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Abstract
Background—Right ventricular function is a key determinant of exercise capacity and survival in
pulmonary arterial hypertension (PAH). We aimed to study the predictors of right ventricular ejection
fraction (RVEF) in patients with newly diagnosed PAH.

Methods—We performed a cross-sectional analysis of a retrospective cohort of consecutive patients
with idiopathic, familial, or anorexigen-associated PAH who underwent equilibrium radionuclide
angiography for measurement of RVEF at baseline.

Results—Of the 84 patients in the cohort, 63 underwent equilibrium radionuclide angiography and
right heart catheterization and were included. The mean age was 41 ± 13 years, and 79% of the
patients were female. The mean RVEF was 30 ± 8%. RVEF was directly associated with right
ventricular stroke volume index and cardiac index, and inversely associated with pulmonary vascular
resistance index from right heart catheterization (all p < 0.001). Older age and male sex were
associated with lower RVEF (p < 0.05) after adjustment for pulmonary vascular resistance index and
left ventricular ejection fraction. Higher plasma von Willebrand factor levels were also independently
associated with lower RVEF (p = 0.01) (n = 55). Body size and type of PAH were not associated
with RVEF.

Conclusions—Older patients and males with PAH had lower RVEF at baseline than younger
patients and females, even after controlling for left ventricular function and hemodynamics. Higher
plasma von Willebrand factor levels, a marker of endothelial dysfunction, were also associated with
lower RVEF.
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Pulmonary arterial hypertension (PAH) is characterized by exercise limitation and a high risk
of death.1 Although there are a variety of etiologies of PAH, the physiologic consequences are
similar. Increased right ventricular (RV) afterload leads to RV hypertrophy, decreased RV
ejection fraction (RVEF), and eventually, depressed stroke volume, low cardiac output, and
progressive RV failure.2,3 The importance of RV structure and function in PAH is supported
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by data showing that baseline RVEF, right atrial pressure, RV end-diastolic volume, stroke
volume index, and cardiac index predict survival in patients with PAH,4–6 whereas pulmonary
artery pressure does not, in the current era.7 A 5% lower RVEF at baseline in patients with
PAH confers a > 60% increase in the risk of death.7 Lower RVEF is associated with increased
RV wall stress,8 and RV function predicts outcome in congestive heart failure. 9,10 The
determinants of RVEF in healthy persons and patients with PAH are poorly understood,
although investigators have started to focus on these questions,11 and a recent review
comprehensively summarized what is currently known about the RV.12,13

A variety of factors may affect cardiac function and morphology in health and disease. Age,
sex, and race may have an impact on RV performance. The severity and duration of pulmonary
vascular disease in patients with PAH are also probably important. Unfortunately, RV function
is hard to assess in healthy volunteers or patients with PAH. The morphology of the RV defies
the assumptions necessary for echocardiography to accurately interrogate this chamber. In
addition, the development of effective oral therapies, which are easier to prescribe, has made
studies of large numbers of patients with newly diagnosed PAH much more difficult to conduct,
since patients are more likely to be treated before (or without) referral to academic centers.
Such studies in untreated patients are necessary to understand the determinants and
mechanisms of RV compensation in the face of increased afterload.

MRI is considered the gold standard for measurement of RVEF.13 Drawbacks include the
requirement for breath-holding and laying flat, claustrophobia, availability, and expense. On
the other hand, we have validated equilibrium radionuclide angiography against MRI for
measurement of RVEF,14 and the former technique does not require breath-holding, is easier
to tolerate, and is less expensive. We aimed to study the determinants of RVEF measured by
equilibrium radionuclide angiography in a cohort of patients with newly diagnosed PAH. We
hypothesized that age, sex, and severity of PAH would be associated with RVEF.

MATERIALS AND METHODS
Study Design

We performed a cross-sectional analysis within a retrospective cohort study of consecutive
adult patients with PAH who underwent initial evaluation at our center between January 1994
and June 2002. The study was approved by the Institutional Review Board.

Study Subjects
Details of the cohort have been published previously.7,15,16 The following criteria were
required for inclusion in this study: (1) PAH that was idiopathic, familial, or associated with
anorexigen use; (2) age > 16 years; (3) initial evaluation was performed at our center during
the study period; and (4) availability of data from equilibrium radionuclide angiography and
right heart catheterization. The exclusion criteria were (1) previous right heart catheterization
with acute vasodilator study and initiation of chronic PAH therapy; and (2) other forms of
PAH, such as PAH associated with connective tissue disease, portal hypertension, or congenital
heart disease. We excluded other forms of PAH as these associated conditions may directly
affect RV function.

Measurements
All patients evaluated for PAH routinely underwent laboratory testing, pulmonary function
testing, transthoracic echocardiography, cardiopulmonary exercise testing, equilibrium
radionuclide angiography, and right heart catheterization at baseline. Acute vasoreactivity was
defined as a mean pulmonary artery pressure < 40 mm Hg (with an absolute decrease > 10 mm
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Hg) and preserved cardiac output after acute administration of inhaled nitric oxide or IV
epoprostenol.

Equilibrium radionuclide angiography was performed at rest in the supine position with use of
an in vivo RBC labeling method. After the cells were labeled, images were acquired with dual
headed single photon emission CT, as described in detail.14 RVEF and left ventricular ejection
fraction (LVEF) were computed with semi-automated software.14

Statistical Analysis
Continuous variables were summarized by mean ± SD or median (interquartile range).
Categorical variables were summarized by frequency and percentage. Pearson correlation
coefficients and Spearman rank correlation coefficients were used, as appropriate. Simple
linear regression was used to assess the association between RVEF (dependent variable) and
potential predictors. Multivariate linear regression was performed using purposeful selection
of covariates to construct the models that best explained the variability in RVEF. Variables
with p < 0.05 were retained in the model. LVEF was forced into the final models. The results
are presented as β (standard error) or least squares mean (standard error). All analyses were
performed using available data; no imputation was performed. Statistical software (SPSS
version 11.0.1; SPSS; Chicago, IL) was used for all analyses.

RESULTS
Patient Characteristics

The cohort included 84 patients evaluated during the study period. Of those, 63 had equilibrium
radionuclide angiography and right heart catheterization performed at baseline and constituted
the study sample. Of these patients, 86% had radionuclide angiography performed within seven
days of the right heart catheterization. Table 1 shows the characteristics of the study sample
and the excluded patients. The mean age in the study sample was 41 ± 13 years, 79% of the
patients were female, 78% were non-Hispanic white, and 78% had idiopathic PAH. The age
and sex distribution of the final cohort was similar to that of excluded patients; however, there
were more non-Hispanic white patients in the study sample than in the excluded subset. PAH
diagnosis, laboratory values, and echocardiographic values were similar between the groups,
but excluded patients may have had more severe PAH by hemodynamic measurements. The
median time from onset of symptoms to evaluation of PAH by right heart catheterization in
the study sample was 1.6 years (interquartile range 0.7 to 3.8 years; n = 60).

Univariate and Bivariate Analyses
The mean RVEF in the study sample was 30 ± 8% (Fig 1) [lower limit of normal = 40–45%],
14 and the mean LVEF was 67 ± 7%. RVEF was directly correlated with cardiac index (r =
0.47; p < 0.001) [Fig 2] and RV stroke volume index (r = 0.46; p < 0.001) and was inversely
correlated with pulmonary vascular resistance index (r = −0.51; p < 0.001) [Fig 3]. While
statistically significant, these were not particularly tight correlations. There was no association
between the number of days from symptom onset to evaluation and RVEF (r = −0.15; p = 0.26).

Table 2 shows the simple linear regression results. There were no associations between RVEF
and age, sex, race/ethnicity, body mass index, or type of PAH in bivariate analyses. However,
lower RVEF was associated with higher serum BUN, creatinine, hemoglobin, and international
normalized ratio (INR), which were determined at the time of right heart catheterization. There
was no association between RVEF and oxygen consumption or systemic blood pressures at
peak exercise (data not shown), but lower RVEF was associated with higher ventilatory
equivalent1 for carbon dioxide at peak exercise (r = −0.49; p < 0.001; n = 59).
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There were no significant associations between RVEF and right atrial or RV dilation assessed
by echocardiography (Table 2), but RV hypertrophy and dysfunction may have been associated
with lower RVEF. We found that the presence of more severe tricuspid regurgitation was
associated with lower RVEF (r = −0.30; p = 0.02; n = 62). The associations between RVEF
and right atrial pressure and mean pulmonary artery pressure from right heart catheterization
were of borderline statistical significance, whereas measures of RV output were significantly
associated with RVEF. Patients with acute vasoreactivity had a higher RVEF (39%[3%]) than
those without acute vasoreactivity (28%[1%]; p = 0.001; n = 58).

Multivariate Analysis
Older age, male sex, and higher pulmonary vascular resistance index were independently
associated with lower RVEF after adjustment for LVEF (Table 3, Model 1). The least squares
mean RVEF for males vs females from the multivariate model is shown in Figure 4. Additional
adjustment for anthropomorphics, mean pulmonary artery pressure, RV stroke volume index,
or cardiac index did not significantly change these results (data not shown). Higher levels of
von Willebrand factor (vWF) were also significantly associated with a lower RVEF when
added to the multivariate model (n = 55) [Table 3, Model 2; Fig 5]. The fit of the multivariate
models was adequate, and there were no particularly influential patients.

DISCUSSION
RV structure and function are important determinants of long-term survival in PAH; however,
little is known about the factors present at the time of diagnosis that affect RV performance in
this disease. The mean RVEF at baseline in our cohort was 30%, well below the lower limit
of normal, and only three patients in the cohort had normal RVEF. Other studies of patients
with PAH have shown similar results.5,17 While RVEF was significantly associated with
hemodynamics, there was substantial variability, indicating that measures such as RV stroke
volume index or cardiac index do not fully characterize RV function in PAH. This could be
due to specific structural changes in the RV in PAH. For example, cardiac fibrosis may have
a greater effect on systolic performance (reflected by RVEF) than on other parameters, such
as RV diastolic function (which contributes more significantly to hemodynamic abnormalities).
18 Older and male patients with PAH had significantly lower RVEF at initial diagnosis than
younger and female patients. This finding persisted despite adjustment for numerous
covariates, including measures of body size, invasive hemodynamics, and LVEF. In a subset
of patients, higher plasma vWF levels were associated with reduced RVEF. Lower RVEF was
also associated with worse kidney function and higher INR, however these associations did
not remain significant in multivariate analyses.

Age-related changes in RVEF have not been demonstrated previously either in healthy persons
or in patients with pulmonary vascular disease.13 It is possible that the RV in older patients is
less able to adapt to increased afterload or is more prone to fibrosis, predisposing to worse
function. Age-related decrements in RV function could explain some of the differences in
survival between certain types of PAH that affect older patients (such as systemic sclerosis-
related PAH) and types that affect younger patients (such as idiopathic PAH);19,20 however,
there are few comparative studies of RV function in patients with different types of PAH.21
Age-related differences in preload or afterload could explain this finding as well. For example,
increased stiffness of the pulmonary vasculature with older age could result in a lower RVEF.

RVEF has been shown to be lower in men than in women in healthy, cardiovascular disease-
free volunteers. The largest study of RVEF in healthy volunteers showed a difference of
approximately 7% in RVEF between men and women,22 similar in magnitude to the difference
found in our study of patients with PAH. The hearts of male patients with dilated
cardiomyopathy or left ventricular hypertrophy in response to pressure overload do not adapt
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as well as those of female patients, contributing to worse contractility.23–26 Males with
congestive heart failure have worse outcomes than females, even after consideration of
potential confounders.27 Interestingly, animal models of different types of left ventricular
failure also demonstrate worse cardiac function in males than in females.23,28 For example, a
male animal model of myocardial infarction and systemic hypertension demonstrates eccentric
ventricular hypertrophy and cavity dilation, whereas the female model undergoes concentric
hypertrophy without dilation.29,30

The mechanism for sex-based differences in right and left ventricular function is unclear.
Estrogen may be protective as it induces insulin-like growth factor, which has been associated
with improved myocardial contractility.31 Lower estrogen levels may lead to up-regulation of
nuclear estrogen receptors (seen in heart failure),32,33 resulting in the increased risk of heart
failure seen in men and post-menopausal women.34,35 Other sex-related metabolic changes
may also play a role.23

Notably, despite these differences in RVEF at baseline in PAH, there are no distinctions in
long-term survival from diagnosis of PAH between the sexes,6,7,36 although male fetal wastage
has been postulated to explain the female predominance of familial PAH.37 Several possible
scenarios could account for this apparent inconsistency. First, it is possible that, despite having
worse RV function at baseline, men have a better response to therapy in terms of either
pulmonary vascular remodeling or recovery of RV function. Second, men may have a slower
decline in RV function after disease diagnosis. Last, it is possible that RVEF may not reliably
predict survival.5,7 These speculations require further studies for confirmation.

We also found that higher levels of vWF were associated with lower RVEF. vWF is a
multimeric glycoprotein which is released into the circulation after endothelial disruption.
There are several possible explanations for the inverse association between RVEF and plasma
vWF level. First, pulmonary vascular capacitance and impedence may be insufficiently gauged
by pulmonary vascular resistance and could affect RVEF.38,39 Circulating vWF level could
serve as a better indicator of capacitance or impedance at rest or during activity or sleep.
Second, plasma vWF may be from a systemic source, reflecting peripheral and coronary
vascular endothelial dysfunction and myocardial perfusion. Recent studies have shown
important abnormalities in RV perfusion in PAH which could contribute to worse RVEF.40,
41 Third, vWF is an acute phase reactant which may be upregulated in systemic inflammation,
which could directly affect RVEF.42 However, other markers of inflammation, such as
erythrocyte sedimentation rate and fibrinogen, were not associated with RVEF in our cohort.
Last, elevated vWF levels could result from impaired RV performance, rather than be a risk
factor. Lower RVEF leading to systemic vWF release may be less likely in our cohort, since
the association persisted despite adjustment for cardiac index, a measure of systemic perfusion.

There are some potential limitations of this study. We used equilibrium radionuclide
angiography rather than MRI to measure RVEF. While the former is a validated technique that
is more easily tolerated by patients, the latter is still considered the gold standard measure and
should be used in future studies. Twenty-one of the 84 patients in the cohort were excluded
due to missing data. These patients were more likely to be nonwhite and may have had more
severe PAH than the study sample, suggesting possible selection bias. Even so, we studied
RVEF at baseline in a large number of patients with idiopathic, familial, or anorexigen-
associated PAH. The availability of oral medications and the decentralization of medical care
for PAH will likely make similar studies of large numbers of patients with newly diagnosed
PAH more difficult to perform in the future. While we presume that the worse kidney function
and higher INR seen in relation to lower RVEF are consequences of right heart failure and
multiorgan dysfunction, we cannot rule out a contribution of these factors to lower RV function.
43 Finally, although the clinical utility of measuring RVEF is presently unknown, future studies
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should validate variables such as RVEF and other parameters for the assessment of clinical
improvement or worsening of patients with PAH.

In summary, older age, male sex, and higher plasma vWF levels were associated with lower
RVEF in PAH, even after controlling for pulmonary vascular resistance index and other
measures of heart function. These findings shed light on the differences in cardiac
compensation and outcome in patients with PAH. Future studies should focus on these
determinants of RVEF in animal models and affected patients and the predictors of change in
RVEF after PAH treatment.
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INR international normalized ratio

LVEF left ventricular ejection fraction

PAH pulmonary arterial hypertension

RV right ventricular/right ventricle

RVEF right ventricular ejection fraction

vWF von Willebrand factor
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Figure 1.
Histogram of RVEF.
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Figure 2.
Scatterplot of RVEF vs cardiac index.
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Figure 3.
Scatterplot of RVEF vs pulmonary vascular resistance index.
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Figure 4.
RVEF for males vs females (adjusted for age, pulmonary vascular resistance index, and LVEF)
[p = 0.02].
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Figure 5.
RVEF by quartile of vWF level (adjusted for age, sex, pulmonary vascular resistance index,
and LVEF) [test for trend, p = 0.04].
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Table 1

Baseline Characteristics*

Characteristics
Study
Sample (n = 63)

Excluded
Patients (n = 21)

Age, yr   41 ± 13   45 ± 15

Male sex     13 (21)       3 (14)

Race/ethnicity

    Non-Hispanic white     49 (78)     12 (57)

    Black       3 (5)       3 (14)

    Hispanic       7 (11)       2 (10)

    Asian       4 (6)       4 (19)

Body mass index, kg/m2   28 ± 6   27 ± 8

Diagnosis

    Idiopathic PAH      49 (78)      17 (81)

    Familial PAH      11 (17)       3 (14)

    Anorexigen-induced PAH       3 (5)       1 (5)

Laboratory values

    BUN, mg/dL   18 ± 8   19 ± 8

    Creatinine, mg/dL  0.9 ± 0.2  1.0 ± 0.3

    Hemoglobin, g/dL   15 ± 2   15 ± 2

    Hematocrit, %   44 ± 4   46 ± 5

    Platelet count, 109/L    234 ± 72    203 ± 71

    Prothrombin time, s   14 ± 3 (n = 62)   17 ± 7 (n = 20)

    International normalized ratio  1.2 ± 0.7 (n = 62)  1.4 ± 0.7 (n = 20)

    Erythrocyte sedimentation rate, mm/h   12 ± 17 (n = 57)     9 ± 8 (n = 17)

    Fibrinogen, mg/dL    389 ± 119 (n = 53)    400 ± 85 (n = 13)

    von Willebrand factor, %    149 ± 65 (n = 55)     —

Echocardiography

    Right atrial dilation     60 (95) 20 (100) [n = 20]

    RV dilation     61 (97) 20 (100) [n = 20]

    RV hypertrophy     58 (92) 20 (100) [n = 20]

    RV dysfunction     57 (90) 18 (90) [n = 20]

    Paradoxical septal motion     62 (98) 19 (95) [n = 20]

    Tricuspid regurgitation     n = 62   n = 20

  None      3 (5)     —

  Mild     31 (50)      5 (25)

  Moderate     24 (39)     11 (55)

  Severe      4 (6)      4 (20)

Pulmonary function testing

    EV1, L  2.5 ± 0.8  2.3 ± 0.6

    FEV1, % predicted   86 ± 19   84 ± 18

    FVC, L  3.2 ± 1.0  3.0 ± 0.9

    FVC, % predicted   91 ± 20   87 ± 20
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Characteristics
Study
Sample (n = 63)

Excluded
Patients (n = 21)

    FEV1/FVC   0.78 ± 0.06   0.79 ± 0.01

    DLCO, mL/min/mm Hg   16 ± 6 (n = 60)   15 ± 5 (n = 19)

    DLCO, % predicted   66 ± 24 (n = 60)   65 ± 24 (n = 19)

Hemodynamic data

    Right atrial pressure, mm Hg     9 ± 6   12 ± 6 (n = 17)

    Mean pulmonary artery pressure, mm Hg   54 ± 12   60 ± 12 (n = 17)

    Pulmonary capillary wedge pressure, mm Hg     8 ± 3   10 ± 5 (n = 17)

    Pulmonary vascular resistance index , dyne-s ·cm−5·m2 2,005 ± 1,033 2,851 ± 1,081 (n = 17)

    Cardiac index, L/min/m2  2.1 ± 0.8  1.6 ± 0.5 (n = 17)

    RV stroke volume index, mL/m2   27 ± 11   19 ± 7 (n = 17)

    RV stroke work index, mL · mm Hg/m2 1,189 ± 520    899 ± 371 (n = 17)

    Acute vasoreactivity     8 (14) [n = 58]     1 (6) [n = 16]

*
Values are given as the mean ± SD or No. (%). DLCO = diffusing capacity of the lung for carbon monoxide.
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Table 2

Simple Linear Regression of RVEF on Other Variables*

Variables β SE p Value

Age (per 5-yr increment) −0.38 0.41 0.35

Male sex − 2.88 2.61 0.28

Non-white or Hispanic
    race/ethnicity

2.54 3.38 0.46

Body mass index − 0.02 0.18 0.89

Diagnosis (vs idiopathic PAH)

  Familial PAH − 2.41 2.81 0.40

  Anorexigen-induced PAH − 5.08 5.02 0.32

BUN (per 10 mg/dL increment) − 2.94 1.35 0.03

Creatinine (per 0.5 mg/dL
    increment)

− 8.00 2.25 0.001

Hemoglobin − 1.70 0.63 0.009

Hematocrit (per 5% increment) − 3.42 1.24 0.008

International normalized ratio (per
    0.5 increment)

− 1.57 0.77 0.05

Erythrocyte sedimentation rate − 0.03 0.07 0.64

Fibrinogen − 0.007 0.01 0.51

von Willebrand factor (per 50%
    increment)

− 1.63 0.88 0.07

Right atrial dilation − 5.87 4.96 0.24

RV dilation − 1.30 6.09 0.83

RV hypertrophy − 6.91 3.76 0.07

RV dysfunction − 6.56 3.56 0.07

Paradoxical septal motion 0.00 8.40 1.00

FEV1, % predicted 0.02 0.06 0.71

FVC, % predicted 0.03 0.05 0.62

FEV1/FVC 11.85 16.04 0.46

DLCO, % predicted − 0.05 0.05 0.91

Right atrial pressure (per 5 mm Hg
    increment)

− 1.83 0.94 0.06

Mean pulmonary artery
    pressure (per 5 mm Hg
    increment)

− 0.89 0.44 0.05

Pulmonary capillary wedge
    pressure

0.11 0.32 0.73

Pulmonary vascular resistance
    index (per 200 dyne-s · cm−5 · m2

    increment

− 0.71 0.19 < 0.001

Cardiac index (per 0.5 L/min/m2

    increment)
2.42 0.58 < 0.001

RV stroke volume index (per 10
    mL/m2 increment)

3.52 0.87 < 0.001

RV stroke work index (per 10
    mL · mm Hg/m2)

0.05 0.33 0.008
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*
See Table 1 for expansion of abbreviation.
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Table 3

Multivariate Linear Regression of RVEF on Other Variables

Variables β SE p Value

Model 1

    Constant 51.48 9.87 < 0.001

    Age (per 5-yr increment) − 0.88 0.37 0.02

    Male sex −5.94 2.40 0.02

    Pulmonary vascular resistance
      index (per 200 dyne-s · cm−5 ·
      increment)

−0.85 0.18 <0.001

    LV ejection fraction −0.07 0.13 0.58

Model 2

    Constant 61.66 10.39 <0.001

    Age (per 5-yr increment) −0.98 0.39 0.01

    Male sex −9.15 2.61 0.001

    Pulmonary vascular resistance
      index (per 200 dyne-s · cm−5 · m2

      increment)

−0.88 0.18 <0.001

    LV ejection fraction −0.11 0.13 0.40

    von Willebrand factor (per
      50% increment)

−1.96 0.75 0.01
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