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Abstract
Objective—To evaluate the clinical utility of tissue Doppler imaging (TDI) in assessment of
disease severity and prognostic value in children with idiopathic pulmonary arterial hypertension
(PAH).

Study design—A prospective study was performed to evaluate TDI velocities (Sm; systolic
velocity, Em; early diastolic velocity, Am; late diastolic velocity), brain natriuretic peptide (BNP),
New York Heart association (NYHA) functional class, and hemodynamics in 51 children (mean
age;11.6 years) with idiopathic PAH. Fifty-one healthy children with comparable demographics
served as controls.

Results—Em, Em/Am ratio, and Sm at mitral annulus, septum, and tricuspid annulus in PAH
were significantly reduced compared with controls. Tricuspid Em had significant inverse
correlations with plasma BNP levels (r=−0.60, p<0.001), right ventricular end-diastolic pressure
(r=−0.79, p<0.001), and mean pulmonary arterial pressure (r=−0.67, p<0.001). Statistically
significant differences were observed in tricuspid Em between NYHA functional class II versus
combined III and IV (mean and standard deviation; 11.9+/−4.2 cm/s versus 8.2+/−3.6 cm/s,
respectively, p=0.002). Cumulative event-free survival rate was significantly lower when tricuspid
Em was ≤ 8 cm/s (log-rank test, p<0.001)

Conclusions—Tricuspid Em velocity correlated with NYHA functional class as disease severity
and may serve as a useful prognostic marker in children with idiopathic PAH. The present study is
the initial report to evaluate TDI velocities against mid-term outcome variables in a relatively
large pediatric PAH population.
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Tissue Doppler imaging (TDI) is a robust and reproducible echocardiographic tool which
has been shown to be a quantitative assessment of both global and regional function. TDI is
a simple and noninvasive method using two-dimensional Doppler echocardiography.
Recently, TDI has emerged as a useful tool for evaluation of both ventricular systolic and
diastolic function in various clinical conditions (1-6). The cardiac cycle is represented by 3
waveforms including Sm (systolic myocardial velocity), Em (early diastolic myocardial
relaxation velocity), and Am (late diastolic myocardial velocity associated with atrial
contraction). Decreased Sm and Em are significantly associated with cardiac mortality
among the TDI variables in a large population with various cardiac diseases (7-10).

Idiopathic pulmonary arterial hypertension (PAH) is characterized by the progressive rise in
pulmonary artery pressure, leading to right ventricular failure and death (11-14). Recent
published studies have demonstrated that peak systolic and diastolic TDI velocities were
reduced in adult patients with idiopathic PAH compared with normal controls in both the
interventricular septum as well as the tricuspid annulus, whereas no significant differences
were noted between idiopathic PAH patients and controls in the mitral annulus velocities
(15). In addition, Sm at tricuspid annulus had a positive correlation with pulmonary arterial
pressure or pulmonary vascular resistance and significant inverse correlation with cardiac
index (16,17). These results suggested that assessment of right ventricular (RV) function is
very important in patients with PAH as RV dysfunction leads to adverse outcomes.

The clinical application of TDI has previously been demonstrated in adult patients with
idiopathic PAH (15). In children with idiopathic PAH, however, the correlations between
TDI velocities and disease severity evaluated by hemodynamic parameters, 6 minutes walk
distance, and natriuretic peptide have not been fully investigated. Furthermore, whether TDI
measurements can provide prognostic values in pediatric idiopathic PAH is still unknown.
We undertook this study to assess the clinical utility of TDI for evaluating disease severity
and predicting outcomes in children with idiopathic PAH.

Methods
A prospective study was designed to evaluate the TDI velocities in children who are
followed at Toho University Omori medical center (Tokyo, Japan) and University of
Colorado School of Medicine, Children’s Hospital Colorado (CO, USA). The diagnosis of
idiopathic PAH was established when all other causes of PAH were excluded by
echocardiography, blood test including autoantibodies and liver function, pulmonary
function tests, pulmonary ventilation–perfusion scans, and catheterization. All children were
prospectively enrolled in an IRB approved protocol between February 2007 and August
2011 at Toho University Omori Medical Center and Children’s Hospital Colorado. Children
older than 18 years of age were excluded. A healthy control group of children without
cardiac disease or abnormal echocardiographic findings was recruited at Children’s Hospital
Colorado. Healthy children were enrolled based on age and sex criteria to closely match the
distribution of these demographic factors in the PAH group. All healthy children underwent
a complete conventional echocardiographic evaluation and TDI study.

Standard echocardiography
All children underwent routine two-dimensional, spectral, and color-flow Doppler and M-
mode examinations. Standard echocardiographic evaluation included RV diastolic
dimension, left ventricular (LV) end-diastolic dimension, LV end-systolic dimension. Mitral
and tricuspid inflow Doppler with peak early diastolic velocity (E), peak late diastolic
velocity (A), and E/A ratio were also measured. RV systolic pressure was estimated by the
maximum velocity of the tricuspid regurgitant jet using the modified Bernoulli equation.
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Isovolumic contraction time, isovolumic relaxation time, and ejection time were obtained.
Myocardial performance index is defined as the sum of the isovolumic contraction time and
relaxation time divided by the ejection time.

Tissue Doppler imaging
TDI was recorded using spectral pulsed Doppler at a sweep rate of 100 mm/s. Pulsed
Doppler sample volume was placed at the tricuspid annulus, interventricular septum, and
lateral mitral annulus in the apical four-chamber orientation. Pulsed-wave TDI was
performed to obtain peak systolic (Sm), early (Em), and late (Am) diastolic velocities at the
tricuspid annulus, septum, and mitral annulus. The Nyquist limit was set from 10 to 30 cm/s,
using minimal filter settings and optimal gains and reducing the sample volume size to less
than 5 mm.

Clinical variables
Brain natriuretic peptide (BNP) levels, 6-minute walk distance, and right heart
catheterization were included within 5 days of echocardiographic evaluation. New York
Heart Association (NYHA) functional class was evaluated at each follow-up clinic visit in
children who were over 6 years-old. Blood for measurement of plasma BNP concentrations
was collected in ethylenediaminetetraacetic acid tubes. Plasma BNP was assayed on i-
STAT® system using the two-site enzyme-linked immunosorbant assay (Abbott
Laboratories, IL, USA). Right heart catheterization was performed with a balloon tipped,
flow directed Swan-Ganz catheter and systemic arterial line for monitoring. We measured
mean right atrial pressure, mean pulmonary arterial pressure, mean systemic blood pressure,
RV end-diastolic pressure, and pulmonary capillary wedge pressure. Accordingly, cardiac
output was obtained using thermo-dilution and cardiac index was calculated. Pulmonary
vascular resistance was calculated by (mean pulmonary artery pressure – mean pulmonary
wedge pressure)/pulmonic blood flow. We evaluated pulmonary vascular resistance index as
by (mean pulmonary artery pressure – mean pulmonary wedge pressure)/cardiac index.

Statistical Analyses
Descriptive statistics were calculated using means with standard deviations for continuous
variables. Static difference in clinical variables between children with idiopathic PAH and
control subjects were performed using Student t-tests when comparing data with a normal
distribution. If data did not show a normal distribution, we used a non-parametric test for
analysis (Mann-Whitney U test). A chi-squared test was used to compare discrete variables
such as sex. Mann-Whitney U-test was used for TDI velocities between NYHA functional
class II and III or IV. The correlations with 6-minute walk distance, echocardiographic data,
BNP levels, and hemodynamic variables were determined using Peason’s correlation
coefficient test. A composite outcome was used which included the following adverse
events; cardiac mortality, lung transplantation, and hospitalization due to heart failure. Only
one adverse event was considered in each patient. The Receiver-Operating Characteristic
curve was calculated from a logistic regression to evaluate the predictive ability of TDI for
the prediction of the adverse event outcome. To further assess the predictive ability of TDI
velocity while accounting for the time until an adverse event, the Kaplan-Meier method was
used to compare survival curves for lower and higher TDI velocities which were compared
with the log-rank test. The level of statistical significance was defined as p value of 0.01.
Analyses were conducted using Statmate III for Windows (Atoms Co., Tokyo, Japan).

Results
Overall, 51 children with idiopathic PAH were enrolled. The mean and standard deviation
age was 11.6 +/−4.1 years with 26 males and 25 females. At first echocardiographic
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evaluation, all patients received vasodilator therapies which included epoprostenol (n=20) or
infusion of treprostinil (n=1), inhaled prostanoid (n=2), oral phosphodiesterase type 5
inhibitors (n=39), and endothelin receptor antagonists (n=19).

Clinical and echocardiographic characteristics of idiopathic PAH and controls
Clinical and routine echocardiography variables were compared between children with
idiopathic PAH and healthy controls (Tables I and II; available at www.jpeds.com). Control
subjects have similar distributions for age and sex (11.7 +/−4.2 years, 24 males and 27
females). In 5 of 51 children with PAH, E and A velocity at tricuspid inflow were not
available. The RV dimension in diastole, LV dimension in systole and diastole, LV
shortening fraction, RV myocardial performance index, acceleration time/ejection time ratio,
E velocity and E/A ratio in mitral and tricuspid inflow, and tricuspid regurgitant velocity
between the two groups were significantly different (p<0.001). However, LV myocardial
performance index was not different (p=0.50).

Comparison of TDI velocities in idiopathic PAH and controls
TDI measurements between idiopathic PAH and controls are displayed in Table III. In
children with idiopathic PAH, Em, Em/Am ratio, and Sm at mitral annulus, septum, and
tricuspid annulus are significantly decreased compared with controls. Am velocity was not
different at mitral annulus and septum between idiopathic PAH and controls, but tricuspid
Am velocity in PAH was higher than controls. In addition, E/Em ratio was significantly
increased in idiopathic PAH compared with controls at mitral annulus, septum, and tricuspid
annulus.

Correlation with plasma brain natriuretic peptide and 6-minute walk distance
All PAH had plasma BNP levels performed and 6-minute walk distance was measured in 46
of 51 patients (Table IV; available at www.jpeds.com). Five children were not evaluated for
6-minute walk distance because of severe PAH symptoms or age less than 6 years-old.
There was no significant correlation between BNP levels and Em at mitral annulus or
septum, however tricuspid Em and E/Em ratio had significant correlations with plasma BNP
levels (r=−0.60, p<0.001, r=0.48, p<0.01, respectively). Sm at mitral annulus, septum, and
tricuspid annulus had no correlation with BNP levels. Although there was significant, but
weak, correlation between mitral Sm correlation with 6-minute walk distance (r=0.50,
p=0.001), neither septum nor tricuspid Sm correlated with 6-minute walk distance.

Correlation with hemodynamics
Forty-five (88%) of the PAH children had catheterization within 5 days of
echocardiographic evaluation. Tricuspid Em demonstrated significant correlation with mean
pulmonary artery pressure (r=−0.67, p<0.001), pulmonary vascular resistance index (r=
−0.57, p<0.001), pulmonary/systemic vascular resistance index ratio (r=−0.49, p<0.001),
cardiac index (r=0.35, p<0.01), and RV end-diastolic pressure (r=−0.79, p<0.001) (Figure
1). Similarly, tricuspid Sm was correlated with mean pulmonary artery pressure, but the
correlation coefficient of Sm was lower than that of Em (r=−0.41, p<0.01). Neither Em nor
Sm at the mitral annulus were correlated with any of the hemodynamic variables, although
mitral E/Em ratio was significantly correlated with pulmonary wedge pressure (r=0.47,
p<0.001).

To investigate the potential for confounding, a multivariate regression was performed to
investigate the association between tricuspid Em velocity and mean pulmonary artery
pressure after adjusting for heart rate and body surface area. The association was robust after
accounting for any contribution related to heart rate or body size (p < 0.001).

Takatsuki et al. Page 4

J Pediatr. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

http://www.jpeds.com
http://www.jpeds.com


NYHA functional class
Overall, 47 children could be assessed by NYHA functional class and the remaining 4
children could not be evaluated due to age less than 6 years-old. Twenty-six children were in
NYHA functional class II, 15 were in NYHA class III, and 6 were in NYHA class IV.
Statistically significant differences were observed in tricuspid Em between NYHA
functional class II versus III combined with IV (mean and standard deviation; 11.9+/-4.2
cm/s versus 8.2+/−3.6 cm/s, respectively, p=0.002) (Figure 2).

Outcomes
The median follow-up period for the PAH patients was 20 months (range; 3-51 months).
Thirty-five (67%) children had follow-up data. Although no patient died during follow-up,
there were 12 of 35 (34%) children who had an adverse event including initiation of
hospitalization due to heart failure (n=11) and lung transplantation (n=1). An initial tricuspid
Em cutoff value of 8 cm/s for prediction of the adverse event was evaluated. Eleven of 35
children with lower Em (< 8cm/s) had 9 events (82%) and the remaining 24 children with
higher Em had only 3 events (13%) during follow-up. Receiver-Operating Characteristic
curve corresponded to a c-index (area under the Receiver-Operating Characteristic curve) of
0.83. The cutoff value of 8 cm/s corresponds to a sensitivity of 75% and a specificity of 87%
(Figure 3, A; available at www.jpeds.com). In addition, the relationship between the
continuous predictor and the probability of the adverse event was investigated. The risk of
having an event decreases as the value for tricuspid Em velocity increases and using a cutoff
value of 8 cm/s provided desired sensitivity and specificity compared with other cutoffs
(Figure 3, B).

The impact of tricuspid Em < 8 cm/s on observed event-free probability was assessed by
Kaplan-Meier analysis. The Cumulative event-free rate was significantly lower when the
initial tricuspid Em was lower than 8 cm/s (log-rank test, p<0.001) (Figure 4).

Discussion
Several studies have demonstrated the correlation between hemodynamics and systolic or
diastolic function using TDI or strain imaging in the PAH population. Most of these studies
showed that tricuspid Sm had significant correlation with invasively determined mean
pulmonary artery pressure in adult patients with various etiologies of PAH (17-19). Our
results differ in that we found tricuspid Em had higher correlation coefficient with BNP
levels and hemodynamics than those of tricuspid Sm. In the present study, our patients had
high RV end-diastolic pressure (mean+/−standard deviation; 11.6+/−4.8 mmHg) which was
significantly correlated with tricuspid Em. This correlation can explain the usefulness of
tricuspid Em as a marker of detecting RV diastolic dysfunction. In addition, we found that
tricuspid Em in NYHA functional class III or IV was significantly lower than those in class
II.

This study highlights a clinically relevant application of TDI in the detection of RV diastolic
dysfunction which may provide useful information of predicting outcomes in children with
idiopathic PAH. Previous studies demonstrated that mitral Em is the best marker for
predicting cardiac mortality among TDI variables in patients with LV dysfunction (9,20-22).
However, there are no studies describing TDI velocities for predicting outcome in PAH.
Most importantly, we found that tricuspid Em cutoff value of 8 cm/s predicted adverse event
in children with idiopathic PAH.

We found diastolic and systolic dysfunction in children with idiopathic PAH as evaluated by
lower TDI velocities in diastole and systole compared with healthy children. Interestingly,
our results suggested systolic and diastolic dysfunction even in the LV because reduced Em
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and Sm at mitral annulus reflect the possibility of LV diastolic and systolic dysfunction. The
mechanism of LV dysfunction noted in patients with idiopathic PAH is not clear, but LV
systolic and diastolic performance may be secondarily influenced by mechanical interactions
via the shared ventricular septum between both ventricles and LV dysfunction may develop
during the progression of PAH (23-26).

Recently, strain and strain rate derived by TDI has been evaluated in patients with PAH
(17,21,27). However, strain and strain rate as new methods have been unacceptable for
routine clinical use due to the challenging techniques. In contrast, TDI is available in most
echocardiographic machines during routine clinic visits.

Several limitations should be mentioned. Our study was limited by relatively small numbers.
Therefore, a larger study involving children with idiopathic PAH is needed to determine
whether our results can be generalized to the larger population. During follow-up, all
patients survived owing to various vasodilator therapies. Thus, we could not determine
whether TDI velocity was predictive of mortality in the present study. Furthermore, all
patients were treated with pulmonary vasodilator therapies at the initial evaluation. We
could not assess difference in TDI velocities before and after initiation of vasodilator
therapies. Finally, echocardiography and right heart catheterization were not performed
simultaneously. Despite these limitations, this prospective study demonstrated that TDI
velocities can be noninvasively assessed for the evaluation of disease severity and prognosis
in children with idiopathic PAH as a homogeneous group. We concluded that tricuspid Em
velocity, a parameter of right ventricular diastolic dysfunction, correlated with NYHA
functional class as disease severity and may serve as a useful prognostic marker in children
with idiopathic PAH. Our study is the initial report to evaluate TDI velocities against mid-
term outcome variables in a relatively large pediatric PAH population.
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Figure 1. Linear correlation between tricuspid Em velocity and mean pulmonary artery
pressure, RV end-diastolic pressure in 45 children with idiopathic PAH
Linear correlation between tricuspid Em velocity and mean pulmonary artery pressure, RV
end-diastolic pressure in 45 children with idiopathic PAH
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Figure 2. Comparison of tricuspid Em velocity in children with NYHA functional class II and
class III or IV
Forty-seven children who were ≥ 6 years-old could be evaluated. Tricuspid Em of the
children with New York Heart Association (NYHA) functional class II (n=26) was
significantly higher compared with those of class III or IV (n=21) by the Mann-Whitney U
test.
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Figure 3.
a Receiver-Operating Characteristic curve
b Predictive probabilities for adverse event
A, Logistic regression was used to evaluate the cutoff at 8 cm/s of initial tricuspid Em
velocity for prediction of adverse events including death, hospitalization, and lung
transplantation. This Receiver-Operating Characteristic curve corresponded to a c-index
(area under the curve) of 0.83. The cutoff value of 8 cm/s corresponds to a sensitivity of
75% and a specificity of 87%. B, Plot of the relationship between the continuous predictor
and the probability of the adverse event is displayed. The circles correspond to the observed
outcomes (0 - did not have an adverse event, 1 - adverse event). As the value for tricuspid
Em velocity increases, the risk of having an event decreases.
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Figure 4. Kaplan-Meier curve according to Em velocity at tricuspid annulus in 35 children with
idiopathic PAH
Kaplan-Meier curve. Tricuspid Em < 8 cm/s was associated with time until an adverse
outcome in 35 children with idiopathic PAH. After 12 months, the adverse event rate in the
patients classified in the < 8 cm/s group was 39% compared with 13% in the > 8 cm/s group.
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Table 1
Clinical characteristics of children with idiopathic PAH and healthy controls

Variables

Idiopathic PAH Healthy control

(n=51) (n=51) p value

mean +/− SD mean +/− SD

Age (years) 11.7 +/−4.2 11.6 +/−4.1 0.90

Gender (male/female) 26/25 24/27 0.69

Body surface area (m2) 1.2+/−0.3 1.4 +/−0.4 0.02

Blood pressure (systolic) (mmHg) 102.5+/−10.4 104.0+/−9.8 0.43

Blood pressure (diastolic) (mmHg) 57.0+/−7.4 59.4+/−9.3 0.17

Heat rate at rest (/min) 82.2+/−17.6 80.6+/−13.8 0.62

Oxygen saturation at rest (%) 97.3+/−1.7 98.2+/−2.6 0.01

SD; standard deviations
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Table 2
Conventional echocardiographic characteristics of children with idiopathic PAH and
healthy controls

Variables

Idiopathic PAH Healthy control

(n=51) (n=51)
p value

mean +/− SD mean +/− SD

RV internal dimension in diastole (mm) 23.5+/−6.0 18.1+/−4.9 < 0.001

LV internal dimension in diastole (mm) 37.7+/−5.8 43.6+/−6.8 < 0.001

LV internal dimension in systole (mm) 20.2+/−5.5 27.1+/−4.8 < 0.001

LV fractional shortening (%) 47.1+/−10.9 37.4+/−4.3 < 0.001

RV myocardial performance index 0.63+/−0.30 0.21+/−0.10 < 0.001

LV myocardial performance index 0.43+/−0.16 0.36+/−1.69 0.50

Acceleration time/ejection time (RV outflow) 0.3+/−0.1 0.4+/−0.1 < 0.001

LV E velocity (cm/s) 77.7+/−19.8 97.0+/−17.9 < 0.001

LV E/A ratio 1.4+/−0.5 2.4+/−0.9 < 0.001

RV E velocity (cm/s)
* 53.6+/−12.9 63.1+/−15.9 < 0.001

RV E/A ratio
* 1.1+/−0.5 2.2+/−0.6 < 0.001

Tricuspid regurgitant velocity (m/s)
¶ 4.1+/−0.8 2.2+/−0.2 < 0.001

LV; left ventricular, PAH; pulmonary arterial hypertension, RV; right ventricular, SD; standard deviations

*
46 cases (RV E and A velocity were not available in 5 children with PAH)

¶
27aaees (TR eeloctty was not aaailable in 24 heal thy contols)
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Table 3
Tissue Doppler velocity in children with idiopathic PAH and healthy controls

Variables
Idiopathic PAH

(n=51)
mean +/− SD

Healthy control
(n=51)

mean +/− SD
p value

Mitral

Em velocity (cm/s) 12.7+/−5.5 20.5+/−3.4 < 0.001

Am velocity (cm/s) 6.9+/−2.7 6.9+/−2.3 0.85

Em/Am ratio 1.8+/−0.2 3.3+/−1.2 < 0.001

E/Em ratio 6.7+/−2.3 4.8+/−1.0 < 0.001

Sm velocity (cm/s) 8.3+/−2.8 10.1+/−2.5 < 0.001

Septal

Em velocity (cm/s) 8.1+/−3.7 15.5+/−3.0 < 0.001

Am velocity (cm/s) 6.7+/−2.4 6.8+/−1.8 0.85

Em/Am ratio 1.3+/−0.6 2.4+/−0.8 < 0.001

E/Em ratio 10.3+/−3.6 6.4+/−1.6 < 0.001

Sm velocity (cm/s) 6.7+/−1.8 8.6+/−1.2 < 0.001

Tricuspid

Em velocity (cm/s) 10.2+/−4.3 17.3+/−3.1 < 0.001

Am velocity (cm/s) 11.4+/−3.2 9.5+/−3.3 0.01

Em/Am ratio 0.9+/−0.4 2.0+/−0.9 < 0.001

E/Em ratio
* 5.9+/−2.6 3.8+/−1.1 < 0.001

Sm velocity (cm/s) 11.3+/−2.4 13.6+/−2.8 < 0.001

NS; not significant, PAH; pulmonary arterial hypertension

*
46 cases (RV E velocity was not available in 5 cases)
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Table 4
BNP level, 6-minutes walk distance, and hemodynamic data in children with idiopathic
PAH

Variables Idiopathic PAH
mean +/− SD

BNP (pg/ml) (n=51) 133.4+/−261.5

6-minute walk distance (m) (n=46) 473.0+/−113.5

Right heart catheterization (n=45)

Mean right atrial pressure (mmHg) 6.1+/−3.0

Mean pulmonary arterial pressure (mmHg) 59.9+/−20.2

Pulmonary vascular resistance index (unitsxm2) 15.7+/−8.2

Pulmonary/systemic vascular resistance index ratio 0.8+/−0.3

RV end-diastolic pressure (mmHg) 11.6+/−4.8

Pulmonary wedge pressure (mmHg) 8.8+/−2.3

Cardiac index (l/min/m2) 3.4+/−0.8

BNP; brain natriuretic peptide, PAH; pulmonary arterial hypertension, RV; right ventricular, SD, standard deviation
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