
§ a0 i myocardium. In this acute infarction model, global retroperfusion
a - led to improved hemodynamic stability. Here we have shown for
% — the first time the importance of identifying whether an azygos

0 . connection is present in pig models and the clinical benefit of

ligating it.

A potential limitation of the current study is that the anesthetic
regimen we used may have caused both negative and positive
effects on hemodynamic function. We used a combination of dif-
ferent classes of anesthetics, including sedatives, analgesics, and
hypnotics, consistent with the practice of ‘balanced anesthesia.’
The strategy of balanced anesthesia is to achieve well-tolerated
anesthesia by using the additive effects of synergistic agents, thus
enabling reduction in the dose required for each single agent and
minimizing negative side effects (for example, on hemodynamic
function parameters).8#3%4 In terms of the methodology of the
current study, the greatest difference from the human clinical set-
ting is that the juvenile pig hearts we used lacked any coronary
artery disease. Therefore, our experimental model differs from
patients with extensive coronary artery disease, in whom collat-
eral flow may develop and limit the extent of ischemia after sud-
den LAD occlusion. Nevertheless, our findings may be directly
relevant for patients with acute single-vessel disease without suf-
ficient collateral flow.

In this acute pig model of myocardial infarction, the negative
hemodynamic effects of LAD ligation were prevented by global
retroperfusion by means of the coronary sinus only when the
azygos vein was ligated. It is, therefore, crucial to identify and
eliminate an azygos vein connection to the coronary sinus when
using a porcine model of global retroperfusion. Experiments fo-
cusing on global retroperfusion through the coronary sinus have
to accommodate the particular anatomy of pigs. Our finding that
retroperfusion with identification and ligation of the azygos vein
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maintains stable hemodynamic function may allow this technique
to become a useful adjunct in experimental settings involving ret-
roperfusion in pigs.
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