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ORIGINAL RESEARCH

Repolarization Dispersion Is Associated 
With Diastolic Electromechanical 
Discoordination in Children With Pulmonary 
Arterial Hypertension
Michal Schäfer , PhD; Benjamin S. Frank , MD; D. Dunbar Ivy , MD; Max B. Mitchell, MD;  
Kathryn K. Collins, MD; Pei- Ni Jone, MD*; Johannes C. von Alvensleben, MD* 

BACKGROUND: Electromechanical dyssynchrony is a well described comorbidity in pulmonary arterial hypertension (PAH). 
ECG- derived measurements reflective of diastolic dysfunction and electromechanical imaging markers are yet to be investi-
gated. In this study we investigated the ECG-  derived marker of repolarization dispersion, interval between the peak and end 
of T wave (TpTe), in pediatric patients with PAH and left ventricular (LV) diastolic dysfunction.

METHODS AND RESULTS: We measured TpTe from a standard 12- lead ECG and in 30 children with PAH and matched con-
trol subjects. All participants underwent same- day echocardiography and myocardial strain analysis to calculate the dias-
tolic electromechanical discoordination marker diastolic relaxation fraction. When compared with control subjects, patients 
with PAH had increased TpTe (93±15 versus 81±12 ms, P=0.001) and elevated diastolic relaxation fraction (0.33±0.10 versus 
0.27±0.03, P=0.001). Patients with PAH with LV diastolic dysfunction had significantly increased TpTe when compared with 
patients with PAH without diastolic dysfunction (P=0.012) and when compared with control group (P<0.001). Similarly, patients 
with PAH with LV diastolic dysfunction had increased diastolic relaxation fraction when compared with PAH patients without 
diastolic dysfunction (P=0.007) and when compared with control group (P<0.001). A 10- ms increase in TpTe was significantly 
associated with 0.023 increase in diastolic relaxation fraction (P=0.008) adjusting for body surface area, heart rate, right ven-
tricular volumes, and function.

CONCLUSIONS: Prolonged myocardial repolarization and abnormal LV diastolic electromechanical discoordination exist in paral-
lel in children with PAH and are associated with worse LV diastolic function and functional class.

Key Words: diastolic dysfunction ■ discoordination ■ pulmonary hypertension ■ repolarization

Biventricular diastolic dysfunction is an increasingly 
recognized comorbidity in pulmonary arterial hy-
pertension (PAH).1– 3 Recent studies suggest that 

electromechanical dyssynchrony and discoordination 
might be important contributors to the impaired myo-
cardial relaxation in PAH.1,4– 7 Imaging based measure-
ments of the right and left ventricular (RV and LV) systolic 
discoordination and dyssynchrony were successfully 
related to the functional status of patients with PAH8,9 

as well as their hemodynamic and clinical outcomes.1,5 
A novel approach combining ECG- derived measure-
ments and non- invasive cardiac deformation imaging 
have been frequently used to comprehensively assess 
electro- mechanical coupling.9– 11 However, similar stud-
ies specifically focusing on diastolic function are yet to 
be investigated in congenital heart disease and PAH.

The time interval between the peak and end of T 
wave (TpTe) measured in the precordial leads has been 
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identified as a marker of myocardial dispersion of re-
polarization independently associated with echocar-
diographic measurements of diastolic dysfunction.10,11 
PAH related fibrotic myocardial changes with exces-
sive collagen deposition known to affect the RV and 
to a lesser degree also LV, alter the magnitude and di-
rection of conduction velocities.12– 14 Additionally, PAH 
animal model reported on myocardial repolarization 
instability as demonstrated by impaired dispersion of 
action potential.15 These changes lead to electrome-
chanical discoordination manifested by impaired myo-
fibril relaxation compromising the effective LV preload 
generation and contribute to the LV diastolic dysfunc-
tion (LVDD).4,6 Importantly, the LV function including 
the diastolic discoordination has been well demon-
strated to contribute to the PAH clinical presentation 
and functional outcomes.1,16,17 Despite the importance 
of LV relaxation to functional capacity and outcomes in 
patients with PAH, there are no validated ECG markers 
associated with LVDD in this population.

Consequently, the primary aim of this report is 
to study the previously investigated ECG- derived 
marker of myocardial repolarization dispersion, TpTe, 

in pediatric patients with PAH and presumptive LVDD. 
Specifically, we sought to investigate (1) whether TpTe 
differs between the patients with PAH and healthy con-
trols, (2) whether TpTe is associated with non- invasive 
imaging derived markers of LV diastolic discoordi-
nation, and (3) whether combined measurements of 
repolarization dispersion and myocardial diastolic dis-
coordination associate with the PAH functional mea-
surements. We hypothesized that both ECG- based 
and imaging- based measurements of diastolic dys-
function will be abnormal in patients with PAH and that 
these changes will be reflective of the overall disease 
severity.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon rea-
sonable request. This study was part of a prospec-
tive PAH clinical biomarker study identifying imaging 
indices in children with diagnosed PAH. We identified 
30 (n=30) consecutive patients with PAH seen in the 
Pulmonary Hypertension Clinic at Children’s Hospital 
Colorado from December 2017 to June 2020, who un-
derwent comprehensive clinical evaluation including 
same- day echocardiography and ECG as well as right 
heart catheterization within 1 week of the clinical evalu-
ation. The initial diagnosis of PAH was established after 
evaluation by our Pulmonary Hypertension Program, 
which included echocardiograms and a prior cardiac 
catheterization, according to accepted guidelines.18,19 
Control subjects matched by age, sex, and BSA were 
selected from the group of patients who were referred 
for evaluation of heart murmurs and chest pain and 
had normal echocardiograms and ECGs. Exclusion 
criteria consisted of (1) patients in whom echocar-
diographic images were of suboptimal quality for the 
myocardial deformation analysis and (2) patients with 
atrial fibrillation or flutter. This study was approved by 
the Colorado Multi- Institutional Review Board with an 
approved waiver of informed consent and all methods 
were performed in accordance with the guidelines and 
regulations outlined in the Declaration of Helsinki.

ECG Analysis
Electrical dyssynchrony and dispersion of repolari-
zation were analyzed using previously reported pro-
tocols.1,11 Briefly, 12- lead ECGs that were collected 
same day as echocardiogram as a part of prospec-
tive clinical follow- up were evaluated by an electro-
physiology specialist (J.C. von Alvensleben) blinded 
to the severity of PAH, echocardiography findings, 
and clinical outcomes. The manual tracing analysis 
of the standard 12- lead ECG signals sampled using 
standard settings of 25- mm/s speed and 10- mm/mV 

CLINICAL PERSPECTIVE

What Is New?
• Children with pulmonary arterial hypertension 

have abnormal dispersion of repolarization as 
evaluated by ECG- derived interval between the 
peak and end of T wave and impaired diastolic 
discoordination.

• ECG- derived interval between the peak and 
end of T wave and echocardiographic diastolic 
relaxation fraction are associated independently 
of traditional predictors of clinical outcomes in 
patients with pulmonary arterial hypertension.

What Are the Clinical Implications?
• In addition to systolic mechanical ventricular 

interdependency, diastolic ventricular interde-
pendency with electromechanical substrate 
might be contributing to the left ventricular dys-
function and overall clinical presentation of chil-
dren with pulmonary arterial hypertension.

Nonstandard Abbreviations and Acronyms

DRF diastolic relaxation fraction
LVDD left ventricular diastolic dysfunction
PAH pulmonary arterial hypertension
TpTe interval between the peak and end of 

the T wave
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amplitude was performed with commercially avail-
able software (TraceMasterVue version C.02 or later, 
Philips, Netherlands). The filtering and signal acqui-
sition settings were uniformly applied for the entire 
study. Systolic electrical dyssynchrony was evaluated 
by measuring the QRS duration sampled from multiple 
leads and normalized using a z- score system specific 
for age and sex categories based on a historical data 
set.20 Systolic electrical dyssynchrony was then de-
fined as QRS duration z- score ≥2. Repolarization dis-
persion was evaluated by measuring the time interval 
between the peak and end of the T wave (Tpeak- Tend) 
typically referred as TpTe interval. TpTe interval is con-
sidered to be the most reflective marker of transmural 
and total dispersion of repolarization.21,22 TpTe interval 
was measured using the best available method using 
the T- wave in lead V5 or lead V4 and V6, respectively, if 
V5 was not suitable for analysis.11 Tend was defined as 
the intersection of the maximum negative slope of the 
descending portion of the T- wave and isoelectric line 
(Figure 1).

Echocardiography
Echocardiography was performed on all subjects 
using IE- 33 (Philips Ultrasound, Bothell, WA) or Vivid 
E9 or E95 (GE Ultrasound, Milwaukee, WI) ultrasound 
systems. Images were digitally acquired using a stand-
ard protocol with appropriately sized transducers for 
patient size. All ventricular diastolic markers were ac-
quired according to consensus- based recommenda-
tions of the American Society of Echocardiography.23 
Mitral valve inflow Doppler and annular tissue septal 
and lateral Doppler imaging velocities along with mi-
tral valve deceleration time were sampled per our in-
stitutional protocol to assess diastolic dysfunction. The 

stage of LVDD was in each subject categorized using 
consensus recommendations.23,24 3DE RV data sets 
were digitally analyzed offline using commercially avail-
able software (4DRV- Function 2.0, TomTec, Germany) 
to generate RV functional indices automatically as de-
scribed previously.25 For the purposes of electrome-
chanical discoordination analysis, short- axis images 
at the mid- papillary level were uploaded to an off- line 
workstation for the myocardial deformation analysis 
using the 2- dimensional speckle tracking software 
(2DCPA; TomTec, Germany).

Electromechanical Discoordination
Diastolic electromechanical discoordination was 
evaluated using diastolic relaxation fraction (DRF) 
in a similar fashion as described previously using 
a modified approach applying 6 myocardial seg-
ments from the mid- papillary level correspond-
ing to American Heart Association segments 7– 12 
(Figure  2).1,26 Myocardial segment specific circum-
ferential strain and strain rate temporal time curves 
were exported from TomTec platform for further 
numerical analysis into custom- made MATLAB pro-
gram (Mathworks, Nattick, MA). Originally described 
as an extension of systolic stretch fraction,7,26 DRF 
uses myocardial segment- specific strain �(t) and 
strain rate d�(t)/dt signal curves to calculate the rela-
tive ratio of myocardial contraction defined by d�(t)/
dt-  (negative strain rate) to myocardial relaxation d�
(t)/dt+ (positive strain rate) within a defined period of 
the cardiac cycle. Both components were derived 
from the strain rate signal d�(t)/dt numerically as 
follows:

d�(t)∕dt+ = max (0, d�(t)∕dt)→ d�(t)∕dt− = min (0, d�(t)∕dt).

Figure 1. Schematic diagram representing T- wave analysis.
A, Interval between the peak and end of T wave analysis was performed using the best available method sampling the TpTe in lead V5. 
B, If V5 was not suitable for analysis, interval between the peak and end of T wave was recorded from V4 or V6 (in this order). T- end was 
defined as the intersection of the maximum negative slope of the descending portion of the T- wave and isoelectric line. TpTe indicates 
interval between the peak and end of T wave.
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Figure 2. Schematic representing the analysis of electromechanical discoordination using the systolic stretch 
fraction (not analyzed in this study) and diastolic relaxation fraction.
Endocardial tracings of the left ventricular cavity from standard short- axis mid- papillary view were exported for further post- 
processing. Generated strain (black) and strain rate curves (yellow) representing 6 standardized American Heart Association 
segments were used to define myocardial filling phase and temporal boundary conditions for the calculation of diastolic 
relaxation fraction. The degree of inappropriate myocardial contraction during left ventricular filling phase was calculated as 
the ratio of area under the curve for segment specific negative strain rate (red line) and area under the curve of positive strain 
rate (blue line). AHA indicates American Heart Association; DRF, diastolic relaxation fraction; LV, left ventricular’; and SSF, 
systolic stretch fraction.
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While the previously described systolic stretch fraction 
interrogates the ratio of myocardial contraction to the 
myocardial relaxation during ejection time from t1 to t2, 
DRF calculates the ratio of myocardial contraction to 
relaxation during the ventricular filling phase from time 
t3 to t4, and is mathematically defined as:

where t3 represents the time of the peak average cir-
cumferential strain, and t4 represents the time at the end 
of the cardiac cycle. Increasing DRF values represent a 
higher proportion of contracting myocardial segments 
and therefore less efficient myocardial relaxation. The 
numerical analysis and the theory behind the calculation 
are described elsewhere.1

Statistical Analysis
Analyses were performed in Prism 9 or higher (GraphPad 
Software, La Jolla, CA, USA). Continuous variables were 
checked for the distributional assumption of normality 
using normal plots in addition to Kolmogorov‒ Smirnov and 
Shapiro‒ Wilks tests. Variables that were positively skewed 
(eg, NT- proBNP [N- terminal pro- B- type natriuretic pep-
tide] and BNP values) were natural log- transformed for the 
correlative analyses. Demographic, hemodynamic, and 
clinical characteristics were compared between patients 
with PAH and healthy controls using Student t- test for nor-
mally distributed continuous variables, Mann- Whitney test 
for non- normally distributed variables, and χ2 for categori-
cal variables. Results were displayed using Estimation 
plots for representation of the mean differences between 
groups. For descriptive and comparative purposes, the 
PAH patient population was subdivided into 2 groups by 
median TpTe interval (TpTe ≥92 ms versus TpTe <92 ms). 
Additional multiple group subanalyses (presence of LVDD, 
World Health Organization [WHO] functional class evalu-
ation) were performed using 1- way ANOVA or Kruskal‒ 
Wallis tests with Tukey adjustment. Correction for multiple 
comparison (n=17 of statistical tests in Table 1 and n=19 
of statistical tests in Table 2) was applied using Šidák and 
Bonferroni corrections. Interobserver variability of LV de-
formation measurements yielding DRF measure were as-
sessed by 2 independent observers (M.S. and B.F.) in 10 
randomly selected studies using intraclass correlation co-
efficient and Bland‒ Altman analysis. Good interobserver 
agreement between TpTe measurements with excellent 
intraclass correlation has been demonstrated previously.11

Univariate and multivariable linear regression mod-
els were applied to examine the associations between 
DRF, TpTe, RV function and volume, and PAH hemo-
dynamic and functional outcomes unadjusted and 

adjusted for age, BSA, heart rate, and sex. Only the 
patient group was included into univariable and multi-
variable analyses to limit additional confounding simi-
larly to previous studies.1,11 Significance was based on 
an alpha- level <0.05.

RESULTS
Patient Population
Patient demographics, ECG parameters as well as PAH 
specific hemodynamics are summarized in Table  1. 
Sixteen patients had idiopathic PAH, 10 patients had PAH 

DRF = −

∑n

i=1

�

∫ t4
t3

d�(t)

dt
dt−

�

∑n

i=1

�

∫ t4
t3

d�(t)

dt
dt+

�

Table 1. Demographics, ECG, Echocardiography

PAH (n=30) Control (n=30) P value

Age, y 12.9±3.6 12.9±3.9 0.933

BSA, m2 1.43±0.43 1.43±0.40 0.949

Sex (Female) 18 (60%) 18 (60%) …

ECG

QRS duration, ms 100±17 80±9 <0.001*

QRS z- score 1.3±1.4 −0.4±0.6 <0.001*

QT, ms 386±34 388±32 0.834

QTc, ms 427±19 456±27 <0.001

TpTe, ms 93±15 81±12 0.001*

Heart rate, bpm 84±15 68±13 <0.001*

LV echocardiography– diastolic indices

DRF 0.33±0.10 0.27±0.03 0.005*

E- early inflow, m/s 0.85±0.20 0.92±0.16 0.104

A- early inflow, m/s 0.59±0.23 0.40±0.13 <0.001*

E/A 1.64±0.65 2.56±1.00 <0.001*

lateral e’, cm/s 14.5±4.5 18.7±3.7 0.002*

E/e’ (lateral) 6.6±3.4 4.9±1.3 0.012

RV Echocardiography

RV EF 3D% 44±11 55±4 <0.001*

RV FAC (%) 36±12 40±3 0.040

RV EDVi, mL/m2 111±65 52±16 <0.001*

RV ESVi, mL/m2 68±23 57±7 <0.001*

mPAP, mm Hg 47±18

PAWP, mm Hg 7±2

PVRi, WU.m2 11.3 
(6.5−15.9)

NT- proBNP, pg/
mL

155 (84– 324)

BNP, pg/mL 41 (15– 109)

6MWT, m 500±70

Data represented as mean±SD or median with corresponding interquartile 
range. (i) indicates index value to body surface area; 6MWT, 6- minute walk 
test; BNP, brain natriuretic peptide; BSA, body surface area; DRF, diastolic 
relaxation fraction; EDV, end- diastolic volume; EF, ejection fraction; ESV, 
end- systolic volume; FAC, fractional area change; LV, left ventricle; mPAP, 
mean pulmonary artery pressure; NT- pro BNP, N- terminal pro brain 
natriuretic peptide; PAH, pulmonary arterial hypertension; PAWP, pulmonary 
arterial wedge pressure; PVRi, pulmonary vascular resistance index; RV, 
right ventricle; and TpTe, interval between the peak and end of T wave.

*Comparison remains significant after adjustment for multiple correction.
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associated with congenital heart disease, and 4 patients 
had hereditary familial form of PAH. Congenital heart de-
fects included atrial septal defect (n=5), ventricular sep-
tal defect (n=3), and patent ductus arteriosus (n=2). All 
congenital defects were surgically corrected at the time 
of evaluation. Fourteen patients (47%) with PAH were 
categorized by echocardiographic criteria as having pre-
sent LVDD. Three patients with PAH were classified as 
WHO- functional class I, 12 as class II, 12 as class III, and 
3 as class IV. All patients were at the time of the evalua-
tion receiving phosphodiesterase- 5 inhibitors therapy, 19 
patients were on endothelin receptor antagonists, and 
17 patients were taking prostanoid analogues. Table 1 
further summarizes diastolic LV echocardiographic 
measurements and 3- dimensional (3D) echocardiogra-
phy indices reflective of RV hemodynamics. Patients with 
PAH had increased A- wave inflow velocity, reduced E/A 
ratio, and decreased lateral e’ velocity, and increased 
E/e’ ratio compared with controls. End- systolic and end- 
diastolic volume indices were increased when compared 
with controls while the RV ejection fraction and fractional 
area change were reduced.

ECG and Discoordination Biomarkers
When compared with control subjects, patients with 
PAH had increased QRS duration (100±17 versus 
80±9  ms, ∆=20  ms, P<0.001), QRS z- score (1.3±1.4 
versus −0.4±0.6, ∆=1.7, P<0.001), and increased TpTe 
time (93±15 versus 81±12  ms, ∆=12  ms, P=0.001) 
(Figure 3A through 3C). These results remained signifi-
cant when patients with the right bundle branch block 
were excluded from the analysis. There was no differ-
ence in QT interval between both groups (386±34 ver-
sus 388±32, ∆=4 ms, P=0.834) but patients with PAH 
had decreased QTc (427±19 versus 456±27, ∆=29 ms, 
P<0.001). Two patients with PAH had right bundle 
branch block. DRF was significantly increased in pa-
tients with PAH compared with controls (0.33±0.10 
versus 0.27±0.03, ∆=0.06, P=0.001) (Figure 3D). There 
was an excellent interobserver agreement with respect 
to the echocardiographic endocardial tracing yield-
ing DRF measurements as demonstrated by mean 
DRF bias of 0.01 and intraclass coefficient of 0.95 
(Figure 3E).
To evaluate the effect of LVDD present in patients with 
PAH, we performed a subanalyses comparing control 
subjects with patients with echocardiographic signs of 
LVDD and patients with PAH without echocardiographic 
signs of LVDD. PAH- LVDD group had significantly in-
creased TpTe time when compared with patients with 
PAH without LVDD (P=0.012) and when compared with 
control group (P<0.001) (Figure 3F). However, there was 
no difference between patients with PAH without LVDD 
and controls (P=0.172). Similarly, the PAH- LVDD group 
had increased DRF when compared with patients with 
PAH without LVDD (P=0.007) and when compared with 
control group (P<0.001) (Figure 3G). There was no dif-
ference between patients with PAH with absent LVDD 
and controls (P=0.681). Additionally, patients with PAH 
with LVDD had increased heart rate when compared 
with PAH without LVDD (90±10 versus 77±15, ∆=13 ms, 
P=0.010) and when compared with controls (90±10 
versus 68±10, ∆=22 ms, P<0.001).

Lastly, we performed a 3- group subanalysis be-
tween controls, patients with PAH with normal and 
mildly reduced functional status (WHO functional class 
I+II), and patients with PAH with moderately and se-
verely reduced functional status (WHO functional class 
III+IV). The control group had significantly decreased 
TpTe when compared with patients with WHO func-
tional class III+IV (P<0.001) but no further pair differ-
ences were observed (Figure 3H). Additionally, patients 
with PAH with WHO functional class III+IV had in-
creased DRF when compared with controls (P<0.001) 
and when compared with WHO functional class I+II 
group (P=0.007) (Figure 3I). There was no difference 
between control group and WHO functional class I+II 
(P=0.642).

Table 2. Characteristics by Repolarization Dispersion– 
TpTe Median

TpTe ≤92 ms  
(n=17)

TpTe >92 ms  
(n=13) P value

DRF 0.28±0.07 0.37±0.05 0.010

E- early inflow, cm/s 85±14 85±25 0.367

A- late inflow, cm/s 51±16 68±27 0.009

E/A 1.76±0.44 1.51±0.81 0.022

Heart rate, bpm 82±15 86±13 0.365

Septal e’, cm/s 9.8±2.9 9.9±3.5 0.440

E/e’ –  Septal 9.4±3.5 9.6±3.8 0.690

Lateral e’, cm/s 14.3±2.3 14.7±5.7 0.854

E/e’ –  Lateral 6.2±1.8 7.0±4.5 0.782

MVDT, ms 171±51 161±67 0.703

RV EF 3D% 45±9 44±14 0.336

RV FAC (%) 36±11 35±14 0.233

RV EDVi, mL/m2 87 (74– 104) 100 (68– 178) 0.618

RV ESVi, mL/m2 47 (33– 56) 50 (37– 133) 0.547

mPAP, mm Hg 50±16 44±21 0.476

PAWP, mm Hg 7±2 7±1 0.444

PVRi, WU.m2 11.3 (7.8– 18.1) 11.4 (5.1– 18.2) 0.835

NT- proBNP, pg/mL 134 (73– 234) 226 (93– 2600) 0.195

BNP, pg/mL 33 (15– 72) 109 (15– 472) 0.324

6MWT, m 503±84 496±54 0.608

(i) indicates index value to body surface area; 6MWT, 6- minute walk 
test; BNP, brain natriuretic peptide; DRF, diastolic relaxation fraction; EDV, 
end- diastolic volume; EF, ejection fraction; ESV, end- systolic volume; FAC, 
fractional area change; mPAP, mean pulmonary artery pressure; MVDT, 
mitral valve deceleration time; NT- pro BNP, N- terminal pro brain natriuretic 
peptide; PAWP, pulmonary arterial wedge pressure; PVRi, pulmonary 
vascular resistance index; RV, right ventricle; and TpTe, interval between the 
peak and end of T wave.
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Effect of TpTe on PAH Specific 
Biomarkers
To investigate the associations between TpTe, 
hemodynamics, and well- established prognostic 
markers in patients with PAH, we divided the PAH 
group by TpTe median (92 ms) for further compari-
son (Table  2). Patients with increased TpTe values 
had increased DRF, elevated A- inflow velocity, and 
lower E/A ratio (all P<0.05). There were no differ-
ences between the 2 groups in traditional tissue 
Doppler indices of LVDD as well as mitral valve de-
celeration time. Furthermore, there were no differ-
ences in 3D echocardiographic measurements of 
RV function and volume, and traditional outcome 
prognostic indices.

Association Between TpTe and DRF
To further explore the relationship between the dis-
persion of repolarization –  TpTe and diastolic elec-
tromechanical discoordination –  DRF, we performed 
univariable and multivariable regression analysis be-
tween TpTe and DRF (Table 3 and Figure 4A). In unad-
justed analysis, each 10- ms increase in TpTe time was 

associated with 0.033 increase in DRF (P=0.003). In 
the final multivariable model we demonstrated the inde-
pendent relationship between the TpTe and DRF after 
adjusting for BSA, heart rate, RV end- systolic and end- 
diastolic volumes, and RV function. In this final model, 
each 10- ms increase in TpTe was associated with 0.023 
increase in DRF (P=0.008). Parallel increase in TpTe and 
DRF in different stages of LVDD is depicted in Figure 4B.

Figure 3. Comparison of ECG and myocardial deformation analysis.
A, QRS duration and (B) QRS duration z- score reflective of electrical dyssynchrony were increased in patients with pulmonary arterial 
hypertension compared with controls. C, Interval between the peak and end of T wave was increased in patients with pulmonary 
arterial hypertension. D, Diastolic relaxation fraction was correspondingly increased in pulmonary arterial hypertension group. E, 
Interobserver analyses concerning the diastolic relaxation fraction measurements. Subgroup analysis investigating the effect of left 
ventricular diastolic dysfunction presence on (F) interval between the peak and end of T wave and (G) diastolic relaxation fraction. 
Subgroup analysis investigating the severity of pulmonary arterial hypertension assessed by World Health Organization functional 
class on (H) interval between the peak and end of T wave and (I) diastolic relaxation fraction. DRF indicates diastolic relaxation 
fraction; LVDD, left ventricular diastolic dysfunction; PAH, pulmonary arterial hypertension; TpTe, interval between the peak and end 
of T wave; and WHO, World Health Organization.

Table 3. Univariable and Multivariable Regression 
Between the DRF and TpTe

β*±SE 95% CI P value

Unadjusted 0.033±0.019 (0.011‒ 0.055) 0.003

Model 1 0.033±0.010 (0.012‒ 0.056) 0.003

Model 2 0.034±0.009 (0.014‒ 0.053) 0.003

Model 3 0.023±0.008 (0.007‒ 0.040) 0.008

Respective regression models are reported as β coefficients ± standard 
error and respective 95% CI. *β coefficients represent increase per 10- ms 
of interval between the peak and end of T wave, Model 1: adjusted for BSA, 
Model 2: adjusted for BSA and heart rate, Model 3: adjusted for BSA, heart 
rate, right ventricular ejection fraction, end- diastolic volume, and end- systolic 
volume. DRF, diastolic relaxation fraction; and TpTe, interval between the 
peak and end of T wave.
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DISCUSSION

LVDD is a significant comorbidity and prognostic bio-
marker in children with PAH.1,27 The inter- ventricular de-
pendency in patients with PAH has been demonstrated 
using mechanical and electrical dyssynchrony.6,27,28 In 
this study, we demonstrated that children with PAH 
have (1) abnormal dispersion of repolarization as evalu-
ated by TpTe, (2) impaired diastolic electromechanical 
discoordination as evidenced by elevated DRF, and (3) 
that ECG- derived TpTe and echocardiographic DRF 
are associated independently of traditional predictors 
of clinical outcomes in patients with PAH. These re-
sults suggest that impaired myocardial repolarization 
and inefficient LV relaxation may be contributing to the 
PAH comorbidities. Given that worse hemodynamic 
and clinical outcomes in patients with PAH are asso-
ciated with impaired LV function,16,28,29 the observed 
link between altered electrical and mechanical patho-
physiology might provide important insights into overall 
disease progression.

Increasing evidence suggests that TpTe provides 
a more accurate representation of transmural myo-
cardial repolarization dispersion than QT interval 
measurements.21 Importantly, TpTe is consistently 
associated with imaging markers of myocardial defor-
mation and standard echocardiographic measures of 
diastolic dysfunction.10,11 In this study we found that 
TpTe was significantly elevated in children with PAH 
and was associated with the presence of LVDD. The 
observed relationship between TpTe and LV diastolic 
discoordination was significant independently of RV 

performance markers. Additionally, TpTe was signifi-
cantly increased in patients with LVDD despite ele-
vated heart rate suggesting that this measurement 
might be primarily influenced by the T- wave morphol-
ogy, particularly by its end slope. PAH animal models 
demonstrated that electrical remodeling is responsible 
for biventricular conduction delays and impaired myo-
cardial repolarization.30,31 However, repolarization gra-
dients are location and orientation dependent22 and 
further studies considering additional lead- specific 
T- wave features might provide additional insights into 
ventricle specific diastolic dysfunction. The finding of 
a decreased QTc combined with a prolonged TpTe in 
patients with PAH is noteworthy and bears mention-
ing. Increased dispersion of repolarization is generally 
thought to predispose to ventricular arrhythmias and a 
shortened QT interval, implying a shortened duration 
of repolarization, may result in an increased arrhyth-
mia risk. Our patient cohort did not demonstrate any 
sustained arrhythmias although detailed analysis of 
non- sustained ventricular arrhythmias is not possible 
secondary to inconsistent rhythm monitoring.

Prior studies investigating the electrical- mechanical 
coupling in PAH have naturally focused on the RV 
systolic performance using electrical dyssynchrony 
as an important biomarker reflective of patient func-
tional status.4,5,9 An accumulating body of evidence 
from pediatric focused studies suggests that right- to- 
left mediated ventricular interdependency is impact-
ing both LV systolic and diastolic dysfunction.6,27,28 
More recently, Frank et al showed that LV diastolic 
electromechanical discoordination as measured by 

Figure 4. Relationship between interval between the peak and end of T wave and diastolic 
relaxation fraction.
A, Linear regression analysis between interval between the peak and end of T wave measurements and 
diastolic relaxation fraction. B, Evolution of average interval between the peak and end of T wave and 
diastolic relaxation fraction values in patients with pulmonary arterial hypertension subclassified by left 
ventricular diastolic dysfunction algorithm Average values for TpTe (red) and Diastolic Relaxation Fraction 
(blue) within each category. DRF indicates diastolic relaxation fraction; LVDD, left ventricular diastolic 
dysfunction; PAH, pulmonary arterial hypertension; and TpTe, interval between the peak and end of T 
wave.
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DRF is associated with clinical worsening in children 
with PAH.1 Our study further contributes to the afore-
mentioned results by demonstrating that abnormal 
myocardial repolarization as evidenced by elevated 
TpTe is strongly associated with the LV specific DRF. 
DRF is arguably more reflective of electromechanical 
coupling than standard mechanical dyssynchrony in-
dices such as time to peak measurements, because 
DRF considers the deformation state of each myo-
cardial segment only with respect to the filling phase 
of cardiac cycle. Interestingly, a study by Spragg et 
al demonstrated that the presence of electrical and 
mechanical dyssynchrony in the LV with subclinical 
dysfunction induces regionally specific alterations 
in conduction and heterogenous repolarization.32 In 
this and prior studies,1,33 an applied DRF model has 
been limited only to 2- dimensional myocardial defor-
mation using only a circumferential strain and strain 
rate. Therefore, the extension of myocardial electro-
mechanical discoordination analysis might further 
require longitudinal and radial deformation indices to 
comprehensively appreciate diastolic electromechan-
ical coupling. Expansion into 3- dimensional imaging 
techniques with corresponding motion analysis would 
further allow for more accurate myocardial deforma-
tion analysis accounting for through plane motion and 
overall cardiac displacement.

The ideal physiologic model of mechanical dyssyn-
chrony or discoordination needs to separately inves-
tigate the electrical conduction, electro- mechanical 
coupling, and the final regional myocardial contractility. 
However, there is also a strong correlation between 
transmural repolarization and myocardial relaxation 
sequences suggestive of diastolic electromechanical 
coupling.11,34 Therefore, studies combining simultane-
ous electrophysiologic mapping with imaging based 
myocardial discoordination analysis might provide 
additional insight into electro- mechanical systolic and 
diastolic coupling. The effect of impaired myocardial 
repolarization on preload generation has been previ-
ously demonstrated by association between observed 
T- wave changes and isovolumic relaxation time.34 In 
our study, elevated TpTe was only associated with in-
creased A- wave inflow velocity and reduced E/A ratio. 
However, standard echocardiographic Doppler and 
tissue- Doppler indices of LVDD have not been well val-
idated in the pediatric setting.23,35 Our future studies 
will focus on investigating the TpTe and DRF in context 
of LV filling pressures to fully explore the association 
between electromechanical coupling and diastolic 
dysfunction.

Limitations
We acknowledge several limitations associated with 
our study. First, the applied circumferential strain 

analysis only considered the LV mid- papillary level 
myocardium yielding 6 American Heart Association 
models serving as the input for DRF calculation. Given 
that this was the first study applying echocardiogra-
phy derived DRF, we wanted to mitigate potential vari-
ability and poor imaging quality associated with basal 
and apical short- axis views. This approach showed an 
excellent inter- reader reproducibility but might benefit 
from extension into basal and apical regions as well 
as consideration of incorporating longitudinal defor-
mation. Second, TpTe has been well associated with 
transmural repolarization dispersion10,11,21 but might 
be less reflective of global repolarization.22 Further 
exploration of TpTe combining T- wave analysis from 
other leads might be necessary to comprehensively 
evaluate the heterogeneity of repolarization. Third, 
our PAH patient population involved patients with re-
paired ventricular septal defect (n=3) in which con-
duction abnormalities might have been present as a 
result of the surgical intervention. None of the consid-
ered patients presented with QRS duration z- score >2 
and all 3 belonged to the second tertile of measured 
TpTe duration. Our future investigations will involve 
larger patient population to more precisely elucidate 
the effect of idiopathic PAH on diastolic electrome-
chanical coupling. Lastly, electrical dyssynchrony as 
evaluated by QRS duration and heart rate secondarily 
influence the pattern and duration of repolarization, 
respectively. We did not directly investigate the rela-
tionship between the electrical dyssynchrony markers 
and TpTe. Our future studies will investigate T- wave 
morphologic features and their association with other 
ECG based events.

CONCLUSIONS
Impaired myocardial repolarization and abnormal 
LV diastolic electromechanical discoordination exist 
in parallel in children with PAH and might contribute 
to the overall disease progression. Given the strong 
predictive value of LV function in patients with PAH, 
further investigations evaluating mechanistic relation-
ship between RV dysfunction and LV diastolic elec-
tromechanical coupling warrant investigation. We 
propose that in addition to systolic mechanical ven-
tricular interdependency, diastolic ventricular interde-
pendency with electromechanical substrate might be 
contributing to the LV dysfunction and overall clinical 
presentation of children with PAH. Our future studies 
will investigate the prognostic potential of TpTe and 
DRF as well as their association with PAH- specific 
phenotypes.
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