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Abstract

The aim of the study was to determine whether segmental interactions, as expressed by
postsystolic shortening (PSS), affects RV mechanics and are connected with impaired sys-
tolic and diastolic function in rTOF children. Patients and Methods: 55 rTOF adolescent
(study group), and 34 healthy volunteers (control group) were examined using classical
Doppler flow (Doppler), Tissue Doppler Imaging (TDI) and Speckle Tracking Echocardiogra-
phy (STE). PSS was found to occur when time to peak (TTP) was longer than pulmonary
valve closure time (PVCT). TTP and strain were derived from RV lateral segments—basal
(BL), medial (ML) and apical (AL) in STE. PVCT was measured from the beginning of QRS
complex in the ECG to the termination of Doppler flow at the pulmonary valve. TDI was
obtained at the lateral tricuspid annulus site and the systolic (S’), early (E) and late diastolic
(A’) peak velocities were measured along with isovolumic contraction (IVCT), and relaxation
(IVRT) time. PW was used to measure early tricuspid inflow velocity (E) for calculating the
E/E’ ratio. The TDI data in patients with PSS presence (TTP>PVCT) and those in whom it
did not occur (TTP<PVCT) were compared. Results: PSS in BL, ML and AL were observed
respectively in: 27(51,9%), 9 (18%), and 8 (16,7%) patients. Mean values of TTP in BL, ML,
and AL were respectively: 420.6+55.5ms, 389.8+50.0ms and 366.7+59.0ms. PVCT mean
value was 396.6+33.5ms. In the study group, the mean E’ in TTP>PVCT was significantly
lower (4.8+1.8 cm/s) compared to mean E’ in TTP<PVCT (8.44+2.6 cm/s), p<0.01. The aver-
age E/E’ was significantly higher in TTP>PCVT than in TTP<PVCT, respectively 21.6+7.3
vs 12.2+5.1, p<0.05. IVRT was significantly prolonged in TTP>PVCT compared to IVRT in
TTP<PVCT, respectively 95.9+38.7 vs 77.0+35.1, p<0.05. Furthermore, in TTP>PVCT, sig-
nificantly higher strain in BL (-28.8+8.7%) was observed when compared to that parameter
in TTP<PVCT (-35.3£13.1%), p <0.05. Conclusions: Tissue Doppler Echocardiography and
Speckle Tracking Echocardiography are useful techniques for detecting regional systolic
and diastolic dysfunction in children after Tetralogy of Fallot surgical repair. Postsystolic
shortening in the basal lateral segment is commonly seen in children after the Tetralogy of
Fallot surgical repair, and is associated with altered right ventricular systolic and diastolic
function.
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Introduction

An increasing number of patients after Tetralogy of Fallot surgical repair (rTOF) has led to a
growing adolescent population with postoperative cardiac sequels. [1] Pulmonary regurgita-
tion has been observed to be a major residual lesion associated with right ventricular (RV) vol-
ume overload, driving towards its dysfunction in rTOF patients. [2,3] Furthermore, the almost
invariable presence of right bundle branch block (RBBB) in rTOF patients may play an impor-
tant role in their long-term clinical outcomes, where it is likely that electrical and mechanical
dysfunction are linked. [4,5] For the latter, RV abnormalities occur during both systole and
diastole, with global and regional abnormalities in systole being well documented [6,7]. The
diastolic dysfunction is however less known. Previous studies have focused on markers of
decreased late diastolic myocardial compliance, reflected by restrictive physiology of the RV
[8]. Nonetheless, some trials have demonstrated the postsystolic shortening phenomenon
(PSS) to be a mechanism for early diastolic dysfunction in left-sided lesions [9-12]. Only one
trial however shows a PSS within the RV, where an elegant model of right ventricular lateral
wall activation was presented [13]. For this sequence early septal activation, as observed echo-
cardiographically by a septal flash with concomitant lateral wall prestretch, follows contraction
of the early stretched lateral wall. The subsequent late initiation of systolic RV lateral contrac-
tion (connected with RBBB) may then be partially inefficient as it continues on after pulmo-
nary valve closure. Another postulated mechanism responsible for the PSS phenomenon is
passive post-systolic deformation after end-systolic stretch observed at the pulmonary/aortic
valve closure [14,15].

We thus hypothesized, those segmental interactions, as expressed by postsystolic shorten-

ing, affects RV mechanics and are connected with impaired systolic and diastolic function in
r'TOF children.

Patients and Methods

Study subjects were 55 consecutive rTOF patients, aged 8-18 years (average 13.7+3.3 years).
The control group was comprised of 34 healthy volunteers aged 8-18 years, (average 13.6+2.9
years). The data on surgical treatment in the study group were obtained from medical docu-
mentation. Anthropometrical parameters were measured in the study and control group.

In all patients, resting ECG was performed to evaluate the shape and duration of the QRS
complex.

Echocardiography: patients and controls were examined using a standardized protocol by
the iE 33 ultrasound system (Philips); being in the left lateral decubitus position with a phased-
array transducer S5-1. The RV focused apical 4-chamber view (RV AP4Ch) was used to calcu-
late end-systolic (ESA) and diastolic (EDA) areas. These were adjusted to body surface area.
The right ventricular fractional area change (RVFAC) was calculated by: EDA-ESA/EDA
x100%. RV AP4Ch was also used to assess transannular plane systolic excursion in M-mode.
Classical Doppler flow was obtained at the pulmonary valve and tricuspid valve. Tissue Dopp-
ler Imaging (TDI) was measured at the lateral tricuspid annulus site at a frame rate of at least
90 Hz from the RV AP4Ch. Gray-Scale images for RV speckle tracking echocardiography
(STE) were acquired at frame rates of 50 to 90 Hz also from the RV AP4Ch. At least 5 cardiac
cycles were stored for offline analysis (“QLAB Advanced Quantification” Philips). Tracking
was automatically generated by the software and was only accepted if visual inspection indi-
cated adequate covering of the myocardium throughout the whole cardiac cycle. Strain curves
were generated at the basal, mid, and apical RV lateral wall. Patients in whom STE was inade-
quate in more than 1 segment were excluded.
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The forward pulmonary flow and pulmonary regurgitation (PR) were assessed in continu-
ous wave Doppler. The maximal and mean systolic pressure gradient between the right ven-
tricular outflow tract and main pulmonary artery were measured. The ratio between the
duration of PR and total diastole, referred to as PR index, was used to assess the degree of PR
as previously described in the literature [16]

The tricuspid valve flow and regurgitation was assessed in the apical 4-chamber view. Pulse
wave Doppler was used to measure a maximal early (E) and atrial (A) tricuspid inflow velocity
along with E deceleration time. The E/A ratio was calculated. Tricuspid regurgitation was
assessed in color Doppler flow and was considered significant when the ratio of regurgitant jet
area to total right atrial area was at least 40% with an optimal setting of color Doppler gain
and, additionally, when evidence of retrograde flow in the inferior vena cava in PW was
registered.

TDI was obtained at the lateral tricuspid annulus site and the systolic (S'), early diastolic
(E’) and late diastolic (A’) peak velocities were measured along with isovolumic contraction
(IVCT) and relaxation (IVRT) time. The E/E’ ratio was thence calculated

In STE, time to peak (TTP) and maximal value of longitudinal strain (€) were automati-
cally derived from each of the three RV segments. The early prestretch, defined as a segmen-
tal elongation (stretch) before shortening, was recorded. PSS was found to occur when the
TTP was longer than the pulmonary valve closure time (PVCT). PVCT was measured from
the beginning of QRS complex in the ECG to the termination of flow at the pulmonary
valve in pulse wave Doppler flow. The duration of deformation after pulmonary valve clo-
sure, i.e. the postsystolic shortening time (PSST), was calculated by: PSST = TTP-PVCT,
whilst the postsystolic shortening time index (PSSTi), was obtained by: PSSTi = PSST/
PVCP x 100%, where PVCP is the pulmonary valve closure period. PVCP was defined as the
time between termination and beginning of pulmonary flow in pulse wave Doppler. Strain
at the moment of pulmonary valve closure (ePVC) was measured manually and postsystolic
shortening strain was calculated, (i.e. the ePSS; the extent of deformation after pulmonary
valve closure), using the formula: ePSS = e—ePVC. The postsystolic shortening strain
index (ePSSi) was also determined by: ePSSi = ePSS/ €. Fig 1 presents various patterns of
strain within the right ventricular free wall.

ECG was registered during the whole examination. Maximal accepted difference in mean
values of RR intervals between the ECG’s in the 2-dimensional images and the Pulse Wave
Doppler was 5%. The study received approval from the Bioethics Committee, Medical Univer-
sity of Warsaw No: KB/18/2009. All study subjects’ parents/guardians signed written informed
consent form; additionally the study participants aged above 15 years old also signed written
informed consent form. The Bioethics Committee, Medical University of Warsaw, approved
all these documents.

All data underlying the findings described in our manuscript are fully available as
supporting information files.

Statistical analysis

The numbers and rates of patients and healthy children with and without postsystolic shortening
were counted. Data were presented as a mean + SD. The Shapiro-Wilk test was used to verify a
normal distribution. Comparison between the controls and the study group were determined by
using the Mann-Whitney U test. 2x2 tables were analyzed using the exact Fisher test. Correla-
tions were determined according to the Spermann rank order correlation. The statistical analysis
was not performed if the number of patients was less than 10. A p<0.05 was taken as being statis-
tically significant.
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Fig 1. Speckle Tracking Echocardiography. Apical 4-chamber view. Postsystolic shortening. A. control, B
study patient; prestretch present (+), PSS not present (-), C. study patient; prestretch (+), PSS(+) D. study
patient; prestretch (+), PSS(+), deformation in BL lower than in ML. white arrow—postsystolic shortening, blue
arrow—presystolic stretch, AVC—pulmonary valve closure.

doi:10.1371/journal.pone.0169178.g001

Results

The mean patient age at the time of surgical correction was 12+8.9 months. The trial was per-
formed 12.943.3 years after reparative surgery. Three patients of the study group (none of the
controls) were excluded from the trial, when tracing was inadequate in more than 1 segment.
For the further analysis 52 patients were considered. Eleven (21.1%) patients received a trans-
annular patch during initial surgical repair. Nine patients (17.3%) underwent Blalock-Taussig
shunt before corrective surgery whilst one (1.9%) underwent reoperation for a residual ven-
tricular septal defect. Both study and control groups had statistically similar body mass, height
and body surface area (Table 1).

Table 1. Anthropometric parameters in the study and control group.

Study Group,mean * SD Control Group, mean £ SD P

Height [cm] 159.4+16.8 157.6+£16.3 NS
Weight [kg] 52.3+15.6 50.8+16.1 NS
Body surface [m?] 1.5+0.3 1.5+0.3 NS

doi:10.1371/journal.pone.0169178.1001
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Table 2. Echocardiography in the study and control group.

Study Group,mean £ SD Control Group,mean * SD p
RV ESA/BSA [mm?/m?] 13.746.2 6,1£3.0 <0.01
RV EDA/BSA [mm?/m?] 19.217.8 11.914.8 <0.01
TAPSE [mm] 16.5+4.0 19.4+3.2 <0.01
RVFAC [%] 28.8+8.1 49.4+10.1 <0.01
PVCP [ms] 391.8+114.6 398.8+56.4 NS
Max PG [mmHg] 23.1+13.3 7.312.4 <0.01
Mean PG [mmHg] 12.3t7.5 3.2+1.1 <0.01
E [cm/s] 91.5+15.7 61.7+13.5 <0.01
A [cm/s] 67.6116.2 45.6+12.2 <0.01
Edt [ms] 190.7451.2 192.24+38.0 NS
E/A 1.4+1.3 1.4+0.3 NS
S’ [em/s] 5.7+1.6 11.0£2.3 <0.01
IVCT [ms] 117.0+£59.6 60.9+25.8 <0.01
E’ [cm/s] 6.5+2.8 16.2+3.4 <0.01
A’ [cm/s] 3.841.5 7.842.0 <0.01
IVRT [ms] 86.8+36.7 40.8+13.9 <0.01
E/E’ 17.248.5 4.1+1.4 <0.01
BL €[%] -32.6+11.6 -48.6+15.5 <0.01
TTP[ms] 420.6+55.5 368.8+41.7 <0.01
ML €[%] -23.1+8.9 -39.5+14.8 <0.01
TTP [ms] 385.3+47.6 360.3+43.8 <0.05
AL €[%] -16.67.8 -36.2+12.9 <0.01
TTP[ms] 367.2+56.6 362.2+67.4 NS

TAPSE-transannular plane systolic excursion, RV FAC—-right ventricular fractional area change, RV ESA/BSA-right ventricular end systolic area indexed to
body surface area, RVEDA/BSA right ventricular end diastolic area indexed to body surface area, PVCP—pulmonary valve closure period, max PG—
maximal systolic pressure gradient between right ventricular outflow tract and pulmonary artery, mean PG- mean systolic pressure gradient between right

ventricular outflow tract and pulmonary artery, E—maximal early tricuspid inflow velocity, A—atrial tricuspid inflow velocity, Edt—E deceleration time, E/A-E/

A ratio, S'—peak systolic velocity of the tricuspid valve, ICT—isovolumic contraction time, E'—peak early diastolic velocity, A’ peak late diastolic velocity,

IVRT- isovolumic relaxation time, E/E'—E/E’ ratio, e~maximal value of longitudinal strain, TTP—time to peak, BL-basal lateral segment, ML-medial lateral

segment, AL—apical lateral segment.

doi:10.1371/journal.pone.0169178.t002

The complete right bundle branch block was found in 48 (92%) children of the study group
and none for children in the control group. The average value of the QRS duration was statisti-
cally significantly longer (p<0.01) in patients after the tetralogy of Fallot correction (value 137
+21 ms) compared with QRS duration in the control group (value 77+12 ms).

In study group patients, severe pulmonary regurgitation was seen in 17(32.7%), moderate
in 24 (46.1%), and mild in 11 (21.1%). There was no diagnosis of moderate and severe pulmo-
nary regurgitation in healthy children. Three (3.6%) of the study patients had severe tricuspid
valve regurgitation but none in healthy volunteers.

Results of the remaining of echocardiographic parameters in the control and study group
are summarized in Table 2.

The early prestretch was seen in 49 (94.2%), 12 (23%), 7(13%) patients of the study group
and in 3 (8%), 2 (5,8%) and none of healthy children in basal, medial and apical lateral seg-
ments respectively. PSS occurred also more frequently in the study group than controls for all
segments measured in the right ventricle (Table 3). Patients in whom postsystolic shortening
in basal lateral segment was seen were PSS+ and those in whom it was not seen were PSS-.
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Table 3. Postsystolic shortening in lateral free wall of the right ventricle.

Study group, number of patients Control group, number of patients p
(percentage) (percentage)

Basal lateral segment—BL
PSS+ 27(51.9%) 10(29.4%) NS
PSS- 25(48.1%) 24(70.5%)
Medial lateral segment—ML
PSS+ 9(18.0%) 5(14.7%) *
PSS- 41(82.0%) 29(85.3%)
Apical lateral segment—AL
PSS+ 8(16.7%) 4(11.8%) *
PSS- 40(83.3%) 30(88.2%)

PSS+ post systolic shortening present. PSS- post systolic shortening absent.
* further analysis not performed due to low numbers of patients.

doi:10.1371/journal.pone.0169178.t003

Because of the low numbers of children, further analysis of the mid and apical segments, were
therefore not performed. Early prestreach in BL was seen in 26 (96%) PSS+ patients and in 23
(92%) PSS- patients.

PSS + and PSS—patients

The mean value of maximum E’ wave velocity was significantly lower in PSS+ patients com-
pared to PSS- children from the study group p<0.01. The average E/E’ value was significantly
higher in PSS+ than in PSS- patients, p<0.01. The IVRT was significantly prolonged in PSS

+ compared to PSS- rTOF children, p<0.05. Furthermore, in PSS+ patients, a significantly
lower total deformation in basal lateral segment was observed when compared to rTOF PSS-
children. There was no significant difference in QRS duration between PSS+ (139.0+17.4ms)
and PSS- (129.3£35.9 ms) children of the study group. Maximal and mean pressure gradient
between right ventricular outflow tract and main pulmonary artery did not differ significantly
in the PSS+ and PSS- patients and were respectively in PSS+ 23.0+12.6 mmHg and 12.3+7.0
mmHg and in PSS- 23.2414.0 mmHg and 12.4+7.9 mmHg. Severe pulmonary regurgitation
was seen in 12 (44.4%) PSS+ and in 5 (20%) PSS- patients but this difference was not statisti-
cally significant. All 3 patients with severe tricuspid regurgitation were PSS+. There were no
significant differences between any of the remaining parameters of right ventricular function
for PSS+ and PSS- patients. Table 4.

Patients and controls PSS+

In PSS+ rTOF children, the mean filling time was 324.5+101.7 ms, the PVCT was 379.2+44.1
ms. No significant differences in the mean durations of the cardiac cycle between PSS+ patients
and controls were found, where the mean PVCP was 354.7426.2 ms and PVCT 356.5+27.6 ms.
The mean TTP level in the BL for the study group was 452.5+53.0 ms whilst that for healthy
children was significantly less at 365.0+£29.3 ms (p<0.01).

The PSST and PSSTj, in the basal lateral segment were both significantly higher in children
after rTOF compared to controls; respectively 73.4 + 29.8 ms and 24.4 + 11.1% versus 8.5 + 4.0
ms and 2.3 + 1.1% (p<0.01). In PSS+ children the mean € and ePVCT in the BL for the study
group were significantly higher than for controls; respectively -27.7+8.6% and -24.6£9.0% ver-
sus -40.9+11.5% and -36.8+£11.1% (p<0.01). Likewise, in those PSS+, the mean €PSS and
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Table 4. Echocardiography in PSS+ and PSS—patients.

Parameter PSS+, mean*SD PSS-, meantSD p
RV ESA/BSA 14.316.8 13.645.7 NS
RV EDA/BSA 20.0+8.2 18.917.6 NS
RV EDA/BSA 20.0+8.2 18.91+7.6 NS
TAPSE [mm] 16.5+3.8 16.5+3.9 NS
RVFAC [%] 28.7+8.6 27.9.4+7.2 NS
Systolic function S’ [cm/s] 5.2+1.7 6.2+1.3 NS
IVCT [ms] 121.4+58.3 112.2+60.5 NS
BL €[%] -27.7+8.6 -37.8+12.2 <0.01
ML €[%)] -21.348.3 -25.3+9.1 NS
AL €[%] -14.5+7.6 -19.37.2 NS
Diastolic function E [cm/s] 92.8+11.5 90.1£19.0 NS
Acm/s] 64.2+13.1 71.2+18.3 NS
Edt [ms] 185.7+57.6 196.2+42.5 NS
E’[cm/s] 4.8+1.8 8.41+2.6 <0.01
A’[cm/s] 3.5£1.5 4.1+1.5 NS
IVRT[ms] 95.9+35.9 77.0£35.0 <0.05
E/E’ 21.7£7.5 12.316.7 <0.01
E/A 1.5£0.3 1.310.4 NS

PSS+ post systolic shortening present, PSS- post systolic shortening absent, max PG—maximal systolic
pressure gradient between right ventricular outflow tract and pulmonary artery, mean PG- mean systolic
pressure gradient between right ventricular outflow tract and pulmonary artery, TAPSE-transannular plane
systolic excursion, RV FAC-right ventricular fractional area change, RV ESA/BSA-right ventricular end
systolic area indexed to body surface area, RV EDA/BSA right ventricular end diastolic area indexed to body
surface area, E—maximal early tricuspid inflow velocity, A—atrial tricuspid inflow velocity, Edi—E deceleration
time, E/A—E/A ratio, S’-peak systolic velocity of the tricuspid valve, IVCT—isovolumic contraction time, E'—
peak early diastolic velocity, A’ peak late diastolic velocity, IVRT- isovolumic relaxation time, E/E'—E/E’ ratio.

doi:10.1371/journal.pone.0169178.t004

€PSSi in a given segment were not significantly different between patients and controls. In
r'TOF children, such values were found to be respectively -3.0+1.7% and 12.4+8.2% compared
to -4.1+1.6% and 11.0£5.6% for healthy children.

PSST in rTOF patients

In PSST+ rTOF patients, the QRS duration (r = 0.44; P<0.05), the ESA/BSA (r = 0.44; p<0.05)
and EDA/BSA (r = 0.46; p<0.05) correlated positively whilst TAPSE correlated negatively with
PSSTi (r = -0.48; p<0.05). No correlations were observed between PSSTi and other functional
parameters such as: RV FAC, maximal and mean systolic pressure gradient between right ven-
tricle and main pulmonary artery.

Discussion

In children after tetralogy of Fallot surgical repair, progressive right ventricular dysfunction is
universally observed, although despite many studies, the underlying pathophysiology is still
not fully known. One of the reasons of progressive deterioration of the right ventricular func-
tion might be postsystolic shortening phenomenon.
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The possible mechanism responsible for the PSS presence is myocardial degeneration
(fibrosis) universally driving to right ventricular elevated filling pressure. In our study we
found a significant decrease in myocardial early diastolic velocity (E’) and isovolumic relaxa-
tion time prolongation (IVRT) within the right ventricle in patients in whom postsystolic
shortening was detected when compared with the remaining subjects of the study group. Hith-
erto, in the literature, there have been no descriptions of diastolic dysfunction when deter-
mined by Tissue Doppler Imaging in rTOF patients with postsystolic shortening. Some trials
show, prolonged IVRT upon TDI testing, decrease early maximum diastolic velocities (E’) and
increases the E/E’ ratio reflects high end-diastolic pressure and/or right ventricular stiffness in
selected patient groups. [17-21]. However in our trial increased E/E’ ratio reflects solely E’
decrease. Thus, whether diastolic function impairment in rTOF children with PSS phenome-
non is due to increased myocardial stiffness is difficult to distinguish. Such question could be
answered by the studies using CTR or histopathology examinations in patients with PSS + and
PSS-. A reduced Edt and an elevated A wave in PSS+ patients is another suggestion that the lat-
ter might be associated with diastolic RV dysfunction, although in our study statistical signifi-
cance was not reached between PSS + and PSS- patients.

The presented study for the first time demonstrates some link between PSS and decreased
local deformation. We found reduced strain in the basal lateral segment of the right ventricle
in those patients for whom postsystolic shortening was detected as compared to the remaining
rTOF children.

We suggest that PSS influences local deformation and does not affect global systolic func-
tion of the right ventricle. RV FAC was unrelated to PSS in our study. A negative correlation
between PSSTi duration and TAPSE, in our circumstances, most likely confirms local contrac-
tile dysfunction in the basal lateral segment of the right ventricle where the parameter is typi-
cally measured. According to the trials TAPSE does not reflect global systolic function in
children after TOF correction [22].

Except the intrinsic myocardial impairment, there are other mechanisms considered to be
responsible for the presence of PSS. Hui et al. suggest [13] postsystolic shortening in rTOF
patients is an expression of electromechanical dyssynchrony. Indeed in our study QRS dura-
tion correlates with PSSTi although there is no difference of QRS duration in rTOF PSS+ and
PSS- children.

Nevertheless, we found that PSSTi was significantly correlated to parameters such indexed
end-systolic and end-diastolic areas of right ventricle, indicating that the volume overload
does also have some link with PSS. On the other hand, the magnitude of pulmonary valve
regurgitation has been shown to be less related to PSS; both in our study and work by Hui et al
[13]. It thus seems that further studies are required to determine postsystolic shortening
changes, in relation to the chronic volume overload observed rTOF children.

Based on our results, right ventricular pressure overload did not affect PSS. There was no
difference in the maximum and average systolic pressure gradient within the right ventricular
outflow tract between patients with PSS + and PSS-. The systolic pressure gradients within
right ventricular outflow tract also poorly correlated with PSST. However, once should note
that the values of the pressure gradients were low in our study group, the average value of
mean pressure gradient was 12.3 mmHg and only in 2 patients the maximum pressure gradi-
ent exceeded of 50 mmHg.

As it was presented in previous studies the time to peak parameter might become extended
after the moment when the arterial valve closes in healthy ones [13,23]. Light of these findings,
we compared the duration of cardiac cycle phases in patients and healthy children when post-
systolic shortening occurred, indicating, that for the basal lateral segment, these durations
were significantly longer in rTOF children than in healthy controls. This difference persisted
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after indexing up to the duration of diastole. The insignificant prolonging of deformation fol-
lowing valve closure can be assumed to be a well-tolerated feature, but if this time is extended
beyond a set threshold, does right ventricular function impairment worsen.

Prolonged deformation after aortic valve closure in the left ventricle is fairly well under-
stood. It is of prognostic value in patients with myocardial infarction. Recognizing this symp-
tom in patients suffering from myocardial infarction directly after revascularization, improves
the prognosis in the reversion back to normal contractile function. However, when this occurs
in patients with arterial hypertension or dilated cardiomyopathy, then it is associated with
impaired diastolic function, as detected by Tissue Doppler Imaging or Speckle Tracking Echo-
cardiography [9-12]. In patients with complete left bundle branch block, the septal flash con-
sequently also occurs leading to postsystolic shortening. In such cases, Parsai et al [24] found
resynchronization to be a highly effective therapy in those patients. The presented findings
demonstrate that left ventricular postsystolic shortening on one side is linked with impaired
synchronicity of systolic and diastolic function, as well as preserving myocardial viability and
reversible lesions.

By extrapolating study data from the left ventricle, it might be assumed that the postsystolic
shortening findings obtained from within the right ventricle might provide useful information
in qualifying patients for therapeutic interventions following Tetralogy of Fallot correction.
However, there is no evidence on whether pulmonary valve replacement, (due to severe regur-
gitation) or cardiac resynchronization, could significantly improve mechanical function of the
disturbed right ventricle due to postsystolic shortening in rTOF patients.

Limitations

The lack of data about long-term clinical implications is a major limitation of our study.
Besides, measuring the pulmonary pulse wave Doppler profile and 2D images for strain were
not simultaneous, but possibly heart rate variability might influence postsystolic shortening
time. We therefore performed the measurement only if the heart rate in PW and 2D 4 chamber
views were similar (maximal accepted difference of RR intervals in ECG was 5%) as described
previously in the literature. We also calculated the postsystolic shortening index to avoid any
risk of inadequately assessing postsystolic shortening connected with heart rate changes. We
did not assess right ventricular systolic pressure because of insufficient tricuspidal regurgita-
tion, so pressure overloading was based only on the gradient between the right ventricle and
the main pulmonary artery.

We also consider that at present there are many questions that remain unanswered (eg.
How PSS impacts on the extent of fibrosis in the RV myocardium? How PSS quantitatively
affects regurgitation of the pulmonary and tricuspid valves?) MRI, histopathology and exercise
studies might provide the answers, which were not performed on our subjects. The follow-up
of PSS assessment could also explain the issue of by how much PSS is an indicator of long-
term myocardial damage.

Conclusions

1. Tissue Doppler Echocardiography and Speckle Tracking Echocardiography are useful tech-
niques for detecting regional systolic and diastolic dysfunction in children after Tetralogy
of Fallot surgical repair.

2. Postsystolic shortening in the basal lateral segment is commonly seen in children after the
Tetralogy of Fallot surgical repair, and is associated with altered right ventricular systolic
and diastolic function.

PLOS ONE | DOI:10.1371/journal.pone.0169178 January 3, 2017 9/12



@° PLOS | ONE

Right Ventricular Post Systolic Shortening in rTOF Children

Supporting Information

S1 Fig. Correlation between postsystolic shortening time index and right ventricular end-
diastolic area derived from apical four chamber view indexed to body surface area.
(PDF)

S2 Fig. Correlation between postsystolic shortening time index and right ventricular end-
systolic area derived from apical four chamber view indexed to body surface area.
(PDF)

S3 Fig. Correlation between postsystolic shortening time index and QRS duration in the
ECG.
(PDF)

$4 Fig. Correlation between postsystolic shortening time index and tranannular plane sys-
tolic excursion.
(PDF)

Author Contributions
Conceptualization: RP BW.
Data curation: RP.

Formal analysis: RP BW.
Investigation: RP BW.
Methodology: RP BW.

Project administration: RP BW.
Resources: RP.

Software: RP BW.

Supervision: BW.

Validation: BW.

Visualization: RP BW.

Writing - original draft: RP BW.

Writing - review & editing: BW RP.

References
1.  Gatzoulis MA, Elliott JT, Guru V, Siu SC, Warsi MA, Webb GD et al. Right and left ventricular systolic
function late after repair of tetralogy of Fallot. Am J Cardiol. 2000; 86(12):1352—7. PMID: 11113412

2. LiSN, YuW, Lai CT, Wong SJ, Cheung YF. Left ventricular mechanics in repaired tetralogy of Fallot
with and without pulmonary valve replacement: analysis by three-dimensional speckle tracking echo-
cardiography. PLoS One. 2013; 8(11):e78826. doi: 10.1371/journal.pone.0078826 PMID: 24223166

3. Bouzas B, Kilner PJ, Gatzoulis MA. Pulmonary regurgitation: not a benign lesion. Eur Heart J. 2005; 26
(5):433-9. doi: 10.1098/eurheartj/ehi091 PMID: 15640261

4. Scherptong RW, Hazekamp MG, Mulder BJ, Wijers O, Swenne CA, van der Wall EE et al. Follow-up
after pulmonary valve replacement in adults with tetralogy of Fallot: association between QRS duration

PLOS ONE | DOI:10.1371/journal.pone.0169178 January 3, 2017 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169178.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169178.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169178.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169178.s004
http://www.ncbi.nlm.nih.gov/pubmed/11113412
http://dx.doi.org/10.1371/journal.pone.0078826
http://www.ncbi.nlm.nih.gov/pubmed/24223166
http://dx.doi.org/10.1093/eurheartj/ehi091
http://www.ncbi.nlm.nih.gov/pubmed/15640261

@° PLOS | ONE

Right Ventricular Post Systolic Shortening in rTOF Children

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

and outcome. J Am Coll Cardiol. 2010; 56(18):1486—92. doi: 10.1016/j.jacc.2010.04.058 PMID:
20951325

Bordachar P, Iriart X, Chabaneix J, Sacher F, Lafitte S, Jais P et al. Presence of ventricular dyssyn-
chrony and haemodynamic impact of right ventricular pacing in adults with repaired Tetralogy of Fallot
and right bundle branch block. Europace. 2008; 10(8):967—-71. doi: 10.1093/europace/eun178 PMID:
18603611

Kjaergaard J, Petersen CL, Kjaer A, Schaadt BK, Oh JK, Hassager C. Evaluation of right ventricular vol-
ume and function by 2D and 3D echocardiography compared to MRI. Eur J Echocardiogr 2006; 7
(6):430-8. doi: 10.1016/j.euje.2005.10.009 PMID: 16338173

Kjeergaard J. Assessment of Right Ventricular Systolic Function by Tissue Doppler Echocardiography
Dan Med J 2012; 59(3): B4409 PMID: 22381093

Gatzoulis MA, Clark AL, Cullen S, Newman CG, Redington AN. Right ventricular diastolic function 15 to
35 years after repair of tetralogy of Fallot. Restrictive physiology predicts superior exercise perfor-
mance. Circulation 1995; 91(6):775-81.

Coetzee A, Fourie P. Postsystolic shortening as an index of regional myocardial ischemia in an experi-
mental model. J Cardiothorac Vasc Anesth 1991, 5(6),546—-50. PMID: 1768816

Ito T, Kawanishi Y, Futai R, Terasaki F, Kitaura Y. Usefulness of carvedilol to abolish myocardial post-
systolic shortening in patients with idiopathic dilated cardiomyopathy. Am J Cardiol 2009; 104
(11):1568-73. doi: 10.1016/j.amjcard.2009.07.028 PMID: 19932794

Eek C, Grenne B, Brunvand H, Aakhus S, Endresen K, Smiseth OA et al. Postsystolic shortening is a
strong predictor of recovery of systolic function in patients with non-ST-elevation myocardial infarction.
Eur J Echocardiogr 2011; 12(7):483-9. doi: 10.1093/ejechocard/jer055 PMID: 21609975

Lim P, Pasquet A, Gerber B, D’Hondt AM, Vancraeynest D, Guéret P at al. Is postsystolic shortening a
marker of viability in chronic left ventricular ischemic dysfunction? Comparison with late enhancement

contrast magnetic resonance imaging. J Am Soc Echocardiogr 2008, 21,452—-457. doi: 10.1016/j.echo.
2007.09.004 PMID: 18029142

Hui W, Slorach C, Dragulescu A, Mertens L, Bijnens B, Friedberg MK. Mechanisms of right ventricular
electromechanical dyssynchrony and mechanical inefficiency in children after repair of tetralogy of Fal-
lot. Circ Cardiovasc Imaging. 2014; 7(4):610-8. doi: 10.1161/CIRCIMAGING.113.001483 PMID:
24785673

Claus P, Weidemann F, Dommke Ch, Bito V, Heinzel FR, D’hooge J et al. Mechanisms of Postsystolic
Thickening in Ischemic Myocardium: Mathematical Modelling and Comparison With Experimental
Ischemic Substrates Ult Med Biol 2007; 33(12),1963-70.

Baltabaeva A, Marciniak M, Bijnens B, Moggridge J, He FJ, Antonios TF, et al. Regional left ventricular
deformation and geometry analysis provides insights in myocardial remodelling in mild to moderate
hypertension. Eur J Echocardiogr. (2008) 9, 501-08. doi: 10.1016/j.euje.2007.08.004 PMID: 17905662

Li W, Davlouros PA, Kilner PJ, Pennell PJ, Gibson D, Henein MJ et al. Doppler-echocardiographic
assessment of pulmonary regurgitation in adults with repaired tetralogy of Fallot: Comparison with car-
diovascular magnetic resonance imaging Am Heart J 2004; 147:165-72. PMID: 14691436

Utsunomiya H, Nakatani S, Nishihira M, Kanzaki H, Kyotani S, Nakanishi N et al. Value of estimated
right ventricular filling pressure in predicting cardiac events in chronic pulmonary arterial hypertension. J
Am Soc Echocardiogr 2009; 22:1368-74. doi: 10.1016/j.ech0.2009.08.023 PMID: 19944957

Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quifiones MA. Doppler tissue imaging: a noninva-
sive technique for evaluation of left ventricular relaxation and estimation of filling pressures. J Am Coll
Cardiol 1997; 30:1527-33. PMID: 9362412

Ommen SR, Nishimura RA, Appleton CP, Miller FA, Oh JK, Redfield MM et al. Clinical utility of Doppler
echocardiography and tissue Doppler imaging in the estimation of left ventricular filling pressures: a
comparative simultaneous Doppler-catheterization study. Circulation 2000; 102:1788—1794 PMID:
11023933

Friedberg MK, Fernandes FP, Roche SL, Grosse-Wortmann L, Manlhiot C, Fackoury C et al. Impaired
right and left ventricular diastolic myocardial mechanics and filling in asymptomatic children and adoles-
cents after repair of tetralogy of Fallot. Eur Heart J Cardiovasc Imaging 2012; 13(11):905-13 doi: 10.
1093/ehjci/jes067 PMID: 22467442

D’Andrea A, Caso P, Sarubbi B, Russo MG, Ascione L, Scherillo M et al. Right ventricular myocardial
dysfunction in adult patients late after repair of tetralogy of Fallot. Int J Cardiol 2004; 94:213—-20 doi: 10.
1016/j.ijcard.2003.04.033 PMID: 15093984

Mercer-Rosa L, Parnell A, Forfia PR, Yang W, Goldmuntz E, Kawut SM. Tricuspid annular plane sys-
tolic excursion in the assessment of right ventricular function in children and adolescents after repair of
tetralogy of Fallot. J Am Soc Echocardiogr. 2013; 26(11):1322—-9 doi: 10.1016/j.echo.2013.06.022
PMID: 23928091

PLOS ONE | DOI:10.1371/journal.pone.0169178 January 3, 2017 11/12


http://dx.doi.org/10.1016/j.jacc.2010.04.058
http://www.ncbi.nlm.nih.gov/pubmed/20951325
http://dx.doi.org/10.1093/europace/eun178
http://www.ncbi.nlm.nih.gov/pubmed/18603611
http://dx.doi.org/10.1016/j.euje.2005.10.009
http://www.ncbi.nlm.nih.gov/pubmed/16338173
http://www.ncbi.nlm.nih.gov/pubmed/22381093
http://www.ncbi.nlm.nih.gov/pubmed/1768816
http://dx.doi.org/10.1016/j.amjcard.2009.07.028
http://www.ncbi.nlm.nih.gov/pubmed/19932794
http://dx.doi.org/10.1093/ejechocard/jer055
http://www.ncbi.nlm.nih.gov/pubmed/21609975
http://dx.doi.org/10.1016/j.echo.2007.09.004
http://dx.doi.org/10.1016/j.echo.2007.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18029142
http://dx.doi.org/10.1161/CIRCIMAGING.113.001483
http://www.ncbi.nlm.nih.gov/pubmed/24785673
http://dx.doi.org/10.1016/j.euje.2007.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17905662
http://www.ncbi.nlm.nih.gov/pubmed/14691436
http://dx.doi.org/10.1016/j.echo.2009.08.023
http://www.ncbi.nlm.nih.gov/pubmed/19944957
http://www.ncbi.nlm.nih.gov/pubmed/9362412
http://www.ncbi.nlm.nih.gov/pubmed/11023933
http://dx.doi.org/10.1093/ehjci/jes067
http://dx.doi.org/10.1093/ehjci/jes067
http://www.ncbi.nlm.nih.gov/pubmed/22467442
http://dx.doi.org/10.1016/j.ijcard.2003.04.033
http://dx.doi.org/10.1016/j.ijcard.2003.04.033
http://www.ncbi.nlm.nih.gov/pubmed/15093984
http://dx.doi.org/10.1016/j.echo.2013.06.022
http://www.ncbi.nlm.nih.gov/pubmed/23928091

o ®
@ ’ PLOS | ONE Right Ventricular Post Systolic Shortening in rTOF Children

23. VoigtJU, Lindenmeier G, Exner B. Incidence and characteristics of segmental postsystolic longitudinal
shortening in normal, acutely ischemic, and scarred myocardium. J Am Soc Echocardiogr 2003;
16:415-23. PMID: 12724649

24. ParsaiC, Bijnens B, Sutherland GR, Baltabaeva A, Claus P, Marciniak M et al. Toward understanding
response to cardiac resynchronization therapy: left ventricular dyssynchrony is only one of multiple
mechanisms. Eur Heart J. 2009; 30(80):940-9.

PLOS ONE | DOI:10.1371/journal.pone.0169178 January 3, 2017 12/12


http://www.ncbi.nlm.nih.gov/pubmed/12724649

