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Abstract

In hypoplastic left heart syndrome (HLHS), long-term outcome is closely related to right ventricular function. Echocardi-
ography and magnetic resonance imaging (MRI) are routinely used for functional assessment. MRI 2D-tissue feature track-
ing (2D-FT) allows quantification of myocardial deformation but has not yet been applied to HLHS patients. We sought to
investigate the feasibility of this technique and to compare the results to 2D-speckle tracking echocardiography (2D-STE).
In routine MRI 2D anatomical four chamber view, cine images were recorded in 55 HLHS patients (median age 4.9 years
[1.6, 17.0]). Regional and global peak systolic longitudinal strain (LS) and strain rate (LSR) were determined using 2D-FT
software. Echocardiographic four chamber view was analyzed with 2D-STE. Visualization of all myocardial segments with
MRI was excellent, regional, and global LS and LSR could be assessed in all data sets. In 2D-STE, 28% of apical segments
could not be analyzed due to poor image quality. Agreement of 2D-FT MRI and 2D-STE was acceptable for global LS, but
poor for global LSR. In MRI, regional LS was lower in the septal segments, while LSR was not different between the seg-
ments. GLS and GLSR correlated with ejection fraction (GLS: r=—-0.45 and r<0.001, GLSR: r=—-0.34 and p=0.01).
With new post-processing options, the assessment of regional and global LS and LSR is feasible in routine MRI of HLHS
patients. For LS, results were comparable with 2D-STE. The agreement was poor for LSR, which might relate to differences
in temporal resolution between the two imaging modalities.
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In HLHS, the right ventricle (RV) operates as the single
pumping chamber and has to support the systemic circu-
lation. Impaired RV function is associated with morbidity
and mortality throughout all stages of Fontan palliation
and during follow up [1-3]. Therefore, quantitative assess-
ment of RV function in HLHS patients is essential between
operative stages and during follow up. Echocardiography
and nowadays cardiac magnetic resonance (CMR) imaging
are routinely used for imaging of the single RV. In recent
years, 2D-STE has been successfully used for measuring
regional and global myocardial deformation parameters in
HLHS patients [4-7]. 2D-STE global longitudinal strain rate
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has been shown to correlate with ventricular elastance, a
parameter of contractility [5]. But there are a number of
intrinsic limitations to the 2D-STE technique, the most
critical being the temporal instability of tracking patterns
[8]. Due to through-plane motion, physiological changes of
living tissue structures and changes of interrogation angles
between moving tissue and ultrasonic beam speckle patterns
are not stable temporally. Recently, 2D-tissue feature track-
ing is used to analyze myocardial deformation parameters in
MRI [9]. This technique has already been applied to Fontan
patients with heterogeneous univentricular hearts [10, 11]
including single left and right ventricles. The purpose of
this study was to investigate the feasibility of 2D-FT MRI
in a uniform cohort of HLHS patients and to compare the
results with 2D-STE.

Materials and Methods
Patients

The study population consists of 55 HLHS patients. In all
patients, a modified Norwood procedure with modified Bla-
lock-Taussig shunt was performed as stage one, followed
by a superior cavo-pulmonary anastomosis (Hemi-Fontan,
BCPC) as stage two. In 41 patients, a fenestrated intra-atrial
lateral tunnel modification of the total cavopulmonary anas-
tomosis (TCPC) procedure was performed as stage three of
the palliative operations.

All children underwent echocardiography and MRI as
part of a routine clinical examination. In order to compare
2D-STE and 2D-FT MRI, only datasets of patients that
underwent echocardiography and CMR examination within
three months were used for analysis. A total of 46 datasets
fulfilled this criterion.

Demographic Data

Pertinent patient data were collected and included age at
examination, gender, weight, body surface area (BSA), New
York Heart Association (NYHA) functional class, medica-
tion, patency of the fenestration, grade of tricuspide valve
regurgitation, transcutaneous oxygen saturation (SO,) level,
and number of surgical procedures (Table 1).

Cardiac MRI

All CMR examinations were performed on a 3.0 T MR
system (Achieva TX-series; Philips Healthcare, Best, The
Netherlands) using a 32 channels XL SENSE Torso/Cardiac
surface coil (Philips Healthcare, Best, The Netherlands).
If necessary, patients under 10 years were sedated with
midazolam and propofol according to institutional protocol
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Table 1 Patients demographics, clinical characteristics and CMR data

N=55
Patient demographics
Hemi-Fontan 14
Fontan 41
Male gender, n (%) 41 (75)
Age at exam, (years) 4.911.6, 17.0]

Weight (kg) 19.0 [9.6, 72.0]

BSA (m?) 0.74 [0.48, 1.84]
Clinical characteristics

Number of operations (2/3/4/5/6/7) 4/27/16/4/3/1

Open fenestration, n (%) 33 (60)

NYHA class (I/II/III/IV) 31/21/2/0

Medication (ACE/D/BB) 6/4/2

Oxygen saturation (%) 90 [73, 98]
CMR data

Heart rate (bpm) 81 [51, 112]

EF (%) 55 [31, 69]

TR (mild/moderate/severe) 50/5/0

All non-normal distributed continuous variables are given as median,
minimum, and maximum values

ACE angiotension converting enzyme inhibitors, BB beta-blockers,
BSA body surface area, D diuretics, EF ejection fraction, TR tricuspid
regurgitation

without ventilation. Heart rate (HR), blood pressure, and
SO, level were monitored during the examinations.

High resolution four chamber view data sets were
acquired with a T|-weighted/balanced 2D-cine MR pulse
sequence using SENSE techniques [12], with the following
imaging parameters: repetition time/echo time: 3.3/1.6 ms;
flip angle: 40°; mean field of view: from 238 x 205 (child) to
334 x 300 (adult) mm?, image matrix: 244 X 244 to 299 X299
pixels; 1 slice, SENSE factor: 1.5; median heart phases: 25
[20, 30], number of signal averages: 2; slice thickness: 5
(child)/7 (adult) without interslice gap, median temporal
resolution: 28.8 [21.5, 54] ms, and total acquisition time of
less than 30 s.

End-diastolic, end-systolic, and stroke volume as well as
ejection fraction (EF) were determined using QMass (ver-
sion 7.6, Medis medical imaging systems bv, Leiden, The
Nethderlands). Volumes were indexed to BSA.

For 2D-FT MRI, the module QStrain in Medis Suite MR
(version 2.1, Medis Medical Imaging Systems BV, Leiden,
The Nethderlands) was used [13]. After manually setting the
cine frame with smallest RV cavity area as end-systolic, the
frame with largest as end-diastolic heart phase and tracing of
the endo- and epicardial border in both phases, the RV was
automatically divided into seven segments (Fig. 1). For each
segment, peak longitudinal strain (LS, percent change in seg-
ment length from end diastole) and peak longitudinal strain
rate (LSR, representing rate of myocardial deformation)
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Fig. 1 Myocardial segmenta-
tion using 2D-FT MRI (left)
and 2D-STE (right) of a HLHS
patient with mitral and aortic
atresia. In order to compare the
two techniques, the segmenta-
tion was adapted and only three
segments (septal, apical, and
lateral) remained
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Fig.2 Definition of peak strain in the 2D-FT MRI and 2D-STE. Dur-
ing a heart cycle, peak strain can occur during a systolic (curve 1)
or a post systolic (curve 2) heart phase. The peak global strain (peak
G) in both imaging modalities is defined as peak strain during one
heart cycle independent of heart phase. However, peak systolic strain
(peak S) is defined differently in MRI and STE. In 2D-FT MRI,
peak S is defined as strain at the end of systole, while in 2D-STE, it
is defined as peak strain during systole. Therefore, peak S in curve
2 with postsystolic shortening is equal in both imaging modalities,
while in curve 1 with peak shortening during systole peak S is differ-
ent between MRI and echocardiography

were recorded (Fig. 2). The measurements were repeated
twice and averaged. Global LS (GLS) and LSR (GLSR)
value were calculated as the mean of all segments.

Echocardiography

All echocardiographic recordings were obtained using a GE
Vivid 7 system (General Electric Healthcare, Wauwatosa,
Wisconsin, USA) and stored digitally for offline analysis.
Gray scale images optimized for 2D-STE analysis were
acquired from the apical four chamber view. Images were

obtained at a median frame rate of 85 in a range of 37-94
frames per second. One experienced echocardiographer
(J. L.) analyzed the data offline using dedicated software
(EchoPac, version 113, General Electric Healthcare, Wau-
watosa, Wisconsin, USA). After manual tracing of the endo-
cardial borders, the software divided the RV automatically
into six segments. Segments were excluded, if the myocar-
dium was not visualized well enough to allow speckle track-
ing. The peak LS and peak LSR were recorded for each
segment. From the segmental data, GLS and GLSR were
calculated as average of all available segments.

Comparison of 2D-FT MRl and 2D-STE

Both 2D-FT MRI and 2D-STE allow the measuring of
endocardial, myocardial, and epicardial LS and LSR. In this
study, we only calculated myocardial LS and LSR, since the
endocardial and epicardial parameters are more affected by
spatial resolution which differs substantially between the MR
and echocardiographic images. In order to compare the two
techniques, the segmentation had to be adapted, since the
2D-FT MRI uses seven segments while 2D-STE divides the
chamber into six segments. We, therefore, joint the segments
in such a way that for both imaging modalities only three
segments (septal, apical, and lateral) remained. These are
defined as follows in 2D-FT MRI: (septal =basal inferosep-
tal + mid inferoseptal + apical septal; apical = apex + apical
lateral; lateral = mid anterolateral + basal anterolateral) and
in 2D-STE: (septal =basal septal + mid septal; apical: api-
cal septal + apical lateral, lateral =mid lateral + basal lateral)
and shown in Fig. 1.

To be able to compare peak strain of 2D-FT MRI and
2D-STE, peak global strain (Peak G) not peak systolic strain
(Peak S) was measured. The Peak G in both imaging modali-
ties is defined as peak strain during one heart cycle independ-
ent of heart phase. However, the Peak S is defined differently
in 2D-FT MRI and 2D-STE. In 2D-FT MRI, Peak S is defined
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as strain at the end of systole, while in 2D-STE, it is defined as
peak strain during systole (Fig. 2).

Intraventricular Dyssynchrony

In 2D-FT MRI, the time interval from the end of diastolic heart
phase to the peak of myocardial LS (time to peak LS, T2PLS)
was obtained for each segment. In 2D-STE, the T2PLS was
determined as the time interval from the beginning of the QRS
interval to peak myocardial LS for each segment. The wall-to-
wall delay was calculated by subtracting the time interval of
the basal septal segment from that of the basal lateral segment.

Reproducibility

To assess interobserver variability, two blinded observers (M.
S.R. and FJ. B.) analyzed all 55 data sets twice. The determi-
nation of the interobserver variability was based on the cal-
culated mean values of the first and second analysis of each
observer. M.S.R. analyzed all data sets twice at least 4 weeks
apart to calculate intraobserver variability. Reproducibilty of
2D-STE parameters in HLHS patients has previously been
reported by our group and was not repeated in this study [7].

Statistical Analysis

All continuous variables are given as mean value with stand-
ard deviation or median and range of the lowest and highest
values, depending on data distribution. P values for compari-
son of two groups were obtained from Student’s ¢ test or a
Mann—Whitney U test as appropriate. Normality (Gaussian
distribution) was tested for all continuous variables using the
Shapiro—Wilk test. Comparisons between multiple groups
were made with ANOVA or Kruskall-Wallis as appropri-
ate. If the test was positive, post-hoc pairwise comparison
of subgroups was performed (Scheffés method for ANOVA
and Conover for Kruskall-Wallis). Correlation coefficients
were calculated using Pearson’s or Spearman’s formula
depending on data distribution. Intra- and inter-observer
variability were assessed using the coefficient of variation
(CoV). A p value <0.05 was considered statistically signifi-
cant. For statistical analysis and preparation of graphs and
Bland-Altmann plots, the R Statistic package (Version 3.2.3,
R Foundation for Statistical Computing, Vienna, Austria)
and MedCalc (version 14.12.0, Ostend, Belgium) were used.

Results
Patient Characteristics

Pertinent patient data are given in Table 1. Most patients
(96%) had no, or only a slight limitation of physical activity
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(NYHA classes I and II). Ejection fraction in CMR was
within the normal range for children in all patients and only
five of the patients had moderate tricuspid regurgitation.

Regional and Global LS and LSR in BCPC and TCPC
Using 2D-FT MRI

All 55 MRI data sets had a good image quality without
any artifacts impairing segmental analysis. The assess-
ment of regional and global LS and LSR could be per-
formed in all data sets. In BCPC and TCPC, the regional
values of all three segments were in the same range for LS
(septal: p=0.83, apical: p=0.21, lateral: p=0.74, global:
p=0.23) and LSR (septal: p=0.25, apical: p=0.28, lateral:
p=0.11). For GLS, there was no difference between two
groups (p=0.23). GLSR was significantly different between
BCPC and TCPC (—1.33 vs. —1.18 s~h p=0.04). Moreo-
ver, EF and NYHA class were not different between the
groups: (BCPC vs. TCPC: EF: 55% [50, 66] vs. 52% [31,
69], p=0.80; NYHA (I/II/III/IV): 3/11/0/0 vs. 28/10/2/0,
p=0.40). Since GLSR is the only parameter that is different
between the groups, we regarded all patients as one group
for the following analysis.

Regional and Global LS and LSR Using 2D-FT MRI
and 2D-STE

Results of the regional and global LS and LSR of both imag-
ing modalities are shown in Table 2 and Fig. 2. In 2D-FT
MRI, the LS was lower in the septal segments, while LSR
did not differ between the segments. In 2D-STE, the septal
segments likewise showed the lowest LS and also LSR. 28%
of apical segments could not be analyzed with 2D-STE due
to poor image quality.

Comparison of Imaging Modalities

Bland-Altmann plots show that there was acceptable agree-
ment between GLS derived by 2D-FT MRI and 2D-STE
(Fig. 3), while MRI slightly undererstimates GLS. The
agreement for the regional LS was not as good, being poor in

Table2 Comparison between regional and global longitudinal strain
and strain rate using 2D-FT MRI and 2D-STE

2D-FT MRI vs. Regional Global
2D-STE .
Septal Apical Lateral
p value
LS (%) 0.001 0.73 0.001 0.007
LSR (1/s) 0.001 0.12 0.01 0.13

Data are given in Fig. 4

LS longitudinal strain, LSR longitudinal strain rate
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the apical segments. The agreement between the two meth-
ods for LSR was poor for global, as well as for the regional
segments (Fig. 4).

Intraventricular Systolic Dyssynchrony

Table 3 shows the T2PLS in the septal and lateral segments
for both imaging modalities. Time intervals measured by
2D STE are significantly longer than the T2PLS measured
with 2D-FT MRI. This finding most likely relates to the dif-
ferent ways to identify the end of diastole in both methods.
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Nevertherless, the basal septal to basal lateral wall-to-wall
delay was not different, although the median of the differ-
ences was positive in 2D-FT MRI and negative in 2D-STE.

Correlation of GLS and GLSR with Demographic
and Clinical Data

GLS, GLSR derived from MRI did not correlate with
age, BSA, and SO, level. There is a significant negative
correlation with EF for GLS and GLSR (GLS: r=-0.45
and p<0.001, GLSR: r=-0.34 and p=0.01). HR did
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Fig.3 Bland-Altman plots comparing 2D-FT MRI to 2D-STE. Horizontal solid lines represent the mean difference (2D-FT MRI—2D-STE)

and the dashed lines mean + 1.96 standard deviation of the differences

@ Springer



1270

Pediatric Cardiology (2018) 39:1265-1275

b Septal LSR
o
.
e |
.................................................. mean +1.96 sd = +0.78
v _| * .
o
» . . M o
= o . .o .
~ o 4 .
] . R
g . * . mean = -0.28
b .
5 ° : ¢t . %
E ? . ° .. .
(@] *
o
- - ® .
1 .
,,,,,,,,,,,,,,, O
) . mean - 1.96 sd = -1.34
T .
o
< 4
1
T T T T T
-20 -1.5 -1.0 -0.5 0.0
Average (1/s)
Lateral LSR
o |
.
.
mean + 1.96 sd = +0.62
w |
o L]
° ® *
* .
©® o | . M Y ® .
T o . o .
° e ® o mean = -0.17
o LN ] *
C .
e . ® .
£ 2 e Tt
(@) [l
.
o
.
o ¢ .
T . mean - 1.96 sd = =0.97
w
T
T T T T T
-2.0 -15 -1.0 -0.5 0.0

Average (1/s)

Fig.3 (continued)

not correlate with GLS (r=—-10.03 and p =0.85), but with
GLSR (r=-0.43 and p=0.001). GLS and GLSR did not
differ between NYHA I and II (GLS: —21.4% [— 25.6,
—13.3] vs. —19.6% [-27.4, — 14.0], p=0.30; GLSR:
—1.23 [-1.95, —=0.60] vs. —1.18 [-2.21, —0.73] 5™/,
p=0.87). The GLS and GLSR of male and female
patients were in the same range (male vs. female: GLS:
—19.8% [-27.4, —13.3] vs.—23.2% [—25.5, —14.0],
p=0.22; GLSR: —1.19[-2.21, —0.59] vs. —1.23 [~ 1.95,
—0.72] s7!, p=0.49).
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Inter- and Intraobserver Variability (2D-FT MRI)

The intraobserver CoV for GLS was 11.5% and for GLSR
8.9%. The interobserver CoV for GLS was 10.7% and for
GLSR 18.2%.
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Fig.4 Comparison between regional and global LS and LSR derived by 2D-FT MRI (left) und 2D-STE (right). p values refer to overall group
comparison and the star symbol (*) indicates significant difference between septal segment and other two segments in post hoc analysis

Table 3 Intraventricular

dyssynchrony using 2D-FT MRI

and 2D-STE

Discussion

In our cohort of HLHS patients, regional and global myo-
cardial longitudinal deformation parameters could easily
be assessed with new 2D-FT-MRI technique. Visualization

Septal T2PLS (ms)

Lateral T2PLS (ms)

Wall-to-wall delay (ms)

2D-FT MRI
2D-STE
p value

305.5 [36.5, 687.0]
370.5 [246.0, 493.0]

0.002

332.5[175.5, 493.0]
364.5 [258.0, 453.0]
0.012

—27.5[-235.0, 384.0]
24.5[-123.0, 116.0]

0.10

Data are expressed as median, minimum, and maximum values
T2PLS time to peak longitudinal strain. p values refer to Mann—Whitney U test

was excellent in all myocardial segments and allowed
measurements of LS and LSR in all patients included in
this study. For septal and lateral segments, we found an
acceptable agreement with LS measured by 2D-STE.
Measuring myocardial deformation parameters with MRI
is not entirely new. In the past different techniques, such as
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CMR tagging [14], strain-encoding (SENC) [15], or dis-
placement encoding with stimulated echoes (DENSE), MRI
[16] have been used. The advantage of the new 2D-FT-MRI
technique is clearly that it is a post-processing software
which can be performed on any routine gradient echo MR
images. Therefore, no extra scanning time is needed, which
is especially valuable when scanning young and, therefore,
sedated children.

Previous Studies Using 2D-FT MRI to Analyze
Ventricular Function in Congenital Heart Disease

Some studies already investigated ventricular function of
patients with congenital heart diseases using 2D-FT MRI
[10, 17-19]. Similar to our results, they reported excellent
feasibility of the method. Schmidt et al. used 2D-FT-MRI for
the first time in Fontan patients [11]. They analyzed longi-
tudinal and circumferential strain and strain rate in a cohort
of 15 adult Fontan patients with heterogeneous ventricular
anatomy and concluded that 2D-FT-MRI could have clinical
relevance in this patient cohort in the future since FT results
seem to relate to symptoms and objective exercise tolerance.
In contrast to our study, only one patient with a single RV
was included. Recently Ghelani et al. analyzed ventricular
deformation in 134 Fontan patients including 60 patients
with a dominant RV using 2D FT-MRI and reported good
reproducibility of this technique in the single RV [10]. For
the subpulmonary RV normal deformation, data have been
published for adults and pooled in a meta analysis of nine
2D-FT MRI studies [20]. Unfortunately, reference values of
2D-FT MRI myocardial deformation parameters for children
with a structurally normal heart are still lacking. A system-
atic problem is the comparison of single RV deformation
data with data of a subpulmonary RV in the biventricular
heart. This comparison has been done with 2D STE tech-
nique, where Moiduddin et al. [21] showed lower deforma-
tion of the systemic RV in Fontan patients compared to the
subpulmonary RV of age-matched controls.

In the past decade, 2D-STE has been established as a
technique to quantify systolic and diastolic ventricular func-
tion in congential heart disease. Various studies have shown
that it can be correctly applied in HLHS patients throughout
all stages of Fontan palliation [4, 7, 21]. Moreover, a simul-
tanous study using 2D-STE and conductance catheters in
HLHS Fontan patients from our center has shown that RV
LSR correlated well with systolic elastance, a parameter of
contractility [5]. We, therefore, compared our 2D-FT MRI
results with 2D-STE. Since we find it difficult to standardize
echocardiographic short axis views of the systemic RV, we
only assessed longitudinal deformation in the four chamber
view. For GLS and GLSR, results of our cohort are compa-
rable with previously published values of HLHS patients
[4,21,22].
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Comparison of 2D-FT MRI and 2D-STE Deformation
Parameters

For GLS, we found a clinically acceptable agreement
between the MRI and STE. 2D-FT MRI slightly understi-
mates LS values. Schmidt et al. and Ghelani et al. used the
same two imaging modalities to compare longitudinal defor-
mation in Fontan patients [10, 11]. Schmidt et al. report only
a modest agreement between 2D-FT MRI and 2D-STE in
the single LV which they explain by poor reproducibility of
2D-STE due to bad visualization of myocardial segments
with poor acoustic windows particularly in older patients.
The patients in their study cohort were adults with a mean
age of 27.4 years. For pediatric HLHS, patients-acceptable
intraobserver agreement for 2D-STE LS and LSR has repeat-
edly been published [4, 7]. Therefore, the slightly better
agreement of the two modalities might be related to better
reproducibility of STE parameters in our patient cohort. In
line with our findings, Ghelani et al. found better agree-
ment for GLS in the systemic RV than the LV of Fontan
patients with a median age of 16.8 years [10]. The agreement
in the regional LS was not as good especially in the apical
segments. The apical segment is often difficult to visualize
entirely in echocardiography and almost one-third of the api-
cal segments could not be evaluated in the present study. In
contrast to our study, Singh et al. showed a high correlation
between CMR- and STE-derived strain measures in Fontan
patients with a single LV. However, they used CMR tag-
ging to measure strain and since patients were recruited pro-
spectively, standard frame rates could be used in STE which
might account for the higher degree of correlation [23].
The wide limits of agreement in Bland-Altmann plot
show that for GLSR, the agreement between 2D-FT MRI and
2D-STE was poor. Since strain rate is the time-derivative of
strain, the difference in temporal resolution between the two
imaging modalities might account for the poor agreement
[24]. Temporal resolution in MRI can be a problem with
higher heart rates in small children. In our study, median
frame rate of STE was 85/s, which should be sufficient for
the median heart rate of 81 bpm. In MRI, however, median
number of heart phases was 25 [20-30)]. We presume that
in order to detect changes in strain rate, a higher tempo-
ral resolution than 28.8 ms is required [13]. For the LV of
healthy volunteers, Orwat et al. reported a poor agreement of
longitudinal and circumferencial GSR between 2D-FT MRI
and 2D-STE [25]. They also attributed the poor agreement to
the difference in temporal resolution between the methods.

Regional LS and LSR in all HLHS Patients

Looking at the three segments of the RV in all patients, the
regional LS was significantly reduced in the septal segments
compared to the apical and lateral segments in 2D-FT MRI
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as well as in 2D-STE. This pattern has been shown before
and attributed to the adjacent remnant of the left ventricle
to the septal segment in HLHS patients. For regional LSR,
2D-FT MRI showed no differences in the segments, while
2D-STE showed the same pattern as with LS, with lower
LSR in the septal segment.

Relation Between the Myocardial Deformation
Parameters and Demographic and Clinical Data

For clinical routine, EF is the only established parameter
to assess RV function. MRI has been the gold standard for
measuring EF for many years. In our study, we show a good
correlation of GLS and moderate correlation of GLSR with
RV EF derived by 2D-FT MRI. Up to date, correlation of
2D-STE deformation parameters with RV EF derived by
MRI has been shown. In the systemic RV of patients after
atrial switch operation, Chow et al. found a good correlation
of 2D-STE-derived GLSR with EF but not with GLS [26].
On the other hand, Smith et al. found a good correlation
between 3D echocardiographic RV EF and LS in patients
with pulmonary hypertension, where the RV is also sub-
jected to chronic pressure load [27]. In addition, for the
volume-loaded RV of TOF patients, a good agreement of
RV EF and STE-derived GLS was shown [28]. The better
correlation of GLS with EF in our study is feasible since
2D-STE-derived GLSR has been shown to be a load inde-
pendent index of contractility in HLHS patients, whereas
GLS and EF are load-dependent [5].

In our study, GLS and GLSR did not correlate with age,
BSA, HR, SO,, and gender. This finding is in agreement
with a meta analysis by Levy et al. who found the variation
in GLS and GLSR in ten different echocardiographic stud-
ies of healthy children did not depend on the differences
in age, gender, BSA, and HR [29]. Moreover, Lorch et al.
didn’t find any significant age-related changes for GLS in the
LV of healthy children, whereas GLSR declined in the first
10 years after birth [30].

Intraventricular Systolic Dyssynchrony

Quantification of RV dyssynchrony can be useful to identify
uncoordinated contraction [22, 31]. The T2PLS in the lat-
eral and septal segment was significantly different between
2D-FT MRI and 2D-STE. This is not surprising as the two
imaging modalities use different segmentation. Moreover,
the T2PLS in 2D-STE is calculated from the beginning of
the QRS whereas in MRI datasets, a simultaneous electro-
cardiogram signal is not available in the post-processing
software and the beginning of the systole is automatically
set. However, calculated wall-to-wall delay was not different
between both methods, even if the median was negative in
MRI and positive in STE; for the single RV positive as well

as negative values have been published using STE [22, 32].
It has been shown that a larger rudimentary LV causes a
delay in septal motion and thus causes greater dyssynchrony
and that single RVs have increased dyssynchrony compared
to healthy controls [33]. Although some studies suspect
that higher RV dyssynchrony might influence RV function
in the single ventricle, the impact of dyssynchrony in HLHS
patients has yet to be proven by longer follow-up studies.
From a technical point of view, measuring dyssynchrony
with 2D-STE is more accurate than with 2D-FT-MRI.

Study Limitations

The 2D-FT MRI software, such as 2D-STE, was designed
for the analysis of myocardial deformation parameters in
normal subjects [9, 34]. Therefore, allocation and terminol-
ogy of the seven segments does not always correlate with the
anatomical structure of the heart in HLHS patients, particu-
larly in absence of the LV.

The segmentation of the myocardium in six or seven seg-
ments is automatically performed by the software and cannot
be influenced by the user. We, therefore, had to adapt the
segmentation to be able to compare the two imaging modali-
ties which might reduce the accuracy of our results for the
regional parameters.

Patients in BCPC and TCPC were included in the study.
Because patients were not investigated longitudinally, and
fewer patients were in BCPC stage, we did not focus on
comparing the two cohorts. However, to ascertain that all
patients can be regarded as a single group, we tested for dif-
ferences between the stages. In our opinion, the only minor
differences found in GLSR can be neglected and we, there-
fore, joint both patient groups for further analysis.

Finally, the intraobserver variability of 2D-FT MRI
parameters of about 8.9-10.5% and interobserver variability
of about 10.7-18.2% have to be considered when interpret-
ing the results.

Conclusions

CMR images allow excellent visualization of the myocar-
dium of the single RV in HLHS patients. Measuring myo-
cardial deformation with 2D-FT MRI is feasible in these
particular patients and can be easily performed with post-
processing software without the necessity of extra scan-
ning time. Agreement with 2D-STE is acceptable for LS
but poor for LSR. The lower temporal resolution of MRI
might account for the poor agreement between the imag-
ing modalities. Future longitudinal studies are warranted to
evaluate whether 2D-FT MRI deformation parameters can
be used for early detection of heart failure in this special
patient population.

@ Springer
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