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    Abstract

Pulmonary hypertension (PH) is defined as an increased mean pulmonary artery pressure (P̄pa) >25 mmHg at rest as assessed by right heart catheterisation (RHC). However, this technique is invasive and noninvasive alternatives are desirable for early diagnosis of PH. Although estimation of systolic pulmonary arterial pressure is easily obtained using Doppler echocardiography, cases of under- and over-estimations are not rare and direct measurement of P̄pa is not possible using this method. Therefore, echocardiography should be considered as a tool for assessment of the likelihood rather than the definite presence or absence of PH. Transthoracic echocardiography may be useful for noninvasive screening of patients at risk of PH. On the basis of an echocardiographic assessment, patients showing signs suggestive of PH can be referred for a confirmatory RHC. A number of variables measured during echocardiography reflect the morphological and functional consequences of PH and have prognostic value. The presence of pericardial effusion, reduced tricuspid annular plane excursion and right atrial enlargement are associated with a poorer prognosis. Echocardiography is also an important procedure for monitoring the response of patients to therapy, and is recommended 3−4 months after initiation of, or a change in, therapy. Echocardiographic assessment as part of a goal-oriented approach to therapy is essential for the effective management of PH patients.


	Diagnosis
	echocardiography
	prognosis
	pulmonary hypertension

Definitive diagnosis of pulmonary hypertension (PH) requires an elevated mean pulmonary arterial pressure (P̄pa) of ≥25 mmHg at rest measured by right heart catheterisation (RHC) [1]. Although RHC is now a relatively safe procedure, it is invasive and impractical to perform in patients for whom it is not clearly indicated. Consequently there is a clear need for noninvasive procedures that aid diagnosis and allow identification of patients for whom diagnostic RHC is warranted, because of a high likelihood of the existence of PH.
Transthoracic echocardiography (TTE) is one such tool and is widely available and safe. In addition to its role in diagnosis, it can be used to screen for high-risk patient populations, to assess prognosis and to monitor disease stability and response to treatment. These applications for TTE are presented in this article and the limitations of the procedure are discussed.

DIAGNOSTIC VALUE OF ECHOCARDIOGRAPHY AND ITS ROLE IN SCREENING PATIENTS AT RISK OF DEVELOPING PULMONARY ARTERIAL HYPERTENSION


Assessment of pulmonary arterial pressure

A number of echocardiographic variables correlate with right heart haemodynamics, including pulmonary arterial pressure (Ppa), and are therefore of interest in the diagnosis of PH. Noninvasive assessment of Ppa has always been difficult. Most of the methods used to estimate Ppa before the era of Doppler echocardiography were indirect. Such methods took advantage of the detectable consequences of right ventricular pressure overload on right ventricular morphology and function. For example, echocardiographic measurement of right ventricular end-diastolic dimension indexed for body surface area was reported to correlate with P̄pa in patients with chronic PH, but this correlation was not sufficiently robust to allow for Ppa estimation in individual patients [2–4]. Moreover, right ventricular dilation could be caused by its primary failure or increased preload.

Two principal approaches based on Doppler echocardiography were suggested to predict Ppa; assessment of right ventricular systolic and diastolic time intervals and measurements of peak velocities of valvular regurgitations and shunts affecting the right heart. Initial reports from clinical trials were enthusiastic both for pulsed wave Doppler estimates of P̄pa based particularly on the interval from the start to peak velocity of right ventricular ejection (acceleration time (AcT)) as well as continuous wave Doppler predictions of systolic and diastolic pressures derived from tricuspid and pulmonary valvular regurgitation velocity, respectively.

AcT was reported to decrease with increasing Ppa [5]. In addition, mid-systolic deceleration of right ventricular ejection into the pulmonary artery, whenever present, occurred earlier with higher Ppa [6]. Reports suggested excellent correlations between AcT and Ppa, particularly when measured simultaneously [7], and offered regression equations for noninvasive pressure calculations. However, significant differences between these equations precluded their universal application [8]. Moreover, acutely induced changes in Ppa were not accurately reflected by respective changes in AcT [9]. While heart rate [10] and the presence of tricuspid regurgitation apparently did not affect AcT [11], several other factors did; at the same level of Ppa AcT time tended to be longer in patients with low cardiac index [12] and with increased pulmonary flow due to pre-tricuspid shunts [11]. In addition, AcT tended to be shorter with more distal Doppler sample volume positions [13, 14] in individuals with body surface area >2.0 m2 and in adults >30 yrs old [15]. Due to these limitations, the measurement of time intervals with pulsed wave Doppler as a method of estimation of Ppa was practically eliminated from clinical practice, while their potential role in assessment of components of pulsatile haemodynamics still remain largely unexplored [16, 17].

In contrast to time intervals, estimation of Ppa using continuous Doppler and jet velocity methods were based on simple haemodynamic laws. The pressure gradient (PG) driving blood through an orifice can be calculated according to the simplified Bernoulli equation as PG = 4V2 (mmHg), where V represents the peak jet velocity, not accounting for orifice geometry and blood viscosity [16, 18]. Consequently, the peak jet velocity of pulmonary insufficiency [19] as well as peak flow velocities across a ventricular septal defect [20, 21] or patent ductus arteriosus [22] allow for calculations of Ppa. However, tricuspid valve regurgitant jet is the most widely used for this purpose [23]. With modern equipment it is detectable in the majority of patients and its Doppler spectrum can be enhanced by intravenous injection of echocardiographic contrast, further increasing the number of tracings suitable for evaluation [24, 25].

For calculation of systolic Ppa (Ppa,syst), stenosis of right ventricular outflow must be excluded, and an estimate of the right atrial pressure (Pra) should be added to the tricuspid insufficiency pressure gradient (TIPG): Ppa,syst  =  TIPG + estimated Pra. Estimation of Pra based on echocardiographic inferior vena cava (IVC) collapsibility index has been suggested. This index is calculated by subtracting inspiratory from expiratory IVC diameter, and dividing the result by expiratory IVC diameter [26, 27].

While reported correlations between Ppa,syst and its Doppler estimate were excellent, the standard error of estimation remained above 5 mmHg, affecting the precision of Ppa estimation in an individual patient [28]. In an early landmark trial, the reported inter- and intra-observer variabilities were low [23], contrasting with both everyday clinical experience and results of a recent re-evaluation of the method [29]. In a recent trial, although Ppa and Doppler measurements were obtained within 1 h of each other in 65 clinically stable patients with PH and there was no systematic over- or under-estimation of directly measured Ppa,syst with the tricuspid jet method, 95% limits of agreement showed a very broad range of potential error (+38.8 to -40.0 mmHg). Doppler echocardiography resulted in over- or under-estimation of Ppa,syst by more than 10 mmHg in 48% of cases [30]. Pressure under-estimation in 12 out of 15 patients exceeded 20 mmHg while pressure overestimates exceeded 20 mmHg in six patients. Half of all the cases of Ppa,syst overestimation were related to Pra overestimation by echocardiography but disagreement between systolic right ventricle−right atrial gradient by two methods was also significant [30].

A correlation was observed between diastolic Ppa and Doppler-derived end-diastolic pressure gradient (r = 0.91) [31]. However, when directly compared in the same patients, Doppler-derived pressure calculations based on diastolic velocities across the pulmonary valve were less accurate than those based on tricuspid jet velocity measurements (r = 0.83 versus 0.98, respectively) [32].

Joint evaluation of tricuspid and pulmonary regurgitant jets allows for complete reconstruction of the Ppa curve from which P̄pa could be theoretically calculated [32]. A simplified strategy based on measurement of the peak (early) diastolic pulmonary to right ventricular pressure gradient derived from the Doppler flow profiles has also been suggested [31].

Extrapolation of P̄pa from the Doppler estimate of Ppa,syst assessed from TIPG can also be considered. Data suggesting a strong correlation between Ppa,syst and P̄pa, regardless of the clinical diagnosis of a patient, seem encouraging. Measured with high-fidelity tip catheters, systolic P̄pa equalled 0.61(Ppa,syst)+2 mmHg, with negligible error [33, 34]. Whether such direct measurement of Ppa,syst might be substituted in the equation by its Doppler estimate remains to be verified.



Echocardiographic diagnosis of PH

Noninvasive diagnosis of PH is tempting but risky in view of the discussed limitations of all available echocardiographic and Doppler methods. Recent clinical practice guidelines have suggested that echocardiographic conclusions should be limited to assignment of the level of probability of PH rather than confirmation or exclusion of its presence in individual subjects [1].

One of the obvious problems with noninvasive diagnosis of PH is that echocardiography provides us in most cases with an estimate of Ppa,syst rather than P̄pa, on which definition of PH is actually based (i.e. P̄pa ≥25 mmHg at rest). The suggested criteria for the three levels of probability of PH acknowledged existing data on upper limits of Doppler-derived P̄pa estimates in normal people. It also attempted to identify a cut-off value for the Doppler estimate of Ppa,syst corresponding to the RHC definition of PH.

Among 3,212 patients with otherwise normal TTE and no clinically suspected diseases potentially leading to elevated Ppa, mean peak tricuspid jet velocity was 2.6 m·s−1 and TIPG was 18.0±4.7 mmHg (95% CI 8.8−27.2 mmHg) [35]. Multiple linear regressions revealed that age, body mass index (BMI), sex, left ventricular ejection fraction and clinical referral category independently influenced tricuspid velocity. In subjects aged over 60 yrs, and/or presenting with BMI >30 kg·m−2, the 95% confidence interval for TIPG measurement slightly exceeded 30 mmHg [35]. Also, according to the Chemla equation a TIPG of 31 mmHg, assuming Pra at 5 mmHg, would suggest an P̄pa of 24 mmHg [33, 34]. Thus, based on existing population and pathophysiological data it appears justified to consider tricuspid jet velocities exceeding 2.8 m·s−1 at rest, and corresponding to a TIPG greater than 31 mmHg, as elevated, except in elderly and/or very obese patients.

Consequently, if peak tricuspid jet velocity is <2.8 m·s−1 the diagnosis of PH is “unlikely”. Conversely, when the peak tricuspid jet velocity is >3.4 m·s−1, the diagnosis of PH is considered “likely”. In case of intermediate tricuspid jet velocities (2.8–3.4 m·s−1) PH is considered “possible”. Criteria proposed by the recent guidelines also accounted for the presence or absence of other echocardiographic signs suggesting right ventricular pressure overload. For example, if morphology, function of the right ventricle and/or systolic time intervals such as AcT and mid-systolic deceleration of right ventricular ejection are suggestive of PH, such diagnosis should be considered “possible” even with a Doppler estimate of Ppa,syst within the normal range (table 1).
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Table 1 
Echocardiographic criteria corresponding to various levels of likelihood of pulmonary hypertension (PH)





Echocardiographic screening for PH

Acknowledging the limitations of TTE in definitively diagnosing PH, the echocardiographic estimation of the likelihood of PH is among the key elements in the decision-making process, related to the need and timing of RHC in patients with suspected PH. Tricuspid jet velocity has also been a central variable in trials that assessed the possibility of noninvasive “screening” of patients considered to be at increased risk of pulmonary arterial hypertension (PAH) or chronic thromboembolic PH (CTEPH). Since these programmes largely focused on symptomatic (dyspnoeic) rather than asymptomatic patients, the term screening is not entirely appropriate. However, early detection was the main purpose of the trials related to PAH, which was clinically justified by the evidence of better treatment results and outcome in patients with less advanced disease at the time of diagnosis.

Scleroderma patients have a recognised predisposition to develop PAH. A retrospective trial assessed 137 patients with scleroderma regardless of the presence or absence of lung fibrosis [36]. The TIPG cut-off value of 30 mmHg (corresponding to an Ppa,syst of 35 mmHg and tricuspid jet velocity of ∼2.75 m·s−1) had 88% sensitivity but only 42% specificity for PH. Tricuspid gradients of >45 mmHg, (corresponding to an Ppa,syst >50 mmHg and tricuspid jet velocity >3.35 m·s−1) had 97% specificity but only 47% sensitivity. In another trial, which used TIPG >40 mmHg as a cut-off value, PH was confirmed in all 32 scleroderma patients who were evaluated with RHC [37]. However, false-negative results for this cut-off value could not be assessed due to trial design. In the ongoing DETECT study in scleroderma patients, echocardiography is one of several tools being prospectively evaluated against RHC for sensitivity, specificity and predictive value in identifying patients with PAH [38].

In a prospective assessment of 599 patients with scleroderma using Doppler echocardiography, all patients with a peak tricuspid jet velocity >3.0 m·s−1 as well as those with >2.5 m·s−1 and exertional dyspnoea qualified for RHC [39]. While only 14 out of 33 such patients had PH confirmed with RHC, this allowed for early detection, since in most cases PH was mild. In an additional four patients, PH was diagnosed because of the rise in P̄pa to >30 mmHg during exercise, but this is no longer included among PH diagnostic criteria [1]. A further trial assessed the prevalence of PAH in patients with HIV [40]. In this study 7,648 patients with HIV completed a questionnaire, which identified dyspnoea in 739 patients. Of these, 247 met criteria and agreed to participate in the trial. Among 18 patients with peak tricuspid jet velocity >2.5 m·s−1 and dyspnoea only five were found to have PAH at RHC. Post hoc analysis after increasing the cut-off value of peak tricuspid jet velocity to >2.8 m·s−1 reduced the number of positive echocardiographic results from 18 to seven, and the rate of false-positive results to 29%.

Prospective echocardiographic screening of asymptomatic survivors of acute pulmonary embolism for CTEPH remains questionable. A recent Dutch prospective screening study enrolled 866 patients with a history of acute pulmonary embolism [41]. Echocardiographic criteria included peak tricuspid jet velocity of 2.8 m·s−1 and also pulmonary insufficiency jet velocity, AcT and the presence of morphological and functional consequences of PH. All patients who met one or more of the six predefined echocardiographic criteria were suspected of having PH and underwent further standardised work-up including perfusion lung scintigraphy and RHC for pressure measurements. The final diagnosis assessed by an independent expert panel according to predefined criteria revealed 0.57% (95% CI 0.02−1.2%) prevalence of CTEPH. However, most of the patients with CTEPH were already identified because of clinical symptoms and signs. This occurred before they were invited for formal echocardiographic screening, which had very low additional diagnostic yield for CTEPH, and was not found practically useful by the authors [41]. A similar conclusion was recently extended to patients who reported new or increased dyspnoea after a previous episode of acute pulmonary embolism. Symptomatic CTEPH was considered if the Ppa,syst exceeded 40 mmHg on echocardiography and the perfusion scan showed a perfusion defect on the lobar or segmental levels of the lungs. If these findings were positive, patients underwent further diagnostic workup, including pulmonary angiography with direct measurement of Ppa, to confirm or refute the diagnosis of CTEPH. No additional patients were diagnosed as a result of echocardiographic examinations performed within this programme [42].

Screening appears to be more successful when higher cut-off levels for Ppa,syst are used to identify patients who should be referred for RHC. Among 101 candidates for liver transplant with Doppler estimate of Ppa,syst >50 mmHg, all-cause PH was documented at RHC in 90 out of 101 (90%) patients and PAH in 66 out of 101 (65%) patients [43].

In summary, echocardiographic screening for PAH and CTEPH is not effective in asymptomatic patients at increased risk and requires better definition of both clinical and echocardiographic enrolment criteria in those patients at risk, who are mildly symptomatic. In the recent European Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines [1], echocardiographic screening is recommended in symptomatic patients with scleroderma (evidence level I-B), symptomatic patients with liver disease (evidence level I-B) or HIV (I-C) and may be considered in asymptomatic patients with scleroderma (evidence level IIb-C). The potential role of echocardiographic stress testing in the early diagnosis of PH will be addressed later in the article.




ECHOCARDIOGRAPHIC EVALUATION OF THE CONSEQUENCES OF PH

Assessment of the consequences of PH on left and right heart remodelling is one of the most important parts of the echocardiographic examination, because of its potential prognostic value. Since PH is a very severe disease with high mortality rate [44–48], the identification of noninvasive markers of a poor prognosis will be useful for patient management and follow-up. Several echocardiographic indices have been proposed [26, 49–52] and have the common objective of assessing the three main consequences of PH: right heart remodelling, impact on the left heart and RV dysfunction.


Impact of PH on the right heart

Severe PH frequently causes right ventricular and right atrial dilatation, abnormal inter-ventricular septal motion, right ventricular dysfunction, and dilatation of the superior and inferior vena cavae and hepatic veins, as well as pericardial effusion (fig. 1) [52]. The simplest parameter is the measurement of the right atrial dimensions, including right atrial diameter and area measured on a four chamber apical view (fig. 2). A right atrial area >20 cm2 is abnormal [53] and an area >27 cm2 has been associated with a poor prognosis [54].
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Figure 1. 
Typical echocardiographic features in a patient with severe pulmonary arterial hypertension. Dilatation of the right cavities, compression of the left cavities, presence of a pericardial effusion (arrow). RV: right ventricle; LV: left ventricle; RA: right atrium; LA: left atrium.
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Figure 2. 
Measurement of a) the right atrial area and b) dimensions in an apical four-chamber view. RV: right ventricle; LV: left ventricle; RA: right atrium; N: normal value.





Right ventricular measurements are more challenging because of the frequent presence of large trabeculations, and because of the complex morphology of the right ventricle. For this reason, no reference value exists concerning right ventricular volume measurement by echocardiography [53]. Measurement of the mid-cavity and basal right ventricular diameter in the apical four-chamber view at end-diastole is a simple method for quantification of right ventricular size. Right ventricular area measurement is another option [55] but has similar limitations. Right ventricular diastolic areas ranging from 11 to 28 cm2 have been reported; right ventricular area >38 cm2 is severely abnormal [53].



Impact of PH on the left heart and cardiac output

Severe PH frequently causes compression of the left heart cavities, abnormal left ventricular filling, and decreased cardiac output [26, 50–52]. All of these are very important parameters for assessing the severity of PH consequences, and can be measured easily by echocardiography.

Left ventricular compression is frequently observed in PH and has been reported to have a prognostic value [56]. It may be quantified by the eccentricity index (fig. 3), measured as the ratio of the long axis to short axis diameters of the left ventricle, both in diastole and in systole [57]. The eccentricity index is calculated on the two-dimensional short-axis view of the left ventricle and may discriminate between right ventricular volume overload and pressure overload states. Right ventricular dilatation also causes abnormal left ventricular filling, which may be assessed by the recording of the mitral inflow (fig. 4). A pattern of abnormal relaxation is frequently observed in severe PH [52]. Finally, one of the most important consequences of severe PH is a decrease in cardiac output. This parameter must be systematically assessed by TTE, using the combination of the left ventricular outflow tract diameter and the time–velocity integral of the aortic flow recorded by pulsed wave Doppler (fig. 4). Although this parameter suffers from some degree of inter-observer variability, it is a crucial measurement for the assessment of severity and follow-up of patients presenting with PH [58].
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Figure 3. 
Measurement of the eccentricity index. RV: right ventricle; LV: left ventricle. Reproduced from [57] with permission from the publisher.
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Figure 4. 
Left heart consequences of pulmonary hypertension. a) Abnormal left ventricular filling by pulsed-wave Doppler. b and c) Measurement of cardiac output using Doppler echocardiography. LV: left ventricle; LA: left atrium; AO: aorta; D: aortic annulus diameter; TVI: time velocity integral.






Evaluation of right ventricular dysfunction

The main consequence of severe PH is right ventricular dysfunction. However, several caveats limit the use of right ventricular function parameters. First, there is no good geometric model allowing the calculation of right ventricular ejection fraction [53]. Secondly, the large apical trabeculations of the right ventricle make the endocardial delineation more difficult to obtain than for the left ventricle. In addition, the geometry of the right ventricle itself is complex, with two different chambers oriented in two different planes [59]. In addition, several measurements of the right ventricle are load-dependent and of limited accuracy [26]. Finally, longitudinal fibres are predominant in the right ventricle, making right ventricular radial contraction, as assessed by ejection fraction, an imperfect reflection of its true contractile properties.

For these reasons, no single parameter appears sufficient today to give an adequate assessment of right ventricular function. Rather, a combination of the following parameters must be used [26, 50, 60].

1) The subjective evaluation of right ventricular function has been used for a long time but suffers from lack of precision and of reproducibility [53]. A more precise evaluation can be obtained by the measurement of the right ventricular area, in systole and diastole, allowing the calculation of the right ventricular shortening fraction (RVSF). The RVSF is a relatively simple method of assessing right ventricular function, which correlates well with magnetic resonance imaging (MRI) measurements, but is dependent on the quality of the echocardiographic images [61]. Measurement of right ventricular ejection fraction based on volume measurement has been attempted. However, whatever the method of calculation (e.g. Simpson's method or area-length method) it suffers from the same limitations as volume measurements. Right ventricular ejection fraction is load dependent [26] and no reference value has been proposed in the recent recommendations from the American and European Societies of Echocardiography [53].

2) Tei index is a simple parameter used to assess the global function of the right ventricle. This global myocardial performance index needs the measurements of both the tricuspid inflow and the right ventricular outflow by pulsed-wave Doppler (fig. 5). Normal values are 0.28±0.04, and the Tei index gets more prolonged with more severe right ventricular dysfunction (0.93±0.34 in patients with PAH) [62]. Tei index has the advantage of being relatively independent of loading conditions and of representing a global estimate of right ventricular function independent of geometric assumptions [26], but is limited by its mode of calculation based on two different cardiac cycle measurements. Similar information can be obtained using tissue Doppler imaging (TDI), which has the advantage of obtaining both measurements during the same cardiac cycle [64].
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Figure 5. 
Assessment of the right ventricle global performance by the Tei index. a) Method of measurement of Tei index. Right ventricle myocardial performance index (RVMPI) ([a−b]/b) is calculated by measuring two intervals: 1) a is interval between cessation and onset of tricuspid inflow; and 2) b is ejection time (ET) of right ventricular outflow. ICT: isovolumetric contraction time; IRT: isovolumetric relaxation time; TRT: tricuspid regurgitation time. Reproduced from [62] with permission from the publisher. b) Prognostic value of Tei index. Reproduced from [63] with permission from the publisher.





3) Another simple parameter for evaluating right ventricular function is the tricuspid annulus plane systolic excursion (TAPSE). TAPSE is a surrogate of right ventricular function, as longitudinal fibres are predominant in the right ventricle. This parameter can be obtained easily by M-mode echocardiography of the right ventricular annulus (fig. 6). Normal values are >20 mm and are severely reduced in case of right ventricular dysfunction [66]. However, TAPSE suffers from several limitations [26], including angle and load dependency. In addition, TAPSE focuses only on a small part of the right ventricular myocardium, is affected by the overall heart motion, and thus cannot be considered as a real surrogate of entire right ventricular function [26].
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Figure 6. 
Measurement of the tricuspid annulus plane systolic excursion (TAPSE). a) Method of measurement of TAPSE by M-mode echocardiography. b) Prognostic value of TAPSE. Reproduced from [65] with permission from the publisher.





4) Similar information can be obtained with TDI of the tricuspid annulus [67]. This technique allows a very simple evaluation of the tricuspid annulus systolic and diastolic velocities (fig. 7). In a series of 44 patients with heart failure, Meluzín et al. [67] found that the peak systolic tricuspid annular velocity significantly correlated with the right ventricular ejection fraction assessed by first-pass radionuclide ventriculography. Normal values were 15.5±2.6 cm·s−1 in healthy subjects. A value <11.5 cm·s−1 enables right ventricular dysfunction to be predicted (ejection fraction <45%) with a sensitivity of 90% and a specificity of 85%. More recently, velocities and acceleration during the isovolumic contraction phase (fig. 7) have been studied using TDI of the basal right ventricular free wall [68]. Isovolumic myocardial acceleration has been reported to be less affected by preload and afterload and thus to be the most reliable contractility index [68, 69]. In a recent series [69], TAPSE, systolic velocities and isovolumic contraction parameters were able to detect early right ventricular dysfunction in patients with systemic sclerosis.
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Figure 7. 
Tissue Doppler imaging (TDI) of the basal part of the right ventricle free wall allows the measurements on a single cardiac cycle of several parameters of right ventricular function, including systolic (S) and diastolic (E and A) velocities, isovolumic contraction phase parameters, and TDI Tei index. IVV: isovolumic contraction velocity.





In summary, although these parameters require further validation in patients with PH, TDI of the right ventricular annulus and basal free wall has the advantage of being able to obtain several parameters of right ventricular function from a single cardiac cycle, including systolic and diastolic velocities, isovolumic contraction phase parameters and Tei index. Among the new echocardiographic techniques, strain imaging and three-dimensional echocardiography have been shown to be potentially useful to assess right ventricular function [70].



Other consequences of PH assessed by echocardiography

Two other important consequences of PH may be assessed by echocardiography. Pericardial effusion is usually of minor importance. However, in some circumstances it can contribute to abnormal left and right ventricular function [71] and is of prognostic value in PH. Right to left shunting through a patent foramen ovale is observed frequently in severe PH with elevated Pra. It may be easily diagnosed by intravenous injection of microbubbles using a peripheral line. Severe right to left atrial shunting may explain hypoxemia observed in some patients with PH.




ECHOCARDIOGRAPHY FOR PROGNOSTIC ASSESSMENT AND FOLLOW-UP OF PATIENTS WITH PH

The natural history of PH is marked by frequent complications and a high mortality rate [44–48]. Besides its diagnostic value and its role in the assessment of consequences of PH, echocardiography is also useful for the prognostic assessment of PH.

Several of the parameters measurable with echocardiography discussed above have been shown by multivariate analyses to carry a prognostic value. These include right atrial area [54], eccentricity index [56], presence of a pericardial effusion [71], Tei index [63] and TAPSE [65]. A multicentre study found that the most potent predictive markers of death in PH were right atrial size, pericardial effusion and eccentricity index [56]. In the recent European guidelines however, only pericardial effusion and TAPSE have been selected as major prognostic indicators on the basis that they can be measured in the majority of patients [1], although several other indices have the potential to help the clinician in the prognostic assessment of patients with PH.

In a series of 53 patients with PH, a Tei index value of >0.83 was found to be associated with an increased risk of clinical events and death (fig. 5) [63]. TAPSE also has a prognostic value; in a series including 63 patients with PH, a TAPSE value of <1.8 cm was associated with a poor prognosis and more severe right ventricular systolic dysfunction (fig. 6) [65]. Similarly, the systolic velocity of the tricuspid annulus assessed by TDI is associated with a prognostic value. In a series of 139 patients with heart failure, a systolic velocity of the tricuspid annulus <10.8 cm·s−1 was associated with reduced survival [72].

A recent MRI study found that reduced stroke volume, reduced left ventricular volume and large right ventricular volume, as measured by MRI, also carried prognostic information in patients with PH [58]. Other echocardiographic parameters have been shown recently to have a prognostic value. Brierre et al. [27] studied 79 patients with PH and found that elevated P̄pa and diastolic Ppa, abnormal end-diastolic septal curve and an IVC diameter >20 mm with reduced respiratory variation of diameter, were of prognostic value, even after adjustment for New York Heart Association functional class (NYHA FC) and 6-min walk distance (6MWD).

Finally, new techniques such as three-dimensional echocardiography and strain imaging could potentially improve the prognostic evaluation of these patients. Additional research is necessary to better assess the real value of echocardiography in the prognostic assessment of patients with PH.

Echocardiography also plays a key role in the follow-up of patients with PH under specific therapy and the recent ESC/ERS guidelines recommend follow-up echocardiography be performed 3−4 months after initiation or changes in specific therapy and in case of clinical worsening [1]. Repeat measurements of all echocardiographic parameters are mandatory in the follow-up of patients with PAH, including Ppa, cardiac output, and other parameters for comparison with baseline values. More importantly, the assessment of the reverse remodelling of right and left cardiac chambers is critical to assess the efficacy of specific therapy (fig. 8). A double-blind, randomised, placebo-controlled trial evaluated the effects of oral bosentan on the echocardiographic and Doppler parameters in 85 patients with PAH [73]. Compared with placebo, patients in the bosentan group had less right ventricular dilatation, a larger left ventricle, greater stroke volume, a higher cardiac index, and an improvement in right ventricular function and left ventricular early diastolic filling after 16 weeks of treatment. Sebbag et al. [74] followed 16 patients with PH treated with epoprostenol and found that right ventricular function, as assessed by Tei index, was significantly depressed before therapy and improved after therapy, particularly in patients who also showed signs of clinical improvement.
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Figure 8. 
Reverse remodelling of left and right cavities under specific therapy in a patient with severe idiopathic pulmonary arterial hypertension. a) Before specific therapy: severe dilatation of the right ventricle (RV) with left ventricle (LV) compression, in two dimensional (a) and M-mode (b) echocardiography. After 4 months of combination therapy: partial regression of RV dilatation and LV compression (c and d).





New techniques, such as two-dimensional strain, will probably be helpful for the follow-up of patients with PH under specific therapy [70].

Echocardiographic study must be part of the goal-oriented strategy in patients with PH under specific therapy. Echocardiography must not be used alone for the follow-up and decision making in patients with PH. A combination of echocardiographic parameters and other known prognostic parameters such as NYHA FC, 6MWD, brain natriuretic peptide measurement and haemodynamic parameters is recommended to assess both the prognosis and the efficacy of therapy.



FUTURE DIRECTIONS

The most dynamic developments in echocardiography, including its clinical applications related to the pulmonary circulation, took place three decades ago. Relatively new and not fully explored areas include clinical significance of tricuspid plane motion dynamics [66, 67], three-dimensional echocardiography of the right heart [26, 75] and modern methods of local RV strain rate assessment [69, 70]. While a few of them increase the quality of individual patient evaluation [68], others mostly prolong an already extensive list of measurements, which are currently being taken during a resting echocardiographic examination aimed at diagnosing, staging or following up PH. Two main directions of research should therefore focus on the selection of a few of the most useful existing echocardiographic variables measured at rest, and on the development, standardisation and prospective validation of echocardiographic stress testing, which could be more useful than resting echocardiographic assessment.

One way of selecting the most clinically relevant echocardiographic measurements for staging and follow-up of patients with PH is by implementing evidence from trials using gold standard methodology, such as MRI or RHC. For example, stroke volume index (SVI) and its changes over time emerge as promising haemodynamic variables potentially measurable with echocardiography. Recently confirmed by MRI [58], which has higher resolution and reproducibility, the prognostic value of stroke volume in PH has a straightforward pathophysiological justification. Importantly, stroke volume is independent from heart rate changes which can pseudo-normalise cardiac output in the presence of potentially detrimental increased sympathetic system activity. Stroke volume is a well-established echocardiographic measurement, which can be taken both from both the right and left ventricular outflow tracts, to increase the accuracy of its estimation. The key source of error is related to the area of the orifice, and this should not affect the reproducibility of follow-up measurements, which could be limited to analysis of flow velocity tracing or even to the right ventricular ejection time. Indeed, stroke volume and right ventricular ejection time were among the variables that most significantly responded to targeted treatment with bosentan compared with placebo, as reported by a landmark echocardiographic trial [73]. Unpublished data from this trial suggested that an increase in right ventricular ejection time (rather than reduction of isovolumic contraction and relaxation times) was driving the beneficial changes in Tei index in patients in the active treatment arm, compared with placebo patients. During routine serial echocardiographic examinations, concentrating on the precise assessment of a very limited number of variables identified using a similar strategy as described for SVI and right ventricular ejection time, could reduce the information noise experienced when trying to follow an extensive number of poorly reproducible measurements. Clearly, prospective validation of clinical significance of such a limited set of variables, preferably compared with current comprehensive echocardiographic evaluation, would be required prior to any formal recommendations.

There is no doubt that information about the condition of any functional system is not complete without submitting it to stress. Unfortunately our understanding of the clinical significance of right heart haemodynamic changes induced by, for example, exercise is very rudimentary. This has been recently and somewhat painfully acknowledged by limiting the definition of PH to the resting value of P̄pa ≥25 mmHg, while removing its component related to exercise [1]. Therefore, stress echocardiographic examinations, potentially useful for early detection of PH, became, at least temporarily, unjustified. Indeed, though a term “hypertensive response” defined as TIPV >3.08 m·s−1 was recently suggested to describe an exaggerated rise in Ppa,syst during exercise echocardiography at workload <125 W or during prolonged breathing air with reduced oxygen content (inspired oxygen fraction 12%), no upper limit of normal could be identified, as significant increases of Ppa,syst Doppler estimate were also observed during exercise in healthy controls [76].

However, stress echocardiography (understood as an exercise, controlled hypoxia or controlled volume loading test) does have great potential not only in screening for PH but also in follow-up and assessment of PH treatment. Again, implementation of new methods of functional assessment [77] standardisation of the tests and their validation should be undertaken in properly designed clinical trials.

Finally, echocardiography should also be prepared to face new challenges currently emerging in the field of PH and right ventricular function. This includes, for example, evaluation of right ventricular synchrony in preparation for the possibility of right ventricular resynchronisation therapy. Echocardiography should also allow for serial assessment of pulmonary artery diameter, recently suggested as related to the risk of sudden death in patients with PH. Hopefully, the PH community will understand the remaining, hidden potential of echocardiography and will contribute to further development of this method in the field of pulmonary circulation [26].



CONCLUSION

Despite its several limitations, echocardiography remains the most clinically useful noninvasive method allowing for multidimensional assessment of pulmonary circulation. Echocardiography has a key role to play in the diagnosis of PH by identifying patients for whom RHC is warranted, facilitating earlier diagnosis and earlier medical management. The prognostic value of certain echocardiographic parameters is also recognised and the regular assessment of these, as part of a goal-oriented approach to therapy, is critical to monitor the progression of PH and the response of patients to specific treatment.
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