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Abstract Accurate assessment of ventricular function is
particularly important in children with hypoplastic left
heart syndrome (HLHS) after completion of the total
cavopulmonary connection (TCPC). For this purpose, two-
dimensional speckle tracking (2DST) is a promising tech-
nique as it does not depend on the angle of insonation or
the geometry of the ventricle. The objective of this study
was to assess changes in systolic and diastolic right ven-
tricular (RV) function within a 5-year follow-up period of
HLHS patients after TCPC using conventional and 2DST
echocardiography. RV fractional area change (RVFAC),
tricuspid annular plane systolic excursion (TAPSE), E/A,
Ele' and 2DST parameters [global longitudinal peak sys-
tolic strain (GS) and strain rate (GSRs), global strain rate in
early (GSRe) and late (GSRa) diastole] of 40 HLHS
patients were compared at 1.6 and at 5.1 years after TCPC.
RVFAC, E/A, El¢’ and GS did not change, whereas TAPSE
(13.7 £ 3.2 vs. 10.5 & 2.4 mm/m?, p < 0.001), GSRs
(—1.56 £ 0.28 vs. —1.35 &£ 0.31 1/s, p < 0.001), GSRe
(2.22 £ 049 vs. 1.96 £ 0.44 1/s, p = 0.004) and GSRa
(1.19 £ 0.39 vs. 0.92 £ 0.39 1/s, p < 0.001) decreased
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significantly. Systolic and diastolic RV function parameters
of HLHS patients decreased from 1.6 to 5.1 years after
TCPC in our patients. Changes in global strain rate
parameters may be signaling early RV dysfunction that is
not detectable by traditional echocardiography. Further
study is needed to verify this and to determine whether
these changes are clinically relevant.

Keywords Hypoplastic left heart syndrome - Fontan -
Strain rate - Myocardial function

Introduction

Serial echocardiographic assessment of right ventricular
(RV) function is essential in children with hypoplastic left
heart syndrome (HLHS) following surgical palliation with
the total cavopulmonary connection (TCPC). Due to the
complex geometry of the single RV, echocardiographic
assessment remains challenging [1]. Cardiac catheteriza-
tion and magnetic resonance imaging serve as gold stan-
dards for hemodynamic assessment of the RV in
biventricular and univentricular circulations [2, 3]. Stan-
dardized echocardiographic RV examination protocols
only exist for the biventricular heart [4], in clinical practice
RV function is mostly analyzed qualitatively. Two-di-
mensional speckle tracking (2DST) is a promising
echocardiography technique for quantifying RV function
[5]. Limitations related to geometry or angle of insonation
are lacking [6]. RV function in the HLHS cohort has been
studied using this technique throughout all stages of Fontan
palliation [7-9]. Recently, the 2DST parameter global
longitudinal strain rate (GSR) has been suggested as pos-
sible preload independent parameter of systemic RV con-
tractility in HLHS after TCPC [10, 11]. Moreover, 2DST
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can also be applied to accurately assess diastolic function
[12, 13]. This is especially important for the evaluation of
the single RV, where studies have shown diastolic ven-
tricular dysfunction to precede systolic ventricular dys-
function during midterm and long-term follow-up [3, 14].
The aim of our study was to assess serial changes in sys-
tolic and diastolic ventricular function parameters at short-
term follow-up and 5 years after TCPC of HLHS patients
following TCPC using the 2DST technology. We hypoth-
esized that 2DST parameters can be helpful in detecting
early subclinical changes of ventricular function parame-
ters in these patients.

Methods
Patients

We searched our database for children with HLHS who had
undergone three-stage palliation at our institution. All
patients were operated at all three stages by the same
surgeon. By institutional preference, all patients had a
Norwood operation with modified Blalock-Taussig shunt
as stage one, a Hemi Fontan operation as stage two and
stage three consisted of TCPC with lateral, intra-atrial
tunnel with a 4 mm fenestration. Fenestrations were rou-
tinely closed 1 year after TCPC until 2007; afterward,
indications for closure were individualized and included,
for example, significant cyanosis and embolic complica-
tions. Patients that had their TCPC between January 2004
and December 2009 were analyzed.

Echocardiography

Patients needed to have at least 2 follow-up echocardio-
grams in our clinic. The first examination was performed at
a median time of 1.6 years (T1) and the second examina-
tion at a median time of 5.1 years (T2) after TCPC (see
Table 1). The timing was chosen, so that for T1 patients
were beyond the immediate postoperative period and T2
represents the longest available follow-up. Both exams had
to be performed using a standardized echocardiography
protocol, including a gray scale apical four chamber view
(A4CV) with a frame rate maintained at >60 fps, and
patients had to be under stable conditions as outpatients.
All recordings were conducted using a Vivid 7 scanner
(GE, Healthcare, Wauwatosa, WI) and analyzed using an
off-line workplace by one single investigator (M.M.) (Echo
PAC PC 2008, GE Healthcare).

Ventricular function (VF), tricuspid regurgitation and
neo-aortic valve insufficiency (Neo-Al) were graded sub-
jectively (VF: 1 = good, 2 = moderately decreased,
3 = severely decreased; Valves: 1 = absent, 2 = trivial,

3 = mild, 4 = moderate, 5 = severe). Tricuspid annular
plane systolic excursion (TAPSE) was measured by
M-mode at the hinge point of the lateral tricuspid valve
leaflet with the RV free wall and indexed to body surface
area [15]. Right ventricular fractional area change
(RVFAC) was calculated as end-diastolic minus end-sys-
tolic area/end-diastolic area from the A4CV. E- and A-
wave velocities were taken from pulsed wave Doppler
inflow of the tricuspid valve, and E/A was calculated. If E-
and A-wave were fused, only E-wave was measured. Color
tissue Doppler imaging was obtained from the RV free wall
keeping the angle of insonation at <30° relative to the
direction of the movement of the myocardium. Mean color
Doppler myocardial velocities were obtained from a
5 x 5 mm region of interest in the myocardium adjacent to
the lateral tricuspid valve annulus. The peak early diastolic
velocity (E') was measured and averaged for analysis from
3 consecutive heartbeats. The presence of patent fenestra-
tion was assessed by color Doppler imaging of the lateral
intra-atrial Fontan baffle.

For 2DST, the endocardial border of the single RV was
traced manually from the A4CV. A region of interest
consisting of six segments dividing the RV was automati-
cally proposed by the software and manually corrected if
necessary. Borders were accepted if both the visual
inspection and the software indicated adequate tracking for
all segments. Global longitudinal systolic strain (GS),
global longitudinal systolic strain rate (GSRs), global
longitudinal early diastolic strain rate (GSRe) and global
longitudinal late diastolic strain rate (GSRa) were obtained
by postprocessing evaluation using average values of the
six segments. Segments were excluded if the myocardium
was not visualized well enough to allow 2DST.

Statistics

Data are expressed as median and interquartile range, or
mean and standard deviation as appropriate. Testing for
normality was performed using the Kolmogorov—Smirnov
test. For the comparison of the two examinations within the
follow-up period, paired Wilcoxon signed rank test, paired
samples Student’s ¢ test, marginal homogeneity test and
McNemar test were used as appropriate. For the compar-
ison of patients with and without ACE inhibitors, Student’s
t test for independent samples was used. Correlation of
parameters was assessed with the nonparametric Spear-
man’s rho test, or with the parametric Pearson test as
appropriate. p Values <0.05 were considered significant.
All analyses were conducted using the statistical software
package SPSS 20.0 (SPSS Inc., Chicago, IL, USA) and
MedCalc version 14.12 (MedCalc Software, Mariakerke,
Belgium). Interobserver variability of 2DST parameters
was assessed by having two different observers (M.M. and
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Table 1 Patient characteristics

Tl T2 P

Age at follow-up (years) 4.3 (3.7-4.8) 7.7 (6.6-9.2) <0.001
F/u since TCPC (years) 1.6 (1.3-2.2) 5.1 (4.2-7.0) <0.001
NYHA class: VII/III () 33/6/1 32/8/0 1.0
Diuretics (n) 7 4 0.37
ACE inhibitors (n) 23 15 0.008
Body weight (kg) 16.2 (14.5-17.8) 24.3 (21.3-27.9) <0.001
Body length (cm) 103 (98-105) 125 (116-134) <0.001
Heart rate (1/min) 93 (83-105) 80 (64-90) <0.001
Oxygen saturation (%) 91 (88-93) 93 (90-96) 0.005
Closed fenestration (n) 8 16 <0.001

Data are median (interquartile range)

ACE angiotensin-converting enzyme inhibitor, F/u follow-up, NYHA New York Heart Association, TCPC
total cavopulmonary connection, 7'/ first examination, 72 second examination

J.L.) making the same measurements on the same 2D echo
loop at separate times on 20 randomly selected patients,
and the coefficient of variation was calculated.

Graphics

Graphics were created using MetaPost, a free interpreter
software by John D. Hobby, version 1.211, distributed
within the TEX framework via the public domain Com-
prehensive TEX Archive Network.

Ethical Standards

The study was approved by the institutional review board,
and all patients gave their consent for anonymized data
collection and analysis.

Results
Study Population

40 patients were included in the study for analysis (26 male
patients). HLHS sub-type was as follows: 10 mitral
stenosis/aortic stenosis, 9 mitral stenosis/aortic atresia, 17
mitral atresia/aortic atresia and 4 mitral atresia/aortic
stenosis. Patient characteristics are displayed in Table 1.
The patients underwent TCPC at a median age of 2.5
(2.3-2.9) years.

Conventional Echocardiography Parameters
Conventional echocardiography parameters are displayed
in Table 2. Mean frame rate was 78 (£16) fps at the first

and 85 (&£8) fps at the second examination. RVFAC
remained  unchanged, while = TAPSE  decreased

@ Springer

Table 2 Conventional echo parameters

Tl T2 p

RV Fx (1/2/3) 36/3/1 35/4/1 1.0
TR (1/2/3/4/5) 10/17/11/2/0 7/18/12/3/0 0.21
Neo-AI (1/2/3/4/5)  11/23/6/0/0 9/25/6/0/0 0.73
RVFAC (%) 3754+ 94 403 + 8.8 0.13
TAPSEi (mm/m?) 137 £ 32 10.5 + 2.4 <0.001
E/A 1.5 (1.3-1.7) 1.6 (1.5-1.8) 0.09
E' (cm/s) 6.9 (6.1-8.0) 7.1 (6.3-8.3) 0.42
EIE' 9.8 (8.6-16.7)  11.2 (8.8-13) 0.7

Data are mean =+ standard deviation or median (interquartile range)

Neo-Al neo-aortic valve insufficiency, RVFAC right ventricular
fractional area change, TAPSEi tricuspid annular plane systolic
excursion indexed to body surface area, 7R tricuspid regurgitation, 7'/
first examination, 72 second examination and RV Fx right ventricular
function [good (1), moderately decreased (2), severely decreased (3)].
Grading of valve regurgitation: absent (1), trivial (2), mild (3),
moderate (4), severe (5)

significantly. Diastolic Doppler parameters E/A and E/E'
did not change.

Two-Dimensional Speckle Tracking

Results of 2DST echocardiography are shown in Fig. 1. GS
did not change between the first and the second observa-
tion, whereas GSRs decreased significantly. The diastolic
parameters GSRe and GSRa also decreased significantly.

Correlation of 2DST with Conventional
Echocardiography Parameters

RVFAC did not correlate with systolic 2DST parameters,
while TAPSE showed a statistically significant but weak
correlation with both GS and GSRs. E/A and E/E' did not
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Fig. 1 Values of global longitudinal systolic strain (GS), global longitudinal systolic strain rate (GSRs), global longitudinal early diastolic strain
rate (GSRe) and global longitudinal late diastolic strain rate (GSRa) at the time of the first (T1) and second (T2) examination

correlate with the diastolic 2DST parameters GSRe or
GSRa (Table 3).

Influence of ACE Inhibitors

In a sub-analysis, we compared patients who were on ACE
inhibitors with patients who were not. Groups did not show
significant differences for any of the traditional or 2DST
diastolic and systolic function parameters at the first or
second examination.

Interobserver Variability

Interobserver variability was in a similar range for the
systolic parameters GS and GSRs (GS, —10.5 %; GSRs,

—9.9 %) and a little bit higher for the diastolic parameters
GSRe and GSRa (GSRe, —14.0 %; GSRa, —15.8 %).

Discussion

To our knowledge, this is the first study reporting on longi-
tudinal changes of RV systolic and diastolic functionin HLHS
following TCPC using traditional and 2DST echocardiogra-
phy. We were able to show that from a median of
1.6-5.1 years after TCPC, the traditional parameters RVFAC,
E/A and E/E’' did not change while TAPSE decreased. The
main finding of our study was that both systolic and diastolic
RV GSR parameters decreased significantly, while GS did not
change during our observed follow-up period.
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Table 3 Correlation of conventional and 2DST echocardiographic
parameters

GS GSRs
r P r p
RVFAC —0.12 0.3 —0.17 0.12
TAPSEi —0.24 0.03 —0.26 0.02
GSRe GSRa
r p r p
E/A 0.25 0.08 0.11 0.46
EIE' —0.23 0.12 0.20 0.19

GS global longitudinal systolic strain, GSRa global longitudinal late
diastolic strain rate, GSRe global longitudinal early diastolic strain
rate, GSRs global longitudinal systolic strain rate, RVFAC right
ventricular fractional area change and TAPSEi tricuspid annular plane
systolic excursion indexed to body surface area

Systolic Changes

Among the traditional echocardiographic parameters,
TAPSE decreased significantly. In biventricular hearts,
Koestenberger [15] showed that TAPSE increases with
age. The same author noticed a positive correlation of
TAPSE with BSA, hence we chose to index TAPSE to
BSA in order to be able to compare patients with different
body sizes and to minimize the impact of growth on
TAPSE [16]. Thus, we think the decrease in indexed
TAPSE in our patients reflects a true decline in longitudinal
excursion of the basal RV free wall. When interpreting
TAPSE values, one should consider the preload depen-
dency of this parameter [17, 18]. Since preload cannot be
assessed adequately by echocardiographic techniques, it
could not be measured in this study. In the Fontan circu-
lation, a change in preload occurs, for example, when
patients develop significant tricuspid or neo-aortic regur-
gitation or Fontan, conduit fenestrations are closed
[17, 18]. In our study group, the degree of valve regurgi-
tation did not change between examinations but signifi-
cantly more patients had closed fenestration at the time of
the second examination. Due to study design, we were
unable to assess whether this may have had an impact on
the TAPSE results but consider it unlikely. In our patients,
RVFAC did not change during follow-up. RVFAC is a
parameter of global systolic function that has been
described as a surrogate for the ejection fraction (EF) for
the morphologic RV, and it has been shown to correlate
well with cardiac magnetic resonance-derived EF [19, 20].
In Fontan patients, the EF was found to be stable over
15 years of follow-up [3]. Therefore, as a global parameter
of ventricular function similar to the EF, RVFAC might not
be an ideal parameter for the assessment of subclinical
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changes in RV function. In our opinion, it is not contra-
dictory to have found decreasing TAPSE but unchanged
RVFAC in our patients. The regional function near the base
may well have decreased, while the global function was
still preserved.

It was recently shown in a study by our group in HLHS
patients after Fontan that GSRs correlated with conduc-
tance catheter-derived indices of myocardial contractility
and was not affected by acute preload changes [11].
Therefore, we think that, if applied correctly, 2D strain rate
imaging might be a valuable new asset for echocardio-
graphic follow-up of this patient population. In the current
study, within a follow-up period of 5 years after Fontan,
GSRs decreased significantly, while GS did not change.
Since strain describes the deformation in percent and strain
rate the velocity of deformation, this result could mean that
the velocity of deformation declined first, while overall
deformation was still preserved in our patients.

Previous studies have indicated a potentially higher
sensitivity of GSRs compared to GS to detect subtle
changes in systolic function. A study in healthy subjects
with biventricular hearts reported on right atrial and ven-
tricular adaptation to training [21]. Only GSRs, but not GS
was able to reveal these adaptations. In another study,
Kaneko et al. [22] compared patients with single right and
left ventricles and found longitudinal GSRs values to be
lower in patients with RV than with LV morphology before
bidirectional cavopulmonary connection while GS was not
different. These studies can be viewed as support for the
notion that GSRs may be more sensitive to detect subtle
changes in global deformation, possibly because a decline
in the velocity of deformation precedes noticeable changes
in deformation itself.

Diastolic Changes

The evaluation of diastolic function in patients with a
single right ventricle remains problematic because it is
neither standardized nor do normal values exist. In our
study, we utilized conventional Doppler imaging as well as
speckle tracking techniques in an attempt to investigate
changes of diastolic function over time. One commonly
used method for diastolic function assessment in the sys-
temic left ventricle is the mitral inflow Doppler derived E/
A ratio which, in the absence of atrioventricular valve
disease, can yield information about relaxation and filling
properties of the ventricle during diastole. Because no
normal values exist in our patient population, the absolute
values are of questionable value, but it is important to note,
that there was no change over time in this parameter. The
same was true for the other commonly utilized parameter
we chose, E/E’, which is a ratio that combines inflow
Doppler and tissue Doppler to estimate filling pressures.
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Elevated values found in the systemic left ventricle cor-
relate to elevated left ventricular filling pressures in adults
[23]. This ratio in our patients also did not change.

In contrast to these conventional parameters of diastolic
function, the speckle tracking parameters GSRe and GSRa
decreased significantly within the follow-up period. There
is evidence from multiple studies using different tech-
nologies that the diastolic function can be or become
impaired in single ventricle patients after TCPC. The
Pediatric Heart Network on contemporary outcomes after
the Fontan procedure described abnormal diastolic function
using conventional echocardiographic techniques in 72 %
of children who had undergone a Fontan operation [14].
That study confirmed findings by Penny et al. [24] who
found abnormalities in diastolic function of single LV
Fontan patients using traditional echocardiography meth-
ods more than 20 years ago. In a tissue Doppler study of
single LV patients 7.4 years after Fontan operation,
reduced diastolic function compared to biventricular con-
trols was reported [25].

Using speckle tracking echocardiography, Ho et al. [26]
examined single LVs long-term after TCPC and found
significantly reduced longitudinal GSRe compared to
controls. In another study, Kaneko et al. [22] did not find a
decrease in GSRe when they compared values before stage
2 palliation and after TCPC. However, because the mean
age of the patient population after TCPC was only
3.4 years, these results do not contradict our results, since
patients in our study had a median age of 7.7 years at the
second examination. The decrease in diastolic strain rate
may be exactly during this time frame which they did not
focus on. These studies show that diastolic strain rate
imaging can be successfully applied in this patient popu-
lation which is in line with our own experiences. In fact,
strain rate imaging may be better suited than conventional
Doppler and tissue Doppler methods because there is some
data that it is less dependent on preload conditions [11].

End-diastolic pressure (EDP) has been shown to grad-
ually rise with Fontan follow-up indicating worsening
diastolic properties [3]. In the single RV, EDP correlated
strongly with GSRe and was found to correlate better than
any other diastolic echocardiographic measurement [10].
Husain et al. therefore suggested GSRe as a possible non-
invasive parameter to estimate EDP. Unfortunately, we
were unable to investigate a relationship between GSRe
and filling pressures because we had no invasive data
available at the time of most echocardiograms.

In this study, we found a concomitant decrease in GSRa,
representing the velocity of fiber lengthening during late
diastolic filling. In single ventricle hearts, Khoo et al. [27]
measured atrial strain and strain rate and found reduced
atrial reservoir and conduit function, and an increased
reliance on atrial active function for ventricular filling. The

single ventricle atrial mechanics deviated significantly
from normal early childhood maturational changes, and the
authors compared their findings to those of an atrium that is
facing early ventricular diastolic dysfunction.

Diastolic function parameters can potentially be affected
by heart rate. The heart rate of our patients at the second
echocardiography was significantly lower than at the early
echocardiography, following the natural trend of the heart
rate to decrease between ages 4 and 8 years. Considering
this and the fact that the heart rates were not high enough to
impair ventricular filling, we consider it unlikely that the
heart rate difference contributed significantly to the dif-
ferences in diastolic strain rate parameters we found.

Similarly, differences in medication use could poten-
tially have an effect on diastolic function. While ACE
inhibitors are standard of care for systolic heart failure,
their influence on diastolic function is less clear. Therefore,
we compared patients with and without ACE inhibitor
therapy at both follow-up times and found no differences in
systolic or diastolic function parameters between groups.
Based on these results in our patients, one can assume that
ACE inhibitor therapy did not influence our results
significantly.

In HLHS Fontan patients, ventricular function can be
influenced by many factors. Differences in regional dias-
tolic function or diastolic dyssynchrony may influence
global diastolic function. Our study focused on global
rather than on regional deformation. Differences in regio-
nal systolic deformation values have been shown [28], and
possibly influence global deformation parameters [29]. A
different size of the remnant LV in the anatomic subgroups
might impact regional function, but global longitudinal
systolic deformation has been shown to be independent
from the HLHS sub-type [30]. Increased diastolic dyssyn-
chrony is also noted in this patient population, albeit the
association with reduced global diastolic function is still
lacking [31]. Elevated arterial elastance of the recon-
structed aorta after the Norwood operation correlates with
diastolic stiffness of the systemic RV which further influ-
ences diastolic function [32]. Uncoordinated ventricular
relaxation and myocardial fibrosis have also been associ-
ated with decreased diastolic function in the univentricular
heart [24]. To which extent changes in preload during
three-step palliation influence diastolic function has not
been studied. Investigation of these complex pathophysi-
ological changes involved in diastolic dysfunction was
beyond the scope of this study.

Limitations
The main limitations are related to the retrospective design

of the study, and hence the fact that not all echocardiog-
raphy examinations were optimized for the purpose of
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2DST. Due to imaging quality, not all segments could be
examined in every patient. Circumferential and radial
deformation parameters were not obtained since we find it
difficult to standardize short axis views in the single RV in
clinical practice. We were unable to include invasive
hemodynamic parameters as echocardiographic studies
were performed during outpatient visits. Inherent to
methodology, our “global deformation parameters” do not
reflect longitudinal deformation of the whole RV but only
that of the visualized slice from the apical 4-chamber view.
Finally, it should be noted that the interobserver variability
for the 2DST parameters of about 10-15 % has to be
considered when interpreting results, but it was in a similar
range as in other studies examining the single RV using the
same technology [28, 30]. Due to study methodology and
sample size, the influence of Fontan fenestration patency
on our findings could not be determined accurately.

Conclusion

This is the first study reporting on longitudinal changes in
ventricular systolic and diastolic function parameters in
HLHS patients following Fontan repair using 2DST
echocardiography. Systolic and diastolic GSR decreased
between measurement times at 1.5 and 5 years after TCPC.
These early global changes were not detected by traditional
echocardiography techniques. It is unclear whether the
changes we found in systolic and diastolic strain rate will
become clinically relevant in terms of overt RV dysfunc-
tion. Future research may show whether this change pos-
sibly signals early, subclinical changes of intrinsic function
or is a reflection of RV adaptation to abnormal loading
conditions in the Fontan circulation.
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