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I. Introduction 
The pulmonary circulation plays a pivotal role in the gas exchange function of 

the lungs, and, therefore, in the ultimate delivery of oxygen to the tissues. The 
central location of the pulmonary circulation - interposed between the two sides of 
the heart, coupled with its intimate relationship with the airspaces, render this 
vascular network vulnerable not only to disorders which may affect it primarily, but 
to conditions which alter the structure or function of the heart and lungs as well. 
This discussion will focus on chronic respiratory conditions which affect the 
pulmonary circulation at a site proximal to the capillaries. 
A. Background 

Laennec described the clinical and pathological features of emphysema in 
1826, and noted that severe lung disease may produce heart failure: 

"All diseases which give rise to severe and long continued dyspnoea 
produce, almost necessarily, hypertrophy or dilatation of the heart, 
through the constant efforts the organ is called on to perform, in 
order to propel the blood into the lungs against the resistance 
opposed to it by the cause of the dyspnoea ..• When, however, 
diseases of the heart are found to coexist with chronic pleurisy, 
phthisis, emphysema, and, in general, with chronic disease of the 
lungs, it will usually be found, on close examination, that the 
latter are the primary. diseases. It follows from these, and other 
facts noticed under the head of emphysema and pulmonary catarrh, 
that a neglected cold is frequently the original cause of the most 
severe diseases of the heart". ( 1) 

In 1901 Ayerza described a case of sclerosis of the pulmonary arteries in 
association with profound cyanosis and chronic dyspnea (2). In 1931 Dr. Paul 
Dudley White coined the term "cor pulmonale" to describe abnormalities of the 
heart resulting from pulmonary parenchymal or vascular disease (3), thereby bringing 
this disorder to wider clinical attention. 
B. Definition of Cor Pulmonale 

In 1960 an expert committee of the World Health Organization convened to 
address several issues concerning cor pulmonale. The definition of cor pulmonale 
agreed upon by that committee has been widely accepted and is the. IJ10St precise: 

"Hypertrophy of the right ventricle resulting from diseases ··affecting the 
function and/or structure of the lung, except when these pulmonary ·alterations are 
the result of diseases that primarily affect the left side of the heart or of 
congenital heart disease". ( 4) 

The terms "cor pulmonale" and "pulmonary heart disease" can be used 
synonymously. Although cor pulmonale is frequently equated with right-sided heart 
failure, it is worth emphasizing that right heart failure is a late manifestation of 
cor pulmonale and need not be present to entertain that diagnosis (5,6). The 
earliest and most consistent feature of cor pulmonale is an elevation in pulmonary 
artery pressure or vascular resistance, measured at rest or during exercise. It is 
this increased right ventricular afterload which ultimately leads to right ventricular 
hypertrophy and/ or dilatation. 
C. Classification 

The classification of chronic pulmonary heart disease proposed by the WHO 
committee is based on causative diseases, and is shown, with minor modifications in 
Table 1. 



Table I. Classification of Cor Pulmonale Based on Causative Diseases 

1. Diseases Affecting Air Passages of the Lung and Alveoli 
a. Chronic obstructive pulmonary diseases (ref. 5,12-19) 
b. Cystic fibrosis (ref. 20-23) 
c. Congenital developmental defects (ref. 24) 
d. Infiltrative or granulomatous diseases 

(1) Idiopathic pulmonary fibrosis (ref. 25-28) 
(2) Sarcoidosis (ref. 7,8,29-31) 
(3) Pneumoconiosis (ref. 12,32-34) 
(4) Scleroderma (ref. 35,36) 
(5) Mixed connective tissue disease (ref. 37-39) 
(6) Systemic lupus erythematosus (ref. 40,41) 
(7) Rheumatoid arthritis (ref. 42-45) 
(8) Polymyositis (ref. 9) 
(9) Eosinophilic granuloma (ref. 46,47) 
(10) Malignant infiltration (ref. 48) 
(11) Radiation (ref. 49) 

e. Upper airway obstruction (ref. 50) 
f. Pulmonary resection (ref. 51-53) 
g. High altitude disease (ref. 54-56) 

2. Diseases Affecting Thoracic Cage Movement 
a. Kyphoscoliosis (ref. 57 ,58) 
b. Thoracoplasty (ref. 52) 
c. Pleural fibrosis (ref. 4) 
d • . Neuromuscular weakness (ref. 59,60) 
e. Sleep apnea syndromes (ref. 61-64) 
f. Idiopathic hypoventilation (ref. 59,65-67) 

3. Diseases Affecting the Pulmonary Vasculature 
a. Primary diseases of the arterial wall 

(1) Primary pulmonary hypertension (ref. 68) 
(2) Granulomatous pulmonary arteritis (ref. 29,43,44,69,70) 
(3) Toxin-induced pulmonary vascular disease 

a) Aminorex fumarate (ref. 71-73) 
b) Intravenous drug abuse (ref. 10,11,74-77) 

(4) Chronic liver disease (ref. 78-85) 
(5) Peripheral pulmonic stenosis (ref. 86) 

b. Thrombotic disorders 
(1) Sickle cell disease (ref. 87 ,88) 
(2) Pulmonary microthrombi (ref. 89) 

c. Embolic disorders 
(1) Thromboembolism (ref. 90-96) 
(2) Tumor embolism (ref. 97-101) 
(3) Other embolism (Amniotic fluid, air) (ref. 102) 
(4) Schistosomiasis and other parasites (ref. 103,104) 

4. Pressure on the Pulmonary Vasculature by Mediastinal Tumors, Aneurysms, 
Granulomata or Fibrosis (ref. 105-109) 

3 
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These conditions include primary disorders of the pulmonary vasculature as well as 
diseases affecting the lung parenchyma or the thoracic cage which interfere with 
efficient intrapulmonary gas exchange. While this classification is useful because it 
emphasizes the diffe rent pathophysiologic mechanisms responsible for the 
development of cor pulmonale, it should be kept in mind that considerable overlap 
in mechanisms may exist in some conditions. For example, while sarcoidosis 
generally produces cor pulmonale as a result of pulmonary interstitial disease, 
pulmonary vascular granulomata may also cause or contribute to pulmonary heart 
disease in this condition (7 ,8). Primary vascular involvement with polymyositis, 
without evidence of parenchymal lung disease, has been reported (9). Similarly, 
intravenous drug abusers may have evidence of interstitial lung disease as well as 
primary vascular abnormalities (10,11). 
D. Incidence 

While a variety of conditions may be associated with pulmonary heart disease, 
patients with chronic obstructive lung disease comprise the largest group in which 
cor pulmonale occurs, accounting for over 80 percent of cases in the United States 
and other industrialized countries (108-110). It has been estimated that between 16 
and 38 percent of hospital admissions for congestive heart failure in this country 
are related to exacerbations of cor pulmonale (111). Chronic lung diseases affect 
approximately 47 million people in this country and account for over 80,000 deaths 
per year. Equally sobering is the fact that chronic respiratory disease is the most 
rapidly increasing of the top ten leading causes of death in the U.S., rising at a 
rate of 1.4 percent per year (112). If one accepts the estimate that cor pulmonale 
accounts for approximately 10 percent of heart disease in this country (113), then 
next to hypertensive and atherosclerotic heart disease, cor pulmonale is the most 
common cardiac condition in patients beyond the fifth decade of life. 

The importance of coexistant pulmonary hypertension in the setting of chronic 
lung disease lies not only with its contribution to the morbidity from lung disease, 
but also to its impact on survival. Burrows et al (114) reported that the presence 
and severity of pulmonary hypertension correlated more closely than any other 
variable with survival in a series of patients with chronic lung disease: In their 
study, no patient with a pulmonary vascular resistance > 550 dynes sec cm-5 
survived three years, while 36 percent of patients with severe obstructive lung 
disease (FE V 1 < 0.85 litres) without pulmonary hypertension survived three years or 
longer (Figure 1). 13 - · -
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Figure 1. Relation of survival to pulmonary vascular resistance (PVR). From ref. 
114. 
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Similarly, Bishop (115) studied a group of 128 patients with chronic bronchitis: 90 
percent of patients with a normal pulmonary arterial pressure at the time of initial 
evaluation were alive five years later, and mortality rates in patients with elevated 
pulmonary artery pressure increased progressively with increasing levels of 
pulmonary artery pressure. Less than 10 percent of Bishop's patients with a mean 
PA pressure of 45 mmHg or higher were alive at five years (Figure 2). 

ioo 

80 . 

0 o-

:J ·-

-o-o PAP~mmHg 

~ " \ "-~~ 0-0~o <25 

\0"' 
o--g~ o' "'-.. -oo"o '\. " 25-30 

0 ~0 30-45 

""' 0"' 
0 ---o 45+ 

1 2 3 4 5 
·-. Time,. years 

Figure 2. Relationship between survival and the level of mean pulmonary artery 
pressure (PAP) in patients with COPD. From ref. 115. 

Traver et al (116) reported a mortality rate of 50 percent at 13.5 years in patients 
with high values for post-bronchodilator FEV 1. when there were no signs of cor 
pulmonale, and a 50 percent mortality rate at 7.0 years in patients with 
comparable spirometric values in whom signs of cor pulmonale were present (Figure 
3). 
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'"AopbFEVt < 30~'flo 'r. pb FEY t 30. ~.,_ - 42.$% 'r.pb FEY. > 42.5% 
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., 

, . . 

v •• ,. 

Figure 3. Effect of cor pulmonale (CP) on survival in subjects less than 65 . years 
of age divided into 3 groups according to their percent predicted postbronchodlla tor 
forced expiratory volume in 1 sec (96 pb FEV 1); c = with, and s = without. 

D. Pathogenesis 
The normal pulmonary circulation can accomodate a maximal right ventricular 

output with an increase in driving pressure of only several millimeters of mercury 
by one or both of two adaptive mechanisms - distention of existing vessels o~ 
recruitment of unused vessels. Patients with chronic lung diseases have larger than 
normal increases in pulmonary artery pressure with maneuvers which increase blood 
flow, such as exercise 017-119), even at the stage when resting hemodynamics are 
normal, implying an inability to either further dilate the vasculature or recruit 
additional usused vasculature. Conditions such as emphysema and pulmonary fibrosis 
destroy large segments of lung pa renchyma, but it is unlikely that loss of 
cross- sectional surface area of the pulmonary vascular bed accounts for all the 
elevation in perfusion pressure because pulmonary hypertension is, at least in part, 
reversible · in these conditions. Furthermore, experiments using dogs have 
demonstrated that two-thirds of the lung parenchyma must be ablated before 
pulmonary artery pressure is appreciably increased (120). 

It is generally accepted that the derangements in intrapulmonary gas exchange 
which occur in chronic lung disease produce the major inciting stimuli for the 
development of cor pulmonale. Alveolar hypoxia is a potent stimulus for 
constriction of precapillary pulmonary vessels (121,122), and acidosis or hypercarbia 
potentiate this effect (123-125) (Figures 4 & 5). 
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The pulmonary vasoconstrictor effects of alveolar hypoxia appear to be a locally 
mediated phenomenon, since an hypoxic pressor response can be elicited in 
denervated lungs in vivo and in isolated perfused lung systems (126). These 
observations have prompted a search for chemical mediators which may be 
responsible for hypoxic pulmonary vasoconstriction (Figure 6). 

Figure 6. Alternate hypotheses to explain hypoxic pulmonary vasoconstriction. 
Left: indirect mechanism - mediator released ' by non-muscle cells of the lung 
diffuses t o vascular smooth muscle, where it engages cellular receptors and 
mechanisms to activate the contractile process. Right: direct mechanism - the 
effects of hypoxia are exerted directly on vascular smooth muscle by affecting ~ne 
or more stages in the contractile process: excitation, contraction, or the couplmg 
of the two. 

I ' 

· ~ 
Although several candidates have been advocated, including histamine, serotonin, and 
eicosi:moids derived from both the cycle-oxygenase and lipoxygenase pathways, there 
is to date no conclusive evidence supporting a role for any or all of these 
vasoactive substances as mediators of hypoxic pulmonary vasoconstriction (127) 
(Table II). 

Factors other than alveolar hypoxia may play a role in the genesis and 
maintenance of cor pulmonale since the use of continuous supplemental oxygen 
often has little effect on pulmonary artery pressure in lung disease despite 
improving alveolar and arterial oxygenation. Harris et al (128) suggested that the 
increased airways resistance in patients with chronic obstructive lung disease may 
raise the transmural pulmonary vascular pressure and contribute to an increased 
pulmonary vascular resistance. Recent experiments in intact animals under 
conditions of controlled lobar flow have suggested that the degree of mixed venous 
hypoxemia may be an additional stimulus for precapillary pulmonary vasoconstriction 
(129-131), either by a direct effect or by influencing alveolar P02. Secondary 
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polycythemia may also contribute to the development of pulmonary hypertension in 
the setting of chronic hypoxia, presumably by increasing blood viscosity and raising 
both basal vascular resistance and the increase in resistance produced by hypoxia 
(132). It is also possible that other influences, such as extrapulmonary reflexes 
stimulated by systemic arterial hypoxemia or other, and as yet undefined, stimuli 
unique to chronic lung disease may contribute 'to pulmonary vasoconstriction as 
well. 

The sustained elevation in pulmonary vascular tone which results from active 
pulmonary vasoconstriction leads to an inexorable sequence of events (Fig~re 7): 

HYPOXIA 

\ 

PATHOGENESIS OF COR PULMONALE 

CHRONIC LUNG DISEASE 

~ 
REDUCTION IN 

PULMONARY VASCULAR BED 

POLYCYTHEMIA AND 

HYPERVISOSITY -~--__:~ 
PULMONARY HYPERTENSION 

t 
HYPERTROPHY AND DILATATION 

OF THE RIGHT VENTRICLE 

t 
RIGHT VENTRICULAR FAILURE 

Figure 7. Schema of the pathogenesis of cor pulmonale. 

ACIDOSIS AND 

HYPERCAPNIA 

The increased right ventricular afterload causes pulmonary blood flow to decrease 
and eventually produces overt right heart failure. The decrease in systemic oxygen 
transport which results from the low cardiac output will produce tissue and mixed 
venous hypoxemia which, as mentioned previously, may produce a further stimulus 
for pulmonary vasoconstriction. 

The increased work of breathing common to many forms of chronic lung 
disease (133), coupled with a diminishing oxygen delivery to the respiratory muscles, 
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can precipitate or contribute further to respiratory failure, hypoxemia and 
hypercapnia, and therefore produce an additional stimulus for pulmonary 
vasoconstriction. Additionally, repeated episodes of severe hypoxemia, which may 
occur during sleep in patients with chronic obstructive lung disease (134) or during 
episodes of acute respiratory failure may further contribute to the development of 
a chronic pulmonary hypertensive state - even if these episodes are interposed with 
prolonged periods of relative normoxia. 

m. Left Ventricular Function in Chronic Cor Pulmonale 
Left ventricular dysfunction can contribute to the pulmonary artery 

hypertension in chronic lung disease, primarily by increasing pulmonary venous 
pressure and secondarily raising precapillary pressure. There has been considerable 
debate concerning the effects of chronic lung disease on ventricular function, and 
controversy exists as to the potential mechanisms responsible for left ventricular 
dysfunction in this setting. 

Autopsy studies showing evidence of left ventricular hypertrophy in 10-90% of 
patients with chronic bronchitis (135-137) provided the earliest suggestion that the 
left ventricle may be affected by lung disease (Table III). Unfortunately, little 
clinical data concerning concomitant systemic conditions was provided in most of 
these reports, and the pathologic criteria used for left ventricular hypertrophy were 
not uniform. Baum et al (138) reported 15 patients with chronic obstructive lung 
disease who underwent complete hemodynamic studies; ten of his 15 patients also 
underwent coronary angiography. Fourteen patients has abnormal left ventricular 
function curves, and seven had elevations in left ventricular end-diastolic pressure. 
Only two patients had significant coronary artery disease. The authors concluded 
that left ventricular dysfunction may be common in patients with chronic lung 
disease, even in the absence of coronary artery disease or systemic hypertension. 

Several potential mechanisms for left ventricular hypertrophy or left 
ventricular dysfunction have been proposed, although conclusive evidence for any of 
these hypotheses is lacking: 

1. Severe systemic hypoxemia could decrease myocardial oxygen delivery and 
lead to left ven tricular dysfunction. However, while hypoxemia is common in 
severe, stable lung disease, compensatory polycythemia frequently develops and 
maintains systemic oxygen transport at near normal levels. It is likely, however, 
that the LV dysfunction which occurs in patients with decompensated chronic lung 
disease and acute respiratory failure may be related to an acute deterioration in 
myocardial oxygen delivery (Figure 8). 

RV EJECTION FRACTION LV EJECTION FRACTION 

•;o % 
N• 30 

80 80 

70 70 

Figure 8. Right ventricular 
60 60 (RV) and left ventricular (LV) 

ejection fraction at rest and 

50 50 
submaximal exercise in 30 
patients with COPD. 
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2. A high cardiac output, occasionally seen in the "blue bloater" with carbon 
dioxide retention, or left-to-right shunting through broncho-pulmonary anastamoses 
(139,140), could produce a high-output cardiac failure. The cardiac output in stable 
chronic pulmonary disease is usually normal (141), and anastamoses, although present 
pa thologl call y, do not ap pea r t<l produce a !llgnlflcant left-to-right shunt. 
Additionally, increased flows, when seen, are usually modest and would not seem 
adequate of themselves to produce ventricular failure. 

3. Abnormal geometry of the left ventricle could impede LV ejection. This 
hypothesis is based on echocardiographic and angiographic data which show that 
right ventricular pressure overload causes the interventricular septum to move 
paradoxically and left ventricular filling and ejection may be limited by an 
alteration of the spatial geometry of the chamber (138,142, 143). Thus, LV 
performance may be compromised by a distorted configuration of the left ventricle 
rather than an intrinsic abnormality of the myocardium. In addition, the right 
ventricular muscle fibers are a syncitium which interlock with the left ventricular 
fibres. Each RV contraction exerts some tension on the LV. A hypertrophied, 
hypertensive right ventricle could thereby induce some hypertrophy of the left 
ventricle. 

4. Left ventricular dysfunction or hypertrophy could be secondary to other 
disease processes and thus merely coincidental. The bulk of reports in which 
careful selection of stable patients with lung disease were studied support this 
concept. Frank et al (144) found that left ventricles of 11 patients with chronic 
cor pulmonale were normal with regard to contractile state, preload, afterload and 
coronary blood flow. Davies and Overy (145) and Khaja and Parker (146) found no 
evidence of LV dysfunction in studies of carefully selected, stable patients with 
chronic lung disease and cor pulmonale. Similarly, Steele et al (147), using 
radionuclide techniques, found that abnormalities in LV ejection fraction in patients 
with chronic lung disease could be explained on the basis of coexistant coronary 
artery disease (Figure 9). 
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Murphy et al (148) found left ventricular hypertrophy in 20 of 72 patients (28%) 
with chronic bronchitis or emphysema: Ten had hypertensive and/or atherosclerotic 
heart disease, and two had aortic valve disease. Of the remaining 8 patients with 
left ventricular hypertrophy, the authors speculated that systemic hypertension may 
have been present but beyond the stringent criteria used for their study. It is thus 
likely that the presence of left ventricular hypertrophy or dysfunction results not 
from cor pulmonale per se, but from coexistant cardiovascular disease. Although 
the spatial orientation of the left ventricle may be distorted in patients with cor 
pulmonale, it is unclear at this point whether this produces significant h'emodynamic 
abnormalities in most cases (Table IV). 

IV. Noninvasive Evaluation 
A. The Electrocardiogram 

Although several different criteria have been suggested for the ECG diagnosis 
of right ventricular hypertrophy, the electrocardiogram is not a sensitive tool for 
the diagnosis of cor pulmonale: Phillips (149) reported that only 30% of 18 cases 
with autopsy-proven cor pulmonale had ECG evidence of right ventricular 
hypertrophy, and Kilcoyne (150) found 28 percent of 81 living patients with cor 
pulmonale had right ventricular hypertrophy by ECG criteria. Ferrer has suggested 
that the conventional ECG criteria for cor pulmonale are insensitive because they 
are based on the presence of right ventricular hypertrophy, which is a late 
manifestation of the disease (151) (Table V). 
B. Vectorcardiogram 

Wilson et al (152) evaluated 32 patients with chronic obstructive pulmonary 
disease using cardiac catheterization and the vectorcardiogram. No patient met 
ECG criteria for right ventricular hypertrophy, but there was a linear correlation 
between terminal rightward QRS forces and mean pulmonary artery pressure during 
exercise in patients with posterior ly oriented horizontal loops on VCG. Of 20 
patients with hemodynamic abnormalities either at rest or during exercise, 85% had 
rightward terminal QRS forces of >5 percent of the total loop area measured with 
a plastic grid. They concluded that-the VCG may be more useful than the ECG in 
identifying early hemodynamic abnormalities in the pulmonary circulation. 
C. Echocardiogram 

Nanda et al (153) in 1974 suggested that the echocardiogram of the pulmonary 
valve was useful in evaluating the severity of pulmonary hypertension. His patient 
population, however, consisted of patients with post-capillary pulmonary hypertension 
and was devoid of cases of cor pulmonale. Acquatella and associates (154) studied 
29 patients with congestive heart failure (none with cor pulmonale) and was able to 
adequately visualize the pulmonic valve in sixteen. He found no correlation 
between hemodynamic measurements and any single abnormality of the pulmonic 
valve. Recently, Boyd et al (155) studied 17 patients with chronic lung disease and 
found a close relationship between the pulmonary artery diastolic pressure and the 
time interval between tricuspid valve closure and pulmonary valve opening. 

The major limitation to the usefulness of echocardiography in cor pulmonale, 
however, has been that hyperinflation of the lungs often precludes adequate 
visualization of the cardiac chambers and valves, and may be accomplished in only 
60 percent of patients with chronic obstruc tive pulmonary disease (155). 
Nevertheless, if an adequate study can be performed, echocardiography may be 
useful not only in suggesting the presence of pulmonary hypertension but also in 
monitoring the effects of therapy (Figure 10). 
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Table IV. Catheterization Data at Rest in Patients with COPD and Cor Pulmonale 

Author Total Number Number of Patients with PCWP 
of Patients or LVEDP* >16 mmHg at rest 

Jezek 19 4 
Rubin 38 5 
Christianson 19 
Kline 20 2 
Lour ides 13 1 
Rice 7 1 
Krayenbuehl 10 2 
Dexter 15 
Herles 92 12 
Rao 4 3 
Segel 15 3 
Lockhart 86 12 
Matthay 9 
Baum 15 4 
Parker 9 
Parker 10 1 
Davies 12 
Jezek 32 l 
Evans 47 3 
Williams 16 
Khaja 20 
Moret 22 1 
Horsfield 17 3 
Weitzenblum 32 
Stern 29 5 

TOTAL 608 62 

Percent abnormal PCWP and/or LVEDP 62/608 = 10% 

* LVEDP, left ventricular end diastolic pressure 

PCWP, pulmonary capillary wedge pressure 
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Table V. ECG Signs of Right Ventricular Hypertrophy 

I. Early changes signaling right ventricular abnormality 
1. Shift of QRS axis >300 to the right 
2. Inverted, biphasic or flattened T waves in V1-V3 
3. ST segment depression in II, III, and avF 
4. Right bundle branch block 

II. Right ventricular hypertrophy 
1. Dominant R wave in avR, V b or V 4R 
2. Dominant S wave in V 5 and V 6 
3. Frontal plane axis >+900 
4. p wave > 2.5 mm 
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PRE POST 

Figure 10. Two dimensional echocardiogram of a patient with pulmonary fibrosis 
and cor pulmonale before and after institution of therapy. Note the diminution in 
size of the right atrium (RA) and right ventricle (RV). 

--o:- "1~.adionuclide Angiocardiography 
Radionuclide angiocardiographic techniques have been used to evaluate both 

right and left ventricular function in patients with pulmonary disease. Berger et al 
(156) compared right ventricular function in patients with chronic obstructive 
pulmonary disease with normal subjects and found a wide variability in R V ejection 
fraction in patients with chronic obstructive pulmonary disease (COPD), with a 
range of 19 to 71 percent (Figure 11 ). All 19 patients with right-sided heart 
failure, however, had a reduced RV ejection fraction. Although it is often difficult 
to isolate and adequately quantify RV function in patients with dilated right 
ventricles, radionuclide techniques provide a promising tool for noninvasive 
evaluation of RV function in cor pulmonale, and may be particularly useful in 
monitoring the effects of therapy (vide infra). 
E. Pulmonary Function Testing 

Abnormalities in pulmonary function may suggest the likelihood that coexistant 
pulmonary hypertension is present in the setting of lung disease, and may provide 
an indication of its magnitude. Enson (157) evaluated over 30 patients with 
interstitial lung disease and reported that, when the vital capacity is between 50-80 
percent of predicted the pulmonary vascular resistance is increased, but pulmonary 
artery pressure is increased only during exercise. When vital capacity is <50 
percent, pulmonary artery hypertension is usually present even at rest (Figure T2). 
Similarly, Timsit and his colleagues (158) and others have found a relation between 
vital capacity or FEV 1 and the presence of pulmonary hypertension in obstructive 
lung disease (Figure 13). Ferrer and others have demonstrated an inverse 
relationship between pulmonary artery pressure and arterial hemoglobin saturation 
(159) (Figure 14). 
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Figure 11. Right -ventricular ejection fraction in 50 normals and 36 COPD patients. 
The lower limit of normal is lj.5 percent. All 10 patients with a history of 
decompensated cor pulmonale (denoted by *) had abnormal RV ejection fraction. 
From ref. 156. 
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V. Therapy 
A. General Approach 

The primary objective of therapy for cor pulmonale is to treat the underlying 
disease. Thus, the signs of cor pulmonale resulting from COPD often improve with 
measures directed at improving airflow, such as bronchodilators, mucolytics, chest 
physiotherapy and antibiotics. Theophylline compounds may improve hemodynamics 
in cor pulmonale secondary to COPD in several ways: 1) They may improve 
airflow and thereby provide more efficient alveolar gas exchange, 2) They may 
reduce pulmonary transmural vascular resistance by producing bronchodilatation and 
decreasing intrathoracic pressure, and 3) They may have a modest direct pulmonary 
vasodilating effect (160,161). 
B. Phelbotomy 

As a result of chronic hypoxemia, polycythemia frequently develops in order 
to maintain systemic oxygen transport. Hyperviscosity resulting from polycythemia, 
however, can further increase pulmonary vascular resistance and exacerbate or 
contribute to cor pulmonale. Weisse et al (162) evaluated the hemodynamic effects 
of phlebotomy in 12 patients with cor pulmonale who had hematocrit levels above 
55 percent. They found that reducing the hematocrit from a mean of 61 to 50 
percent produced significant decreases in pulmonary artery pressure and vascular 
resistance, accompanied by improvement in exercise performance. No further 
benefit was obtained by reducing the hematocrit to a mean of 44 percent. Their 
study suggests that phlebotomy may be a useful therapeutic maneuver when severe 
polycythemia is present. Recent reports by Chetty et al (163) and Erickson et al 
(164) provided additional evidence confirming previous observations concerning the 
beneficial effects of isovolumic phlebotomy. 
C. Supplemental Oxygen 

The goal of supplemental oxygen therapy is two-fold: To improve symptoms 
related to impaired tissue oxy gen delivery, and to improve pulmonary 
hemodynam ics. Although scattered reports demonstrated individual hemodynamic 
responses to supplemental 02 administered under a variety of clinical circumstances 
(Figure 15), two recent multicenter, controlled, prospective studies have clarified 
the long-term effects of 02 therapy (F igure 16). 
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Figure 15. Effects of exercise on mean pulmonary artery pressure in 11 COPD 
patients with and without 02. Effects of 02 may be seen by comparing values 
connected by dashed lines. 
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Figure 16. Survival curves in two trials of long-term oxygen therapy (British MRC 
and American NIH). 

The British Medical Research Council study (165) demonstrated that patients with 
advanced chronic bronchitis who were treated with supplemental 02 survived longer 
than patients who did not receive oxygen. Exercise tolerance and quality of life 
were not critically examined in this study. The Nocturnal Oxygen Therapy Trial 
(NOTT) (166), a cooperative study performed in the United States, compared 
physiologic, psychologic and mortality parameters in two groups of patients - those 
receiving continuous 02 therapy and those given only 12 hour nocturnal 02 therapy. 
Mortality was nearly twice as high in the group receiving nocturnal 02 alone. 
Although continuous 02 therapy reduced pulmonary vascular resistance by 11 
percent, the most striking beneficial effects on survival were seen in patients with 
small decreases in pulmonary vascular resistance, suggesting that the improved 
survival could not be directly attributed to the improved pulmonary hemodynamics. 

The criteria used by the NOTT Study for inclusion are probably the most 
useful upon which to base the decision of which patients should receive 
supplemental 02: a) hypoxemia, i.e. Pa02 <55 mmHg, b) edema, c) hematocrit..:::_ 55 
percent, and d) P pulmonale on ECG. Asnutosh et al (167) recently suggested 
adding an additional criteria: Hemodynamic response to supplemental 02 (Figure 
17), since responders had a longer survival than non-responders. 
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Figure 17. Changes in mean pulmonary artery pressure (6PAP) after 02 breathing 
for 24 hours in individual subjects. The PAP falls more than 5 mmHg in the 
responders (R). From ref. 167. 

The inspired concentration of 02 and flow rate should be titrated to the level 
which produces an arterial P02 of 60 torr or greater without producing excessive 
carbon dioxide retention. Oxygen should be used for >16 hours per day, if possible, 
and most of this use should be at night, since nocturnal hypoxemia is common in 
COPD ( 168, 169) and may produce arrhythmias, sudden death or contribute 
significantly to the development or maintenance of a pulmonary hypertensive state . 
The pulmonary vascular response to supplemental Oi is often sluggish and may take 
weeks or months to achieve its maximal vasodilatation (170). Frequently, oxygen 
has little effect on pulmonary vascular tone, and the pulmonary vascular 
responsiveness to oxygen may diminish with time (171 ). Nevertheless, it may be 
worthwhile to continue supplemental oxygen therapy in such patients for its other 
important beneficial effects (166, 170). 
D. Cardiac Glycosides · 

The role of cardiac glycosides in therapy for cor pulmonale has been 
controversial for many years (172). Ferrer showed a reduction in right ventricular 
end-diastolic pressure after acute digitalization in a group of patients with cor 
pulmonale (173), and a reduction in right ventricular and pulmonary artery pressure 
at restudy after several weeks of chronic digitalis combined with intensive 
pulmonary toilet. In patients with cor pulmonale and normal right ventricular 
diastolic pressure and stable airways disease, however, Ferrer and others (174,175) 
have shown that digitalis produces no hemodynamic changes. A recent study by 
Mathur and his colleagues (176) using radionuclide techniques to quantitate right and 
left ventricular function demonstrated that digoxin improved RV function only when 
concomitant LV dysfunction was present (Figure 18). 
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Figure 18. Digoxin increased RV e jection fraction in the 4 patients (open box) 
whose LV ejection fraction improved, but not in the 11 patients (shaded box) whose 
LV ejection fraction did not change. From ref. 176. 

Additionally, several studies have demonstrated a high incidence of digitalis toxiCity 
in patients with lung disease (172). Thus, the risks of using cardiac glycosides, 
which are potentiated in cor pulmonale by hypoxemia, hypokalemia if diuretics are 
used concomitantly, and impaired drug elimination if renal function is abnormal, 
probably outweigh the potential benefits in most patients without LV failure. 
Digoxin may be useful in the management of supra ventricular arrhythmias, which 
are common in patients with lung disease, but they should be used only when 
reversible causes of these arrhythmias, such as hypoxemia, sympathomimetic or 
other bronchodilator-induced cardiac irritability or metabolic derangements have 
been excluded. 
E. Diuretics 

Diureti cs have bee n advocated in the management of cor pulmonale both 
because they can reduce salt and water retention and because they may have 
independent effects on alveolar ventilation and pulmonary vascular tone 077-179). 
Potent diuretics, such as furosemide, can cause hypokalemia and, by by enhancing 
the reabsorbtion of bicarbonate in the kidney, produce a metabolic alkalosis which 
is poorly tolerated by the COPD patient with chronic hypercapnia (179-181 ). In 
addition, a decreased intravascular volume as the result of aggressive diuresis can 
reduce right ventricular ( 179) preload and further decrease cardiac output. It 
should also be emphasized that edema in the setting of COPD does not necessarily 
imply the presence of RV failure : Campbell (182) found that the presence of 
edema correlated more closely with the degree of hypercarbia than with the right 
atrial pressure. He hypothesized that hypercarbia promoted the reabsorbtion of 
sodium and water from the kidneys, resulting in an expanded intravascular volume. 
Additionally, the increased intrathoracic pressures which are common in severe 
COPD can impede venous return, producing an engorged venous capacitance circuit 
with an increased peripheral venous pressure. 
F. Vasodilators 

The concept of vasodilator therapy for left ventricular failure has recently 
been applied to conditions which exclusively affect the right side of the heart and 
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the pulmonary circulation (183,184). The rationale for this approach for cor 
pulmonale is based on the demonstration that right ventricular dysfunction is the 
result of an increased right ventricular after load, and that active vasoconstriction 
constitutes a significant component of the elevation in vascular resistance. A 
vasodilator which reduces pulmonary vasomotor tone would produce a reduction in 
rig~~ ventricular afterload and an increase in cardiac outpt)t (Figure 19). 
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Systemic vascular resistance is reduced as well by vasodilators, but if flow is 
substantially increased, blood pressure may fall slightly or remain unchanged. 
Although no specific or even preferential pulmonary vasodilators are available, 
several potent systemic vasodilators have been reported to exert beneficial 
hemodynamic effects in the setting of cor pulmonale. 

Williams et al (185) aAd Lockhart et al (186) both demonstrated an increase in 
card iac output and a reduction in pulmonary vascular resistance in response to 
intravenous isoproterenol in patients with COPD and pulmonary hypertension. It is 
unclear whether the improved hemodynamic state was the result of a direct 
vasodilatory effect of isoproterenol, or whether an increase in airflow from the 
known bronchodilator effects of the drug improved gas exchange and indirectly led 
to a reduction in pulmonary tone. 

Phentolamine, an alpha-adrenergic antagonist which has been used to treat 
patients with persistent fetal circulation and pulmonary hypertension resulting from 
intracardiac shunts, has also been reported to produce reductions in pulmonary 
artery pressure and vascular resistance in patients with cor pulmonale, without 
affecting ventilatory parameters or airflow rates (187,188). 

We recently described the acute hemodynamic effects of oral hydralazine in 
12 patients with cor pulmonale resulting from obstructive or restrictive ventilatory 
defects (189). All of the patients had persistent pulmonary hypertension despite 
being treated with a conventional medical regimen for at least six months. After 
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48 hours of therapy with hydralazine 50 mg orally every 6 hours, there were 
significant decreases in mean pulmonary artery pressure and pulmonary vascular 
resistance and increases in cardiac output, both at rest and during submaximal 
exercise (Figure 20). Systemic oxygen delivery was increased by 5096 (190). We 
have also demonstrated a reduction in right ventricular end-diastolic pressure in 
patients with RV failure treated with hydralazine, suggesting that RV function 
improves with afterload reduction therapy (191) (Figures 21 & 22). Brent and his 
associates (192) have confirmed these observations (Figure 23), and have 
demonstrated improved RV function by radionuclide angiocardiography after 
hydralazine in a series of patients with cor pulmonale (Figure 24). Chappell et al 
have recently shown that the acute hemodynamic effects of hydralazine in cor 
pulmonale persisted with chronic therapy (193). The recent demonstration by 
Simonneau and his associates (194) that nifedipine inhibited hypoxic pulmonary 
vasoconstriction in 13 patients with acute respiratory failure suggests that this drug 
may also be useful in the management of chronic cor pulmonale. 

The two major potential adverse effects of vasodilator administration to 
patients with cor pulmonale are systemic hypotension and worsening hypoxemia. 
The risk of systemic hypotension can be minimized if the intravascular volume is 
replete and small doses of a vasodilator are used initially. Since not all patients 
have a beneficial response to vasodilators, hemodynamic monitoring during the 
initiation of vasodilator therapy is mandatory. 

Vasodilators can produce or worsen hypoxemia either by increasing perfusion 
to poorly ventilated lung units (195,196), by recruitment of shunt vessels, or by 
increasing right-to-left shunting through a patent foramen ovale if systemic 
vasodilation predominates over pulmonary vasodilation. In our experience, 
vasodilators such as hydralazine may preserve or improve arterial oxygenation, 
possibly because the worsening VA/Q relationship is offset by an increased mixed 
venous oxygen content which results from the improved cardiac output (197). 

The role of vasodilator therapy for cor pulmonale remains uncertain: While 
vasodilators may improve hemodynamics, the long term effects of these agents on 
right ventricular fraction have not yet been addressed. Kawakami et al (198) 
recently correlated survival in COPD with the level of mixed venous P02, and 
Bergofsky (199) suggested that, since vasodilators increase Pv02, further studies are 
in order to evaluate the effects of these drugs on survival. To date, however, it is 
unknown whether this therapeutic approach influences survival or even improves 
exercise tolerance. Vasodilators should be reserved for patients who, despite an 
aggressive approach to conventional therapy, have persistent signs of pulmonary 
hypertension or right ventricular failure. Vasodilator therapy remains an 
investigative intervention and should be instituted only using a protocol combining 
hemodynamic and gas exchange monitoring, and should be performed by individuals 
who are experienced in such such studies. 

VI. Summary 
Despite advances in our understanding and treatment of respiratory diseases, 

cor pulmonale remains a frequent and serious complication of chronic pulmonary 
disease. The development and application of newer diagnostic techniques may 
enable the clinician to identify the presence of pulmonary hypertension in lung 
disease patients at an earlier, and, therefore, a more reversible stage. Therapy 
should be individualized for each patient based on the underlying disease and both 
objective and subjective responses. 
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Figure 20. Effects of hydralazine in 12 cor pulmonale patients. A, mean 
pulmonary artery pressure (PAPm); B, mean systemic artery pressure (SAPm); c, 
total systemic (TSR) and total pulmonary (TPR) resistances. From ref. 189. 
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