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Abstract
Background: Acute right ventricular overload is associated with high morbidity and mortality clinical situations such as: 
extensive lung resection, pulmonary thromboembolism, lung transplantation and high altitude pulmonary edema. Some 
points of its pathophysiology remain unclear.

Objective: To assess the hemodynamic effects of experimental acute right ventricular overload in pigs.

Methods: Right ventricular overload was induced through the occlusion of the pulmonary arteries using ligationss. 
Twenty pigs were used in the study, divided into 04 groups: one control group not subject to pulmonary vascular 
occlusion, and three right ventricular overload groups subject to occlusion of the following pulmonary arteries: SVD1 
(left pulmonary artery); SVD2 (left pulmonary artery and right lower lobe) and SVD3 (left pulmonary artery, right lower 
lobe and mediastinal lobe), obstructing the pulmonary vasculature in 42, 76 and 82.0% respectively. Hemodynamic 
variables were measured every 15 minutes during one hour of study. The statistical analysis employed mixed linear 
models with variance and covariance structures.

Results: Group comparisons revealed significant increases in heart rate (p = 0.004), mean pulmonary artery pressure 
(p = 0.001) and pulmonary capillary wedge pressure (p < 0.0001). There was no significant difference in cardiac 
index (p = 0.94).

Conclusion: Despite the severe right ventricular overload promoted by 82.0% obstruction of the pulmonary vasculature 
and the significant increase in pulmonary arterial pressure, there was no severe cardiovascular dysfunction and/or 
circulatory shock during the study period. (Arq Bras Cardiol 2011;96(4):284-292)
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through serial ventricular alignment6. Intense RVO promotes 
a strong deviation of the interventricular septum and its thrust 
to the left side, consequently reducing the left ventricular 
chamber, reducing their complacency and leading to 
biventricular dysfunction4. Right ventricular dysfunction is not 
only caused by pressure overload, but also by the reduction 
of myocardial oxygenation, which in this context is caused by 
two factors: (I) coronary hypoperfusion promoted by reduced 
cardiac output; and (ii), reduced subendocardial blood flow 
caused by compression of the right coronary artery due to 
distention and right ventricular hypertension. Furthermore, 
reduced myocardial oxygen supply may cause ischemia, and 
worsened cardiovascular ventricular dysfunction4,7. 

The degree of tolerance of the cardiovascular system to 
acute RVO is still controversial. Regarding pressure levels, 
some authors8,9 advocate that 40 mmHg is the maximum 
pressure level that the right ventricle withstands in the absence 
of prior heart disease. There is evidence that during intense 
physical exercise, blood pressure levels in the pulmonary 
artery (PA) get close to 40 mmHg with no cardiovascular 
dysfunction1. Hultgren et al10 demonstrated that some patients 

Introduction
The study of acute right ventricular overload (RVO) arouses 

the interest of the scientific community, not only for its clinical 
relevance, but also for its important biological significance, 
since the RVO is also present in physiological situations, for 
example, in the exercise1. In the clinical context, the main 
cause of acute RVO is the increase in pulmonary vascular 
impedance, which occurs in various situations, such as: 
extensive pulmonary resection2, pulmonary transplantation3, 
pulmonary thromboembolism (PTE)4 and high altitude 
pulmonary edema5, among others. 

Increased pulmonary vascular impedance tends to promote 
hypertension and right ventricular chamber dilation, which 
may reduce its systolic volume and hence cardiac output 
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with high altitude pulmonary edema present PA pressure levels 
above 50 mmHg. One patient, in this particular study, showed 
mean pulmonary artery pressure (PAP) close to systemic 
levels (117 mmHg), with no cardiovascular dysfunction and/
or circulatory shock.

Regarding tolerance of the cardiovascular system to 
the percentage of pulmonary vascular obstruction, the 
literature is controversial. Póvoa et al11 report that pulmonary 
vascular obstruction above 40.0% promotes hemodynamic 
instability in PTE. In this same context, Simek et al12 report 
that hemodynamic instability occurs with obstruction above 
50.0%. In a different context, Hsia et al13 demonstrated that 
extensive lung resection can be performed in dogs, though 
without cardiovascular dysfunction. In the Hsia’s study, 58.0% 
of the pulmonary parenchyma of animals were resected in 
one time, and 70.0% sequentially, with an interval of 3-4 
weeks. In spite of dealing with different situations, the three 
examples described above demonstrate that some important 
hemodynamic effects of acute right ventricular overload 
remain unclear. 

The purpose of this study is to assess such effects 
systematically, as well as its evolution in a model of acute 
RVO in pigs.

Methods

RVO model and animals used
RVO in pigs was induced by occlusion of the pulmonary 

arteries by the method of ligations, after dissection and 
isolation of its branches. The degree of pulmonary vascular 
occlusion promoted by the ligationss in different study 
groups was estimated in a percentage, assuming that the 
pulmonary vasculature of the pigs and, consequently, blood 
flow is proportional to the weight of the relevant lobes. The 
anatomical configuration and the percentage weights of the 
pulmonary parenchyma of the pigs are shown in Figure 1.

Twenty male Large White pigs weighing in average 21.3 
kg ± 0.7 (SEM) were intubated after induction of anesthesia 
with sodium thiopental (7 mg.kg-¹) and fentanyl (15 μcg.kg-¹) 
intravenously in bolus and undergoing mechanical ventilation 
(VT 10 ml kg-¹, PEEP 5 cmH2O and FR 25 ipm and FiO2 of 
100.0%). Anesthesia was maintained by continuous venous 
infusion of fentanyl (20-40 μcg.kg-1h-¹) associated with sodium 
thiopental (7-14 mg.kg-¹.h-¹), served in saline solution at 
0.9%, and pancuronium (0.3 mg.kg-¹) in bolus. Then the 
animals underwent trans-sternal bilateral thoracotomy with 
dissection and repair of the pulmonary arteries, and randomly 
allocated into four groups (n = 5), including one control 
group (C) and three right ventricular overload groups (SVD1, 
SVD2, and SVD3). Group C was not submitted to pulmonary 
vascular occlusion. The right ventricular overload groups were 
submitted to occlusion of the following pulmonary arteries: 
SVD1 (left pulmonary artery); SVD2 (left pulmonary artery 
and right lower lobe) and SVD3 (left pulmonary artery, right 
lower lobe and mediastinal lobe), obstructing the pulmonary 
vasculature in 42, 76 and 82.0% respectively (Figure 2). 

All animals were handled in accordance with the standards 
established in the Guide for the Care and Use of Laboratory 

Animals” (Institute of Laboratory Animal Resources, National 
Academy of Sciences, Washington, D. C. 1996) and the Ethical 
Principles for Animal Experiments of the Colégio Brasileiro 
de Experimentação Animal (COBEA) were duly followed. 
The study was approved by the Ethics Committee on Animal 
Experiments of the Universidade de Brasília, Brazil.

Experimental design
Data collection was performed in 05 times at intervals of 

15 minutes, totaling one hour of study, as shown in Figure 3.

Variables
Mean arterial pressure (MAP), mean pulmonary artery 

pressure (PAP), pulmonary capillary wedge pressure 
(PCWP) and central venous pressure (CVP)

The MAP was obtained by catheterization of the right 
femoral artery, the catheter being connected to a pressure 
transducer and to the multiparameter heart monitor (Dixtal 
DX 2010™, Manaus, Amazonas, Brazil). The PAP and 
CVP were measured by the pulmonary artery catheter 
(Edwards™131HF7, Irvine, CA, USA) connected to the said 
monitor. The PCWP was measured by the occlusion method 
by inflation of the balloon located at the distal end of the 
pulmonary artery catheter.

Heart rate (HR), cardiac output (CO), cardiac index (CI) 
and systolic index (SI)

The HR was obtained by the multiparameter monitor 
and pulse oximeter attached to the left ear of the animal. 
CO was obtained by thermodilution and calculated by the 
multiparameter monitor through Stewart-Hamilton modified 

Figure 1 - Schematic representation of the anatomical configuration and 
percentage weight of the pulmonary parenchyma of pigs. LSD - right upper 
lobe, LM - median lobe, LID - right lower lobe, M - mediastinal lobe, LSE - left 
upper lobe, LIE - left lower lobe.

285



Original Article

Arq Bras Cardiol 2011;96(4):284-292

Brito Filho et al
Effects of right ventricular overload

equation. CI was calculated through the above monitor from 
the division of the CO values by the animal’s body surface. 
The body surface area (BS) of the pigs was obtained by the 
following formula14:

SC = K.p2/3
K = Constant equal to 0.09 for animals over 4 kg
p = Animal weight in kilograms
The SI was obtained indirectly by dividing the cardiac index 

by the heart rate.

Statistical analysis
The variables were analyzed according to their distribution 

through Shapiro Wilk’s test for normality. The homogeneity 
of variances among groups was assessed by the Levene 
test. The statistical analysis employed mixed linear models 
with variance and covariance structures. Calculations were 
performed with the SPSS (Statistical Package for the Social 

Sciences) version 13.0 for Windows. All data are presented 
as a mean ( ) ± standard error (SE), and an arbitrary value 
of α = 0.05 is adopted.

Results
The MAP did not change significantly over the study 

(p = 0.27). In group comparisons, the MAP in SVD3 was 
significantly lower than in SVD1 (p = 0.03) (Figure 4-A).

The CVP increased significantly over the study in the SVD3 
group (p = 0.01). However, comparisons of intergroup CVPs 
revealed no significant differences (p = 0.07) (Figure 4-B).

The PAP increased significantly over the study in the SVD2 
and SVD3 groups (p < 0.01). In intergroup comparisons, the 
PAP in SVD3 was significantly higher than in C and SVD1, 
p-value of 0.001 and 0.02, respectively (Figure 5-A).

The PCWP, similary to the PAP, increased significantly 
over the study in the SVD2 and SVD3 groups (p < 0.01). In 

Figure 2 - Schematic representation of the study groups. Striped areas: pulmonary lobes with connected arteries. Blank areas: absence of vascular ligation.

GROUP SVD3
VASCULAR OCCLUSION OF 82%

GROUP C
NO VASCULAR OCCLUSION

GROUP SVD1
VASCULAR OCCLUSION OF 42%

GROUP SVD2
VASCULAR OCCLUSION OF 75%
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Figure 3 - Schematic representation of the experimental design. T0: immediately preceding vascular ligations; T15: fifteen minutes after vascular ligation; T30: thirty 
minutes after vascular ligations; T45: forty-five minutes after vascular ligations; and T60: sixty minutes after vascular ligations.

Collection of hemodynamic data

VASCULAR 
LIGATIONS 

ANESTHESIA

SURGERY 
PROCEDURES

SACRIFICE

Figure 4 - Mean arterial pressure (A) and Central Venous Pressure (B) in the 04 study groups. Data expressed as  ± EP.
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intergroup comparisons, the PCWP in SVD3 was significantly 
higher than in C and SVD1, with p-value of 0.001 and 0.02 
in both comparisons (Figure 5-B).

The SI reduced significantly over the study in the C, SVD2 
and SVD3 groups (p = 0.01). In intergroup comparisons, the 
SI in SVD3 was significantly higher than in C and SVD1, with 
p-value of 0.001 and 0.02, respectively (Figure 6-A).

The HR was stable in the groups C and SVD1 and increased 
significantly in the groups SVD2 and SVD3 over the study (p 
< 0.04). In intergroup comparisons, the HR in SVD3 was 
significantly higher than in C and SVD1, with p-value of 0.001 
and 0.02 in both comparisons (Figure 6-B).

The IC showed a similar reduction in all of the 04 groups 
throughout the study (p = 0.005). Despite the high pulmonary 
vascular occlusion in groups and SVD2 and SVD3, the CI 
showed no significant differences in intergroup comparisons, 
with p-value of 0.94 (Figure 7). 

Discussion
The SVD is characterized by an increased volume and/or 

pressure load imposed on the right ventricle15. The SVD is 

present in physical exercise and in various clinical situations such 
as: extensive lung resection, lung transplantation, pulmonary 
thromboembolism (PTE) and high altitude pulmonary edema. 
The SVD can cause hemodynamic instability, depending on 
its intensity and previous cardiovascular status of patients4,6.

In this study, the degree of pulmonary vascular occlusion 
was estimated by the weight of the lung parenchyma subjected 
to ligations, by assuming that the pulmonary vasculature and, 
consequently, blood flow is proportional to the weight percentage 
of the respective lobes. Similarly, in animals, the weight of the 
lung parenchyma has been used previously as a method to 
quantify the pulmonary volume16. Regarding the regional 
distribution of the pulmonary blood flow, it was demonstrated 
that the pulmonary vascular structure is the most important 
one17. Therefore, the heaviest pulmonary lobes probably have a 
higher percentage of vasculature and thus increased blood flow 
in relation to lighter pulmonary lobes. However, it should be 
noted that the quantification of the pulmonary vascular occlusion 
percentage used in this study is only an estimate, rather than a 
direct measure, and may be inaccurate.

In this study, the SI tended to decrease throughout the 
study, but it revealed greater intensity in groups SVD2 and 

Figure 5 - Mean arterial pressure (A) and central venous pressure (B) in the 04 study groups. Data expressed as  ± EP.
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Figure 6 - Systolic index (A) and heart rate (B) in the 04 study groups. Data expressed as  ± EP.

Figure 7 - Cardiac index in the 04 study groups. Data expressed as  ± EP.
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SVD3, being significantly lower in SVD3 when compared 
to groups C and SVD1. This result indicates that in groups 
of larger SVD, there was a decrease in systolic volume that 
can be explained by the lower left ventricular filling. In RVO 
situations, a lower left ventricular filling can occur due to 
two factors. The first results from reduced right ventricular 
systolic volume caused by afterload increase as a result of 
increased pulmonary vascular impedance due to vascular 
occlusions, that is, serial ventricular alignment6,7. The second 
factor is due to reduced left ventricular complacence caused 
by interventricular septal deviation, which occurs in large 
right ventricular dilations during sudden afterload increases 
(mechanism of interdependence of the heart chambers)18,19. 
In this study, we have no images of the ventricular chambers 
to confirm this hypothesis. We also observed a significant 
increase in HR in groups SVD2 and SVD3 throughout the 
study, but the HR in the group SVD3 was significantly higher 
than in groups C and SVD1.

The CI showed a similar reduction in all groups throughout the 
study without significant differences in intergroup comparisons. 

A similar reduction of the CI in the various study groups, 
including in the control group, was not an expected finding, 
and that indicates that the reduced CI in the different groups 
cannot be solely attributed to the RVO. It is possible that 
in this study the reduced CI can be attributed, at least in 
part, to the myocardial depression promoted by anesthetics, 
especially barbiturates that depress the cardiovascular system 
by two mechanisms: the first, through the direct negative 
inotropic effect; the second, through the sympathetic nervous 
system20,21. The fact that there was no intergroup differences 
in the intergroup CI indicates that the intensity of the RVO, 
even the most extreme one in the group SVD3 (with 82.0% 
of pulmonary vascular occlusion), did not severely affect the 
cardiac function. If the effect existed, it was so subtle that it 
has not generated significant differences between the groups. 

Despite the magnitude of the pulmonary vascular occlusion 
in groups SVD2 and SVD3, the CVP showed a significant 
tendency to increase only in the group SVD3. However, in 
intergroup comparisons, there were no significant differences. 
This finding indicates that the increased pulmonary vascular 
impedance, capable of promoting an increase in the right 
ventricular pressure, occurred only in extreme degrees 
of occlusion of the pulmonary vasculature, revealing a 
considerable tolerance of the right ventricle to acute occlusion 
of the pulmonary vascular bed. 

According to Wood et al6, during acute PTE in patients 
without prior cardiopulmonary disease, there is a right atrial 
pressure increase with pulmonary vascular occlusion around 
40.0%. In contrast, in this study, increased right atrial pressure 
and CVP was observed only in the group SVD3, whose 
pulmonary vascular occlusion was at 82.0%. According to 
other authors11,12,22, the PTE with vascular occlusion above 
30 to 50.0% promotes cardiovascular dysfunction and 
hemodynamic instability. However, in this study, there was 
no cardiovascular dysfunction or significant hemodynamic 
instability, even with 82.0% of pulmonary vascular occlusion in 
the group SVD3. However, it should be noted that in patients 
with acute PTE, increased pulmonary vascular impedance does 

not occur just by the obstructive factor. Also, there are the 
effects of humoral factors derived from platelets, released by 
the emboli, which promote reflex pulmonary vasoconstriction 
and contribute significantly to the increase in pulmonary 
vascular impedance.

As expected, PAP and PCWP increased significantly in the 
groups SVD2 and SVD3 after vascular ligation. In intergroup 
comparisons, this finding was confirmed, with PAP and PCWP 
significantly higher in the group SVD3 than in the groups C 
and SVD1. These results can be attributed to hyperflow in the 
pulmonary microvasculature1,5,23. 

A relevant question concerns the location or segment of 
the pulmonary microvasculature in which there is increased 
impedance in situations of hyperflow. It is known that the 
flow overhead reduces the resistance in the arterial portion 
of the pulmonary microvasculature, through recruitment 
and distensibility of their capillary vessels24,25. In the venous 
portion of the pulmonary microvasculature, such adaptive 
capacity may be limited and may be a significant site of 
generation of impedance in the pulmonary vasculature as 
suggested by Hultgren5. The findings of Younes et al23, in turn, 
reveal that during the experimental pulmonary hyperflow, 
the pressure gradient between the left atrium and the 
pulmonary capillaries increases significantly with increased 
flow, revealing that increased flow induces a significantly 
increased resistance in the venous segment of the pulmonary 
vasculature. These findings are corroborated by the studies 
of Hyman26, which showed that during the hyperflow, the 
pulmonary veins of small caliper (2 mm) show a significant 
pressure increase due to the increased flow, without left 
atrial hypertension. 

It is possible that in this study, increased blood pressure in 
the arterial segment of the pulmonary vasculature has occurred 
when the recruitment capacity of the pulmonary capillaries 
was exceeded and that, for the reason described above, 
this pressure increase was not passed through to the venous 
segment of a greater caliper. In this study, measurement of 
pulmonary artery occlusion pressure should be interpreted 
with caution as it may solely reflect the PCWP values. Younes 
et al23 and Bshouty et al27 also demonstrated that, in situations 
of hyperflow, the pulmonary artery occlusion pressure values 
are much closer to those values of the arterial component than 
to the venous values. Other authors5,24 also showed that during 
the experimental hyperflow there was no increase in the left 
atrial pressure despite the significant increase in pulmonary 
arterial pressure. Therefore, in this study and in situations of 
hyperflow, pulmonary artery occlusion pressure predominantly 
estimates the pulmonary capillary pressure values and cannot 
be used as an estimate of left atrial pressure.

As for the degree of right ventricular tolerance and sudden 
increase in pulmonary vascular pressure, Baruzzi et al8 
and McIntyre et al9 report that the right ventricle is unable 
to withstand acute elevations in PAP above 40 mmHg. 
However, in this study, there was no significant cardiovascular 
dysfunction in the animals of group SVD3 whose mean PAP 
was 46 mmHg. The findings of this study indicate that in 
animals with previously normal hearts, the obstructive factor 
alone does not justify the cardiovascular dysfunction and 

290



Original Article

Arq Bras Cardiol 2011;96(4):284-292

Brito Filho et al
Effects of right ventricular overload

circulatory shock, possibly observed in situations of acute 
obstruction of the pulmonary vascular bed. 

Conclusion
In this study, increased CVP indicating increased right 

ventricular pressure was observed only in the utmost degree 
of pulmonary vascular occlusion (82.0%). Despite intense 
RVO, promoted by the pulmonary vascular occlusion of 
82.0%, and significant increase of PAP, there was no significant 
cardiovascular dysfunction and/or circulatory shock during the 
period studied. The findings of this study show a surprising 
tolerance of the cardiovascular system to acute RVO over one 
hour in the model used.
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