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Pulmonary arterial hypertension (PAH)
is defined as a mean pulmonary artery pres-
sure (PAP) of > 25 mmHg at rest, or > 30
mmHg during exercise. However, the diag-
nosis of PAH does not imply necessarily
right ventricular (RV) dysfunction, neither
a clinically relevant condition. Echocardio-
graphic assessment of PAH includes two
different issues: detection of elevated PAP
values and functional evaluation of the
right ventricle.

Detection of pulmonary hypertension

Correlation between Doppler and cath-
eter measurement of pulmonary artery
systolic pressure. Noninvasive pulmonary
artery systolic pressure (PASP) is deter-
mined by measuring the peak systolic pres-
sure gradient of the right ventricle to the
right atrium, according to the simplified
Bernoulli equation. Adding the mean right
atrial pressure (RAP) to the transtricuspid
pressure gradient one can predict the RV
systolic pressure, which approximates the
PASP.

The prevalence of tricuspid regurgita-
tion increases as PAP increases. Berger et
al.1 observed tricuspid regurgitation in 80%
of patients with PASP > 35 mmHg and in
roughly 96% of those > 50 mmHg. Unfor-
tunately, not all patients with detectable tri-

cuspid regurgitation will have velocity pro-
files suitable for measurement, ranging
from 442 to 96%3, as a consequence of fac-
tors that limit accurate visualization of ve-
locity profile, such as disease severity, obe-
sity and hyperinflated lungs.

It has been reported a variable correla-
tion between transthoracic Doppler
echocardiography (TTE) and right heart
catheterization measurements of PASP, de-
pending on the underlying disease, lung
conditions, and time from TTE examina-
tion to catheter measurement, ranging from
0.96-0.98 in patients with cardiac dis-
ease1,4, to 0.69 in patients with advanced
lung disease2. Furthermore, in the latter
population, despite a significant correla-
tion, a discordance > 10 mmHg between
estimated and measured PASP was present
in 52% of patients, resulting in a poor pos-
itive predictive value for the diagnosis of
PAH, with confirmation of PAH by right
heart catheterization in only one half of
those patients in whom TTE suggested its
presence. Finally, despite a good correla-
tion between transthoracic echocardiogra-
phy and right heart catheterization mea-
surement of PASP, widely reported in sev-
eral studies, the diagnostic performance
characteristics of TTE should be consid-
ered, with sensitivity and specificity values
strongly depending on the threshold value
used as a cut-off point, PAH severity, and
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Pulmonary arterial hypertension (PAH) is a clinical condition characterized by elevated vascular
resistance, associated with a poor prognosis and usually diagnosed in late stage. Echocardiographic
assessment of PAH includes early disease detection and functional heart evaluation, in order to in-
troduce a more accurate surveillance at an early stage of the disease and to contribute to prognostic
stratification of advanced disease. Detection involves pulmonary artery systolic pressure (PASP) esti-
mation. There is no clear consensus on defining normal distribution, but a PASP of 36 mmHg has been
widely assumed as a cut-off value for mild PAH, requiring a more aggressive surveillance to detect
further progression. Functional heart evaluation requires an accurate characterization of morpho-
logic and hemodynamic changes, secondary to PAH development, which involves description of di-
mensional parameters, ventricular interdependency, intracardiac flow patterns, and right ventricu-
lar systolic performance. A valid assessment of these issues results in a useful evaluation of cardiac
function, supporting clinical context in defining heart failure condition.
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conditions limiting the capability of detecting and mea-
suring the velocity profile. Moreover, the positive and
negative predictive values of Doppler-estimated PASP
depend not only on sensitivity and specificity, but
mainly on differences in the prevalence of PAH in the
patient population. Overall, the attention should be fo-
cused on the accuracy of Doppler-estimated PASP
(possibly within 10 mmHg of right heart catheteriza-
tion measurement), particularly in those patients with
borderline values for PAH diagnosis.

Normal values and clinical implications. Right heart
catheterization is currently used as the gold standard
for firmly establish the hemodynamic status, although
there is no clear consensus as to what value of PAP is
needed for PAH diagnosis. Various threshold values
have been proposed for PAH diagnosis, based on mean
PAP or PASP, ranging from 18 mmHg5,6 of mean PAP
at rest to 20 mmHg7-9 and 25 mmHg7,10, or a resting
PASP > 30 mmHg6,7. A mean PAP > 25 mmHg is the
most often cut-off value used in recent PAH clinical tri-
als. The Third World Symposium on PAH held in
Venice in 2003 defined mild PAH as a resting Doppler
estimated PASP between 36 and 50 mmHg, assuming a
fixed 5 mmHg RAP11, but a value > 36 mmHg is not
rarely reported in otherwise normal subjects. In a recent
large scale TTE study of 15 596 healthy subjects, Mc-
Quillan et al.12 reported a mean RV to right atrial gradi-
ent of 18.3 ± 4.9 mmHg (range 5 to 47 mmHg), equiv-
alent to a mean PASP of 28.3 ± 4.9 mmHg, assuming a
fixed 10 mmHg RAP. An increase in PASP was associ-
ated with age, body mass index and male sex, support-
ing the use of age- and body mass index-corrected val-
ues in establishing the normal pressure range, since a
PASP > 40 mmHg was found in 6% of healthy subjects
> 50 years of age and in 5% of healthy subjects with a
body mass index > 30 kg/m2. 

Possible explanations for mildly elevated PASP de-
tected by TTE include the following physiological and
technical considerations: an increase in pulmonary vas-
cular resistance (PVR) and decreased left ventricular
(LV) compliance with aging; an increase in cardiac out-
put, and therefore in pulmonary pressure, associated
with a higher body mass index, unless there is an ac-
companying decrease in PVR; presence of a stable mild
PAH, associated with underlying conditions such as
pulmonary obstructive disease; discovery of an early
progressive PAH; overestimation of the Doppler-esti-
mated PASP in a patient with true normal pulmonary
pressure.

Overall, in diagnosing PAH attention should be fo-
cused on the clinical relevance of the patient’s condi-
tions, which represents the final objective of a diagnos-
tic test. Thus, the clinical suspicion of PAH should be
further investigated in a hierarchical diagnostic frame-
work, comprehensive of RV function evaluation, and
not limited to a PASP Doppler determination. 

Functional evaluation of the right ventricle

Morphologic evaluation. Morphologic description
comprises right side chamber dimension evaluation and
pericardial effusion description. To assess RV dimen-
sions, important preliminary considerations are need-
ed. The right ventricle is a structurally complex cavity
that changes greatly in geometry, orientation and spa-
tial relationship with the left ventricle, when pressure
and/or volume overload conditions occur. Thus, RV di-
mension evaluation is both technically and conceptual-
ly difficult to study in a quantitative manner. The most
difficult approach to evaluate RV dimensions is repre-
sented by volume determination, so there is poor corre-
lation with RV volume as measured by angiography13,14

or nuclear angiography15.
An alternative approach to assess RV size consists

on simple linear dimension measurements. Unfortu-
nately, several limitations affect this kind of evaluation,
greatly related to particular RV shape, thereby affecting
the recorded diameters. As a result, these measure-
ments should be useful to alert to the possibility of RV
dilation and hence that the right ventricle needs to be
evaluated in a different manner. A robust dimensional
measurement is mandatory in this context. It is recog-
nized that hemodynamic conditions or clinical outcome
are the best endpoints available for defining severity of
morphologic changes, so attention should be focused
on pathophysiologic considerations regarding ventricu-
lar interdependency and hemodynamic impairment,
reason whereby comparison of relative RV and LV size
may be more useful. Thus, under PAH conditions the pat-
tern of abnormal septum motion, more closely reflect-
ing RV hemodynamics, affects LV geometry and can be
well expressed by an eccentricity index. In a cohort of
patients with pressure or volume overload, Ryan et al.16

evaluated LV geometry defining the LV eccentricity in-
dex (in parasternal short axis, LV index = D2/D1,
where D1 is the diameter perpendicular to and bisect-
ing the septum, and D2 is the diameter perpendicular to
D1 and parallel to the septum) at end-diastole (LVd in-
dex) and end-systole (LVs index). This index has been
subsequently evaluated in clinical trials (Table I)17-20. In
a multicenter, randomized, unblinded study assessing
the effect of epoprostenol infusion in idiopathic PAH
patients, as compared with conventional therapy alone,
Hinderliter et al.17 found a baseline LVd index signifi-
cantly related to baseline mean PAP, mean RAP, car-
diac index (p < 0.001), and exercise capacity (p < 0.01).
At the end of the 12-week treatment period, epo-
prostenol therapy was associated with an improvement
of both LVd and LVs indexes. Raymond et al.18 exam-
ined the associations between TTE findings and the
clinical outcomes at the end of 1-year open-label peri-
od of the same cohort of patients evaluated by Hinder-
liter et al. The LVd index was identified by univariate
analysis as the only dimensional parameter significant-
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ly associated with the composite endpoint of death or
transplantation (p = 0.004). Galiè et al.21, further, ex-
amined a subgroup of PAH patients enrolled in the
BREATHE-1 study22, a multicenter, randomized,
placebo-controlled trial. The objective of the study was
to evaluate the effect of 16-week bosentan therapy on
TTE parameters. Bosentan therapy improved LV ec-
centricity index in both diastole and systole, although
no statistical significance was reached.

Another dimensional TTE parameter, easy to obtain
and no time-consuming, is represented by the right atri-
al area index. Right atrial enlargement denotes high
RAP, as a consequence of elevated RV diastolic pres-
sure and functional tricuspid regurgitation. The right
atrial area index has been identified as a strong predic-
tor of adverse clinical outcome (Table I)17-20. In the
study of Raymond et al.18 the right atrial area index cor-
related closely with RAP (r = 0.72, p < 0.001) and was
identified by multivariate analysis as an independent
predictor of the composite endpoint of death or trans-
plantation (p = 0.106).

Finally, pericardial effusion has been identified as
the strongest TTE predictor of exercise capacity and
clinical outcome (Table I)17-20. In patients with severe
PAH, pericardial effusion is a manifestation of right
heart failure and is likely related to impaired venous
and lymphatic drainage due to elevated RAP. In the
study of Hinderliter et al.19 mean RAP was the hemo-
dynamic parameter most closely related to effusion size
(r = 0.50, p < 0.001), thereby supporting its pathophys-
iologic origin. Effusion size was also inversely related
to the cardiac index (r = -0.40, p < 0.001), but no sig-
nificant correlation was observed with mean PAP. Fur-
thermore, larger effusion was significantly associated
with more severely impaired exercise capacity (r =
-0.50, p < 0.001), greater right atrial dilation, as deter-
mined by the right atrial area index (r = 0.54, p

< 0.001), and greater diastolic displacement of the ven-
tricular septum, as determined by the LVd index (r =
0.34, p < 0.01). Overall, in the study of Raymond et
al.18, the presence of pericardial effusion resulted from
the multivariate analysis, incorporating echocardio-
graphic, clinical and hemodynamic variables, as the
strongest independent predictor of mortality (p =
0.011).

Right and left ventricular interdependency

The right ventricle represents an extremely impor-
tant structure with significant hemodynamic effects, re-
sulting in appropriate cardiac performance. There is a
high degree of interdependence between the right and
left ventricles due to three different conditions: 1) the
presence of a common structure that is the interventric-
ular septum; 2) the restrictions imposed by the inexten-
sible pericardium; and 3) the “in-series” condition of
the cardiovascular system.

The close association between the cardiac cavities
can be well evaluated by TTE. Ryan et al.16 were the
first to describe different LV geometric changes to sep-
arate RV volume from pressure overload, finding a LVs
index > 1 as a characteristic of the latter group. Soon af-
terwards, Lavine et al.23 described the distribution of
LV diastolic filling secondary to RV dilation with or
without pressure overload, observing a LVs index
markedly abnormal in the RV dilation and pressure
overload group compared with the RV dilation group (p
< 0.05). These findings were associated with a redistri-
bution of LV diastolic filling to late diastole in the for-
mer group compared to the latter, as confirmed by the
changes in the peak atrial filling velocity (p < 0.01) and
the atrial filling period (p < 0.05). In another study,
Louie et al.24 evaluated the LV diastolic filling pattern
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Table I. Echocardiographic parameters and prognostic value in idiopathic pulmonary arterial hypertension (IPAH).

Parameters Patients Study characteristics Follow-up Hemodynamic correlations Prognostic value

LVs index IPAH17 MR open-label17 Short-term MPAP, MRAP, CI, NS
IPAH18 M open-label18 Long-term No

LVd index IPAH17 MR open-label17 Short-term MPAP, MRAP, CI, p < 0.001
IPAH18 M open-label18 Long-term Yes (univariate)

RA area IPAH18 M open-label18 Long-term MRAP, p < 0.001 Yes (multivariate)
index (cm2/m)

Pericardial effusion IPAH19 M open-label19 Long-term MRAP, CI, p < 0.001 Yes
(Yes/No) IPAH18 M open-label18 Long-term Yes (multivariate)

Doppler RV index IPAH20 Retrospective20 Long-term Yes (multivariate)

CI = cardiac index; Doppler RV index = Doppler index of right ventricular performance (Tei index); LVd index = left ventricular dias-
tolic eccentricity index; LVs index = left ventricular systolic eccentricity index; M open-label = multicenter, prospective, open-label
study; MPAP = mean pulmonary artery pressure; MRAP = mean right atrial pressure; MR open-label = multicenter, randomized, open-
label study; Multivariate = multivariate analysis; RA = right atrial; Univariate = univariate analysis.



in patients with idiopathic PAH and found an abnormal
motion of the interventricular septum at end-systole,
persisting throughout early diastole and resulting in a
relative redistribution of LV filling from early to late di-
astole.

These and other studies25-28 support the hypothesis
that an abnormal LV shape at end-systole and during
early diastole alters LV relaxation and compliance, in-
fluencing the rate of LV pressure decline and chamber
stiffness and resulting in impaired LV diastolic filling.
Thus, LV relaxation and compliance together with the
“in-series” effect of RV output on pulmonary venous
return are the major determinants of LV stroke volume
in PAH patients. The close correlation between these
pathophysiologic conditions and clinical outcomes is
well documented by clinical trials. In the echocardio-
graphic substudy21 of the BREATHE-1 trial, treatment
with bosentan was associated with an improvement of
early diastolic LV filling parameters. After 16 weeks of
treatment the peak E velocity, the E/A ratio, and the
time-velocity integral of the transmitral flow profile,
all increased compared to the placebo group (p
< 0.003, p < 0.004, and p < 0.001, respectively). Mul-
tiple stepwise regression analysis showed that changes
in the primary endpoint, exercise capacity, were sig-
nificantly correlated with changes in peak E transmi-
tral flow velocity (r = 0.65, p = 0.001). Furthermore,
clinical and hemodynamic improvement observed af-
ter successful thromboendarterectomy in patients with
chronic thromboembolic PAH are coupled with an in-
crease in the diastolic mitral flow indices and a de-
crease in LV eccentricity index, explained by an im-
provement of RV output and normalization of septal
motion29,30.

Right ventricular systolic performance

Although commonly RV systolic function could ap-
pear to be covered by ejection fraction, this point of
view leads to the misunderstanding of the RV failure
concept. A physiological definition of “function” may
be expressed as “the mode of action by which an organ
fulfils its purpose”. In the face of tissue metabolic de-
mand heart function will be maintained until LV stroke
volume can be guaranteed. Thus, the right ventricle be-
haves toward the left ventricle as a volume pump, ac-
counting for left side venous return through an ade-
quate RV output. When PAH develops the thin-walled
highly compliant right ventricle dilates, with increases
in both end-diastolic and end-systolic volumes, reason
whereby stroke volume is usually maintained in face of
a progressive decrease in ventricular ejection fraction.
Indeed, RV ejection fraction (RVEF) is much more sen-
sitive to changes in afterload than LV ejection fraction.
Nevertheless, a decrease in RVEF does not mean that
there is true ventricular dysfunction, but mainly reflects
an increased afterload.

Assessment of the RVEF by cross-sectional echo-
cardiography is difficult owing to the complex struc-
ture, asymmetrical shape and contraction pattern of the
ventricle. Thus, there is poor overall agreement be-
tween radionuclide angiography and TTE regarding
RVEF measurement, especially when pronounced cav-
ity remodeling is present31.

The longitudinal function of myocardial RV fibers
and its contribution to pump effectiveness in systole has
been suggested as an alternative approach to global RV
systolic performance evaluation. Animal experiments
have demonstrated that the right ventricle ejects blood
primary by shortening of the longitudinal axis, while
LV ejection is accomplished mainly by a reduction in
cavity diameter with a limited extent of longitudinal ax-
is shortening32-34. On the basis of these pathophysio-
logic considerations, Kaul et al.35 proposed to measure
the tricuspid annular plane systolic excursion (TAPSE)
as a reliable index of RV systolic performance, finding
a strong correlation between TAPSE and RVEF ob-
tained by radionuclide angiography (r = 0.92). In a re-
cent study mainly composed of PAH patients, Ueti et
al.36 observed a significant correlation between TAPSE
and both RVEF determined by radionuclide angiogra-
phy (r = 0.79, p < 0.001) and TTE-derived mean PAP (r
= -0.61, p < 0.004), supporting the well known depen-
dence of RVEF on afterload. Similar results have been
obtained by Ghio et al.37 in patients with idiopathic and
chronic thromboembolic PAH. They found a signifi-
cant correlation between TAPSE and thermodilution-
derived RVEF (r = 0.51, p < 0.001), whereas an inverse
correlation was found between mean PAP, measured by
right heart catheterization, and both TAPSE (r = -0.31,
p < 0.001) and thermodilution-derived RVEF (r = -0.47,
p < 0.001). In another study the same authors38 demon-
strated the prognostic usefulness of TAPSE in predict-
ing outcome in patients with congestive heart failure
secondary to idiopathic or ischemic dilated cardiomy-
opathy, with a TAPSE value ≤ 14 mm as a predictor of
death or emergency cardiac transplantation (p = 0.001). 

Further studies investigated the efficacy of pulsed
tissue Doppler velocity of tricuspid annular systolic
motion in predicting RV systolic performance and clin-
ical outcome in patients with heart failure. Meluzin et
al.39 evaluated patients with heart failure, due to idio-
pathic or ischemic cardiomyopathy, and found a cut-off
value of the peak systolic lateral annular velocity (Sa)
< 11.5 cm/s as predictor of RVEF < 45%, determined
by radionuclide angiography. The same authors40 have
subsequently examined the prognostic importance of
pulsed tissue Doppler, finding an Sa value < 10.8 cm/s
as an independent predictor of survival (p < 0.048) and
event-free survival (p < 0.001) in symptomatic heart
failure patients. Up to date no data are available on the
prognostic importance of TAPSE and Sa in PAH pa-
tients.

Recently, considerable interest has been proposed
in the clinical application of the Doppler index of RV
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performance, defined as the sum of RV isovolumic con-
traction and relaxation times divided by the ejection
time and initially described by Tei41. The use of
Doppler offers the possibility of high feasibility even in
those patients with poor image quality or evident re-
modeling of chamber geometry. When PAH develops,
as global RV dysfunction progresses, the value of the
index increases, due to both an increase in isovolumic
contraction time and a decrease in RV ejection time.
Yeo et al.20 retrospectively evaluated a cohort of pa-
tients with idiopathic PAH followed up over a mean of
2.9 years (Table I)17-20. On multivariate analysis the
Doppler RV index was identified as the strongest pre-
dictor of an adverse outcome, defined as death or trans-
plantation (p < 0.004). Furthermore, comparing the sur-
vival by Kaplan-Meier curves, the median value of the
Doppler RV index (0.83) dichotomized the patients in-
to two distinct subgroups with markedly different out-
come (p = 0.00001). Thus, the global RV performance
Doppler index seems to provide additional information
to functional and prognostic evaluation of PAH pa-
tients.

References

1. Berger M, Haimowitz A, Van Tosh A, Berdoff RL, Goldberg
E. Quantitative assessment of pulmonary hypertension in
patients with tricuspid regurgitation using continuous wave
Doppler ultrasound. J Am Coll Cardiol 1985; 6: 359-65.

2. Arcasoy SM, Christie JD, Ferrari VA, Sutton MS, Zisman
DA, Blumenthal NP. Echocardiographic assessment of pul-
monary hypertension in patients with advanced lung dis-
ease. Am J Respir Crit Care Med 2003; 167: 735-40. 

3. Yock PG, Popp RL. Noninvasive estimation of right ven-
tricular systolic pressure by Doppler ultrasound in patients
with tricuspid regurgitation. Circulation 1984; 70: 657-62.

4. Currie PJ, Steward JB, Chan KL, et al. Continuous wave
Doppler estimation of right ventricular pressure: a simulta-
neous Doppler-catheterization study in 127 patients. J Am
Coll Cardiol 1985; 6: 750-6. 

5. Reeves JT, Groves BM. Approach to patients with pul-
monary hypertension. In: Weir EK, Reeves JT, eds. Pul-
monary hypertension. Mount Kisco, NY: Futura Publishing
Company, 1984: 1-44.

6. Fowler NO. The normal pulmonary arterial pressure-flow
relationships during exercise. Am J Med 1969; 47: 1-2.

7. Moraes D, Loscalzo J. Pulmonary hypertension: newer con-
cepts in diagnosis and management. Clin Cardiol 1997; 20:
676-82. 

8. Rich S, Braunwald E, Grossmann W. Pulmonary hyperten-
sion. In: Braunwald E, ed. Heart disease. A textbook of car-
diovascular medicine. 5th edition. Philadelphia, PA: WB
Saunders, 1997: 780-806.

9. Janicki JS, Weber KT, Likoff MJ, Fishman AP. The pres-
sure-flow response of the pulmonary circulation in patients
with heart failure and pulmonary vascular disease. Circula-
tion 1985; 72: 1270-8.

10. Chemla D, Castelain V, Hervè P, Lecarpentier Y, Brimioulle
S. Haemodynamic evaluation of pulmonary hypertension.
Eur Respir J 2002; 20: 1314-31.

11. Barst RJ, McGoon M, Torbicki A, et al. Diagnosis and dif-
ferential assessment of pulmonary arterial hypertension. J
Am Coll Cardiol 2004; 43 (Suppl S): 40S-47S.

12. McQuillan BM, Picard MH, Leavitt M, Weyman AE. Clin-
ical correlates and reference intervals for pulmonary artery
systolic pressure among echocardiographically normal sub-
jects. Circulation 2001; 104: 2797-802.

13. Watanabe T, Katsume H, Matsukubo H, Furukawa K, Ijichi
H. Estimation of right ventricular volume with two-dimen-
sional echocardiography. Am J Cardiol 1982; 49: 1946-53.

14. Gentzler ED, Briselli MF, Gault GH. Angiographic estima-
tion of right ventricular volume in man. Circulation 1974;
50: 324-30. 

15. Panidis IP, Ren JF, Rotler MN, et al. Two-dimensional
echocardiographic estimation of right ventricular ejection
fraction in patients with coronary artery disease. J Am Coll
Cardiol 1983; 2: 911-8. 

16. Ryan T, Petrovic O, Dillon JC, Feigenbaum H, Conley MJ,
Armstrong WF. An echocardiographic index for separation
of right ventricular volume and pressure overload. J Am
Coll Cardiol 1985; 5: 918-24. 

17. Hinderliter AL, Willis PW, Barst RJ, et al. Effects of long-
term infusion of prostacyclin (epoprostenol) on echocardio-
graphic measures of right ventricular structure and function
in primary pulmonary hypertension. Circulation 1997; 95:
1479-86.

18. Raymond RJ, Hinderliter AL, Willis PW, et al. Echocardio-
graphic predictors of adverse outcomes in primary pul-
monary hypertension. J Am Coll Cardiol 2002; 39: 1214-9.

19. Hinderliter AL, Willis PW, Long W, et al. Frequency and
prognostic significance of pericardial effusion in primary
pulmonary hypertension. Am J Cardiol 1999; 84: 481-4.

20. Yeo TC, Dujardin KS, Tei C, Mahoney DW, McGoon MD,
Seward JB. Value of a Doppler-derived index combining
systolic and diastolic time in predicting outcome in prima-
ry pulmonary hypertension. Am J Cardiol 1998; 81: 1157-
61.

21. Galiè N, Hinderliter AL, Torbicki A, et al. Effects of the oral
endothelin-receptor antagonist bosentan on echocardio-
graphic and Doppler measures in patients with pulmonary
arterial hypertension. J Am Coll Cardiol 2003; 41: 1380-6.

22. Rubin LJ, Badesch DB, Barst RJ, et al. Bosentan therapy for
pulmonary arterial hypertension. N Engl J Med 2002; 346:
896-903.

23. Lavine SJ, Tami L, Jawad I. Pattern of left ventricular dias-
tolic filling associated with right ventricular enlargement.
Am J Cardiol 1988; 62: 444-8.

24. Louie EK, Rich S, Brundage BH. Doppler echocardio-
graphic assessment of impaired left ventricular filling in pa-
tients with right ventricular pressure overload due to prima-
ry pulmonary hypertension. J Am Coll Cardiol 1986; 8:
1298-306.

25. Weyman AE, Wann S, Feigenbaum H, Dillon JC. Mecha-
nism of abnormal septal motion in patients with right ven-
tricular volume overload. Circulation 1976; 54: 179-86.

26. Bemis CE, Serur JR, Borkenhagen D, Sonnenblick EH,
Urschel CW. Influence of right ventricular filling pressure
on left ventricular pressure and dimension. Circ Res 1974;
34: 498-504.

27. Tanaka H, Tei C, Nakao S, et al. Diastolic bulging of the in-
terventricular septum toward the left ventricle. An echocar-
diographic manifestation of negative interventricular pres-
sure gradient between left and right ventricles during dias-
tole. Circulation 1980; 62: 558-63.

28. Kingma I, Tyberg JV, Smith ER. Effects of diastolic
transseptal pressure gradient on ventricular septal position
and motion. Circulation 1983; 68: 1304-14.

29. Menzel T, Wagner S, Kramm T, et al. Pathophysiology of
impaired right and left ventricular function in chronic em-
bolic pulmonary hypertension. Changes after pulmonary
thromboendarterectomy. Chest 2000; 118: 897-903.

844

Ital Heart J Vol 6 October 2005



30. Mahmud E, Raisinghani A, Hassankhani A, et al. Correla-
tion of left ventricular diastolic filling characteristics with
right ventricular overload and pulmonary artery pressure in
chronic thromboembolic pulmonary hypertension. J Am
Coll Cardiol 2002; 40: 318-24. 

31. Aepfelbacher FC, Yeon SB, Ho KK, Parker JA, Danias PG.
ECG-gated 99mTc single-photon emission CT for assess-
ment of right ventricular structure and function. Is the in-
formation provided similar to echocardiography? Chest
2003; 124: 227-32.

32. Rushmer RF, Krystal DK, Wagner C. The functional anato-
my of ventricular contraction. Circ Res 1953; 1: 162-70.

33. Rushmer RF, Krystal DK. Changes in configuration of the
ventricular chambers during the cardiac cycle. Circulation
1951; 4: 211-8.

34. Rushmer RF, Thal N. The mechanics of ventricular contrac-
tion: a cinefluorographic study. Circulation 1951; 4: 219-28.

35. Kaul S, Tei C, Hopkins JM, Shah PM. Assessment of right
ventricular function using two-dimensional echocardiogra-
phy. Am Heart J 1984; 128: 301-7.

36. Ueti OM, Camargo EE, Ueti A de Ade Lima-Filho EC,
Nogueira EA. Assessment of right ventricular function with

Doppler echocardiographic indices derived from tricuspid
annular motion: comparison with radionuclide angiogra-
phy. Heart 2002; 88: 244-8. 

37. Ghio S, Raineri C, Scelsi L, et al. Usefulness and limits of
transthoracic echocardiography in the evaluation of patients
with primary and chronic thromboembolic pulmonary hy-
pertension. J Am Soc Echocardiogr 2002; 15: 1374-80.

38. Ghio S, Recusani F, Klersy C, et al. Prognostic usefulness
of the tricuspid annular plane systolic excursion in patients
with congestive heart failure secondary to idiopathic or is-
chemic dilated cardiomyopathy. Am J Cardiol 2000; 85:
837-42.

39. Meluzin J, Spinarova L, Bakala J, et al. Pulsed Doppler tis-
sue imaging of the velocity of tricuspid annular systolic mo-
tion. A new, rapid, non-invasive method of evaluating right
ventricular systolic function. Eur Heart J 2001; 22: 340-8.

40. Meluzin J, Spinarova L, Dusek L, Toman J, Hude P, Krejci
J. Prognostic importance of the right ventricular function
assessed by Doppler tissue imaging. Eur J Echocardiogr
2003; 4: 262-71.

41. Tei C. New non-invasive index for combined systolic and
diastolic ventricular function. J Cardiol 1995; 26: 135-6.

S Sciomer et al - Pulmonary hypertension: echocardiographic assessment

845


