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Pulmonary embolism (PE) is one of the leading causes of non-
cardiac sudden death in Western nations and is the third most 
common cause of cardiovascular morbidity.4,6,7,18 In survivors, 
severe PE damages the right heart, leading to a clinical course 
complicated by hypotension and circulatory shock, suggesting 
acute right heart failure in about 10% of patients and followed 
by persistent pulmonary hypertension or right ventricular dys-
function and dyspnea in at least 15% of patients.9,15,16,23,29 To test 
treatments to reduce right heart failure, a standardized model 
that is repeatable, accurate, and precise and that mimics the gross 
pathologic, cardiovascular, pulmonary, autonomic, hematologic, 
biochemical, and cellular characteristics of PE in humans with 
disease is needed.8

Three lines of rationale favor domestic pigs as a model for 
PE. Several publications, using different methods of anesthe-
sia, have found that swine manifest hemodynamic responses 
similar to those of humans in the presence of autologous PE, 
including elevated heart rate, decreased cardiac output, and 
reduced oxygen saturation.2,12,30 Swine have similar platelet 
concentrations, and their coagulation profile on thromboelas-
tography has been shown to be similar to humans, with the 

exception of higher fibrin crosslinking but less fibrin, lead-
ing to resistance to plasmin.5,11,19,34 Market swine, which would 
otherwise be destined for slaughter, are relatively cost effective 
compared with other large animals and are of sufficient size 
for placement of an adult pulmonary arterial catheter for mea-
surement of pulmonary vascular resistance in a closed-chest 
preparation.

In view of the differences in the hemodynamic effects of differ-
ent anesthetic agents, the choice of anesthesia will likely affect the 
cardiovascular responses of an animal to PE. However, current 
literature lacks a methodologic publication that compares the 
cardiovascular, right ventricular, pulmonary, and hematologic 
responses to PE in closed-chest swine models incorporating dif-
ferent anesthetic regimens.

Figure 1 presents features of an ideal animal model for the 
purpose of testing treatments for PE. To develop a swine model 
of PE that closely resembles this physiologic ideal model, we 
induced PE in swine maintained in a surgical plane of anesthe-
sia with either isoflurane or α-chloralose. Each of these agents 
has potential advantages and disadvantages. Isoflurane can be 
titrated minute by minute but causes undesirable vasodilation, 
whereas α-chloralose is believed to preserve cardiovascular re-
flexes but requires heating to dissolve and continuous infusion 
or repeated boluses.26,35 We hypothesized that, compared with 
isoflurane, α-chloralose would meet more of the features de-
scribed in Figure 1.
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Figure 1. Desirable features of large animal model of severe submassive PE designed for translational research.
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ventricular enlargement during clot induction. Because of the 
anatomy of swine, we measured the RV:LV ratio from a modified 
parasternal long-axis view (Figure 3).

Blood sampling. Blood samples were obtained in tubes con-
taining 0.11 mM (3.2%) sodium citrate. Coagulation studies were 
performed by using an automated analyzer (STAcompact, Diag-
nostica Stago, Parsippany, NJ), and troponin measurements were 
performed by using a handheld hematology analyzer (iSTAT Sys-
tem, Abbot Point of Care, Princeton, NJ).

Induction of severe submassive PE. After 60 to 90 min incuba-
tion, clotted blood was removed as well-formed cylindrical casts 
(0.5 cm × 6.0 cm) of the glass tubes. Several (5 or 6) of the cylinders 
were cut into 0.5 × 0.5-cm cubes, and the remainder were retained 
as cylinders. Clots were placed on cotton fabric to remove excess 
serum, weighed, and washed 3 times in warm 0.9% NaCl. Clots 
then were delivered via the external jugular silastic catheter. Con-
firmation of clot transit through the right ventricle was shown 
visually via real-time echocardiography. Approximately 15 cubes 
were delivered first, followed by 15 to 20 cylindrical clots. Clots 
were injected over a period of approximately 90 min or until one 
of the following parameters occurred: 1) the systolic PAP reached 
or exceeded 60 mm Hg; 2) the measured systemic arterial pres-
sure decreased below 90 mm Hg; 3) the end-tidal CO2 decreased 
by more than 10 torr; and 4) echocardiography revealed global RV 
hypokinesis. When any one of these parameters manifested, no 
additional clot was given for 10 min. After 10 min, if the systolic 
PAP was below 50 mm Hg, additional clot (cubes, cylinders, or 
both) was instilled as needed to increase and sustain the systolic 
PAP above 60 mm Hg, providing that the remaining 3 parameters 
did not occur. Sustained severe submassive PE was considered to 
be present when the systolic PAP remained above 60 mm Hg for 
more than 15 min.

After embolization, swine received 500 mL of 0.9% normal 
saline (250 mL) over 120 min through the proximal port of the 
Swan–Ganz catheter as a diluent control for future treatments. At 
the completion of the experiment, experimental variables were 
recorded as done prior to and after embolization. All swine were 
euthanized with accordance of our local IACUC by using an ap-
propriate commercial euthanasia solution. During necropsy, the 
pulmonary vasculature was dissected to the segmental arterial 
branches to determine location of clot and to visibly inspect lungs 
for infarction and hemorrhage (Figures 4 and 5).

Data analysis. All variables recorded were categorized into the 
3 phases of the experiment: baseline, clot induction, and treat-
ment. Baseline measurements were recorded after the pig was 
instrumented but prior to clot embolization. The clot induction 
phase was defined as the time from when clotted blood began 

Materials and Methods
This study was approved by the IACUC at the Indiana School 

of Medicine. Domestic Yorkshire swine (Sus scrofa) of either sex 
were obtained from a local distributor (John Hardin Farms, Dan-
ville, IN) and were allowed to acclimate a minimum of 3 d prior 
to experimentation. Swine were monitored to confirm normal 
health status. Figure 2 shows the experimental overview, which 
had 4 phases: surgical preparation, equilibration (baseline), clot 
induction, and treatment (saline only).

Initiation of surgery and monitoring. Anesthesia was induced 
with a combination of tiletamine, ketamine, and xylazine (500, 
250, and 250 mg/mL, respectively; dose, 1 mL/22.7 kg IM). A sin-
gle dose of morphine (3 mg/kg IM) was used for analgesia. After 
induction, swine were intubated by using a Miller 7 laryngoscope 
blade, and an appropriately sized cuffed endotracheal tube was 
placed, with confirmation of correct placement by monitoring of 
end-tidal CO2. In one group of swine (n = 9; 4 male, 5 female), 
isoflurane in conjunction with 100% oxygen was titrated to an 
inspired concentration of 1% to 2% to maintain anesthesia. In the 
other group (n = 6; 3 male, 3 female), swine received 1000 mL of 
0.9% normal saline infused over 3 h to balance fluid volume re-
quired to deliver α-chloralose. Prior to injection, 1% α-chloralose 
(w/w) was dissolved in 0.9% normal saline heated to 50 °C and 
allowed to cool to 30 to 35 °C. For induction, swine received an 
intravenous bolus of 70 mg/kg α-chloralose, followed by mainte-
nance of anesthesia with 10 mg/kg IV every 2 h. In both groups, 
the appropriate level of anesthesia was maintained, defined as 
muscle relaxation and absent reflexes (corneal, hoof pinch). Ani-
mals were monitored throughout the experiment for signs and 
symptoms of inadequate sedation (eye blink, jaw, papillary or 
limb withdrawal). Swine were placed on a mechanical ventilator, 
with a respiratory rate of 12 to 17 breaths per minute to normal-
ize end-tidal CO2 prior to introduction of PE. Heart rate and SpO2 
were monitored continuously.

Vascular access was obtained via cut downs (4 to 5 cm) to ex-
pose both external jugular veins, one femoral artery, and one 
femoral vein for line placement. Blood (2 mL/kg) was drawn 
from the first available accessed vein, and 4-mL aliquots were 
placed into glass tubes (0.5 × 6 cm) and clotted at 37 °C for 1 h. 
The blood volume removed was replaced 2:1 with 0.9% normal 
saline. During this time, a 7-French Swan–Ganz (Edwards Life-
science, Irvine, CA) catheter was placed into the right external 
jugular vein, and a silastic tube (inner diameter, 0.25 in.; outer 
diameter, 0.375 in.; width, 0.0625 in.) was placed into the left ex-
ternal jugular vein to monitor pulmonary arterial pressure (PAP), 
cardiac output, and pulmonary capillary wedge pressure. Cardiac 
output was measured using thermodilution technique and the 
pulmonary capillary wedge pressure was measured with ventila-
tions temporarily interrupted; measurements were made in tripli-
cate at each time point. Output data from the Swan–Ganz catheter 
were analyzed automatically (model SC7000 Hemopod, Siemens, 
Deerfield, IL) with manual recording of results. Tygon tubing 
(inner diameter, 4 mm; Saint Gobain, Courbevoie, Ile-de-France, 
France) was placed in the femoral artery in fluid connection with 
a transducer to monitor arterial pressures.

Echocardiographic measurements. Real-time, transthoracic B-
mode ultrasonic images were obtained (Logiq e BT12, GE Health-
care, Little Chalfont, United Kingdom) by using a 2.0-MHz probe. 
We used the ratio of the chamber diameter of the right ventricle 
to that of the left ventricle (RV:LV ratio) as our main index of right 

Figure 2. Time line and overview of experiment.
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to be introduced until 20 min after the last clot given to achieve 
the predefined goals of sustained pulmonary hypertension or 
systemic hypotension. The treatment phase lasted from the end 
of clot induction until the conclusion of the experiment. Cardiac 
output and pulmonary capillary wedge pressure data represent 
the means of 3 measurements at each time point. Data are pre-
sented as means ± SEM. Within-group comparisons of normally 
distributed, parametric data (that is, serial measurements in either 
group) were compared by using paired t tests. Between-group 
comparisons (isoflurane compared with α-chloralose) were made 
at the 3 main time points (baseline, after clot induction, and after 
treatment). These data were tested for normality, and normally 
distributed data were compared by using an unpaired Student t 
test. To control for a multiple comparisons, Bonferroni correction 
was used such that a P value less than 0.004 was significant.1

Results
Of the 9 swine anesthetized with isoflurane, 7 pigs (4 female, 

3 male) survived and provided complete data sets. All 6 swine 
(3 female, 3 male) anesthetized with α-chloralose survived until 
the end of the study. Clots were confirmed with real-time echo-
cardiography (data not shown) and on postmortem necropsy 

Figure 4. Dilated RV and pulmonary infarction at the bases.

Figure 5. Pulmonary artery outflow tract with a saddle pulmonary em-
bolism.

Figure 3. Modified parasternal long-axis view of the heart obtained by 
cardiac ultrasonography for the RV:LV measurement. The ratio of dis-
tance A to distance B represents the RV:LV ratio.

(Figures 4 and 5). In all groups the RV:LV ratio (mean ± SEM) 
increased from 0.82 ± 0.23 to 1.27 ± 0.31 (P = 0.002). Necropsy 
revealed RV dilation and pulmonary infarction in all animals 
(Figure 4). The clot burden was 21.8 ± 6.7 g for both groups com-
bined, and this measure did not differ significantly between the 
2 anesthesia groups. For all swine combined, serum troponin I 
concentration increased throughout the experiment from 0.02 ± 
0.03 ng/mL at baseline to 0.09 ± 0.07ng/mL at the conclusion of 
the experiment (P < 0.01, paired t test). Peak troponin I concen-
tration did not differ between the isoflurane and α-chloralose 
groups.

Animal monitoring and anesthesia. The total experimental time 
(mean ± SEM) was 319 ± 98 min and ranged from 157 to 430 min. 
On average, the total preparation time for pigs anesthetized with 
α-chloralose was about 10 min longer than that for the isoflu-
rane group because of the time required to infused the drug. The 
largest source of variation was instrumentation time. Adequate 
anesthesia depth was maintained with a mean isoflurane concen-
tration of 1.30% ± 0.37% (range, 0.75% to 2.0%). In the isoflurane 
group, 2 pigs (the 3rd and 5th in the sequence of 9) died during 
PE induction. Despite receiving an inhaled dose of greater than 
1% isoflurane that produced marginally low blood pressure in 
all 7 of the animals remaining, 4 of these pigs showed signs of 
insufficient anesthesia, including large muscle movement that 
required rapid action by the research team, including the admin-
istration of supplemental morphine.

The mean volume of α-chloralose administered was 633 ± 
140 mL (equivalent to 6.33 g α-chloralose per swine or 0.12 g/
kg). None of the swine in the α-chloralose group died, and none 
showed signs of emergence from anesthesia. Each pig in both 
groups received a total volume of 1500 mL intravenous fluids, 
inclusive of 0.9% NaCl used for blood replacement, clot delivery, 
and fluid balancing or α-chloralose administration.

Hemodynamic measurements. All hemodynamic measure-
ments from each phase of the experiment are shown in Tables 1 
and 2. During the baseline phase, isoflurane-anesthetized swine 
demonstrated higher heart rate, lower oxygen saturation, lower 
end-tidal CO2, and lower systolic blood pressure when compared 
with pigs given α-chloralose. During clot induction, animals in 
the isoflurane group showed lower oxygen saturation and sys-
tolic blood pressure but higher heart rate and systolic pulmo-
nary arterial pressure than measures in the α-chloralose group. 
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Discussion
We here describe a model of submassive PE in swine and com-

pare 2 methods of anesthesia to determine which agent best mim-
ics the expected hemodynamic consequences of PE in humans. 
Our model and method of PE induction provide reproducible, 
clinically relevant patterns of hemodynamic change, including 
sustained pulmonary hypertension, RV dilation, lowered end-
tidal CO2, and persistent clots in the pulmonary arterial tree. The 
data in Table 4 show several benefits of α-chloralose over iso-
flurane. First, the baseline systolic arterial blood pressure was 
normal with α-chloralose, whereas isoflurane-anesthetized swine 
were marginally hypotensive prior to clot induction, with lower 
systemic vascular resistance. Although no statistical inference can 
be made, this baseline hypotension suggests excessive vasodila-
tion with isoflurane but not α-chloralose, a difference that explain 
why all pigs provided α-chloralose survived, compared with 7 of 
the 9 given isoflurane. Second, α-chloralose-anesthetized swine 
had less instability in systolic PAP during clot induction and 
showed an appropriate baseline pulmonary vascular resistance 
and increase with clot induction. At baseline, isoflurane anes-
thetized animals often had abnormally low values, suggesting 

At baseline and after PE induction, isoflurane-treated swine dem-
onstrated a trend toward lower pulmonary vascular resistance 
compared with the α-chloralose group. Systemic vascular resis-
tance was consistently lower in the isoflurane group than in the 
α-chloralose group.

After the sham treatment phase, the intergroup difference in 
oxygen saturation was no longer significant, but heart rate and 
diastolic pulmonary arterial pressure were still significantly high-
er and end-tidal CO2, systolic blood pressure, and mean arterial 
pressure were lower in swine anesthetized with isoflurane com-
pared with α-chloralose.

Measurements of coagulation. Coagulation parameters are re-
corded in Table 3. No meaningful intergroup difference in pro-
thrombin time or fibrinogen level was present, but the activated 
partial thromboplastin time and fibrinogen concentration var-
ied more widely in swine anesthetized with isoflurane than α-
chloralose. In particular, 30% of activated partial thromboplastin 
times from isoflurane-treated swine were below the lower limit of 
the range in healthy awake swine.34

The effects of each method of anesthesia on key physiologic 
measurements in the swine PE model are compared in Table 4.

Table 1. Hemodynamic measurements

Isoflurane α-Chloralose P

Baseline
  Heart rate (bpm) 103 ± 4.0 60 ± 0.8a <0.004
  SpO2 (%) 95 ± 0.3 98 ± 0.2a <0.004
  Respiratory rate (breaths/min) 18 ± 0.5 16 ± 0.2a <0.004
  End-tidal CO2 39 ± 0.6 42 ± 0.4a <0.004
  Systolic blood pressure (mm Hg) 107 ± 2.0 126 ± 1.0a <0.004
  Diastolic blood pressure (mm Hg) 70 ± 1.5 75 ± 1.0 0.004

  Mean arterial pressure (mm Hg) 83 ± 1.7 96 ± 1.1a <0.004
  Systolic pulmonary arterial pressure (mm Hg) 33 ± 2.4 32 ± 0.9 0.704

  Diastolic pulmonary arterial pressure (mm Hg) 18 ± 2.2 14 ± 0.7 0.011

Clot induction
  Heart rate (bpm) 116 ± 3.0 63 ± 1.1a <0.004
  SpO2 (%) 95 ± 0.2 98 ± 0.3a <0.004
  Respiratory rate (breaths/min) 16 ± 0.6 16 ± 0.3 0.547

  End-tidal CO2 (mm Hg) 32 ± 0.7 35 ± 0.6a <0.004
  Systolic blood pressure (mm Hg) 104 ± 1.4 121 ± 2.1a <0.004
  Diastolic blood pressure (mm Hg) 72 ± 1.0 73 ± 1.9 0.816

  Mean arterial pressure (mm Hg) 84 ± 1.0 92 ± 2.1 0.020

  Systolic pulmonary arterial pressure (mm Hg) 61 ± 1.9 53 ± 1.3a <0.004
  Diastolic pulmonary arterial pressure (mm Hg) 25 ± 3.0 27 ± 0.7 0.503

Treatment
  Heart rate (bpm) 106 ± 3.0 61 ± 1.3a <0.004
  SpO2 (%) 95 ± 0.2 97 ± 1.0 0.158

  Respiratory rate (breaths/min) 17 ± 0.4 16 ± 0.3 0.083

  End-tidal CO2 (mm Hg) 34 ± 0.7 38 ± 0.6a <0.004
  Systolic blood pressure (mm Hg) 100 ± 1.0 131 ± 1.4a <0.004
  Diastolic blood pressure (mm Hg) 71 ± 1.3 78 ± 1.8 0.005

  Mean arterial pressure (mm Hg) 82 ± 1.0 99 ± 1.8a <0.004
  Systolic pulmonary arterial pressure (mm Hg) 51 ± 0.8 51 ± 0.6 0.932

  Diastolic pulmonary arterial pressure (mm Hg) 31 ± 1.1 25 ± 0.6a <0.004
aValue significantly different from that for isoflurane group.
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Fourth, the depth of anesthesia was more reliable with α-
chloralose, and our experience with isoflurane-treated swine that 
showed signs of emergence during PE induction raises the pos-
sibility that ventilation–perfusion mismatch due to PE leads to 
erratic pulmonary uptake of isoflurane.32,37,42 Moreover, we em-
phasize that isoflurane concentrations above 1.4% consistently 
produced systolic blood pressures below 100 mm Hg prior to 
PE induction. The isoflurane-associated narrow margin between 
hypotension and animal emergence required intense attention 
from the investigators in the midst of a complicated experimental 
protocol. In addition, the activated partial thrombin times and 
fibrinogen concentrations tended to vary more with isoflurane, 
according to the SEM values. The fibrinogen concentrations in 
our α-chloralose-treated swine were consistent with those in 
pigs reported previously.34 Most isoflurane-anesthetized animals 
displayed activated partial thrombin times that were below the 
range of those of awake, healthy swine and higher fibrinogen con-
centrations.34 These features increase endogenous clot-generating 
potential in a degree-dependent fashion, especially in the setting 
of indwelling catheters, introducing a possible confounding vari-
able.33,39 Finally, 2 of the 9 isoflurane animals but none of the 6 
α-chloralose animals died during PE induction (P = 0.34, Fisher 
exact test). The major cardiovascular response that α-chloralose-
anesthetized pigs lacked was an increase in heart rate, suggesting 
either blunting of the baroreceptor reflex or induction of another 

pulmonary vasodilation induced by isoflurane.32 Third, although 
α-chloralose- and isoflurane-anesthetized pigs both manifested a 
drop in mean end-tidal CO2 at the prespecified time points, we 
found that the end-tidal CO2 at the end of surgery was a much 
more reliable index to guide the PE titration process in the α-
chloralose compared with the isoflurane group.13 This observed 
loss of end-tidal CO2 variability may result from isoflurane-associ-
ated blunted pulmonary vasoconstriction that often accompanies 
PE.32,37,42 Isoflurane’s blunting effect on end-tidal CO2 variability 
hampered the delicate process of clot titration during induction.13

Table 2. Calculated measurements (mean ± SEM) of hemodynamics

Isoflurane α-Chloralose P

Baseline
  Cardiac output (L/min) 2.07 ± 0.13 1.66 ± 0.06a <0.004

  Systemic vascular resistance (dyn × s/cm5) 2348 ± 162 3690 ± 158a <0.004

  Pulmonary vascular resistance (dyn × s/cm5) 185 ± 43 450 ± 101 0.078

  RV:LV ratio 0.80 ± 0.26 0.83 ± 0.03 0.843

Clot induction
  Cardiac output (L/min) 1.70 ± 0.09 1.49 ± 0.04 0.020

  Systemic vascular resistance (dyn × s/cm5) 2366 ± 204 3256 ± 160a <0.004

  Pulmonary vascular resistance (dyn × s/cm5) 907 ± 58 1617 ± 192 0.020

  RV:LV ratio 1.32 ± 0.25 1.23 ± 0.07 0.669

Treatment
  Cardiac output (L/min) 1.48 ± 0.09 1.75 ± 0.09 0.030

  Systemic vascular resistance (dyn × s/cm5) 2334 ± 263 3096 ± 123 0.008

  Pulmonary vascular resistance (dyn × s/cm5) 954 ± 160 1184 ± 133 0.305

  RV:LV ratio 1.12 ± 0.14 1.02 ± 0.02 0.393
aValue significantly different from that for isoflurane group.

Table 3. Measurements (mean ± SEM) of coagulation

Phase Group Prothrombin time (s) Activated partial thromboplastin time (s) Fibrinogen (mg/dL)

Baseline Isoflurane 13.3 ± 0.8 30.5 ± 11.7 208 ± 44

α-Chloralose 13.2 ± 0.5 28.3 ± 0.3 147 ± 6

Clot induction Isoflurane 13.0 ± 0.6 29.9 ± 9.8 182 ± 35

α-Chloralose 13.4 ± 0.2 33.6 ± 3.1 161 ± 10

Treatment Isoflurane 13.4 ± 0.5 28.0 ± 8.6 167 ± 58

α-Chloralose 13.6 ± 0.4 35.0 ± 1.5 163 ± 10

Table 4. Comparison of methods of anesthesia for a swine model of PE

Isoflurane Chloralose

Normal baseline hemodynamics No Yes
Tachycardia in response to PE Yes No
Nonhypotensive systolic blood Yes Yes
  pressure
Sustained pulmonary hypertension No Yes
Increased RV:LV ratio Yes Yes
Persistent intrapulmonary clot on Yes Yes
  necropsy
Isolated RV dilation on necropsy Yes Yes

<10% loss of animals No Yes
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vascular effects to those in humans. This model may be suitable 
for testing treatments for PE.
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