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Abstract. 

Background. Current guidelines recommend right heart catheterization (RHC) in 

symptomatic patients at risk of precapillary pulmonary hypertension (PH) with 

echocardiographic systolic pulmonary pressures (sPAP) ≥36mmHg.  Growing 

awareness for PH, a high prevalence of postcapillary PH and the inability to 

distinguish between pre- and postcapillary PH by echocardiography have led to 

unnecessary RHCs.  The aim of the present study was to assess whether standard 

non-invasive diagnostic procedures are able to safely exclude precapillary PH. 

Methods. Data from 251 patients referred for clinical and echocardiographic 

suspicion of precapillary PH were used to develop a non-invasive diagnostic decision 

tree.  Bootstrapping was applied for internal validation and a prospectively collected 

data set of 121 consecutive patients was utilized for temporal validation. 

Results. According to the decision tree, patients were stratified by the presence or 

absence of an electrocardiographic right ventricular strain pattern (RVS) and serum 

NT-proBNP levels below and above 80pg/ml.  In the absence of RVS and elevated 

NT-proBNP, none of the patients in the prospective validation cohort was diagnosed 

with precapillary PH by RHC.  Compared with current indication for RHC that is 

mainly based on echocardiography, a combination with the diagnostic algorithm 

increased specificity to 19.3% (p=0.0009), while sensitivity remained 100%.   

Conclusion. A diagnostic decision tree employing ECG and NT-proBNP on top of 

echocardiography helps recognize one false positive case per five patients referred 

with dyspnea and echocardiographic suspicion of PH, while not missing true 

precapillary PH. 
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Background. 

Precapillary pulmonary hypertension (precapillary PH) is a severe condition leading 

to right heart failure and death within 2-3 years after diagnosis, if left untreated 1.  

While idiopathic pulmonary arterial hypertension (PAH) is rare, associated forms of 

PAH 2 are more common and may be triggered by collagen vascular disease, 

appetite suppressants 3, HIV-infection 4, increased shear stress and hypoxia 2, 5-7.  A 

series of medical conditions, including infection, immune disorders, inflammatory 

bowel disease and permanent venous catheters 8, 9, predispose to chronic 

thromboembolic pulmonary hypertension (CTEPH) 10. 

According to international guidelines 2 that were recently up-dated 11-13, invasive 

hemodynamic measurement by right heart catheterization (RHC) is recommended in 

patients with clinical suspicion of precapillary PH if systolic pulmonary arterial 

pressure (sPAP) by transthoracic echocardiography (TTE) ≥36mmHg.  An invasively 

measured pulmonary capillary wedge pressure of 15mmHg has been used to 

discriminate between precapillary and postcapillary pulmonary pressure elevation 

that mostly occurs as a consequence of left-sided heart disease 14.  The growing 

awareness for PH, a high prevalence of postcapillary PH 15 and the inability of TTE to 

distinguish between pre- and postcapillary PH have necessitated invasive 

hemodynamic measurements for exclusion.  Furthermore, Doppler echocardiography 

is frequently inaccurate in estimating sPAP 16.  Given a low specificity of PH 

symptoms and sPAP elevations by TTE, the decision to either proceed with RHC or 

withhold further invasive testing is a common clinical problem, especially in high-

volume PH referral centers 17.  Although rare 18, complications of RHC may be 

ventricular tachyarrhythmia, vascular or ventricular perforation, bleeding, 

pneumothorax and even death 19.  However, a restrictive use of RHC may delay a 

timely diagnosis and treatment 20.  
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Apart from TTE, 12-lead electrocardiography (ECG), serum N-terminal brain 

natriuretic peptide (NT-proBNP) and lung function tests with blood gas analysis have 

been recommended in patients who present with dyspnea.  Typical ECG signs of 

precapillary PH are right ventricular hypertrophy (RVH) and strain (RVS), and signs 

of right atrial dilation such as p pulmonale.  The role of ECG for the diagnosis of PH 

has been investigated in a large American registry initiated in the early eighties.  Rich 

and co-workers reported that electrocardiographic RVH was present in 87% and right 

axis deviation in 79% of patients with idiopathic PH 21.  Elevated serum NT-proBNP 

22 and hypocapnia 23 have been established as independent markers of mortality in 

PH.  However, the combined diagnostic use of these non-invasive tests has not been 

validated.  Therefore, we tested the ability of standard non-invasive diagnostic 

procedures to correctly identify or exclude precapillary PH in patients referred for 

clinical suspicion of PH and echocardiographic sPAP ≥ 36mmHg.  We used a 

retrospective data set of 251 consecutive individuals and constructed a simple non-

invasive diagnostic algorithm.  In a prospective temporal validation study enrolling 

121 new consecutive patients, the incremental diagnostic value of the combined use 

of TTE, ECG and NT-proBNP over TTE alone was confirmed. 
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Methods. 

Setting and study design. 

The study was approved by the Ethics Committee of the Medical University of 

Vienna, and written informed consent was collected from prospectively enrolled 

patients.  The study was performed at the Pulmonary Hypertension Unit of the 

Medical University of Vienna as a tertiary referral center for PH.   

 

Retrospective study. Between January 2002 and April 2007, 462 patients were 

referred for the evaluation of PH.  TTE, 12-lead ECG, serum NT-proBNP and lung 

function tests including partial pressure of carbon dioxide in arterial blood (PaCO2) 

were performed upon admission in each patient.  Patients with echocardiographic 

sPAP <36mmHg (n=80) were not considered for invasive hemodynamic assessment.  

Patients carrying pacemakers or implantable cardioverters/defibrillators (n=12) were 

excluded because of the inapplicability of standard ECG criteria.  Seventy-one 

patients were excluded because of severe valvular disease, congenital 

malformations, and/or severely impaired left ventricular function.  Of the 299 patients 

who were considered appropriate study candidates, 48 were excluded because of 

incomplete data, leaving 251 patients for analysis.  Based on the invasive 

hemodynamic evaluation by RHC, the diagnosis  "precapillary PH" or "no precapillary 

PH" was made. 

 

Prospective study.  For temporal validation of the diagnostic algorithm that had been 

constructed from the retrospective data set, we enrolled consecutive patients referred 

between June 2007 and October 2008.  From a total of 222 individuals, 101 were 

excluded because of valvular heart disease (n=29), left ventricular dysfunction (n=8), 

congenital heart disease (n=8), pacemaker (n=17), and an echocardiographic sPAP 



6 

<36mmHg (n=30).  In one patient NT-proBNP had not been determined and one 

patient died prior to a complete assessment.  Seven patients refused to participate in 

the study.  In the remaining 121 patients, non-invasive diagnostic procedures were 

performed in an outpatient setting.  Based on the diagnostic algorithm, each patient 

was categorized as "precapillary PH excluded" or "precapillary PH likely".  In a next 

step, all patients underwent invasive hemodynamic assessment by RHC.  Based on 

these results, a diagnosis was made that served as the validation standard. 

 

Transthoracic echocardiography. 

All TTE studies were performed by board certified physicians in the echo laboratory 

of the Medical University of Vienna using high-end scanners, such as Siemens 

Acuson Sequoia and GE Vivid 5 and Vivid 7.  The current standard in our echo lab 

are two observers.  TTE studies were based on measurements that are broadly 

available and routinely used in the evaluation of patients with suspected PH. 

Right ventricular dysfunction was diagnosed based on a visual assessment and on a 

tricuspid annular plane systolic excursion of less than 18mm.  sPAP was calculated 

by adding estimated right atrial pressure to the tricuspid regurgitation pressure 

gradient.  No contrast agents were used for enhancement of Doppler signals.  Right 

atrial pressure was estimated based on the diameter and respiratory variation of the 

inferior vena cava 11. 

Left ventricular hypertrophy was diagnosed if end-diastolic septal thickness in the 

apical 4-chamber view was ≥12mm. 

Left ventricular diastolic dysfunction was diagnosed in the presence of a restrictive or 

pseudo-normal filling pattern and normal or only mildly abnormal left ventricular 

ejection fraction (LVEF>50%).  A restrictive filling pattern was defined by an E/A 

waves ratio >2 and a deceleration time <150ms.  A pseudo-normal filling pattern was 
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diagnosed, if E/A waves ratio and deceleration time were normal but changed to 

abnormal after Valsalva 24. 

 

ECG. 

Retrospective and prospective study.  A 12-lead ECG was recorded according to 

clinical standards at a paper speed of 25mm/s.  ECGs were analyzed by two 

cardiologists who were blinded to the clinical and echocardiographic data.  ECG 

rulers and calipers were used.  In case of disagreement, consensus was achieved 

between the two observers in a second reading.  The following parameters were 

obtained: (a) presence or absence of sinus rhythm, (b) heart rate in beats per minute, 

(c) P-wave amplitude in milliVolts (mV) in lead II, (d) P-wave axis in degrees (°), (e) 

presence or absence of p pulmonale defined as a P-wave amplitude > 0.25mV, (f) 

electric heart axis in °, (g) right axis deviation defined as a QRS-axis >110°, (h) QRS 

width in ms, (i) presence or absence of bundle branch block defined as a QRS width 

>100ms, and stratification in right bundle branch block (RBBB) or left bundle branch 

block (LBBB), (j) the presence or absence of RVS pattern defined as ST-segment 

deviation and T-wave inversion in leads V1-V3 25, (k) the presence or absence of left 

ventricular strain pattern defined as ST-segment deviation and T-wave inversions in 

leads V5 and V6, (l) QT-length in milliseconds (ms) and corrected QT-length (QTc) 

calculated by the Bazett-formula 26.  RVH was defined by a ratio of R and S in lead 

V1 >1. 

 

Assessments. 

A detailed medical history including medical conditions known to be associated with 

PH was taken 2, 5, 6, 27.  Associated conditions were collagen vascular disease, HIV 

infection, history of appetite suppressant intake, splenectomy, or ventriculo-atrial 
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shunt.  In addition, exercise capacity measured by the distance in meters walked in 

six minutes and the modified New York Heart Association (NYHA) class 28 at 

presentation were determined in each patient. 

Blood gas analysis was performed with an ABL 510 blood gas analyzer (Radiometer, 

Denmark). 

Serum NT-proBNP was measured utilizing the Elecsys proBNP kit (Roche, Basel, 

Switzerland).  Hemodynamic assessment by RHC included measurement of cardiac 

output utilizing both the Fick equation and the thermodilution method.  "Precapillary 

PH" was diagnosed if mean pulmonary arterial pressure exceeded 25mmHg at rest, 

and pulmonary capillary wedge pressure was below 15mmHg 2.  

 

Statistical analysis. 

Statistical computations were performed with SPSS (version 15.0, SPSS Inc., 

Chicago, IL, USA) and SAS (version 9.1, SAS Institute Inc., Cary, NC, USA).  

Continuous variables were described with mean and standard deviations.  Groups 

were compared with the unpaired t-test.  Right-skewed variables were logarithmically 

transformed before testing.  Nominal variables were described with counts and 

percentages, groups were compared with chi-squared or Fisher's exact test.  

Wilson's method was used to compute confidence intervals (CI) for single 

proportions.  McNemar�s test was used to compare sensitivities and specificities of 

diagnostic decision rules.  All reported p-values are results of two-tailed tests, and p-

values <0.05 were considered statistically significant.   

Univariable logistic regression models were used to assess whether TTE, clinical and 

ECG variables allowed discriminating between "precapillary PH" and "no precapillary 

PH".  Stepwise selection (forward search) within the three groups (TTE, clinical and 

ECG variables) yielded partially independent variable sets.  The clinical and the ECG 
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variable sets were used to construct a diagnostic decision tree (Classification and 

Regression Tree (CART)) for "precapillary PH" versus "no precapillary PH" 

employing the CHAID (Chi-Squared Automatic Interaction Detection) method of 

SPSS and defining diagnostic branch points and terminal nodes.  At each branch 

point a case will either branch to the left or to the right based on a test against a 

threshold predictor value, and will continue branching in subsequent nodes until a 

terminal node is reached. 

Because of the prognostic implications of a delayed PAH diagnosis and treatment 1 a 

false negative diagnosis was assumed to have far more serious consequences than 

a false positive one.  Therefore, the class assignment rule was chosen in a way that 

the percentage of false negative predictions did not exceed 4% (one out of 25) of the 

true positive cases.   

To overcome the problem of overoptimistic results, both an internal and a temporal 

validation step were added 29.  Internal validation was based on the bootstrap 

approach 30 reporting an average of thirty bootstrap samples.  Temporal validation 

was based on the prospective sample. 
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Results. 

Characteristics of the retrospective patient cohort. 

Patient characteristics are summarized in Table 1.  According to RHC results, 

patients were classified as "precapillary PH" (n=187, 74.5%) or "no precapillary PH"  

(n=64, 25.5%).  In the "precapillary PH" group, 49 patients were eventually 

diagnosed with idiopathic or familial PH, or PH associated with corrected or small 

(<2cm) uncorrected atrial septal defects, 2 patients had a history of anorexigen 

intake, 6 were HIV-positive, 10 female patients suffered from collagen vascular 

disease, 2 had PH in association with Osler's disease, 13 patients had underlying 

lung disease 31 and 97 patients had CTEPH, 7 had porto-pulmonary hypertension, 

and one patient suffered from pulmonary veno-occlusive disease.  In the "no 

precapillary PH" group, 53 patients were diagnosed with postcapillary PH.  Of those 

42 patients suffered from PH due to left ventricular diastolic dysfunction (34 with 

systemic arterial hypertension and 10 with significant coronary artery disease).  Nine 

patients with postcapillary hypertension suffered from PH due to lung disease and/or 

hypoxemia 32.  In 11 patients PH was excluded because mPAP was <25mmHg.  Of 

those, one patient was diagnosed with pulmonary lymphangioleiomyomatosis, one 

patient had an isolated pulmonary AV-malformation, 2 patients had manifest 

hyperthyreoidism, 2 patients were diagnosed with unilateral pulmonary artery 

occlusion, 2 patients had atrial septal defect, and 3 patients had severe isolated 

tricuspid valve regurgitation.   

There were no between-group differences with respect to demographic 

characteristics, including age and sex.  Furthermore, no differences were 

encountered in the 6-minute walking distances or serum creatinine levels.  However, 

statistically significant differences between "precapillary PH" and "no precapillary PH" 

were found in NYHA class, serum NT-proBNP, PaCO2, associated medical 
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conditions, TTE parameters, such as sPAP, right ventricular function and diameter, 

left ventricular wall thickness and diastolic function, hemodynamic parameters, heart 

rate, and ECG characteristics, such as p-wave amplitude and axis, QRS axis, right 

ventricular hypertrophy, bundle branch block, right ventricular strain pattern and the 

corrected QT interval (Table 1). 

 

Characteristics of the prospective patient cohort. 

Of 64 (52.9%) patients diagnosed with "precapillary PH" (Table 2), 26 had CTEPH, 

18 idiopathic or familial PH or PH associated with corrected or small uncorrected 

atrial septal defect, 13 patients suffered from PH associated with chronic lung 

disease 31, 3 had porto-pulmonary hypertension, 2 patients suffered from PH in 

association with collagen vascular disease and 2 patients had PH associated with 

HIV infection.   

Of the 57 (47.1%) patients diagnosed with "no precapillary PH", 32 suffered from 

postcapillary PH associated with either chronic lung disease 32 or diastolic left 

ventricular dysfunction, and 25 had normal pulmonary pressures 16.  Patients with 

normal pulmonary pressures suffered from parenchymal or bronchial pulmonary 

diseases (n=9), collagen vascular disease (n=3), coronary artery disease (n=2), 

unilateral occlusion of the pulmonary artery (n=1), isolated tricuspid regurgitation 

(n=1), patent arterial duct (n=1) or abnormal pulmonary vein drainage (n=1), and 

seven patients suffered from isolated systemic hypertension.   

 

Predictors of diagnosis. 

Based on retrospective patient data, univariable (Table 3) and three separate 

multivariable logistic regression models (Table 4) were constructed for TTE, clinical 

parameters and ECG variables.  sPAP (OR [95% CI] 1.06 [1.03-1.09], p<0.001), right 
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ventricular dysfunction (OR [95% CI] 10.28 [2.18-48.44], p=0.003) and the absence 

of left ventricular hypertrophy (OR [95% CI] 0.34 [0.15-0.75], p=0.008) were identified 

as independent predictors of "precapillary PH".  Of the clinical variables tested, 

serum NT-proBNP (OR [95% CI] 2.01 [1.21-3.33], p=0.007), PaCO2 (OR [95% CI] 

0.86 [0.79-0.93], p<0.001) and associated medical conditions (OR [95% CI] 3.37 

[1.04-10.90], p=0.043) remained independent discriminative factors.  ECG variables 

with the strongest diagnostic accuracy were heart rate (OR [95% CI] 1.05 [1.02-1.08], 

p<0.001) and RVS (OR [95% CI] 52.93 [17.27-162.18], p<0.001).   

 

Accuracy of CART. 

Because all patients with sPAP ≥36mmHg and a suspicion of PH were referred to 

RHC, the sensitivity of TTE was 100%, and the specificity 0.0%.  For a more specific 

non-invasive diagnostic decision tree, all independent clinical and ECG parameters 

that had been identified in the multivariable logistic regression models (Table 4) were 

fed into the CART algorithm.  The model automatically selected RVS and NT-proBNP 

for primary decision tree construction (Figure 1).  

CART had a sensitivity of 99.4% and a specificity of 40.7%.  Because these figures 

may be too optimistic as they are computed from data the tree had been derived 

from, two validation steps were added.  Internal validation by the bootstrap technique 

was performed on the original data set resulting in a sensitivity of 97.9% (95% CI: 

94.5-99.2%) and a specificity of 17.3% (95% CI: 9.5-29.5%).  Temporal validation 

was performed on data from 121 prospectively recruited patients and yielded a 

sensitivity of 100% (95% CI: 94.3-100%) and a specificity of 19.3% (95% CI:  11.1-

31.3%, Table 5).  While sensitivity was unchanged (100% versus 100%, p=1.0), 

specificity had improved from 0.0% according to current clinical practice, to 19.3% 

(p=0.0009).  
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Discussion. 

According to current guidelines 2, a significant proportion of patients referred for 

unexplained dyspnea is undergoing invasive pressure measurements.   To test the 

accuracy of standard non-invasive diagnostic tools, we analyzed data sets from 251 

retrospective and 121 prospective patients who underwent RHC for evaluation of PH.  

The main finding of the present work is that ECG and NT-proBNP on top of TTE 

suffice to predict significant precapillary pulmonary vascular disease at a level of 

sensitivity of 100%, and specificity of 19.3%.  In practice, based on the CART 

algorithm, a RHC can be safely withheld in 9% of patients with elevated echo sPAP 

and clinical PH suspicion without overlooking true PH cases.  

PAH, which is one of the major causes of precapillary PH, is a severe condition with 

serious prognosis 33.  The availability of potent vasodilator therapies that positively 

impact morbidity and mortality 2, 34 has supported early recognition and treatment 20, 

35.  Moreover, screening of asymptomatic individuals at increased risk for PH has 

been recommended.  While invasive hemodynamic assessment has been 

considered the diagnostic gold standard in PH, TTE is the recommended screening 

tool 20, 34.  TTE is non-invasive, broadly available and most studies report a high 

correlation of 0.57-0.93 between TTE and invasive measurements of pulmonary 

arterial systolic pressures 2.  However, elevated sPAP may result from either 

precapillary PH or postcapillary PH, which cannot be safely distinguished by TTE 

alone.  In contrast to postcapillary PH 15, precapillary vascular disease is a rare 

condition 7.  These circumstances have recently led to numerous invasive 

procedures for exclusion.  To narrow the grey zone that is blurring the distinction 

between pre- and postcapillary disease by echocardiography, current 

recommendations propose an invasive diagnostic work-up in patients with 

echocardiographic sPAP values exceeding 50mmHg 36.  According to our 
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assessments, this diagnostic approach would have substantially increased specificity 

to 42.1%, however, at the price of overlooking 6.2% of true precapillary PH cases. 

Although of limited value, standard ECG has diagnostic 37 and prognostic 38 potential 

in PH.  Despite the fact that postcapillary PH may cause a RVS pattern on ECG 39, 

RVS remained the strongest predictor of "precapillary PH" in our study.  RVS depicts 

right ventricular electric repolarization, and appears to be a sensitive and immediate 

marker of right ventricular strain.  The presence of RVS correctly identified 78.8% of 

precapillary PH cases.  In addition, several non-invasive prognostic parameters have 

been established over the past years, e.g., the distance walked in six minutes 40, 

NYHA functional class 1, PaCO2 23, associated medical conditions 27, 41-43, and serum 

NT-proBNP levels 44.  NT-proBNP is released from both cardiac ventricles in 

response to increased wall tension and is elevated in PH correlating well with 

pulmonary vascular resistance 45.  Its discriminative accuracy with respect to cardiac 

versus non-cardiac causes of dyspnea is documented 46, and is primarily based upon 

its excellent negative predictive value of 96% 47.  The combination of RVS and NT-

proBNP, one being a strong positive, the other a strong negative predictor confers 

clinical usefulness.  

A main limitation of our study is its single center design.  A center-specific bias with 

respect to diagnostic procedures, in particular TTE, cannot be excluded.  Different 

referral patterns may influence proportions of PH versus non-PH cases.  However, in 

contrast to positive and negative predictive values, sensitivities and specificities for 

the detection of PH are independent of the prevalence of healthy individuals in a 

given cohort. 

Taken together, we would like to emphasize that RHC remains the gold standard for 

the evaluation of PH 11-13. However, it is widely accepted that a diagnostic procedure 

that is primarily undertaken to rule out a disease is ideally non-invasive.  In a 
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selected patient population referred for dyspnea and echocardiographic suspicion of 

PH, integration of the decision tree subsequent to TTE helps to avoid unnecessary 

RHCs in 9% of cases while not missing a single true PH case.  
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Figure legends. 

Figure 1. Pulmonary hypertension (PH) diagnosis tree based on the CART 

algorithm.   RVS=right ventricular strain, BNP=N-terminal proBNP.  
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pPH (n=187) no pPH (n=64) p-value 
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Age (years)    56.3±15.8 60.9±15.5    0.045 
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Sex (male)    71 (38.0%) 26 (40.6%)     0.77 

6-minute walking distance (m)   336±139 367±117      0.15  

NYHA classes III+IV    123 (65.8%) 29 (45.3%)    0.005 

log Serum NT-proBNP (pg/ml)   1348±1693 478±1055  <0.001 

Serum creatinine (mg/dl)   1.1±0.3  1.1±0.3         0.77 

PaCO2 (mmHg)     34.5±5.3 37.5±4.3  <0.001 

Associated medical condition   52 (27.8 %) 5 (7.8 %)  <0.001  

TTE parameter 

Systolic PAP (mmHg)    82.2±27.2 50.0±13.4  <0.001 

Right atrial diameter (mm)   58.0±9.5 54.6±8.0   0.012 

Right atrial pressure (mmHg)   10.0±4.0 6.8±2.4   <0.001  

TR severity (moderate + severe)  81 (43.3%) 17 (26.6%)   0.017  

Right ventricular dysfunction   108 (61.4%) 2 (3.2%)  <0.001 

Right ventricular diameter (mm)  43.8±8.3 35.0±5.9  <0.001 

Left ventricular hypertrophy   48 (28.9%) 31 (50.0%)    0.005 

Left ventricular diastolic dysfunction  79 (47.6%) 43 (69.4%)    0.004 

Hemodynamic parameter 

 

Cardiac output (l/min)�    4.5±1.3  6.0±1.8   <0.001 

Mean PAP (mmHg)    49.3±14.0 23.5±7.5  <0.001 

PVR (dynes.s.cm-5)    751.4±365.3 158.2±86.2  <0.001 

PCWP (mmHg)     10.4±5.6 12.6±5.2    0.007 

ECG parameter 

heart rate (beats/min)    81.6±15.3 73.2±14.9  <0.001 

p amplitude (mV)∗    0.21±0.08 0.15±0.05  <0.001 

p axis (°)∗    64.3±18.0 56.1±22.9    0.019 

QRS axis (°)    67.3±64.5 40.5±43.3  <0.001 

QRS duration (ms)    102±20  97±19       0.14 

Right ventricular hypertrophy�    92 (49,2%) 7 (10.9%)  <0.001 

Right bundle branch block   66 (35.3%) 4 (6.3%)  <0.001 

Left bundle branch block   2 (1.1%) 8 (12.5%)  <0.001 

Right ventricular strain    147 (78.6%) 5 (7.8%)  <0.001 

Left ventricular strain    16 (8.6%) 7 (10.9%)      0.62 
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QT interval (ms)    384±38  390±45          0.32 

Corrected QT interval    434±34  424±31          0.041 

 

Table 1. Retrospective clinical, echocardiographic, hemodynamic and 

electrocardiographic characteristics of patients with precapillary (pPH) and no 

precapillary PH (no pPH).  Values are presented as mean ± standard deviation or 

count and percentage. TR= tricuspid valve regurgitation, PAP=pulmonary arterial 

pressure, TTE=transthoracic echocardiography, PVR=pulmonary vascular 

resistance; PCWP=pulmonary capillary wedge pressure; ∗19 patients were excluded 

from p-wave analysis because of atrial fibrillation. � right ventricular hypertrophy was 

diagnosed when the ratio of R and S in lead V1 was greater than 1. �numbers were 

derived from measurements based on the thermodilution method. 

 

 

 

 

 

 

 

 

 

 

 

  
pPH (n=64)  no pPH (n=57) p-value 

Clinical parameter 
 

 
Age (years)     59.8±15.6 63.7±11.9      0.13   
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Sex (male)    27 (42.2%) 23 (40.4%)      0.84 

6-minute walking distance (m)   325±126 330±126      0.83  

NYHA classes III+IV    49 (76.6%) 29 (45.3%)    0.004 

log Serum NT-proBNP (pg/ml)   3648±6541 1489±3518  <0.001   

Serum creatinine (mg/dl)   1.2±0.6  1.1±0.2          0.23 

PaCO2 (mmHg)     36.1±7.2 38.4±5.3    0.049  

Associated medical condition   20 (31.3%) 3 (5.3%)  <0.001 

TTE parameter 

Systolic PAP  (mmHg)   82.6±24.3 55.2±16.3  <0.001 

Right atrial diameter (mm)   58.7±10.9 59.1±11.5   0.870 

Right atrial pressure (mmHg)   9.5±3.2  8.4±3.5    0.074  

TR severity (moderate + severe)  36 (56.3%) 22 (38.6%)   0.016  

Right ventricular dysfunction   42 (65.6%) 2 (3.5%)  <0.001 

Right ventricular diameter (mm)  44.0±9.2 38.2±6.9  <0.001 

Left ventricular hypertrophy   24 (37.5%) 30 (52.6%)      0.39 

Left ventricular diastolic dysfunction  31 (48.4%) 42 (73.7%)    0.001 

Hemodynamic parameter 

Cardiac output (l/min)�    4.2±1.1  5.0±1.4       0.001 

Mean PAP (mmHg)    46.8±13.4 28.4±11.0  <0.001 

PVR (dynes.s.cm-5)    736.8±332.0 107.2±121.6  <0.001 

PCWP (mmHg)     10.9±5.1 16.5±8.4  <0.001 

ECG parameter 

heart rate (beats/min)    85.7±14.6 77.3±18.6    0.007 

p amplitude (mV)∗    0.19±0.07 0.15±0.06    0.004 

p axis (°)∗    61.0±29.7 65.3±15.2      0.43 

QRS axis (°)    75.3±66.7 48.3±49.5      0.02 

QRS duration (ms)    103±20  99±21         0.36 

Right ventricular hypertrophy�   37 (57.8%) 9 (15.8%)    <0.001 

Right bundle branch block   12 (18.8%) 8 (14.0%)      0.49 

Left bundle branch block   0 (0.0%) 1 (1.8%)      0.47 

Right ventricular strain    41 (64.1%) 10 (17.5%)  <0.001 

Left ventricular strain    12 (18.8%) 8 (14.0%)      0.49 
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QT interval (ms)    380±39  384±41          0.29 

Corrected QT interval    433±31  426±32        0.053 

 

 

 

Table 2. Prospective clinical, echocardiographic, hemodynamic and 

electrocardiographic characteristics of patients with precapillary (pPH) and no 

precapillary PH (no pPH).   Values are presented as mean ± standard deviation. 

TR= tricuspid valve regurgitation, PAP=pulmonary arterial pressure, 

TTE=transthoracic echocardiography, PVR=pulmonary vascular resistance; 

PCWP=pulmonary capillary wedge pressure; ∗27 patients were excluded from p-

wave analysis because of atrial fibrillation; �right ventricular hypertrophy was 

diagnosed when the ratio of R and S in lead V1 was greater than 1. �numbers were 

derived from measurements based on the thermodilution method. 

 

 

 

 

 

 

 

 

 

 

 

Clinical parameter    OR [95%CI]     p-value 

Age (years)     0.98 [0.96-1.00]     0.047 

Sex (male)     0.89 [0.50-1.60]       0.71  
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6-minute walking distance (km*)  0.17 [0.02-1.93]       0.15 

NYHA classes III+IV    2.32 [1.30-4.13]     0.004 

Serum NT-proBNP (ng/ml*)   2.05 [1.31-3.22]     0.002 

PaCO2 (mmHg)    0.89 [0.84-0.95]   <0.001 

Associated medical condition  4.55 [1.73-11.96]     0.002 

 

TTE parameter    OR [95%CI]     p-value 

Systolic PAP (mmHg)   1.08 [1.05-1.10]   <0.001  

Right atrial diameter (mm)   1.04 [1.01-1.08]   0.0113 

Right atrial pressure (mmHg)  1.32 [1.19-1.47]   <0.001 

TR severity (moderate + severe)  2.36 [1.26-4.42]     0.008 

Right ventricular dysfunction   48.44 [11.47-204.61]   <0.001 

Right ventricular diameter (mm)  1.18 [1.12-1.24]   <0.001 

Left ventricular hypertrophy   0.41 [0.22-0.74]     0.003 

Left ventricular diastolic dysfunction 0.40 [0.22-0.75]     0.004 

 

ECG parameter    OR [95%CI]     p-value 

Heart rate (beats/min)    1.04 [1.02-1.06]   <0.001 

p amplitude (μV*)    1.01 [1.01-1.02]   <0.001  

p axis (°)    1.02 [1.01-1.04]     0.009 

QRS axis (°)    1.01 [1.00-1.01]     0.003 

QRS duration (ms)    1.01 [1.00-1.03]      0.14 

Right ventricular hypertrophy  7.89 [3.42-18.19]   <0.001 

Right bundle branch block   8.18 [2.85-23.51]   <0.001 

Left bundle branch block   0.08 [0.02-0.37]     0.001 

Right ventricular strain   43.37 [16.32-115.26]   <0.001 

Left ventricular strain    0.76 [0.30-1.95]       0.57 

Corrected QT interval    1.01 [1.00-1.02]     0.043 

 

Table 3. Clinical, echocardiographic and ECG parameters to predict 

precapillary PH in the retrospective cohort (univariable logistic regression). 

TR= tricuspid valve regurgitation, TTE=transthoracic echocardiography; 
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PAP=pulmonary arterial pressure; * units of measurement were adjusted for better 

readability of confidence intervals. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clinical parameter    OR [95%CI]      p-value 

Serum NT-proBNP (ng/ml*)   2.01 [1.21-3.33]    0.007 

PaCO2 (mmHg)    0.86 [0.79-0.93]         <0.001 



33 

Associated medical condition  3.37 [1.04-10.90]    0.043 

 

TTE parameter    OR [95%CI]     p-value 

Systolic PAP (mmHg)   1.06 [1.03-1.09]  <0.001  

Right ventricular dysfunction   10.28 [2.18-48.44]    0.003 

Left ventricular hypertrophy   0.34 [0.15-0.75]    0.008 

 

ECG parameter    OR [95%CI]    p-value 

Heart rate (beats/min)    1.05 [1.02-1.08]   <0.001 

Right ventricular strain   52.93 [17.27-162.18]   <0.001 

 

Table 4. Clinical, echocardiographic and ECG parameters to predict 

precapillary PH in the retrospective cohort (multivariable logistic regression).  

TTE=transthoracic echocardiography; PAP=pulmonary arterial pressure; * units of 

measurement were adjusted for better readability of confidence intervals. 
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precapillary PH (n)  
 
 

RVS 

 
 

no RVS 
NT-proBNP>80pg/ml

 
 

no RVS 
NT-proBNP≤80pg/ml 

 
 

total 
 

yes 41 23 0 64 

no 11 35 11 57  
di

ag
no

si
s b

y 
R

H
C

 

total 52 58 11 121 

 
 
Table 5.  Prospective validation of the CART algorithm.  These results reflect the 

true predictive power of the decision tree because the prospectively recruited 

patients did not contribute to decision tree construction.  A total of 121 patients were 

studied.  RVS pattern was present in 52 patients, 41 of whom were diagnosed with 

�precapillary PH� by RHC.  Patients without RVS pattern on ECG (n=69) were further 

dichotomized according to serum NT-proBNP levels.  58 patients displayed serum 

NT-proBNP levels>80pg/ml, of these 23 were diagnosed with �precapillary PH�.  In 

contrast, none of the 11 patients with serum NT-proBNP≤80pg/ml was diagnosed 

with �precapillary PH�.  Numbers (n) represent patients.  RHC=right heart catheter, 

RVS=right ventricular strain. 
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