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Abstract

The validity and reproducibility of echocardiographic methods used to quantify mitral
regurgitation (MR) in children with congenital heart disease are unknown. We evaluated the
usefulness of methods used to quantify MR in children enrolled in a multicenter trial of enalapril 6
months after surgical repair of an atrioventricular septal defect (AVSD). MR severity in this trial
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was assessed using body surface area (BSA)-adjusted vena contracta lateral (i-VCW|4) and
anterior-posterior (i-VCWpgp) dimensions and cross-sectional area (i-VCA), regurgitant volume/
BSA, regurgitant fraction, and qualitative MR grade. For each method, association with left
ventricular end-diastolic volume (LVEDVz) and end-diastolic dimension (LVEDDz) z-scores and
interobserver agreement were assessed. In 149 children (median age 1 year), i-VCW/gy, i-VCWyp,
and i-VCA were best associated with LVEDVz (r? = 0.54, r2 = 0.24, and r2 = 0.46, respectively; p
< 0.001 for all) and showed the highest interobserver agreement (intraclass correlation coefficient
=0.62, 0.73, and 0.68, respectively). Qualitative MR grade was also associated with LVEDVz (r2
=0.31, p < 0.001) and showed modest interobserver agreement (kappa 0.56). Regurgitant volume/
BSA and regurgitant fraction were associated with LVEDV?z (r? = 0.45 and r2 = 0.45, p < 0.001
for both) but showed poor interobserver agreement [ICC = 0.28 (n = 91) and ICC = 0.17 (n = 76),
respectively], and their values were negative in 75% of subjects. In conclusion, echocardiographic
assessment of MR severity after AVSD remains challenging. Among the quantitative methods
used in this trial, i-VCW and i-VCA performed the best but offered little advantage compared with
qualitative MR grade. The utility of regurgitant volume and fraction was severely limited by poor
interobserver agreement and frequently negative values.
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Introduction

Assessment of the severity of mitral regurgitation (MR) is often performed using qualitative
grading. Qualitative assessment may be confounded by several technical and hemodynamic
factors, and quantitative methods have been sought that are less sensitive to these
confounders [16]. Several echocardiographic methods for quantifying MR have been
described and validated in adults with normal cardiac anatomy, and recommendations for
their use have been published [20]. However, these techniques may have limitations in
children, particularly those with congenital heart disease. Residual MR is an important
complication after surgical repair of atrioventricular septal defect (AVSD) [3, 4, 15, 18].
Both qualitative and quantitative methods of evaluating the severity of MR in these children
may be compromised by the presence of multiple jets, a noncircular cross-sectional jet
profile, eccentric direction of flow into the left atrium with marked Coanda effect, and
dynamic regurgitant orifice. However, a systematic comparison of these methods has not
been previously performed in children with AVSD. In this study, we compared the
usefulness of echocardiographic methods used to assess the severity of MR during a
multicenter trial of enalapril in children after surgical repair of AVSD.

Methods

Subjects

To evaluate the effectiveness of enalapril for the treatment of MR, seven North American
centers prospectively enrolled children after primary biventricular repair of an AVSD
between June 2004 and February 2006. The study was funded by the National Heart Lung
and Blood Institute. Children<17.5 years old and within 28 days of repair were eligible for
entry into the trial. Inclusion and exclusion criteria for entry into the present study are listed
in Table 1. Patients were diagnosed with AVSD and subtyped using guidelines from the
Society of Thoracic Surgeons [9]. As part of the planned drug trial, consecutive children
with parent or guardian consent were enrolled into an observation-only phase for 6 months
after surgery to allow the heart to adapt to surgical intervention and to residual septal defects
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and/or valve regurgitation. Prospective echocardiographic data collected at the end of this 6
month period were used for the current analysis. The institutional review boards of each
participating institution approved the trial, and written informed consent was obtained from
each subject’s legal guardian. The conduct of the trial was monitored by an independent
Data and Safety Monitoring Board appointed by the National Heart, Lung, and Blood
Institute.

Echocardiography

Two-dimensional and Doppler echocardiography was performed at participating centers
using a standardized protocol developed by the core laboratory. Sedation was used at the
discretion of the participating institution. Studies were recorded either digitally or on %-inch
VHS videotape. Study measurements were performed locally, as well as at a central core
laboratory, by pediatric cardiologists specialized in echocardiography. At the core
laboratory, all analog studies were converted into digital format, and measurements were
made by a single observer using a microprocessor-based workstation custom programmed
for electronic caliper overlay of captured digital images. Image quality for the entire
echocardiographic examination was scored qualitatively at the core laboratory as
unacceptable, fair, good, or excellent.

Assessment of MR

Two-dimensional and color Doppler flow mapping of the mitral valve were performed from
the apical and parasternal long-axis views with activation of zoom mode to maximize spatial
and temporal resolution. During this trial, MR severity was assessed by using the following
four methods, which were thought to be best suitable to this patient population:

» Method 1: Qualitative MR grade (none/trace, mild, moderate, severe) was assigned
based on subjective assessment of the color Doppler appearance of the components
of the MR jet from multiple views. No definite criteria for grading were
prespecified, and the severity of MR was graded based on the reader’s overall
subjective impression.

*  Method 2: Vena contracta width (VCW) in near-orthogonal [lateral (VCW/|4) and
anterior-posterior (VCWj,p)] planes were taken from apical and parasternal views
(Fig. 1), respectively [8, 20]. To adjust for body size, indexed VCW (i-VCW) was
calculated by dividing VCW by the square root of body surface area (BSA) [17].
Because the VCWs from multiple jets are not additive (flow across the regurgitant
orifice relates to the square of the VCW of each orifice), subjects with >1 jet of
regurgitation were excluded from this measurement.

» Method 3: Vena contracta cross-sectional area (VCA) was calculated from
orthogonal measurements of VCW using the formula for the area of an ellipse:

VCA=(Q/4)(VCW 1, )(VEW,yp)

In case of multiple regurgitation jets, total VCA was calculated as the sum of the
VCA for each jet. Total VCA was indexed (i-VCA) by dividing by BSA.

e Method 4: For MR regurgitant volume and fraction, regurgitant volume was first
calculated as the difference between left ventricular (LV) stroke volume from two-
dimensional imaging and aortic stroke volume from Doppler echocardiography [6].
Regurgitant fraction was then calculated as regurgitant volume/LV stroke volume.
Regurgitant volume was indexed (i-regurgitant volume) by dividing by BSA.
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Other methods for assessing the severity of MR, including the assessment of effective
regurgitant orifice area, measurement of the jet area within the left atrium and mitral, and
pulmonary venous inflow Doppler patterns, were not used in this study due to anticipated
difficulties with their use in children with repaired AVSD. Left atrial volume can be a useful
marker of MR severity, but this was not used because normative data in children were not
available when we planned this study.

Assessment of LV Size and Function

Two-dimensional and M-mode echocardiography was used to obtain measures of LV size
and systolic function. Ventricular dimensions were measured on M-mode echocardiography
to obtain end-diastolic (LVEDD) and end-systolic LV dimensions. End-diastolic and end-
systolic endocardial contours of the LV were traced on two-dimensional parasternal short-
axis images, and LV length was measured on apical four-chamber view to obtain LV end-
diastolic and end-systolic volumes. LV stroke volume and ejection fraction were calculated
using an area-length method (volume = 5/6 * area * length) as recommended by the
American Society of Echocardiography [13]. LV end-diastolic volume z-score (LVEDV?z)
and LV end-diastolic dimension z-score (LVEDDz) were calculated as the number of SDs
from the normal population mean value relative to BSA [17].

Comparison of Methods for Assessing MR Severity

We compared the methods used to assess the severity of MR during this trial using the
following criteria:

»  Criterion 1: Interobserver agreement between local and core laboratory observers.
»  Criterion 2: Degree of association with measures of LV dilation

Association with measures of LV dilation would support the validity of each method in
these patients with stable MR where LV size is expected to increase with worsening
regurgitation. With increasing regurgitant volume and no change in contractility, forward
stroke volume (and hence cardiac output) are maintained by a gradual increase in LVEDV
proportional to the severity of regurgitation [19].

Statistical Analyses

Results

Agreement between local and core laboratory observers was evaluated using the intraclass
correlation coefficient (ICC) for continuous measures and a weighted kappa statistic for
qualitative MR grade. Linear regression modeling was used to evaluate the relationship
between measures of MR and LVEDV and LVEDD z-scores and to test for the presence of
interactions between predictor and three subgroup variables (type of AVSD, single vs.
multiple jets, and sedation status). Quadratic terms for predictors of LVEDDz and LVEDVz
were employed, where appropriate, to address nonlinear associations. Analyses examining
sedation effects were restricted to subjects <2 years old because older subjects were not
likely to need sedation for the echocardiogram. Analyses examining effect of single versus
multiple jets were not conducted for VCW/4, and VCW,,, because these measures were
calculated only in the presence of a single jet.

Of the 181 children enrolled in the main trial, 149 [median age 1 year (range 0.5-17)]
satisfied criteria for inclusion into the present study. Among these, 91 (61%) had undergone
repair of a complete AVSD or an atrioventricular canal-type ventricular septal defect,
whereas 58 (39%) had undergone repair of a partial or transitional AVSD.
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Comparison of Methods for Assessing MR Severity

The distribution of qualitative MR grade is summarized in Fig. 2, and results of quantitative
measures of MR are listed in Table 2. Qualitative MR grade was equal to or greater than
moderate in 38 of 149 (26%) children. Relations between each of the quantitative measures
and qualitative MR grade are shown in Fig. 3. Values for i-regurgitant volume and
regurgitant fraction were often negative (in 75% of subjects); however, these measures
nevertheless correlated with qualitative MR grade. Other quantitative measures, including i-
VCWyp, i-VCW]4, and i-VCA, also correlated with qualitative MR grade.

MR Severity and LV Size—Figure 4 shows the relationship between measures of MR
and LV size (i.e., LVEDVz and LVEDD?z). Note that to allow for stabilization of both MR
severity and LV size, both were evaluated on the same echocardiogram performed 6 months
after surgical repair. All methods, including i-regurgitant volume, regurgitant fraction, i-
VCW]q, iI-VCWyp, and i-VCA and qualitative MR grade, were associated with LV size, and
most of the relationships were nonlinear. With the exception of i-VCWpgy, each of these
measures accounted for 46-54% of the variation in LVEDVz. As previously noted, values
for i-regurgitant volume and regurgitant fraction were frequently negative. In multivariable
modeling that allowed for nonlinear associations, LVEDVz was independently associated
with qualitative MR grade, i-regurgitant volume, and regurgitant fraction but not with i-
VCA, with the model explaining 77% of variability in LVEDVz.

We then investigated whether the strength of association between each measure of MR and
LV size was affected by either of the following factors: presence of>1 regurgitation jet and
type of AVSD. Among the patients with MR, 28 had >1 jet of regurgitation. The presence of
>1 regurgitation jet had a significant impact on the association between LVEDVz and
qualitative MR grade (interaction p = 0.01). Qualitative MR grade was significantly
associated with LVEDVz only in subjects with a single jet of regurgitation. This interaction
was not seen with the other measures of MR.

The type of AVSD had a significant impact on the correlation between LVEDVz and
severity of MR as assessed by i-VCW,y, i-VCA, and regurgitant fraction (interaction p <
0.001 for all three measures). For each measure, the correlation with LVEDVz was stronger
in patients with a partial AVSD. This interaction was not seen with i-regurgitant volume, i-
VCW,q4;, or qualitative MR grade.

Interobserver Agreement

Results of tests of agreement between local and core laboratory observers for the various
methods used to assess MR are listed in Table 3. Agreement between observers was modest
for i-VCWygp, iI-VCW/y, and i-VCA and was marginally lower for qualitative MR grade.
Agreement was poor for i-regurgitant volume and regurgitant fraction. The level of
agreement was not impacted by either the number of regurgitation jets or the type of AVSD
for any of the measures of MR.

Effect of Sedation

Sedation was administered based on each institution’s policy. Of the 117 echocardiograms
performed in subjects <2 years of age, 54 (46%) were performed using sedation. Sedated
echocardiograms yielded greater image-quality scores (Table 4). Administration of sedation
also had a significant impact on the association between LVEDVz and severity of MR as
assessed by most measures, including i-VCWqgy, i-VCA, regurgitant fraction, and qualitative
MR grade (all interaction p values <0.001). Compared with unsedated children, children
who received sedation had stronger associations (Fig. 5). In contrast, administration of
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sedation did not have a significant impact on interobserver agreement for any of the
measures of MR.

Challenges in Calculating i-Regurgitant Volume and Fraction

We explored possible reasons for the negative values obtained for i-regurgitant volume and
fraction in the majority (75%) of subjects. Because regurgitant volume was calculated as the
difference between total LV stroke volume and aortic stroke volume, underestimation could
have occurred due to either an overestimation of aortic or underestimation of LV stroke
volume. Figure 6 shows that in most subjects, aortic was greater than LV stroke volume,
resulting in a negative value for regurgitant volume and fraction. As shown in Fig. 7, greater
LV outflow tract gradient was associated weakly in an inverse fashion with i-regurgitant
volume (r = —0.18, p = 0.04) and regurgitant fraction (r = —0.2, p = 0.03), suggesting that
greater aortic outflow velocities may have contributed to overestimation of aortic stroke
volume. Furthermore, the mean LVEDVz in subjects with none/trace MR by qualitative
grading was —0.18, and the cardiac index calculated using LV measurements (2.8 + 0.79 L/
min/m2) was lower than the cardiac index calculated using aortic Doppler measurements
(4.24 + 1.01 L/min/m?2, p < 0.001). These data suggest that a systematic underestimation of
LVEDVz may have contributed to an underestimation of left-ventricular stroke volume.

Discussion

In this multicenter, prospective trial of enalapril in children after repair of AVSD, several
echocardiographic methods were used to assess the severity of MR before drug treatment.
Among the techniques used, quantitative measures of MR based on measurement of the
vena contracta, including i-VCW/gy, i-VCWhp, and i-VCA, demonstrated the highest
interobserver agreement and highest association with measures of LV dilation, but these
techniques were not significantly superior to qualitative MR grade. Regurgitant fraction and
i-regurgitant volume were also associated with measures of LV dilation, but their usefulness
was significantly limited by frequently negative values and poor agreement between local
and core laboratory observers. Assessment of MR was easiest in the presence of a single jet
of regurgitation, in patients with partial AVSD type and when echocardiography in children
<2 years of age was performed with the child under sedation.

Accurate and reproducible quantification of the severity of residual MR is useful in guiding
clinical management after repair of AVSD, and, in theory, quantitative methods may
overcome some of the limitations of qualitative assessment. However, this theoretical
advantage has proven difficult to translate into practice. Biner et al., in a recent study,
evaluated the reproducibility of proximal isovelocity surface area, VCW, and regurgitant jet
area for assessing MR severity in adults and found them to be only modestly reliable and
associated with suboptimal interobserver agreement [2]. They also found that presence of an
eccentric regurgitant jet and difficulty in visualizing the regurgitant orifice were predictors
of poor interobserver agreement. Suboptimal interobserver agreement in evaluating MR by
both qualitative and quantitative methods has also been reported by other investigators [1].
In contrast to these discouraging results, Foster et al. found adequate agreement between
observers in assessing MR using qualitative grading, VCW, and regurgitant fraction and
volume [7]. Importantly, none of these previous studies included children with congenital
heart disease. This study was the first to examine this question in repaired AVSD, and
although we did not have a reference technique for comparison, our results nevertheless
highlight the practical difficulties with several quantitative methods that seem to offer little
advantage compared with qualitative assessment.

Assessment of MR severity by both qualitative and quantitative methods in children with
repaired AVSD may be complicated by several factors. In addition to difficulties associated
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with eccentric jet orientation and adequate visualization of the regurgitant orifice, other
factors unique to this population may play an important role. Multiple jets of MR are
common after repair of AVSD, and this can make the assessment of overall severity
difficult, even with quantitative techniques, such as i-VCA [20]. Our finding that qualitative
MR grade correlates with LV size only in the presence of a single jet of MR is in agreement
with in vitro work performed by Lin et al. [11]. Adequate imaging in young children often
requires sedation, and image quality may be comprised without its use. Our data confirm
that image quality is improved in the sedated group, and as a result, quantitative measures of
MR had a stronger association with LV size in the younger patients. A combination of these
factors was likely responsible for the difficulties seen with both qualitative and quantitative
assessment of MR in this study. Recently, three-dimensional (3-D) echocardiographic
techniques for assessing the severity of MR have been proposed, and in the future these may
help overcome some of the limitations of 2-D echocardiography [12].

Values for regurgitant fraction and i-regurgitant volume were frequently negative in our
study. These parameters have been shown to be reliable indicators of the severity of MR in
adult patients who do not have congenital heart disease and are not confounded by factors,
such as eccentricity of the regurgitation jet, presence of multiple jets, difficulty in
visualizing the regurgitation orifice, and technical settings, such as Doppler gain, Nyquist
limit, and sampling frequency [5, 7, 10]. Due to these advantages, these techniques seemed
potentially attractive in children after AVSD repair and were used to assess MR severity in
this trial. However, several other factors likely compromised their reliability in practice.
Previous studies have shown that 2-D echocardiographic techniques systematically
underestimate LV volume by approximately 25% compared with cardiac magnetic
resonance imaging (MRI) [14]. In our dataset, both mean LVEDV z-score and LV cardiac
index were lower than expected in children with none/trace MR consistent with a systematic
underestimation of LV volumes. Additionally, due to an elongated left-ventricular outflow
tract, which is typical of AVSD, increased flow velocity at the aortic valve may lead to
overestimation of aortic stroke volume and thus further underestimation of the regurgitant
volume or fraction and negative values in children with trace or mild regurgitation. Despite
the negative values, both regurgitant fraction and i-regurgitant volume were associated with
measures of LV dilation, implying that although their values cannot be directly applied to
the clinical situation, they do correlate with the severity of regurgitation. In future studies, it
may be worth investigating whether these measurements could be included in an equation
predicting regurgitation measured using a reference technique, such as MRI. However, their
poor interobserver agreement will likely continue to limit their clinical usefulness. High
variability between observers may be related to the compounded variance of the several
independent 2-D and Doppler measurements required to calculate these parameters.

This study had several important limitations. First, we could not directly assess the accuracy
of each method because no reference technique for quantifying MR was available. Although
direct comparison with cardiac MRI would be useful, the feasibility of a side-by-side
comparison may be limited by the requirement for additional sedation or anesthesia for MRI
imaging. In the absence of a reference technique, we used the degree of association of each
method with measures of LV dilation as a surrogate for validity. Second, although we had a
sufficient number of patients with moderate or greater MR, the proportion of study subjects
with severe MR was relatively small. Third, guidelines for administration of sedation for
echocardiography varied among participating institutions, which likely led to nonuniform
image quality. Fourth, although we present data on interobserver variability in assessing MR
severity, intraobserver variability was not assessed. Finally, results from this population of
children with AVSD may not apply to children or adults with MR due to other etiologies.
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Conclusion

In conclusion, our study takes the first step in systematically comparing echocardiographic
techniques for assessing the severity of MR in children after repair of AVSD by providing
data on interobserver agreement and relationship with measures of LV dilation. Using these
criteria, we found that reliable assessment of MR severity in this population remains
challenging. Quantitative methods that used assessment of the vena contracta were only
marginally superior to qualitative MR grade. Other quantitative methods, such as regurgitant
fraction and volume, frequently yielded negative values with poor interobserver agreement,
thus severely limiting their usefulness. Further work is needed to improve echocardiographic
assessment of the severity of MR in children with congenital heart disease. In the future,
comparison of a battery of 2-D with 3-D echocardiographic methods with a reference
technique, such as cardiac MRI, may provide useful data.
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Fig. 1.
Measurement of VCW in near-orthogonal planes. a VCW,4; was measured in the apical
four-chamber view. b VCWq, was measured in the parasternal long-axis view
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Distribution of patients by qualitative MR grade
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Box plots showing the relationship between quantitative measures of MR and qualitative
MR grade. The middle line in the box represents the median. The lower and upper edges of
the box represent the 25th and 75th percentile, respectively. All measures of MR correlated
with qualitative MR grade. Values for regurgitant volume and fraction were frequently

negative
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Relationship between measures of MR and a LVEDVz and b LVEDDz. Blue lines denote

the predicted regression values. All methods were associated with LV size, and most of the
relationships were nonlinear. As previously noted, values for i-regurgitant volume
(regurgitant volume/BSA) and regurgitant fraction were frequently negative
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Effect of sedation (in patients<2 years of age) on relationship between i-VCA and

150

-150 -100 -50 0 50
Regurgitant Fraction (%)

100

regurgitant fraction and LVEDVz. Administration of sedation had a significant impact on
the association between LVEDVz and the severity of MR as assessed by most measures (all
interaction p values < 0.001). Compared with unsedated children, the associations were
stronger in children <2 years of age who received sedation

Pediatr Cardiol. Author manuscript; available in PMC 2012 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Prakash et al.

Fig. 6.

Total Stroke Volume, ml

Page 15

701

S
o
1

w
o
!

]
o
!

Total minus Aortic Stroke Volume, ml
>

0@0
0 13E s~ 5 ————————
09%%“95 %
-0 3%
i OO% O
-20 o
10 20 30 40 50 6 10 20 30 40 50 60 70

Aortic Stroke Volume, ml

Mean of Aortic and Total Stroke Volume, ml

Relationship between LV stroke and aortic stroke volume (a) scatterplot. The solid line
represents y = x. b Bland-Altman plot. The middle solid line represents the mean difference
between LV stroke volume and aortic stroke volume. The lower and upper solid lines
represent the 95% Cls for the difference. In most subjects, aortic stroke volume was greater
than LV stroke volume, resulting in a negative value for regurgitant volume and fraction
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Relationship between Doppler-derived maximum instantaneous LV outflow tract pressure
gradient and a regurgitant fraction and b regurgitant volume/BSA. A greater LV outflow

tract pressure gradient was associated weakly in an inverse fashion with BSA-indexed
regurgitant volume (r = —0.18, p = 0.04) and regurgitant fraction (r = —0.2, p = 0.03),

suggesting that greater aortic outflow velocities may have contributed to overestimation of
aortic stroke volume. This may have contributed to negatives values frequently observed for
regurgitant volume and fraction
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Table 1

Inclusion/exclusion criteria for current analysis

Inclusion criteria
Age < 17.5 year
AVSD (complete, partial or transitional) after biventricular repair
Echocardiographic data collected 6 months after repair

Exclusion criteria
AVSD with tetralogy of Fallot
Partially or totally anomalous pulmonary venous connection
Mitral stenosis (mean Doppler gradient > 10 mmHg)
Aortic regurgitation (vena contracta/annular diameter ratio > 0.2)
Left-ventricular outflow tract obstruction (peak Doppler gradient > 20 mmHg)
Residual atrial or ventricular septal defect (> 3 mm in diameter)

Associated hypertrophic obstructive cardiomyopathy
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Table 2

Measures of MR and LV size and function

Median (range) or mean + SD

i-VCW,4 (cm/m)
i-VCWj, (cm/m)
i-VCA (mm2/m?)
Regurgitant fraction (%)

0.44 (0.2, 1.8)
0.35 (0.1, 1.5)

16.0 (2.2, 150.7)
~20 (~161.5, 78.9)

i-Regurgitant volume (ml/m2)  —6.4 (=50.7, 109.4)

LVEDD z-score
LVEDV z-score

-049 + 1.7
—0.005 + 1.8
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Interobserver agreement in assessing MR

ICC Kappa statistic
i-VCW,y (n = 75) 062 -
i-VCW,, (n = 73) 073 -
i-VCA (n = 111) 068 -

Regurgitant fraction (n = 76) 0.167
i-Regurgitant volume (n = 91) 0.281
Qualitative MR grade (n = 149) -

0.56
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Table 4

Effect of sedation on image quality (in children <2 year old)

Image-quality grade n 9% Sedated?

Excellent 7 100
Good 94 46
Fair 15 27
Unacceptable 1 0

aManteI—HaenszeI test for linear trend p = 0.002
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