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Pulmonary vascular resistance (PVR) has important prog-
nostic implications in the assessment of patients with pul-
monary hypertension. Using echocardiography to measure
PVR would have the advantage of being able to follow
patients serially and to assess their response to treatment
noninvasively. The authors sought to assess whether right
ventricular strain rate imaging (SRI) can predict PVR in
patients with pulmonary hypertension. The study popula-
tion consisted of 46 patients referred for right heart cathe-
terization. The inclusion criteria was mean pulmonary
artery pressure �25 mm Hg in right heart catheterization in
patients with pulmonary hypertension including chronic
systolic heart failure. Echocardiography was performed to
obtain SRI just before right heart catheterization. Mean val-

ues of peak systolic longitudinal strain and strain rate
obtained from basal and mid-right ventricular free wall
were calculated. The control group consisted of 35 healthy
adults matched for age and sex. The most significant cor-
relations were between basal right ventricular strain and
strain rate (SR) and mean pulmonary arterial pressure
(r=0.63, P=.000), transpulmonary gradient (r=0.6, P=.001),
and PVR (r=0.5, P=.003). SR was independently correlated
with PVR (PVR=26.9)16.9�basal right ventricular SR;
r=0.53, P=.003). The present study shows that basal right
ventricular free wall strain and SR could be independently
correlated with PVR in patients with pulmonary hyperten-
sion. �2012 Wiley Periodicals, Inc.

The primary abnormality in pulmonary hypertension
is the increased afterload on the right ventricle due to
elevated pulmonary vascular resistance (PVR) caused
by the remodeling of the resistance pulmonary arteries.
A large number of studies have clearly demonstrated
that it is cardiac function that determines prognosis
and exercise capacity.1 In particular, it is worth noting
that pulmonary arterial pressure (PAP) by itself does
not correlate with prognosis.1 Patients with known or
suspected pulmonary hypertension undergo right heart
catheterization for the assessment of hemodynamic
parameters, including PVR. PVR and other hemody-
namic variables have important prognostic implica-
tions in the assessment of patients with pulmonary
hypertension.1–7 Assessment of PVR is of great impor-
tance in the management of chronic heart failure, and
it is an essential component of the evaluation of ortho-
topic heart transplant recipients.8 Currently, this infor-
mation is obtained only via invasive cardiac
catheterization. An accurate noninvasive measurement

of PVR would be helpful in eliminating the risk, cost,
and discomfort associated with cardiac catheterization.
While right heart catheterization would still be neces-
sary to diagnose pulmonary hypertension, using echo-
cardiography to measure PVR would have the
advantage of being able to follow patients serially and
to assess their response to treatment noninvasively.1–7

Recent studies have demonstrated that strain imag-
ing provides an objective means to quantify global and
regional left and right ventricular (RV) functions. In
particular, RV myocardial strain has been shown to
accurately quantify the RV function in patients with
pulmonary hypertension.9–11,13,14

We aimed to assess whether RV systolic strain and
strain rate (SR) can predict PVR in patients with
pulmonary hypertension.

METHODS

Patient Selection
Among 110 patients referred to our center for right
heart catheterization for evaluation of pulmonary
hemodynamics for pulmonary hypertension between
October 2009 and April 2011, 46 were enrolled accord-
ing to the following inclusion ⁄ exclusion criteria. The
inclusion criteria comprised pulmonary hypertension
(mean PAP �25 mm Hg in right heart catheterization)
of any type, including chronic systolic heart failure and
New York Heart Association (NYHA) functional
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classes II or III. The exclusion criteria comprised atrial
flutter ⁄ fibrillation or any other arrhythmias confound-
ing the echocardiographic measurements, history of pre-
vious cardiac surgery such as coronary artery bypass
grafting and any valve repair or replacement, advanced
documented lung disease, complex congenital heart dis-
ease, and poor echocardiographic window. The control
group was composed of 35 healthy adults matched for
age and sex. The control patients were chosen among
healthy volunteers by taking into account history, physi-
cal examination, electrocardiography, echocardiogra-
phy, and negative results of recent noninvasive or
invasive tests for cardiovascular diseases in men older
than 45 and women older than 55 years. The study was
approved by the ethics committee of Shaheed Rajaie
Cardiovascular, Medical and Research Centre, and
informed consent was obtained from all the patients.

Right Heart Catheterization
All patients were assessed in the catheterization labo-
ratory with 7F balloon-tipped, triple lumen thermodi-
lution catheters (Edwards Life Sciences, Irvine, CA)
and Vigilance (VGSVSYS) monitors (Edwards Life Sci-
ence). All measurements were acquired with the
patients at rest in the supine position while breathing
room air. The pressures were all averaged in 3 consec-
utive heart beats at end expiration. The following vari-
ables were measured for each patient: mean right
atrial pressure; systolic and end-diastolic RV pressures;
systolic, diastolic, and mean PAP; pulmonary capillary
wedge pressure (PCWP); mixed venous oxygen satura-
tion; and cardiac output via both thermodilution and
the Fick technique. The transpulmonary gradient was
calculated by subtracting the mean PAP from PCWP.
PVR was calculated by dividing the transpulmonary
gradient (TPG) by cardiac output.

Echocardiographic Study
A complete 2-dimensional (2D) color Doppler echo-
cardiogram was performed in each subject using a
commercial GE Vivid 7 with a three-MS variable fre-
quency harmonic phased array transducer just before
performing right heart catheterization. The left ventric-
ular global systolic function was evaluated in terms of
the ejection fraction, employing the biplane Simpson
method. RV systolic function was evaluated in accor-
dance with the American Society of Echocardiography
guidelines for the echocardiographic assessment of the
right heart in adults using the following parameters:
tricuspid annular plane systolic excursion (TAPSE) and
tissue Doppler-derived tricuspid lateral annular systolic
velocity (s’). TAPSE<16 mm and S’ velocity <10 cm ⁄ s
indicated RV systolic dysfunction. The right atrium
area was measured at the end-systole in the four-
chamber view.15

Strain Rate Imaging in the Right Ventricle
Real-time 2-D color Doppler myocardial imaging was
recorded from the RV, using standard 4-chamber api-

cal views at a high frame rate (>150 FPS) and the nar-
rowest sector angle possible. The region of interest
was placed at the basal and mid segments of the RV
free wall and kept at the center of the ultrasound sec-
tor to ensure the accuracy of the insonation angle with
the long-axis motion to measure peak systolic longitu-
dinal strain (RVSTR) and peak systolic longitudinal
strain rate (RVSR). A sample volume of 7 mm to
10 mm was utilized for the calculation of longitudinal
SR (Figure 1). The data obtained were stored in digital
format and analyzed offline with dedicated software
by an experienced person who was blinded to the clin-
ical characteristics of the patients. For each variable, 3
representative beats were analyzed and the mean was
calculated.

Statistical Analysis
All analyses were conducted using a commercially
available package (SPSS version 19, SPSS, IBM,
Armonk, NY) to compare the strain imaging data
between the patients and the healthy controls. The
unpaired Student t test was utilized for the continuous
variables. The quantitative values are presented as
mean�standard deviation (SD). Spearman’s rank
correlation coefficient was employed for variance anal-
ysis. The correlations between strain and SR and
several echocardiographic and hemodynamic findings
were assessed via linear regression. Stepwise multiple
regression analysis was performed to assess the inde-
pendent correlation between strain and SR and PVR.
A P value of .05 was considered statistically signifi-
cant. Interobserver and intraobserver variability were
calculated as the absolute difference divided by the
average of the two observations for all the parameters.
Eleven cases were analyzed for the calculation of the
interobserver and intraobserver variability.

RESULTS

Patient Characteristics
Among the 46 patients, 29 were diagnosed as pre-
capillary pulmonary hypertension in accordance with
updated clinical classification of pulmonary hyperten-
sion:5 18 cases with idiopathic pulmonary hyperten-
sion; 3 cases with pulmonary hypertension secondary
to connective tissue diseases; 2 cases with pulmonary
hypertension secondary to thalassemia; 2 cases with
chronic thromboembolic pulmonary hypertension;
and 4 cases with pulmonary hypertension secondary
to congenital heart diseases (2 cases with patent duc-
tus arteriosus and 2 cases with ventricular septal
defect). The study population also included 17
patients with postcapillary pulmonary hypertension
and chronic systolic heart failure referred for an eval-
uation of heart transplantation. They had a mean left
ventricular ejection fraction of 17.65%�5.5% and a
high mean PAP of 38.7�10.4 mm Hg. Six of them
had a TPG >15 mm Hg (mean PVR=5.7�1.8 mm
Hg).
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Table I depicts the general characteristics of the
patients and healthy controls and Table II demon-
strates right heart catheterization data of the study
population. There was a significant correlation
between cardiac output ⁄ cardiac index and PVR mea-
sured by the two Fick and Thermodilution methods
(r=0.7, P=.000 for cardiac output ⁄ cardiac index and
r=0.9, P=.000 for PVR).

All precapillary pulmonary hypertension patients
had LVEF >50% and their symptoms had developed
recently (less than a year). Additionally, with the
exception of one patient who was in NYHA class III,
the remainder were in NYHA class II.

Strain and Strain Rate
SRI parameters could be measured in all patients and
healthy persons, with a feasibility of 100%. The SRI
measurements were obtained from the basal and mid-
dle segments of the RV free wall. The SRI measures
were significantly reduced in the patients compared
with the controls (Table III). These reduced strain
parameters were more prominent in the middle seg-
ment of the right ventricle.

The intraobserver variability was 11.4%�7% and
12.4%�10% for strain and SR, respectively, and the
interobserver variability for strain and SR was
12.3%�10% and 13.2%�3%, respectively. These

A

B

FIGURE 1. Strain rate imaging of right ventricular free wall in a patient with pulmonary hypertension peak systolic strain (A) and strain rate (SR) (B).
AVO indicates aortic valve opening; AVC, aortic valve closing; RV, right ventricle.
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values were compatible with those reported in previ-
ous studies.

Postcapillary Pulmonary Hypertension Group
There was no significant difference with respect to the
RV strain imaging measures between the patients with
precapillary and postcapillary pulmonary hypertension
(Table III). No correlation was found between the he-
modynamic parameters and RV strain and SR in this
group of patients even after adjusting for parameters
such as RV function and tricuspid regurgitation sever-
ity (r value, 0.05–0.3). There were also no correlations
between TAPSE and strain imaging data, PVR, and ⁄ or
cardiac output ⁄ index in this group. RVSm and
RVFAC were only correlated with cardiac output ⁄
index (r=0.5, P=.04).

Precapillary Pulmonary Hypertension Group
The most significant correlations were between basal
RV strain and SR and mean PAP, TPG, and PVR
(Table IV). A stepwise multiple regression analysis was
performed to determine the independent relationship
between basal RV strain and SR and PVR. SR was
independently correlated with PVR (PVR=26.9)16.9
� basal RV SR; r=0.53, P=.003) (Figure 2).

The correlations between the above hemodynamic
parameters and middle RV segment strain were signifi-
cant but weak (r=0.4, P=.03 for all 3 variables) and
there was no correlation between middle RV SR and

hemodynamic parameters. The analysis of combined
basal and middle RV strain and SR showed a signifi-
cant correlation between these data and the aforemen-
tioned hemodynamic parameters, mean PAP (r=0.6,
P=.001 for combined RV strain, r=0.51, P=.004 for
combined RV SR), TPG (r=0.57, P=.001 for combined
RV strain, r=0.53, P=.003 for combined RV SR), and
PVR (r=0.5, P=0.008 for combined RV strain, r=0.5,

TABLE I. Characteristics of Patients With
Precapillary, Post-Capillary, and Healthy Control

Precapillary

PH (n=29)

Postcapillary

PH (n=17)

Normal

(n=35) P Value

Age, y 35.3�13.3 43.2�16 36.14�12.2 NS

Female ⁄ male 24 ⁄ 5 1 ⁄ 16 18 ⁄ 17 –

BSA, m2 1.68�0.15 1.7�0.12 1.85�0.21 .001

Systolic BP,

mm Hg

109.7�20 107.5�19 115�17 NS

Diastolic BP,

mm Hg

67�10 68�10 74�5 NS

Heart rate, beats

per min

83�18 84�12 74�10 NS

RVEDD, mm 45�1.1 36.4�11.5 26.5�3.9 .000a

.000b

RVSm, cm ⁄ s 9.7�2.1 9.2�2.6 14.11�1.7 .000a

.000b

TAPSE, mm 16.9�3 14.3�3.5 25.9�2.9 .000a

.000b

RVFAC, % 23.5�6.9 27.9�7.5 39.1�3.7 .000a

.000b

RAA index, cm2 ⁄ m2 12.3�6.1 12.6�3.8 6.6�1.3 .000a

.000b

Abbreviations: BP, blood pressure; BSA, body surface area; NS, not
significant; RAA, right atrium area; RV, right ventricle; RVEDD, right
ventricular end diastolic diameter; RVFAC, right ventricular fractional
area change; TAPSE, tricuspid annular plane systolic excursion. Val-
ues are mean�standard deviation. aPrecapillary pulmonary hyper-
tension (PH) vs normal. bPostcapillary PH vs normal.

TABLE II. Right Heart Catheterization Findings

Precapillary

PH (n=29)

Postcapillary

PH (n=17)

RA pressure, mmHg, mean�SD 9.5�4.3 10.8�5

RVS pressure, mmHg, mean�SD 86.1�34 57.9�17.2

RVEDP, mm Hg, mean�SD 9.5�4 11.6�5

SPAP, mm Hg, mean�SD 89.6�35.9 58�17

DPAP, mm Hg, mean�SD 48.4�18.2 29.1�8.1

Mean PAP, mmHg, mean�SD 61.1�21 38.7�10.4

PCWP, mmHg, mean�SD 10.6�3.4 26.7�8.3

TPG, mmHg, mean�SD 50.5�20.6 11.9�7

PVR, Wood, mean�SD

Thermodilution

12.4�7.2 3.4�2.1

PVR, Wood, mean�SD

Fick

12.5�8.5 3.1�1.7

CO, thermodilution, L ⁄ min 4.5�1.1 3.7�1

CI, thermodilution, L ⁄ min ⁄ m2 2.8�0.6 2.14�0.5

CO, Fick, L ⁄ min 4.5�1.3 4�1.2

CI, Fick, L ⁄ min 2.8�0.8 2.5�0.7

Abbreviations: CI, cardiac index; CO, cardiac output; DPAP, dia-
stolic pulmonary artery pressure; PAP, pulmonary artery pressure,
PCWP, pulmonary capillary wedge pressure; PH, pulmonary hyper-
tension; PVR, pulmonary vascular resistance; RA, right atrium; RV,
right ventricular; RVEDP, right ventricular end diastolic pressure;
RVSP, right ventricular systolic pressure; SD, standard deviation;
SPAP, systolic pulmonary artery pressure; TPG, transpulmonary
gradient.

TABLE III. Strain Imaging Parameters in the Study
Groups

Precapillary

PH

Postcapillary

PH Normal P Value

Basal RV strain, % 15.1�4.4 16�4.1 29.7�4.4 NSa

.000b

.000c

Basal RV strain

rate, 1 ⁄ s
0.87�0.2 0.9�0.2 2�0.6 NSa

.000b

.000c

Middle RV

strain, %

14.3�3.6 14.2�4 33.2�4.4 NSa

.000b

.000c

Middle RV strain

rate, 1 ⁄ s
0.89�0.2 0.9�0.2 2.2�0.5 NSa

.000b

.000c

Abbreviations: NS, nonsignificant; RV, right ventricular. Values are
mean�standard deviation. aPrecapillary pulmonary hypertension
(PH) vs postcapillary. bPrecapilllary PH vs normal. cPostcapillary PH
vs normal.
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P=.008 for combined RV SR). None of the strain
imaging measures were correlated with cardiac output
and ⁄ or cardiac index and statistical adjustment for RV
function and tricuspid regurgitation (TR) severity
showed no improvement in the correlation in this
group of patients. Regarding echocardiographic find-
ings, RV SM was correlated with basal strain and SR
(r=0.5, P=.005), PVR (r=0.42, P=.02), cardiac output
(r=0.5, P=.007), cardiac index (r=0.42, P=.02); how-
ever, TAPSE and RVFAC were correlated only with
cardiac output ⁄ cardiac index (r=0.5 and P=.007 and
P=.02, respectively).

Statistical analysis was performed after removing
the data of the congenital cases, and similar results
were obtained.

With regard to TPG, 6 patients in the postcapillary
group had inappropriate pulmonary hypertension (a
precapillary reactive component). The strain imaging
data of these patients were added to those of the pre-
capillary pulmonary hypertension patients and
analyzed. Mean PAP, TPG, and PVR were more signif-
icantly correlated with basal RV strain, SR, and com-
bined strain data (r value 0.6, P¼.001).

DISCUSSION
PVR is an important hemodynamic parameter used in
the diagnosis and management of patients with heart
failure and pulmonary hypertension. The gold stan-
dard method for the assessment of PVR remains inva-
sive right heart catheterization. Previous studies have
described noninvasive Doppler-based echocardio-
graphic methods in determination of PVR. Abbas and
colleagues6 showed a significant correlation between
the ratio of TR velocity to RV outflow tract (RVOT)
VTI (TRV ⁄ RVOTVTI) and invasively determined PVR.
They proposed a clinically feasible formula for PVR
estimation; however, they had included mostly pulmo-

nary hypertension patients with left-sided heart causes,
as many of them had high pulmonary capillary wedge
pressures and most of them were referred for valvular
or ischemic heart disease. On the other hand, Roule
and colleagues7 found that RVOT spectral Doppler
tracing could not be achieved properly in PH patients
with a PVR >2 Wood unit due to their specific hemo-
dynamic over right heart structures and anatomical
variations in this group of patients, suggesting that the
Abbas formula might be erroneous in this context.
Recently, the evaluation of regional myocardial func-
tion through strain imaging has been used in many
pathological processes directly involving the myocar-
dium and hemodynamic abnormalities. Detection of
subtle changes in myocardial contractile function and
better determination of it independent of loading
conditions are among the advantages of this
method.9–11,13,14 The present study demonstrated that
basal as well as combined RV peak systolic strain and
SR had a weak (r=0.5) although significant correlation
with invasively determined afterload measures of the
pulmonary circulation in patients with precapillary
pulmonary hypertension. Furthermore, our stepwise
multiple regression analysis showed that basal and
combined RV SR could be independent predictors for
PVR. Although these findings should be interpreted
with caution given the low value of the measured r2

(coefficient of determination), they are consistent with
those from other studies10,11 that showed that RV
myocardial strain correlate significantly with pulmo-
nary hemodynamics in patients with precapillary pul-
monary hypertension, an index of disease severity. In
contrast with two similar studies,11,14 there was no
correlation between RV strain or cardiac index in the
current study. This might be related to a higher base-
line cardiac index and a lower right atrial pressure in
our patients, denoting that our study population might
have had less severe pulmonary hypertension. (They
were mostly in NYHA functional class II with dyspnea
on exertion.) Although elevated PVR results in the dis-
turbance of myocardial contractility, as can be shown
by disturbed strain and strain rate numbers, it does

TABLE IV. Correlation Between SRI and
Hemodynamics in Precapillary PH Group

Mean PAP TPG PVR

Basal RV strain, %

r 0.57a 0.54 0.5

P .001b .003 .008

Basal RV strain rate, 1 ⁄ s
r 0.57 0.54 0.62

P .001 .002 .000

Combined RV strain

r 0.56 0.45 0.55

P .002 .01 .002

Combined RV SR

r 0.52 r=0.5 r=0.5

P .005 .009 .007

Abbreviations: PAP, pulmonary artery pressure; PH, pulmonary
hypertension; PVR, pulmonary vascular resistance; RV, right ventric-
ular; SRI, strain rate imaging; TPG, transpulmonary gradient. aSpear-
man’s rank correlation coefficient. bP value.

FIGURE 2. Linear correlation between pulmonary vascular resistance
(PVR) and basal right ventricular (RV) strain rate (SR).
PVR=26.9)16.9�basal RV SR (r=0.53 P=.003).
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not always dramatically affect cardiac output in less
severe cases. In a study by Rajagopalan and col-
leagues,14 mean right atrial pressure, an important fac-
tor indicating right-sided performance and prognosis
in pulmonary hypertension, was slightly higher than
that in the present study (10�6 vs 9.5�4.3), which
implies more progressive disease in their patients.
Accordingly, these differences might explain our obser-
vation of a correlation between mean PAP and PVR
and RV strain and SR rather than cardiac index.

In the present study, we also analyzed the data of
postcapillary PH patients. There was no correlation
between strain imaging and the hemodynamic data.
Interestingly, despite less severe pulmonary hyperten-
sion and lower TPG in the patients with left ventricu-
lar dysfunction, RV strain and SR were not
significantly different between the heart failure and
pulmonary hypertension groups. RV dysfunction in
patients with left ventricular dysfunction can be sec-
ondary to various mechanisms such as pulmonary
venous congestion, RV myocardial involvement by
cardiomyopathic processes, and RV ischemia. Thus, as
Rajagopalan and colleagues11 also discussed in their
study, the reduction in RV strain and SR could not
simply be explained by hemodynamic load in heart
failure patients and this might be an explanation for
any correlation between hemodynamic data and
strain ⁄ SR in this group of patients. The effects of left-
sided heart failure on RV function need to be deter-
mined in future studies. We found no correlation
between the hemodynamic data and RV strain ⁄ SR in
the patients with postcapillary PH; nevertheless, add-
ing the data of 6 heart failure patients with high TPG
and PVR (a precapillary reactive component) to those
of the precapillary group increased the significance of
the correlations. Elevated PVR had obvious effects on
RV strain and SR; moreover, the addition of the data
of the postcapillary PH patients with precapillary reac-
tive component (high PVR) augmented the significance
of the correlation between PVR and strain ⁄ SR. There-
fore, it could be possible to predict high PVR via SR
in this group of patients. Our small sample size (only
6 postcapillary PH patients with high PVR) precluded
any subgroup analysis. Future studies are required to
shed sufficient light on this issue since it could be a
useful index in the follow-up of cardiac transplant
candidates.

LIMITATIONS
Among the shortcomings of the present study is that tis-
sue Doppler-derived strain measurements, similar to
other Doppler modalities, are dependent on the direction
of the Doppler angle. Interpretation of SR should, there-
fore, be made with caution if tissue direction deviates
more than 30 degrees from the direction of the ultrasonic
beam. Along with other tissue Doppler-based studies,
the present study also had high rates of interobserver
and intraobserver variability. As a result, it would be
better if Doppler-based study replaced the speckle track-

ing–based method, which is a superior method to delin-
eate altered RV wall mechanics.16,17 Another weak
point is that an invasive hemodynamic study was not
performed in the healthy controls because it would not
be ethically acceptable. Finally, the sample numbers of
the study are limited and there are no outcome data.

CONCLUSIONS
Our present study shows that basal and combined RV
free wall strain and SR could be independently corre-
lated with PVR in patients with precapillary pulmonary
hypertension. Strain imaging study may be a very useful
measure of evaluating PH patients. Perhaps RV strain
imaging is a better integrator of load ⁄ function than
PVR. Further studies are needed to determine whether it
would be useful to evaluate PVR in heart failure
patients who are candidates for heart transplantation.
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