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Abstract: Pulmonary arterial hypertension is a severe, progressive disease in children, that causes
right ventricular dysfunction over time. Tissue motion annular displacement is a novel speckle-
tracking derived echocardiographic parameter used in assessing ventricular function. The aim of
our study was to determine the prognostic value of this echocardiographic parameter in children
with pulmonary arterial hypertension. We conducted a case-control study by assessing twenty
children with pulmonary arterial hypertension (idiopathic or secondary) and twenty age- and
sex-matched controls, using clinical (WHO functional class, 6-min walking test), laboratory (brain
natriuretic peptide level) and echocardiographic parameters (conventional and speckle-tracking
derived tissue motion annular displacement) at enrolment and after one year of follow-up. According
to their WHO functional class altering after one year, the pulmonary arterial hypertension patients
were divided into two groups: non-worsening (eleven) and worsening (nine). The conventional
echocardiographic parameters and all measured tricuspid tissue motion annular displacement indices
(lateral, septal, midpoint and midpoint fractional displacement—TMADm%) were significantly lower
in both pulmonary arterial hypertension groups (non-worsening and worsening) compared to
controls. Comparing the worsening and non-worsening groups, only the TMADm% and brain
natriuretic peptide level was significantly lower in worsening in comparison with non-worsening
pulmonary arterial hypertension children (p = 0.010 and p = 0.018, respectively). In receiver-operating
characteristic curve analysis, we found a cut-off value of 16.15% for TMADm% and a cut-off value
of 34.35 pg/mL for the brain natriuretic peptide level that can predict worsening in pulmonary
arterial hypertension children. In conclusion, tricuspid annulus midpoint fractional displacement,
an angle-dependent speckle-tracking derived parameter, could be a good additional parameter in
the assessment of the longitudinal right ventricular systolic function and in prediction of clinical
worsening in children with pulmonary arterial hypertension.

Keywords: right ventricle; speckle-tracking; tricuspid tissue motion annular displacement; pulmonary
arterial hypertension; children

1. Introduction

Pulmonary arterial hypertension (PAH), included in the first group of pulmonary
hypertensions (Nice, 2018) [1], is a severe, progressive disease in children, that causes
pulmonary vascular remodeling and right ventricular (RV) dysfunction over time.
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Transthoracic echocardiography is the most accessible, non-invasive diagnostic tool
for the initial assessment and clinical follow-up of children with PAH [2—4]. In the current
guidelines, the importance of the multiparametric approach in the echocardiographic
assessment of these children is emphasized [3].

According to the risk stratification model implemented by the 6th World Symposium
on Pulmonary Hypertension—Pediatric Task Force in 2018 (Nice), and by the updated
consensus document of the “European Pediatric Pulmonary Vascular Disease Network”,
some echocardiographic parameters have been suggested as risk factors and predictors of
outcome such as right atrial (RA) and right ventricular (RV) enlargement, reduced left ven-
tricular (LV) size, increased RV /LV ratio, reduced tricuspid annular plane systolic excursion
(TAPSE), increased systolic/diastolic (S/D) ratio, pulmonary artery acceleration time, low
RV fractional area changes (FAC) and pericardial effusion [3,4]. However, because these
parameters have only level of evidence C (due to lack of pediatric data) and because of the
significant operator and interpretation variability of some echocardiographic parameters,
the need for identification of more valid, easy-to-determine predictors and treatment goals
in pediatric patients with PAH is emphasized [3].

Tissue motion annular displacement (TMAD) is a speckle-tracking derived echocardio-
graphic parameter in which the annular tissue is tracked toward the ventricular apex. This
angle-independent echocardiographic parameter has been used in assessing left (TMAD of
the mitral valve) [5-8] and right (TMAD of the tricuspid valve) [9-11] ventricular function.
However, its usefulness in the assessment of the right ventricular function in PAH children
has not been studied so far.

The aim of our study was to determine the prognostic value of TMAD of the tricuspid
valve in children with PAH.

2. Materials and Methods
2.1. Study Population

We have performed a clinical observational study on forty patients: twenty children
with PAH (five idiopathic PAH, twelve PAH secondary to ventricular septal defect and
three PAH secondary to truncus arteriosus communis) and twenty age- and sex-matched
healthy children as a control group. After enrolment, all forty patients have undergone
complete physical examination including 6 min walking test, standard and advanced
echocardiographic examination (speckle tracking derived TMAD) and blood sampling for
brain natriuretic peptide and were repeated after one year of follow-up. According to their
WHO functional class altering after one year, the patients were divided into two groups:
worsening and non-worsening. The patients were recruited at the same time from baseline
and all the patients have the same 1-year follow-up. There was not any follow-up lost. We
followed the methods of Muntean et al. [12]. The general characteristics of the patients
involved in the present study are presented in Table 1.

The PAH was stated according to the NICE 2018 definition [4], and all PAH children
were on pulmonary vasodilator medication (mono- or combined drug). In children from
the control group, who were investigated for fatigability or chest pain, any cardiac disease
was ruled out.

Exclusion criteria included patients with other causes of PAH. Patients older than
18 years or those with arrhythmia were excluded from the present study.
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Table 1. General characteristics of the children from the study groups (control, non-worsening PAH

children and worsening PAH children).

Control Non-Worsening Worsening
Variable ontro PAH Children PAH Children P1 P2 P3
(n =20) (nw vs. ¢) (W vs. ¢) (w vs. nw)
(n=11) n=9)
Age (y) 10.72 4 3.65 10.59 + 3.33 10.15 4 3.80 1.000 1.000 1.000
Male (%) 9 (45%) 3 (27.27%) 4 (44.44%) 0.451 1.000 0.642
H (m) 1.45 +£0.20 1.32 £0.15 1.31 £0.23 0.239 0.267 1.000
W (kg) 40.60 £ 18.67 26.95 £ 8.45 29.21 + 10.82 0.060 0.197 1.000
BSA (m?) 1.26 +0.37 0.98 4+ 0.20 1.02 £0.28 0.077 0.228 1.000
BMI (m/kgz) 17.95 £+ 3.53 15.00 £+ 2.33 16.16 = 2.04 0.035 0.422 1.000
6MWD (m) 473.05 £ 46.51 419.18 4 54.50 406 + 69.50 0.036 0.012 1.000
WHO Functional class 0/8/3/0 1/4/3/1
1/2/3/4—at baseline NA 2.00 (2.00, 3.00) 244 +0.88 NA NA 0.656
WHO Functional class 0/10/1/0 0/1/4/4
1/2/3/4—after 1 year NA 2.00 (2.00, 2.00) 3.33 £ 0.70 NA NA 0.001
BNP level (pg/mL) 9.00 (9.00, 15.60) 17.2(6) 5110(;'60’ 53.38 £+ 27.14 0.243 0.0001 0.018

Data are presented as means + SD or median (25th, 75th percentiles): BMI, body mass index; BNP, brain natriuretic
peptide; BSA, body surface area; ¢, control; H, height; HR, heart rate; nw, non-worsening; PAH, pulmonary arterial
hypertension; p;, non-worsening group vs. control; p,, worsening group vs. control; p3, worsening group vs.
non-worsening; W, weight; w, worsening; y, year; WHO, World Health Organization; 6 MWD, 6-min walk distance;
variables are expressed as means & SD, medians (25th, 75th percentiles) or as numbers (percentages).

2.2. Standard Echocardiographic Examination

The echocardiographic examination was performed by an iE33 (Philips Medical Sys-
tems, Best, The Netherlands) ultrasound system using an S5-1 transducer, by a single sono-
grapher and minimum three beats were stored. Depth, width and frame rate (60-100/s)
were adjusted for an accurate speckle-tracking postprocessing.

During the echocardiographic examination we have measured the following param-
eters TAPSE, RV-FAC, RV-5/D ratio, RV-MPI (myocardial performance index), RA area,
tissue Doppler derived systolic myocardial velocity (S’), left ventricular eccentricity index
(LV-EI) as recommended by the current guidelines [2,13,14].

2.3. TMAD Data Acquisition and Analysis

TMAD of the tricuspid valve was measured in the RV focused apical four-chamber
view, using the 2-dimensional speckle tracking technique. The speckle tracking analysis
was performed offline using the QLAB software (QLAB 15.0, Cardiac motion quantification
software, Philips Medical Systems, Best, The Netherlands). Three points were selected in a
diastolic frame: insertion of the anterior leaflet and the septal leaflet, respectively, into the
tricuspid annulus and the right ventricular apex. Further, the lateral (TMADIat) and septal
(TMADsept) tricuspid annular points longitudinal displacement were tracked during the
cardiac cycle. Midpoint displacement (TMADmid) of the tricuspid valve annulus was also
computed by the software. Further, tricuspid annulus midpoint fractional displacement
(TMADm%) also known as right ventricular longitudinal shortening fraction (RV-LSF) was
calculated automatically by the software, as the maximum displacement of the midpoint
throughout the cardiac cycle, as follows: (end diastolic RV length — end systolic RV length)
x 100/ (end diastolic RV length) (Figure 1) [15].
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Figure 1. Speckle-tracking derived tissue annular motion displacement of the tricuspide valve
assessment. Three points were selected: insertion of the anterior tricuspid leaflet (1), the septal
tricuspid leaflet (2), and the right ventricular apex.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS version 20 (IBM SPSS STATISTICS
20). Data were categorized as nominal or quantitative variables. Nominal variables
were expressed as numbers or percentages. Quantitative variables were expressed by
mean = standard deviation or median and percentiles (25; 75%), whenever appropriate.
A Kolmogorov-Smirnov test was used in order to test for normality of distribution of
quantitative variables. Differences between the mean or median between two groups were
analyzed using the f-test, or Mann—-Whitney test when appropriate. Differences between
three groups with normally distributed variables were analyzed using general linear model
test with Bonferroni post-hoc processing. Receiver-operating characteristic (ROC) curves
were constructed, and areas under curve were calculated. Sensitivities and specificities
were determined for the ability to identify worsening PAH children. A p-value of <0.05 was
considered statistically significant.

3. Results
3.1. General Information

A total of forty children were included in the present study, twenty with PAH (eleven
in the non-worsening group and nine in the worsening group) and twenty control children.
As summarized in Table 1, there were no statistically significant differences between the
three groups regarding age, sex, height, weight and body surface area.
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Regarding 6MWD, we found a progressive decrease in this parameter in the three
groups, with the largest value in the control group and the lowest in the worsening
PAH group. Further, we observed that the BNP level was higher in both PAH groups in
comparison to the control group, with the largest value in the worsening group. We found
a statistically significant difference between worsening group and the two other groups.

3.2. Conventional Echocardiographic Parameters

Table 2 shows comparison of echocardiographic parameters between the three study
groups (control, non-worsening PAH children, worsening PAH children).

Table 2. Comparison of echocardiographic parameters between the study groups (control, non-
worsening PAH children and worsening PAH children).

Vari Control Non-Wor'sening Worsel}ing 1 p2 p3
ariable (0 =18) PAH Children PAH Children (wvs. )  (Wvs. o)  (wvs. nw)
(n=10) n=7)

TR (mmHg) NA 89.54 £ 32.05 95.44 +£12.73 NA NA 0.585

PAPm (mmHg) NA 61.900 & 20.19 57.00 (51.00, 59.00) NA NA 0.766

Indexed RV-ED area (cm?) 13.31 £5.03 14.62 4+ 3.88 17.55 £ 6.30 1.000 0.133 0.623

Indexed RV-ES area (cm?)  6.61 (5.54, 8.58) 9.98 £ 3.99 11.78 - 4.68 0.214 0.017 0.882

RV-FAC 0.45 +0.05 0.33 +0.13 0.33 +£0.06 0.002 0.007 1.000

RV MPI 0.12 £ 0.07 0.37 £0.18 0.33 (0.28, 0.70) 0.0001 0.0001 0.492

TAPSE (cm) 2.16 £0.46 1.62 +0.47 1.62 +0.53 0.015 0.023 1.000

RV S (ms) 355.63 + 33.76 377.27 £33.23 397.22 £55.72 0.457 0.037 0.803

RV D (ms) 397.12 + 97.63 283.35 £ 69.74 260.00 (250.58, 347.20)  0.007 0.056 1.000

RV S/D ratio 0.85(0.77,1.12) 1.39 £ 0.31 1.38 £0.33 0.0001 0.001 1.000

Indexed RA area (cm?) 8.38 £ 1.35 10.67 (9.60,13.79)  11.38 (10.20, 16.27) 0.945 0.018 0.268

Diam 1 LV (cm) 3.94 £ 0.65 4.24 £ 0.63 4.05 £0.46 0.602 1.000 1.000

Diam 2 LV (cm) 3.91 £ 0.55 3.12 £0.40 2.90 £ 0.59 0.001 0.0001 1.000

LV-EI 1.00 &+ 0.07 1.26 (1.19, 1.63) 1.44 +0.29 0.0001 0.0001 1.000

S’ (em/s) 13.43 + 1.60 10.92 £ 2.07 10.44 & 2.68 0.006 0.002 1.000

TMAD lat (mm) 19.08 + 3.88 14.90 £+ 2.37 11.64 +2.84 0.006 0.0001 0.106

TMAD sept (mm) 1229 +£2.25 8.51 £1.82 7.63 £2.09 0.0001 0.0001 1.000

TMADmid (mm) 16.38 + 2.96 12,154+ 2.13 10.44 £ 3.59 0.001 0.0001 0.603

TMADmM% 23.70 + 3.62 18.13 +2.87 13.51 +2.84 0.0001 0.0001 0.010

Data are presented as means £ SD or median (25th, 75th percentiles): ¢, control; D, diastole, ED, end-diastolic;
EI, eccentricity index; ES, end-systolic; FAC, fractional area changes; IVS, interventricular septum; LV, left ventricle;
MPI, myocardial performance index; NA, no available; nw, non-worsening; PAH, pulmonary arterial hypertension;
PAPm, medium pulmonary arterial pressure; p;, non-worsening group vs. control; p,, worsening group vs.
control; p3, worsening group vs. non-worsening; RA, right atrium; RV, right ventricle; S, systole; S, tricuspid
annular systolic velocity; TAPSE, tricuspid annular plane systolic excursion; TMAD, tissue motion annular
displacement; TR, tricuspid regurgitation; w, worsening.

Regarding conventional echocardiographic parameters, significant differences were
observed in RV-FAC, RV-MPI, RV S/D, S’, LV-EI between non-worsening PAH children
and control group. We performed the receiver-operator characteristic analysis for all these
parameters, and the reference group was the non-worsening PAH group. The ROC curves
are presented in Figure 2.
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Figure 2. Receiver-operator characteristic analysis. ROC curves result from all the variables (echocar-
diography and 6MWD) that showed significant difference between controls and non-worsening
PAH group.

The same significant differences were observed in RV-FAC, RV-MPI, RV S/D, &', LV-EI
between the worsening group and control group. In addition, comparing these two last
groups, we also found a statistical difference in the indexed RV and RA area, explained
by the fact that in the worsening group, the right ventricle was more enlarged than in the
non-worsening group (Table 2). We have also performed the receiver-operator characteristic
analysis for all these parameters, and the reference group was the worsening PAH group.
The ROC curves are presented in Figure 3.

However, comparing the worsening and non-worsening PAH groups, we found no

statistically significant differences regarding conventional echocardiographic parameters
(Table 2).
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Figure 3. Receiver-operator characteristic analysis. ROC curves result from all the variables (echocar-
diography, BNP level and 6MWD) that showed significant difference between controls and worsening
PAH group.

3.3. TMAD Analysis

Considering the speckle-tracking derived TMAD of tricuspid valve, all measured
TMAD indices (TMADIlat, TMADsept, TMADmid and TMADm%) were significantly
decreased in the non-worsening group as well as in the worsening group in comparison
with the control group. Additionally, in all three groups, we found a descendent distribution
of the TMAD values from the lateral to mid and to the septal point (Figure 4).
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Figure 4. Comparison between worsening, non-worsening PAH children and controls regarding
TMAD of tricuspid valve values in three points: lateral, midpoint and septal. * worsening or non-
worsening PAH vs. control group, p < 0.05.

Furthermore, we compared the TMAD indices between the two PAH groups. Although
all were lower in the worsening group compared to the non-worsening group, only the
TMADm% was significantly decreased in worsening PAH children (p = 0.010) (Table 2,
Figure 5).

We have performed ROC curve analysis for TMADmM% and BNP level that showed
significant difference between non-worsening and worsening PAH groups. We found a
cut-off value of 16.15% for TMADm% that can predict worsening in PAH children, with a
sensitivity and specificity of 88.90% and 72.70%, respectively (Figure 6).

Additionally, we found a cut-off value of 34.35 pg/mL for BNP level that can pre-
dict worsening in PAH children, with a sensitivity and specificity of 77.80% and 72.70%,
respectively (Figure 7).
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Figure 5. Comparison between worsening, non-worsening PAH children and controls regarding
TMADm%; * non-worsening or worsening PAH vs. controls; ** worsening vs. non-worsening PAH
group; p < 0.05.
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Figure 6. Receiver-operator characteristic analysis. ROC curves result from TMADm% that showed
significant difference between non-worsening and worsening PAH groups. The optimum cut-off
value for TMADm% to predict clinical worsening was 16.15%; the sensitivity and specificity were
88.90% and 72.70%, respectively.
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Figure 7. Receiver-operator characteristic analysis. ROC curves result from BNP level that showed
significant difference between non-worsening and worsening PAH groups. The optimum cut-off
value for BNP level to predict clinical worsening was 34.35 pg/mL; the sensitivity and specificity
were 77.80% and 72.70%, respectively.

4. Discussion. This Study Emphasizes the Prognostic Value of TMAD of the Tricuspid
Valve in PAH Children

4.1. Parameters for Assessing RV Function

Evaluation of the right ventricle is paramount in PAH patients, considering that right
ventricular function determines the prognosis and the treatment responsiveness in these
patients [16].

Some conventional echocardiographic parameters such as RA dimension, RV dimen-
sion, TAPSE, S/D ratio, FAC, pulmonary artery acceleration time, have been suggested as
predictors of outcome in PAH patients (Nice, 2018) [3,4]; however, the need for identifica-
tion of more valid, easy-to-determine predictors and treatment goals in pediatric patients
with PAH is emphasized [3].

In our study, we found a significant decrease in the following conventional parameters
RV-FAC, TAPSE, S’ or increase in the following conventional parameters RV-MPI, RV S/D
ratio, LV-EI between non-worsening PAH children compared to controls and between
worsening PAH children compared to controls. In addition, these parameters were more
affected in the worsening group in comparison with the non-worsening group, however, in
our study, there was no significant difference between the two groups. We speculate that this
could be explained by the fact that in our study, the majority of patients in the worsening
group has a baseline WHO functional class < 2, so in that phase of the disease, the
conventional echocardiographic parameters are not sensitive enough to predict worsening.
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4.2. RV Longitudinal Function and TMAD of the Tricuspid Valve

Anatomical studies have shown that the longitudinal fibers are predominant in the
RV, localized in the subendocardial layer, whereas less circumferential fibers are found in
the superficial layer in healthy children. This explains why the longitudinal shortening is a
greater contributor to RV stroke volume [17-19].

Echocardiographic assessment of RV longitudinal function, according to the present guide-
lines [3,13,14], includes the following parameters: FAC, TAPSE and RV strain measurements.

The TMAD is a novel parameter derived from speckle-tracking echocardiography
and is based on tracking bright echoes within the myocardium [15]. Although it was
determined offline in our study with specialized software, the new echo machines allow an
easy way to obtain this parameter.

The TMAD of tricuspid valve is a method to evaluate the longitudinal motion of
the tricuspid annulus in different points (lateral, medial and midpoint). It was validated
against magnetic resonance imaging (MRI) derived RV ejection fraction (EF) in assessing
RV function [10,20]. Although tricuspid annular plane systolic excursion (TAPSE) using
M-mode is a widely used parameter for assessing RV function, it evaluates only the motion
of the tricuspid annulus. We speculate that TMAD, especially TMADm%, are more reliable
parameters as they consider the complete longitudinal contraction (from base to apex), so
is factoring the RV length from end-diastole to end-systole.

Our study demonstrated that TMADIlat was higher than TMADmid and TMADsept,
so the values differed based on the site of measurements. Li, Y. et al. found the same
distribution of the different TMAD values [20]. According to these values, the displacement
was higher at the level of the RV free wall than the septal wall, likely explained by the
interventricular mechanical coupling between the two ventricles through the interventric-
ular septum. This finding is consistent with prior studies demonstrating the ventricular
interdependence [20,21].

Moreover, tricuspid annulus midpoint fractional displacement (TMADmM%) also
known as right ventricular longitudinal shortening fraction (RV-LSF), calculated as the
maximum displacement of the tricuspid midpoint throughout the cardiac cycle, is a more
complex parameter that factors the RV length throughout the cardiac cycle. The TMADmM%
has been studied as a marker of the RV dysfunction. Maniwa et al. found that a poor RV
systolic function, expressed by 3-dimensional echocardiography—measured RVEF < 45%—
was detected by a TMADm% < 14.7% with a high sensitivity and specificity of 93% and
95%, respectively, followed by RV free wall longitudinal strain [22]. Li et al. found that
TMADm% is the best predictor for RV dysfunction expressed by MRI-derived RVEF in PAH
patients, with an optimal cut-off value of 16.05% [20]. In a study conducted in infants (age
ranged from 3 to 11 months) with dominant right ventricular physiology who underwent
bidirectional Glenn anastomosis, Penk et al. demonstrated that TMAD of the tricuspid valve
is an independent predictor of midterm mortality or heart transplantation in these children,
with a mean value of 10% for non-survivors or heart transplanted [23]. Beyls et al. found
that TMADm% (named RV longitudinal shortening fraction in their study) was markedly
decreased in COVID-19 patients with acute cor pulmonale, and a cut-off value of 17% is
able to identify RV dysfunction in these patients, with high specificity and sensibility [24].

4.3. Prognostic Value of TMAD in PAH Children

The prognostic value of TMAD of the tricuspid valve in PAH children was not studied
so far. We found that, although all TMAD parameters are lower in worsening group
as compared to non-worsening group, only TMADm% is significantly lower (p < 0.05).
Furthermore, we showed that a cut-off value of 16.15% for TMADmM% is associated with
clinical worsening in PAH children.

In addition to TMADm%, BNP level is significantly lower in worsening group as
compared to non-worsening group (p < 0.05). However, comparing the ROC curves for the
two parameters (TMADm% and BNP level), we observed a better sensitivity of TMADm%
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to predict worsening, expressed by the area under curve: AUC = 0.859 (0.682-1.000) for the
TMADmM% in comparison to AUC = 0.788 (0.586-0.989) for the BNP level.

According to our knowledge, this is the first study that describes the predictive value
of TMAD in children with PAH.

5. Conclusions

Tricuspid annulus midpoint fractional displacement, namely TMADm%, an angle-
dependent speckle-tracking derived parameter, could be a good additional parameter in
the assessment of the longitudinal RV systolic function. Since TMADm% is significantly
lower in worsening PAH group, it can be considered a good parameter in predicting clinical
worsening in children with PAH.

6. Study Limitations

The first limitation of our study is that we have not compared TMAD with MRI
which is currently the gold standard for RV ejection fraction assessment. However, several
studies have already demonstrated good correlation between TMAD of the tricuspide valve
measured by 2D-speckle tracking and MRI-derived RV ejection fraction [10,20,21]. The
small number of cases included in the present study is another limitation, so we consider
that our findings need to be confirmed by further studies with a larger number of cases.
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