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Abstract
New echocardiographic modalities including pulmonary artery acceleration time (PAAT) and right ventricular ejection time 
(RVET) are evolving to facilitate an early non-invasive diagnosis for pulmonary hypertension (PH) in adults. In children, 
PAAT depends on age, body surface area (BSA) and heart rate (HR) and is used to predict PH. Normal values of RVET and 
their role to predict PH in children are still missing. PAAT/RVET-index correlates negatively with PH. We hypothesized that 
this index is a good predictor for PH in children and adolescents independent of age, BSA and HR and RVET is significantly 
reduced in PH. PAAT and RVET of 401 healthy children and 30 PH-patients were measured using pulsed-wave-Doppler. 
PH was diagnosed in PH-group invasively. PAAT/RVET-index for both groups was calculated. Sensitivity and specificity in 
prediction of PH of PAAT, PAAT z-score and PAAT/RVET-index were compared. We demonstrated normal values of RVET 
in children. In the healthy group, PAAT and RVET correlated significant positive to age (p < 0.001), and BSA (p < 0.001) and 
negative to HR (p < 0.001). PAAT/RVET-index correlated weakly to age, BSA and HR (p < 0.001). Mean pulmonary artery 
pressure (PAPM) ranged in the PH-group from 27 to 82 mmHg (mean 44 mmHg). In predicting PH, RVET is significantly 
reduced (p < 0.001). Comparing area under the curve (AUC), the difference between sensitivity and specificity of PAAT/
RVET-index < 0.29 and calculated PAAT cut-off-point (87 ms) was significant (p < 0.001). Equally, AUC comparison between 
PAAT/RVET-index < 0.29 and PAAT z-score of − 1.33 was significant (p = 0.008). PAAT/RVET-index < 0.29 represents 
a good predictor of PH with a 100% sensitivity and a 95.8% specificity. PAAT/RVET-index is a simple tool and facilitates 
prediction of PH independent from z-scores.
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Introduction

PH is a progressive disease with nonspecific symptoms and 
minor echocardiographic changes at the beginning, which 
make an early diagnosis challenging. An early diagnosis 
and treatment is important to improve the outcome, whereas 
novel therapeutic strategies improved mortality and morbid-
ity of this disease [1]. The gold standard of the diagnosis 
of PH is still an invasive right-heart catheterization (RHC), 
with PH defined as a PAPM ≥ 25 mmHg, therefore it is 
important to establish echocardiographic criteria for chil-
dren and adolescents to predict PH. Tricuspid valve regur-
gitation velocity (TRV) is a well-established measurement 

 *	 Sheeraz Habash 
	 sheerazhabash@yahoo.com

1	 Department of Pediatric Cardiology, University Hospital 
Erlangen, Friedrich-Alexander University Erlangen-
Nuernberg, Erlangen, Germany

2	 Department for Congenital Heart Defects, Heart and Diabetes 
Centre North Rhine Westphalia, Ruhr University Bochum, 
Bad Oeynhausen, Germany

3	 Pediatric Cardiologic Practice, Nuernberg, Germany
4	 Department of Medical Informatics, Biometry 

and Epidemiology, Friedrich-Alexander-University 
Erlangen-Nuernberg, Erlangen, Germany

5	 Kiefernweg 7, 91088 Bubenreuth, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s10554-019-01540-w&domain=pdf


296	 The International Journal of Cardiovascular Imaging (2019) 35:295–306

1 3

for the estimation of the pulmonary artery systolic pressure 
(PASP) in the absence of pulmonary stenosis, but it is not 
always sufficiently available [2], and it could be borderline. 
PAAT is now being used frequently with or without TRV to 
estimate PH in adults [2, 3], and it is measurable in nearly 
all patients [2]. PAAT in children correlates positively to age 
and BSA and negatively to HR, compared to adults [4, 5]. 
RVET is shortened in adults with PH [6], and the correlation 
between RVET and PH in children is not evaluated. To the 
best of our knowledge, data about the normal RVET values 
in children are missing. PAAT/RVET-index is reduced in 
adults with PH [6], and in neonates with bronchopulmonary 
dysplasia compared to controls [7]. We assumed that PAAT/
RVET-index is less dependent on age, BSA and HR and 
hypothesized, that it is possible to define a cut-off-point for 
PAAT/RVET-index to predict PH with good sensitivity and 
specificity and independent of age, BSA and HR.

We measured PAAT and RVET in a healthy pedi-
atric group of all ages to define normal values, and in a 
pediatric PH population. We diagnosed PH in our PH-
group by RHC in accordance to the current guidelines by 
PAPM ≥ 25 mmHg. Then we calculated the PAAT/RVET-
index, and compared sensitivity and specificity of a PAAT-
cut-off point, a PAAT z-score and a PAAT/RVET-index-cut-
off-point in the prediction of PH.

Methods

Study population

This multicenter retrospective study includes data from a 
healthy group (401 probands) and a PH group (30 patients).

Our healthy cohort included 401 children (187 healthy 
probands, who were evaluated in the Heart and Diabetes 
Centre in Bad Oeynhausen/Germany and 214 children and 
adolescents, who were evaluated in a pediatric cardiology 
practice in Nuernberg/Germany between January 01, 2012 
and July 31, 2016 to rule out congenital heart diseases indi-
cated by an innocent pediatric cardiac murmur). All heathy 
children and adolescents underwent physical examination 
(including age, weight, height and heart rate) and echocar-
diography. They had a normal echocardiogram including 
(morphology and function of the right heart, without any 
evidence of elevated right ventricular pressure), according 
to the American Society of Echocardiography guidelines and 
standards [8]. Neonates with a small Patent Foramen Ovale 
(PFO) were included. Probands older than 1 month with a 
PFO as well as all probands with a Patent Ductus Arteriosus 
(PDA) were excluded.

The PH-group included 30 patients with PH. Catheteri-
zation protocols dating from January 01, 2012 to Septem-
ber 30, 2017 at the Department of Pediatric Cardiology, 

University Hospital Erlangen/Germany were reviewed by 
a database search.

Inclusion criteria were (1) a biventricular heart, (2) 
a PAPM ≥ 25 mm Hg, (3) no pulmonary stenosis, (4) no 
severe pulmonary regurgitation, (5) no evidence of intracar-
diac shunting and (6) an adequate echocardiographic imag-
ing quality obtained ≤ 2 days prior to RHC. The medication 
was not changed between the echocardiographic study and 
the RHC.

The underlying diagnoses were: restrictive cardiomyo-
pathy (n = 9), dilated cardiomyopathy (n = 7), mitral valve 
stenosis or insufficiency after surgical repair of a complete 
atrioventricular septal defect (n = 9), surgical repair of a 
ventricular septal defect without residual defects (n = 1) and 
surgical repair of anomalous pulmonary vein return (n = 4).

Echocardiographic study

The echocardiographic equipment used was (GE health 
care, Vivid E9, Vivid 7, or Vivid S5) with an appropriate 
transducer. Echocardiographic images were acquired by four 
investigators according to the American Society of Echo-
cardiography guidelines [8]. The pulmonary artery Dop-
pler flow velocity envelope (PA-FVE) was obtained by the 
pulsed-wave Doppler (pw-Doppler) using parasternal short 
axis [9]. Pw- Doppler sample was placed on the pulmonary 
artery side of the pulmonary valve. The PAAT- and RVET- 
measurements were done offline by well-trained investiga-
tors blinded to age, BSA and results of RHC of the subjects 
(Fig. 1a, b). PAAT and RVET were measured in 3–5 cardiac 
cycles and mean values were taken.

Hemodynamic measurements

All 30 patients were breathing spontaneously during RHC. 
Systolic and end-diastolic right ventricular pressure as well 
as pulmonary artery mean (PAPM), systolic (PASP) and 
diastolic pressure were registered.

Statistical analysis

All statistical analyses were performed using R Version 3.2.2 
(R core team (2016)) [10]. T-tests were performed for group 
comparisons purposes using a significance-level of 0.05. 
The cut-off-point determination was done with conditional 
inference trees [11], using the PAAT and RVET as response 
variables and age, BSA and HR as independent variables. 
Reported cut-off- points indicate largest feasible splits in the 
independent variables when modelling the response vari-
ables using the conditional inference trees.

A regression analysis was performed defining PAAT and 
RVET as responses and age as the independent variable. 
The normal values were reported giving the 95% prediction 
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interval (PI). Correlated HR values were generated (mod-
elled) accordingly and the results were reported as mean and 
95% PI. z-scores were calculated using regression analysis 
data, as reported by Koestenberger et al. [4]. A Receiver 
Operating Characteristic (ROC) analysis was performed and 
the area under the curve (AUC) for PAAT, PAAT z-score 
and PAAT/RVET-index were calculated. The Youden-index 
(sensitivity + specificity−1) was used to define optimal cut-
off-points for prediction of PH by using PAAT, RVET and 
PAAT/RVET-index. We used De Long-test to compare 
between AUCs of PAAT cut-off-point, PAAT z-score, and 
PAAT/RVET-index to test statistically significant differences 

between sensitivities and specificities of these parameters for 
prediction of PH by using a significance-level of 0.05. Inter-
class correlation coefficient (ICC) was used to determine 
interobserver and intraobserver variability.

Results

Demographic data

Demographic data of healthy group and PH group are sum-
marized in Table 1.

Availability and reproducibility of PAAT‑ 
and RVET‑measurements

PAAT and RVET could be measured for all probands and 
patients. The intraobserver variability for PAAT was (ICC: 
0.92) and for RVET (ICC: 0.94). The interobserver vari-
ability for PAAT was (ICC: 0.85) and for RVET (ICC: 0.88).

PAAT‑ and RVET‑values

Healthy group: We found a significant positive correlation 
between PAAT and age (p < 0.001, rho = 0.78) (Fig. 2a) as 
well as PAAT and BSA (p < 0.001, rho = 0.77) (Fig. 2b), 
and a significant negative correlation between PAAT and 

Fig. 1   Measurement of pulmonary artery acceleration time (PAAT) 
and right ventricular ejection time (RVET) in a healthy subject and 
a subject with pulmonary hypertension (PH). a Healthy subject. 
PAAT was measured from onset of systolic flow to peak velocity 
(1. Time 148 ms). RVET was measured from systolic flow onset to 
end of systolic flow (2. Time 366 ms).The pulmonary artery Doppler 
flow velocity envelope (PA-FVE) obtained from the parasternal short 
axis. b PH subject. PAAT was measured from onset of systolic flow 
to peak velocity (1. Time 83 ms). RVET was measured from systolic 
flow onset to end of systolic flow (2. Time 405 ms). PA-FVE obtained 
from the parasternal short axis of an 11-year old patient with PH and 
invasively measured mean pulmonary artery pressure of 65 mm Hg

Table 1   Demographic and clinical data of the healthy group and PH 
group

BSA was calculated using Mosteller formula. Diastolic pulmonary 
artery pressure (PAPD), mean pulmonary artery pressure (PAPM), 
systolic pulmonary artery pressure (PAPS)
PH pulmonary hypertension, BSA body surface area, HR heart rate, d 
day, y year

Healthy group PH group

No. 401 30
Male n (%) 196 (49%) 13 (43%)
Female n (%) 205 (51%) 17 (57%)
Age
 Range (mean) 1 d–18 y (7.90 year) 28 d–18 y (5.72 y)

Weight (kg)
 Range (mean) 2.3–98 (31.60) 3.5–81.5 (26.49)

Height (cm)
 Range (mean) 42.5–210 (123.61) 51–168 (99.93)

BSA (m2)
 Range (mean) 0.16–2.39 (1.02) 0.22–1.95 (0.81)

HR (beat/min)
 Range (mean) 51–175 (93) 49–166 (104)

PAPD (mmHg) 13–59 (30.61)
PAPM (mmHg) 27–82 (44)
PAPS (mmHg) 40–102 (60.25)
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HR (p < 0.001, rho=-0.79) (Fig. 2c). RVET correlated sig-
nificantly positive to age (p < 0.001, rho = 0.78) (Fig. 3a) 
and BSA (p < 0.001, rho = 0.78) (Fig. 3b), and significantly 
negative to HR (p < 0.001, rho = − 0.84) (Fig. 3c).

The normal PAAT- and RVET-values did not vary sig-
nificantly due to gender (p = 0.43 (PAAT/gender), p = 0.57 
(RVET/gender)). With increasing age and BSA, the posi-
tive correlation between PAAT, age and BSA as well 
as between RVET, age and BSA becomes weaker. This 
applies to the course of the negative correlation between 
PAAT and HR, as well between RVET and HR. The cal-
culated cut-off-points by means of conditional inference 

trees for the correlation of PAAT and RVET to age, BSA 
and HR are depicted in (Fig. 2a–c) and (Fig. 3a–c).

Age related normal values of PAAT and RVET are dem-
onstrated in Table 2.

PH group: Both PAAT and RVET were reduced signifi-
cantly in the PH group (p < 0.001) (Fig. 4a, b).

PAAT/RVET‑index

In the healthy group, PAAT/RVET-index correlated 
significantly positive to age (p < 0.001, rho = 0.42) and 
BSA (p < 0.001, rho = 0.40), and significantly negative to 

Fig. 2   Correlation of pulmonary artery acceleration time (PAAT) 
to age, body surface area (BSA) and heart rate (HR). a Scatter plot 
shows a positive correlation between PAAT and age. The age of 
11.79 years is determined as right-most node of a conditional infer-
ence tree, indicating that age dependency of PAAT trails off for val-
ues > 11.79 years. b Scatter plot shows a positive correlation between 
PAAT and BSA. The BSA of 1.31  m2 is determined as right-most 

node of a conditional inference tree, indicating that BSA dependency 
of PAAT trails off for values > 1.31 m2. c Scatter plot shows a nega-
tive correlation between PAAT and HR. The HR of 124/min is deter-
mined as right-most node of a conditional inference tree, indicating 
that HR dependency of PAAT trails off for values > 124/min. PAAT 
(ms), age (years), BSA (m2), HR (beat/min)



299The International Journal of Cardiovascular Imaging (2019) 35:295–306	

1 3

HR (p < 0.001, rho=-0.37). The calculated mean PAAT/
RVET-index was in the healthy group 0.369 ms (range 
0.276 to 0.494 ms) and in the PH-group 0.246 ms (range 
0.180 to 0.291 ms).

The calculated PAAT/RVET-index was not gender 
dependent in the healthy group (p = 0.102) and PH group 
(p = 0.927).

PAAT/RVET-index was significantly reduced in PH 
group (p < 0.001) (Fig. 4c).

Comparing PAAT, RVET with PAAT/RVET‑index 
in predicting PH

PAAT, RVET and PAAT/RVET-index were reduced 
significantly in the PH-group (p < 0.001). ROC curves 
were used to compare PAAT, RVET and PAAT/RVET-
index in predicting PH. We calculated a PAAT z-score 
of − 1.33 as the best PAAT z-score with 90.3% sensi-
tivity and 92.5% specificity to predict PH in children 

Fig. 3   Correlation of right ventricular ejection time (RVET) to age, 
body surface area (BSA) and heart rate (HR). a Scatter plot shows a 
positive correlation between RVET and age. The age of 11.19 years is 
determined as right-most node of a conditional inference tree, indicat-
ing that age dependency of RVET trails off for values > 11.19 years. 
b Scatter plot shows a positive correlation between RVET and BSA. 
The BSA of 1.57  m2 is determined as right-most node of a con-

ditional inference tree, indicating that BSA dependency of RVET 
trails off for values > 1.57 m2. c Scatter plot shows a negative corre-
lation between RVET and HR. The HR of 142/min is determined as 
right-most node of a conditional inference tree, indicating that HR 
dependency of RVET trails off for values > 142/min. RVET (ms), age 
(years), BSA (m2), HR (beat/min)
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and adolescents (AUC = 0.967; Figs.  5a, 6). The best 
calculated PAAT-cut-off-point was 87 ms with a sensi-
tivity of 90.3% and specificity of 79.3% to predict PH 
(AUC = 0.930; Figs. 5b, 6). A PAAT/RVET-index of less 
than 0.29 was the best calculated PAAT/RVET-index 
with a 100% sensitivity and a 95.8% specificity to pre-
dict PH (AUC = 0.997; Fig. 5c). Comparing the AUCs, we 
found that the difference between AUC (PAAT z-score; 
optimal cut-off point: -1.33) and AUC (PAAT/RVET-
index; optimal cut-off point: 0.29) as well as between 
AUC (PAAT; optimal cut-off point: 87 ms) and AUC 
(PAAT/RVET-index; optimal cut-off point: 0.29) was 
significant (DeLong test: p = 0.008 and p < 0.001, respec-
tively). Further, PAAT/RVET- index showed a significant 
negative correlation with PAPS (p = 0.38; rho = − 0.38), 
PAPM (p = 0.012; rho = − 0.452) and PAPD (p = 0.01; 
rho = − 0.464).

The best calculated RVET cut-off-point of 285 ms had 
a sensitivity of 77.4% and specificity of 62.8% to predict 
PH (Fig. 7b), and the best calculated RVET z-score of 
− 1.52 had a sensitivity of 32.3% and specificity of 95.0% 
to predict PH (Fig. 7a).

Discussion

Findings

PAAT/RVET-index less than 0.29 had a100% sensitiv-
ity and a 95.8% specificity to predict PH with an AUC 
of 0.997. This index has statistically significant the best 
sensitivity and specificity in predicting PH comparing the 
AUCs of the calculated PAAT cut-off-point, PAAT z-score 
and PAAT/RVET-index. We measured the normal values 
of RVET in children and adolescents and determined the 
sensitivity and specificity of RVET to predict PH in pedi-
atric population.

Characteristics of PAAT‑ and RVET‑distribution 
in the healthy group

Our study confirms that PAAT correlates positively to age 
and BSA, and it correlates negatively to HR [4]. The nor-
mal PAAT values in our data were in line with the normal 

Table 2   Age related normal 
values of PAAT and RVET with 
correlated HR

Regression analysis for the collected data was used to calculate the normal values and the correlated HR. 
These values were given as mean (and 95% PI)
PAAT​ pulmonary artery acceleration time measured in ms, RVET right ventricular ejection time measured 
in ms, HR heart rate measured (beat/min), M month, Y year, PI prediction interval

N Age HR (95%–PI) PAAT (95%–PI) RVET (95%–PI)

35 1M 130.8 (96.2–165.4) 73 (51.6–94.4) 218.2 (168.6–267.8)
7 2M 128 (93.5–162.5) 75.3 (53.9–96.7) 224.1 (174.5–273.7)
5 3M 126 (91.6–160.5) 76.9 (55.4–98.4) 228.1 (178.5–277.7)
9 4–6M 122.5 (88.3–156.8) 79.8 (58.2–101.5) 235.3 (185.7–285)
12 7–12M 118.5 (84.6–152.4) 83.3 (61.4–105.1) 243.6 (194–293.2)
11 − 2Y 112.2 (79.1–145.4) 88.8 (66.5–111.2) 256.4 (206.8–306)
13 − 3Y 106.2 (74–138.3) 94.4 (71.4–117.4) 268.5 (218.9–318.2)
25 − 4Y 101.5 (70.3–132.6) 98.9 (75.2–122.5) 277.9 (228.3–327.6)
22 − 5Y 97.5 (67.3–127.7) 102.7 (78.4–127.1) 285.7 (236.1–335.3)
33 − 6Y 94.1 (64.9–123.3) 106.2 (81.2–131.2) 292.4 (242.8–342)
18 − 7Y 91 (62.8–119.2) 109.4 (83.7–135) 298.3 (248.7–347.9)
16 − 8Y 88.3 (61.1–115.5) 112.3 (86–138.6) 303.6 (253.9–353.2)
18 − 9Y 85.8 (59.5–112) 115.1 (88.1–142) 308.3 (258.7–357.9)
24 − 10Y 83.5 (58.2–108.7) 117.6 (90–145.3) 312.6 (263–362.3)
19 − 11Y 81.3 (57.1–105.5) 120.1 (91.8–148.4) 316.6 (267–366.3)
19 − 12Y 79.3 (56.1–102.5) 122.4 (93.5–151.4) 320.3 (270.7–369.9)
27 − 13Y 77.4 (55.2–99.7) 124.7 (95.1–154.3) 323.7 (274.1–373.4)
19 − 14Y 75.7 (54.4–96.9) 126.8 (96.6–157.1) 326.9 (277.3–376.6)
22 − 15Y 74 (53.7–94.3) 128.9 (98–159.8) 329.9 (280.3–379.5)
12 − 16Y 72.4 (53.1–91.7) 130.9 (99.3–162.5) 332.7 (283.1–382.3)
16 − 17Y 70.9 (52.6–89.2) 132.9 (100.6–165.1) 335.3 (285.7–385)
19 − 18Y 69.5 (52.2–86.8) 134.7 (101.8–167.6) 337.8 (288.2–387.4)
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values published by Koestenberger et al. [4]. However, 
depending on the PAAT z-score published in the men-
tioned study, we expected a part of the healthy subjects in 

our study showing values suggesting PH, because the nor-
mal calculated values [4] are slightly higher as our normal 
values (Fig. 8). RVET is equally distributed. To the best 

Fig. 4   Comparison between pulmonary artery acceleration time 
(PAAT), right ventricular ejection time (RVET) and PAAT/RVET-
index in the healthy group and the pulmonary hypertension (PH) 
group. a Box plot shows, that PAAT is significantly reduced in the 

PH group. b Box plot shows, that RVET is significantly reduced in 
the PH group. c Box plot shows PAAT/RVET-index is significantly 
reduced in the PH group. Significant level 0.05. PAAT (ms), RVET 
(ms)
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of our knowledge, this data is the first presenting normal 
RVET-values in healthy children and adolescents.

Many echocardiographic parameters in children and 
adolescents correlate positively to age and BSA [12–14]. 
We observed that the positive correlation between PAAT 
to age and BSA as well as between RVET to age and BSA 
becomes vague in adolescents, therefore we defined cut-
off-points for this positive correlation (Figs. 2a, b, 3a, 
b). We suggest, this is due to physical maturity, which is 
reached between the age of 12 and 14 years, thus growth 

rate is reduced after this age [15]. Accordingly, the normal 
HR does not vary significantly between 12 and 18 years 
[16].

Despite shortening of systolic time with increasing HR, 
the systolic time/diastolic time ratio correlates positive 
with HR [17], and the negative correlation between PAAT/
HR and RVET/HR in children and adolescents extenuates 
with high HR (Figs. 2c, 3c). A significant but weak nega-
tive correlation between PAAT and HR persists in adults 
[5].

Fig. 5   Receiver operating characteristic (ROC) curve for pulmonary 
artery acceleration time (PAAT) z-score of (− 1.33), PAAT cut-off-
point (87  ms) and PAAT/RVET-index (0.29) in predicting pulmo-
nary hypertension (PH). a ROC curve shows that a PAAT z-score of 
− 1.33 has a sensitivity of 90.3% and specificity of 92.5% to predict 
PH (AUC = 0.967). b ROC curve shows that a PAAT cut-off-point of 

87 ms has a sensitivity of 90.3% and specificity of 79.3% to predict 
PH (AUC = 0.930). c ROC curve shows that a PAAT/RVET-index 
with a cut-off-point of 0.29 has a sensitivity of 100% and specific-
ity of 95.8% to predict PH (AUC = 0.997). PAAT/RVET-index < 0.29 
hast the best AUC in prediction PH
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Fig. 6   Comparison between pulmonary artery acceleration time 
(PAAT) cut-off-point (87  ms), PAAT z-score (− 1.33) and PAAT 
z-score (− 1.565) from Koestenberger et al. publication [4] in predict-
ing pulmonary hypertension (PH). PAAT (87 ms) as a cut-off-point 
(solid line), PAAT z-score of − 1.33 related to our data (bold solid 
line) and PAAT z-score of − 1.565 related to the data of Koesten-

berger et al. [4] (bold broken line) calculated for our PH group. Our 
PAAT z-score has a better specificity than the best calculated PAAT 
z-score from the data of Koestenberger et  al. [4] in predicting PH 
in our PH group. The specificity of the best PAAT cut-off-point of 
87 ms is lower than PAAT z-score. PAAT (ms), age (years)

Fig. 7   Receiver operating characteristic (ROC) curve for right ven-
tricular ejection time (RVET) z-score (− 1.52) and RVET cut-off-
point (285  ms) in predicting pulmonary hypertension (PH). a ROC 
curve shows that a RVET z- score of − 1.52 has a sensitivity of 32.3% 
and specificity of 95% in prediction of PH (AUC = 0.581). b ROC 

curve shows that a RVET cut-off-point of 285  ms has a sensitivity 
of 77.4% and specificity of 62.8% in predicting PH (AUC = 0.684). 
Youden-index was used to calculate optimal cut-off- point. 
AUC = area under the curve
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PAAT, RVET and PAAT/RVET‑index as predictor of PH

PH was diagnosed invasively; pulmonary pressure values 
are demonstrated in Table 1. Severity of PH was analyzed. 
12 patients presented with mild PH (PAPM < 35 mmHg), 
9 patients with moderate PH (PAPM 35–50 mmHg) and 9 
patients showed severe PH (PAPM > 50 mmHg). Our novel 
index showed a significant negative correlation with the 
severity of PH. This should be discussed and validated as 
a follow-up parameter.

PAAT/RVET-index cut-off point of 0.29 is statistically 
significantly better than a PAAT (cut-off point of 87 ms) 
as well as a PAAT Z-score (cut-off point of − 1.33) in 
predicting PH.

Because of the weak correlation between PAAT/RVET-
index to age, BSA and HR, there is no need for z-score-
transformation and using a cut-off-point to predict PH is 
reliable and comprehensible. Our cut-off-point correlated 
largely with other studies [7, 18, 19].

PAAT/RVET-index was reduced in PH patients versus 
control group in adults [6]. Furthermore, the PAAT/RVET-
index was reduced in subjects susceptible to high altitude 
pulmonary edema and the ratio correlated to invasively 
measured PAPM and PVR [20]. PAAT/RVET was lower in 
neonates with bronchopulmonary dysplasia than in healthy 
controls, and it was helpful to differentiate between vaso-
active PH and non-vasoactive PH [7].

PAAT was significantly reduced in our PH-group 
(p < 0.001), as well in other studies [21, 22]. Different echo-
cardiographic models are used to predict PAP [21–27], and 
PAAT is well described in adults as a predictive value for 
PH with different cut-off-points [25, 28, 29]. In children, 
only few studies about the role of PAAT in estimation of PH 
are available [4, 21]. PAAT is age, BSA and HR dependent, 
hence defining a PAAT-cut-off point yields in children to 
low sensitivity and specificity in prediction of pH [21].

The best PAAT z-score in our study to predict PH was 
− 1.33 and it was significantly inferior to PAAT/RVET-index 
cut-off point in prediction of PH. Recently, PAAT z-score 
was calculated to predict PH in pediatric population [4], the 
specificity of this PAAT z-score is lower than our PAAT 
z-score.

RVET is significant reduced in our PH-group. In a small 
group of children with PH (29 patients) and small group 
of healthy probands (40 probands) no significant difference 
was shown between cases and controls [21], which is prob-
ably due to the small number of the healthy probands. It is 
known, that RVET shortened in adults with PH [6].

Clinical implication

PAAT is easily measurable [3, 25] and the reproducibility 
of PAAT and PAAT/RVET is high [4, 6]. RVET-measure-
ment is equally simple and reproducible. According to good 

Fig. 8   Pulmonary artery acceleration time (PAAT)—normal values 
related to age with calculated z-scores. The normal PAAT values 
related to age with our z-scores (Z = 0 black solid line, Z = ± 2 black 
brocken line). Z-scores according to the data of Koestenberger et al. 
[4] are red solid line (Z = 0; female), blue solid line (Z = 0; male), red 

broken line (Z = ± 2; female) and blue broken line (Z = ± 2; male). 
There is a largely correlation between our normal PAAT values and 
those published by Koestenberger et  al. according to the calculated 
z-scores and a part of normal values in our study are <(− 2) z-score 
due to the data of Koestenberger et al. [4]. PAAT (ms), age (years)
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sensitivity and specificity of PAAT/RVET-index in predic-
tion of PH, it is absolutely reliable to use this index to pre-
dict PH especially in the absence of TVR or in the presence 
of borderline values of TRV.

Further investigations are warranted to understand the 
role of the PAAT/RVET-index in pediatric population and 
to evaluate the use of PAAT and PAAT/RVET-index in dif-
ferentiating between pre- and post-capillary PH. PAAT/
RVET-index in follow up of PH-patients and assessment 
of the therapeutic success should be thoroughly evaluated.

Conclusion

We demonstrate for the first time the normal values of RVET 
for children and adolescents. Equally to PAAT, the normal 
values of RVET correlate to age, BSA, and HR. RVET is 
significantly reduced in PH. Despite this significant reduc-
tion neither RVET cut-off-point nor RVET z-score showed 
a good sensitivity to predict PH. The PAAT/RVET-index is 
less dependent on age, BSA and HR and it is significantly 
reduced in PH. An index value of less than 0.29 is signifi-
cantly better than a PAAT cut-off-point and a PAAT z-score 
in prediction of PH. The PAAT/RVET index facilitates pre-
diction of PH independent from z-score calculation and rep-
resents a simple tool for all pediatric cardiologists.

Limitation

Our PH group includes children of all ages; due to the small 
number investigated detailed interpretation of smaller age 
groups was not possible lacking statistical power. The most 
our PH patients presented with post capillary PH.
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