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Comparison of Echocardiographic and Cardiac Magnetic
Resonance Imaging Measurements of Functional Single Ventricular

Volumes, Mass, and Ejection Fraction (from the Pediatric Heart
Network Fontan Cross-Sectional Study)†

Renee Margossian, MDa,*, Marcy L. Schwartz, MDa, Ashwin Prakash, MDb, Lisa Wruck, PhDc,
Steven D. Colan, MDa, Andrew M. Atz, MDd, Timothy J. Bradley, MBChBe, Mark A. Fogel, MDf,

Lynne M. Hurwitz, MDg, Edward Marcus, MSca, Andrew J. Powell, MDa, Beth F. Printz, MDb,
Michael D. Puchalski, MDh, Jack Rychik, MDg, Girish Shirali, MDd, Richard Williams, MDh,

Shi-Joon Yoo, MDe, and Tal Geva, MDa, for the Pediatric Heart Network Investigators

Assessment of the size and function of a functional single ventricle (FSV) is a key element
in the management of patients after the Fontan procedure. Measurement variability of
ventricular mass, volume, and ejection fraction (EF) among observers by echocardiography
and cardiac magnetic resonance imaging (CMR) and their reproducibility among readers
in these patients have not been described. From the 546 patients enrolled in the Pediatric
Heart Network Fontan Cross-Sectional Study (mean age 11.9 � 3.4 years), 100 echocar-
diograms and 50 CMR studies were assessed for measurement reproducibility; 124 subjects
with paired studies were selected for comparison between modalities. Interobserver agree-
ment for qualitative grading of ventricular function by echocardiography was modest for
left ventricular (LV) morphology (� � 0.42) and weak for right ventricular (RV) morphol-
ogy (� � 0.12). For quantitative assessment, high intraclass correlation coefficients were
found for echocardiographic interobserver agreement (LV 0.87 to 0.92, RV 0.82 to 0.85) of
systolic and diastolic volumes, respectively. In contrast, intraclass correlation coefficients
for LV and RV mass were moderate (LV 0.78, RV 0.72). The corresponding intraclass
correlation coefficients by CMR were high (LV 0.96, RV 0.85). Volumes by echocardiog-
raphy averaged 70% of CMR values. Interobserver reproducibility for the EF was similar
for the 2 modalities. Although the absolute mean difference between modalities for the EF
was small (<2%), 95% limits of agreement were wide. In conclusion, agreement between
observers of qualitative FSV function by echocardiography is modest. Measurements of
FSV volume by 2-dimensional echocardiography underestimate CMR measurements, but
their reproducibility is high. Echocardiographic and CMR measurements of FSV EF
demonstrate similar interobserver reproducibility, whereas measurements of FSV mass and
LV diastolic volume are more reproducible by CMR. © 2009 Elsevier Inc. All rights

reserved. (Am J Cardiol 2009;104:419–428)
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The National Heart, Lung, and Blood Institute–spon-
ored Pediatric Heart Network Fontan Cross-Sectional
tudy was a prospective multicenter study designed to eval-
ate the relation between health status and clinical measures
n patients with functional single ventricles (FSVs) who had
ndergone Fontan procedures for the palliation of congen-
tal heart disease.1 As part of this study, echocardiographic
nd cardiac magnetic resonance imaging (CMR) evalua-
ions of FSV size and function were performed. The pur-
oses of this study were to define observer-related variabil-
ty of echocardiographic and CMR-derived measures of
entricular mass, volume, and ejection fraction (EF) and to
etermine the levels of agreement for these measures be-
ween modalities.

ethods

A detailed description of the design and inclusion and

xclusion criteria of the Pediatric Heart Network Fontan
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ross-Sectional Study has been published.2 Briefly, subjects
ged 6 to 18 years were enrolled from March 2003 through
pril 2004 at 7 pediatric clinical centers in the United States

nd Canada. Prospective data collection for each subject
ccurred within a 3-month period and included health status
uestionnaires, 2-dimensional and Doppler echocardiogra-
hy, CMR, exercise, and other laboratory tests. The insti-
utional review board of each center approved the study
rotocol, and written informed consent and assent were
btained according to local guidelines.

Two-dimensional and Doppler echocardiography were
erformed at participating centers according to the study
rotocol. None were performed under sedation. The studies
ere forwarded by the data coordinating center to the echo-

ardiographic core laboratory for analysis by 1 of 2 echocar-

able 1
emographic, anatomic, and image quality data

ariable Echocardiography
(n � 100)

ge at evaluation (yrs) 11.9 � 3.4 (6.4–18.9)
ge at last Fontan procedure (yrs) 3.8 � 2.6 (1.2–17.5)
ale 62 (62%)
ace
White 75 (75%)
Black 12 (12%)
Asian 5 (5%)
Other 8 (8%)
Hispanic* 5 (5%)
entricular type
LV 53 (53%)
RV 38 (38%)
Mixed 9 (9%)
chocardiographic image quality
Excellent 17 (17%)
Good 66 (66%)
Fair 17 (17%)
MR image quality
Excellent
Good
Fair

Data are expressed as mean � SD (range) or as number (percentage).
* Nonmissing totals for Hispanic status: echocardiography, n � 95; CM

able 2
ntra- and interobserver agreement for selected categorical echocardiograp

ariable � (95% CI) Concorda

mage quality†

Intraobserver 0.19 (0.04–0.34) 48 (48%
Interobserver 0.16 (0.01–0.31) 44 (44%
V dysfunction grade‡

Intraobserver 0.58 (0.31–0.85) 53 (90%
Interobserver 0.42 (0.12–0.71) 49 (83%
V dysfunction grade‡

Intraobserver 0.25 (0.01–0.50) 34 (74%
Interobserver 0.12 (�0.12–0.36) 29 (62%

* Number of pairs of observations in which the 2 observers agreed that
V and RV measurements were included in their respective ventricular m

† Graded as excellent, good, or fair.
‡ Graded as none, mild, moderate, or severe.
iographers (R.M., M.L.S.). Studies judged as acceptable for l
nalysis were assigned an image quality grade of fair, good, or
xcellent on the basis of subjective assessments of short- and
ong-axis images. Ventricular morphology was characterized
s left ventricular (LV) dominant (e.g., tricuspid atresia), right
entricular (RV) dominant (e.g., hypoplastic left-sided cardiac
yndrome), or mixed (e.g., unbalanced atrioventricular canal
efect).

FSVs were analyzed from the apical (ventricular long-
xis) and parasternal short-axis views. The endocardial bor-
er of the FSV was traced at end-diastole and end-systole,
nd the epicardial border was traced at end-diastole in both
lanes. End-diastolic volume, end-systolic volume, and mass
ere calculated using a biplane-modified Simpson’s rule.3 The
F was calculated as (end-diastolic volume � end-systolic
olume)/end-diastolic volume. Ventricular mass was calcu-

CMR Echocardiography/CMR Comparison
(n � 50) (n � 124)

11.7 � 3.4 (6.8–18.9) 12.2 � 3.3 (6.7–18.9)
3.1 � 1.5 (1.4–8.9) 3.5 � 2.2 (0.8–12.8)

31 (62%) 77 (62%)

41 (82%) 102 (82%)
5 (10%) 12 (10%)
1 (2%) 3 (2%)
3 (6%) 7 (6%)
0 (0%) 4 (3%)

26 (52%) 71 (57%)
15 (30%) 39 (31%)
9 (18%) 14 (11%)

22 (18%)
79 (64%)
23 (19%)

3 (6%) 23 (19%)
25 (50%) 49 (40%)
22 (44%) 52 (42%)

48; echocardiography and CMR comparison, n � 118.

ings

1-Grade Difference 2-Grade Difference n*

49 (49%) 3 (3%) 100
54 (54%) 2 (2%) 100

6 (10%) 0 (0%) 59
9 (15%) 1 (2%) 59

10 (22%) 2 (4%) 46
18 (38%) 0 (0%) 47

cture was present and evaluable. In patients with mixed ventricular type,
gy group.
hic find

nt

)
)

)
)

)
)

the stru
orpholo
ated as myocardial end-diastolic volume (epicardial volume �
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EDV � end-diastolic volume; ESV � end-systolic volume; ICC � intraclass correlation coefficient.

421Congenital Heart Disease/Echocardiographic and CMR Assessment of Single Ventricles
igure 1. Intrarater comparison of echocardiographic measures. The solid line indicates perfect agreement; the dashed line indicates mean difference; dotted
able 3
ntra- and interobserver variability

ariable Echocardiography Intraobserver Echocardiography Interobserver CMR Interobserver

n ICC Within-Subject SD
(% Mean)

n ICC Within-Subject SD
(% Mean)

n ICC Within-Subject SD
(% Mean)

V EDV (ml) 59 0.95 11.3 (16%) 59 0.92 15.9 (24%) 35 0.99 6.5 (7%)†

V ESV (ml) 59 0.91 5.1 (18%) 59 0.87 6.5 (24%) 35 0.95 6.8 (18%)
V EF (%) 59 0.54 7.6 (13%) 59 0.56 8.2 (14%) 35 0.46 6.2 (10%)
V mass (g) 59 0.83 17.6 (22%) 59 0.78 24.8 (31%) 35 0.96 13.2 (17%)†

V EDV (ml) 46 0.88 14.3 (20%) 47 0.85 19.6 (26%) 24 0.94 16.4 (17%)
V ESV (ml) 46 0.86 7.0 (21%) 47 0.82 9.6 (28%) 23 0.90 7.4 (19%)
V EF (%) 46 0.35 8.7 (15%) 47 0.43 8.2 (15%) 24 0.50 6.4 (12%)
V mass (g) 46 0.78 19.1 (22%) 48 0.72 35.5 (40%) 24 0.85 23.2 (34%)*

* p value for likelihood ratio test of equality between echocardiography and CMR of within-subject SD �0.05.
† p value for likelihood ratio test of equality between echocardiography and CMR of within-subject SD �0.001.
ines indicate 95% limits of agreement.
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ndocardial volume) � myocardial density (1.05 g/ml). For the
ixed-morphology group, the volume and mass of each ven-

ricle were measured separately, and the values for each ven-
ricle were included in their respective morphologic groups.
lobal ventricular systolic function was qualitatively graded as
ormal function or mild, moderate, or severe dysfunction.
chocardiographic data were reviewed and measurements
ade using custom software (Marcus Laboratories, Boston,
assachusetts).
CMR studies were performed at each participating center

n 1.5-T scanners using a standard imaging protocol. Study
ubjects did not undergo CMR as part of their assessments
f they met any of the following criteria: (1) unable to
ooperate without sedation; (2) had a pacemaker, defibril-
ator, permanent pacemaker lead, or implanted device con-

igure 2. Interrater comparison of echocardiographic measures. The solid l
ines indicate 95% limits of agreement.
idered a contraindication according to institutional guide- v
ines; (3) had intravascular occlusion coils deemed to result
n excessive image artifact; or (4) were �6 weeks from
ndovascular device implantation.

The standardized imaging protocol included electro-
ardiographically gated segmented k-space fast (turbo)
radient (14% of studies) or steady-state free precession
86% of studies) cine magnetic resonance acquisitions in
he vertical and horizontal long-axis planes and contigu-
us short-axis cine imaging from the atrioventricular
unction through the cardiac apex. Deidentified CMR
ata were analyzed using commercially available soft-
are (MASS; MEDIS Medical Imaging Systems, Leiden,
he Netherlands) at the core CMR laboratory. LV and/or
V end-diastolic (maximal) and end-systolic (minimal)
olumes and mass at end-diastole were measured in the

cates perfect agreement; the dashed line indicates mean difference; dotted
ine indi
entricular short-axis plane, as described by Lorenz.4
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423Congenital Heart Disease/Echocardiographic and CMR Assessment of Single Ventricles
troke volumes, the EF, and the mass/volume ratio were
alculated.

To evaluate inter- and intraobserver variability for echo-
ardiograms and interobserver variability for CMR, eligible
xaminations were randomly selected for repeat analysis.
o be eligible, the initial study was required to be rated as
cceptable (of at least fair quality) and have complete as-
essment of FSV volumes and EFs by the initial reader. Of
he 546 subjects enrolled in the study, 404 (74%) patients
ad echocardiograms and 159 (29%) had CMR studies that
et these criteria. From this pool, 100 echocardiograms and

0 CMR studies were randomly selected for observer vari-
bility analysis. Sampling was stratified on the basis of
entricular morphology type and echocardiographic image
uality grade. The echocardiographic analysis data set con-

igure 3. Interrater comparison of CMR measures. The solid line indicates
5% limits of agreement.
isted of 3 readings per echocardiogram: 2 by the same core o
aboratory reviewer for intraobserver variability and 1 by
he other reader for interobserver variability. The CMR data
et consisted of 2 readings per CMR study: the original core
aboratory review (T.G.) and a repeat evaluation (A.P.) for
nterobserver variability. Intraobserver variability was not
ssessed for CMR, because the relatively small number of
tudies resulted in a degree a familiarity with the images
uch that repeat contouring would not have resulted in a de
ovo analysis.

To compare between echocardiographic and CMR mea-
urements of mass, volumes, and the EF, all 124 subjects
ith complete data sets for the 2 modalities rated as accept-

ble were selected.
Kappa statistics with Cicchetti-Allison weights and fre-

uencies of concordance were calculated for the assessment

agreement; the dashed line indicates mean difference; dotted lines indicate
perfect
f intra- and interobserver agreement for echocardiographic
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mage quality and FSV functional grade. This analysis was
erformed only when both readers agreed that the structure
as present and evaluable. Weighted � statistics were used

o determine the agreement between echocardiographic
uantitative and qualitative approaches to FSV systolic
unction grade using CMR-based FSV functional grade as
eference standard.

The intra- and interobserver variability of continuous
ariables was assessed using the intraclass correlation co-
fficient estimated with variance component models.5 The
ntraclass correlation coefficient can be interpreted as the
roportion of variability explained by subject differences as
pposed to rater differences and random error. To meet the
ormality and constant variance assumptions of this model,
og transformations were used for end-diastolic volume,

igure 4. Comparison of echocardiographic and CMR-derived values for
ndicates perfect agreement; the dashed line indicates mean difference; do
nd-systolic volume, and mass. Because the estimation of t
ntraclass correlation coefficients can be imprecise when the
umber of raters is small, within-subject SD was also used
o assess intra- and interobserver variability.6 Plots of dif-
erences versus mean values were produced to graphically
xamine variability and magnitude of the differences. Like-
ihood ratio tests were used to test differences in interob-
erver within-subject SD between echocardiography and
MR and among subgroups stratified by image quality
rade. Bland-Altman 95% limits of agreement with log
ransformation were calculated to assess agreement between
chocardiographic and CMR measurements. To examine
he relation between the level of agreement and echocardio-
raphic image quality, geometric mean ratios and 95%
imits of agreement were calculated to assess agreement
etween echocardiographic and CMR measurements. Log

stolic volume, end-systolic volume, and ventricular mass. The solid line
es indicate 95% limits of agreement. Ratios are plotted on a log scale.
end-dia
ransformations were used and geometric mean ratios re-
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425Congenital Heart Disease/Echocardiographic and CMR Assessment of Single Ventricles
orted for end-diastolic volume, end-systolic volume, and
ass. One outlier was excluded from CMR RV end-systolic

olume and RV EF interobserver analyses. For all analyses,
ifferences were considered significant at a p value �0.05.
tatistical analysis was performed using SAS version 9.1.3
SAS Institute Inc., Cary, North Carolina), and figures were
roduced using S-plus version 6.2 (Insightful Corporation,
eattle, Washington).

esults

The demographic, anatomic, and image quality data for
he echocardiography and CMR groups are listed in Table 1.
he groups were similar with respect to age, gender, race,
nd ventricular type.

Table 2 lists intra- and interobserver agreement for echo-
ardiographic image quality and ventricular function grade.
lthough the confidence intervals (CIs) are wide, the data

uggest that agreement for overall image quality grade was
eak, with readers’ assessments of quality being concor-
ant less than half the time. Agreement regarding FSV
unctional grade was moderate for LV morphology and
eak for RV morphology.
FSV systolic function was categorized by echocardiog-

A
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igure 5. Comparison of echocardiographic and CMR-derived values LV
chocardiographic and CMR measures of the EF. (B) Comparison of echoc
ashed line indicates mean difference; dotted lines indicate 95% limits of
aphy as normal function or mild, moderate, or severe dys- c
unction on the basis of EF measurements (quantitative
pproach) and by qualitative assessment (“eyeball” ap-
roach). For the quantitative approach, the EF was classified
s indicating normal (�55%), mild (41% to 55%), moderate
31% to 40%), or severe (�30%) dysfunction, and for the
ualitative approach the same categories were used. CMR-
ased FSV functional grade was used as reference standard,
lso using the same quantitative categorization. The agree-
ent in FSV functional grade between categorization on the

asis of quantitative echocardiographic measurements and
MR was weak (LV: weighted � � 0.13, 95% CI �0.03 to
.30, 58% concordant; RV: weighted � � 0.34, 95% CI
.07 to 0.61, 60% concordant). The agreement in FSV
unctional grade between categorization on the basis of
ualitative echocardiographic assessment and CMR was
imilarly weak (LV: weighted � � 0.28, 95% CI 0.09 to
.46, 65% concordant; RV: weighted � � 0.30, 95% CI
.144 to 0.45, 61% concordant). When only studies with
chocardiographic image quality rated as good or excellent
ere included in the analysis, the level of agreement was

lightly improved for the qualitative approach (LV:
eighted � � 0.33, 95% CI 0.14 to 0.51, 66% concordant;
V: weighted � � 0.32, 95% CI 0.13 to 0.51, 63% con-
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EFs. (A) Bar graphs demonstrating the frequency of differences between
aphy and CMR for the EF. The solid line indicates perfect agreement; the
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LV: weighted � � 0.17, 95% CI �0.01 to 0.34, 57%
oncordant; RV: weighted � � 0.25, 95% CI �0.03 to 0.52,
1% concordant).

Table 3 lists intra- and interobserver variability for echo-
ardiographic measurements and interobserver variability
ata for CMR. Plots of differences versus mean values
emonstrating the variability and magnitude of the differ-
nces between readers are shown in Figures 1 to 3. Intraob-
erver agreement was high for echocardiographic measure-
ents of LV volumes and for RV volumes. Intraobserver

greement was moderate for FSV mass and modest for the
F. Patterns for interobserver echocardiographic variability
irrored those for intraobserver variability, with lower or

imilar intraclass correlation coefficients.
For CMR measurements of LV and RV volumes, the

evel of agreement between readers was high. A high level
f interobserver agreement was also noted for LV and RV
ass measurement, but, similar to echocardiography, the

greement for the EF was modest. Compared with echocar-
iography, CMR within-subject SDs tended to be lower,
eaching statistical significance for LV end-diastolic vol-
me, LV mass, and RV mass (Table 3).

The comparison between echocardiographic and CMR-
erived measurements is shown in Figures 4 and 5 and
isted in Table 4. Compared with CMR, echocardiographic

easurements of ventricular volume were smaller (70% to
9%), and the limits of agreement were wide. For example,
chocardiographic measurement of LV end-systolic volume
anged from approximately a quarter to twice that of CMR
easurement. Although on average, the measurements of

he EF and mass were similar between modalities (e.g., a
ean difference of 1.6% for the LV EF and 0.2% for the RV
F), the limits of agreement were wide (Figure 5, Table 4).

iscussion

The results of this study reveal several important findings
egarding the noninvasive assessment of FSV size and func-
ion. Although the qualitative assessment of LV function by
-dimensional echocardiography was moderately reproduc-
ble between observers, assessment of the right ventricle
as poorly reproducible. In contrast, quantitative echocar-
iographic measures of ventricular volumes were quite re-
roducible for LV and RV morphologies. Although 2-di-

able 4
omparison between echocardiography and CMR measurements in 124 s

ariable* Echocardiography

Mean � SD (Range) Median Mean �

V EDV (ml) 76.8 � 46.3 (6.8 to 289.6) 62.8 97.5 � 45
V ESV (ml) 31.9 � 27.1 (3.3 to 214.7) 24.9 41.1 � 22
V EF (%) 59.9 � 10.8 (25.9 to 85.3) 61.0 58.3 � 9.4
V mass (g) 88.2 � 55.9 (11.9 to 332.8) 68.2 84.8 � 47
V EDV (ml) 71.6 � 39.1 (15.1 to 203.0) 67.1 101.9 � 44
V ESV (ml) 31.5 � 23.7 (6.3 to 138.3) 24.1 44.4 � 24
V EF (%) 56.9 � 11.0 (26.2 to 76.8) 56.2 56.7 � 9.5
V mass (g) 84.7 � 47.2 (14.6 to 237.7) 67.8 86.2 � 48

* For LV comparisons, n � 83; for RV comparisons, n � 53.
Abbreviations as in Table 3.
ensional echocardiographic measurements systematically p
nderestimated CMR-derived ventricular volume measure-
ents, the reproducibility of EF measurements was compa-

able on the 2 modalities. Interobserver reproducibility of
MR measurements was generally better than that of echo-
ardiography, reaching statistical significance for measure-
ents of LV end-diastolic volume and for LV and RV mass.
inally, qualitative and quantitative echocardiographic as-
essments of FSV functional grade agreed relatively weakly
ith CMR, with no clear advantage to either approach.
The limitations inherent to 2-dimensional as opposed to

-dimensional imaging techniques were demonstrated by
huang et al,7 who showed that biplane 2-dimensional mea-

urements of LV volume and EF were less accurate and
eproducible than 3-dimensional volumetric measurements,
egardless of imaging modality, echocardiography or CMR,
n adult patients with dilated cardiomyopathy. Difficulties in
cquiring “true” long- and short-axis imaging planes using
-dimensional techniques were believed to be a key weak-
ess of the biplane method. This limitation has been shown
o be even more pronounced in the assessment of RV
olume, for which the prediction of volume on the basis of
inear and cross-sectional measurements is more diffi-
ult.8–10 Extrapolation from these studies to FSVs should
ield similar results, because chamber geometry and orien-
ation within the thorax are often unpredictable, and im-
ging of the anterior, retrosternal free wall is often chal-
enging. Although 3-dimensional echocardiography holds
romise for the more accurate assessment of ventricular
olume in biventricular circulation,11–15 its accuracy and
eproducibility in patients with FSVs await confirmation.
oriano et al16 recently demonstrated that measurements of
SV volumes, EF, and mass by 3-dimensional echocardi-
graphy correlate well with CMR measurements. However,
heir study included a relatively small number of young
atients (29 infants; median age 7 months) whose studies
ere performed under general anesthesia. The reproducibil-

ty of 3-dimensional echocardiographic measurements of
SV size and function in older patients with all forms of
SV requires further validation. Another alternative to 2-di-
ensional echocardiography for the assessment of ventric-

lar function is based on Doppler techniques.17,18 However,
s with 3-dimensional echocardiography, the precise role of
hese techniques in patients who have undergone Fontan

MR Mean Difference
(95% CI)

Mean Ratio
(95% CI)

ange) Median

to 233.2) 94.0 �20.7 (�86.6 to 45.1) 0.76 (0.40 to 1.47)
o 114.9) 38.3 �9.3 (�51.3 to 32.7) 0.73 (0.27 to 1.95)
o 91.0) 58.6 1.6 (�23.3 to 26.5) 1.02 (0.65 to 1.61)
to 273.9) 76.2 3.4 (�74.3 to 81.1) 1.00 (0.48 to 2.08)
to 213.0) 93.0 �30.3 (�83.5 to 23.0) 0.67 (0.34 to 1.33)
o 125.2) 38.7 �12.9 (�50.0 to 24.2) 0.66 (0.25 to 1.74)
76.1) 55.5 0.2 (�24.2 to 24.6) 1.00 (0.65 to 1.53)
to 230.4) 74.6 �1.4 (�55.1 to 52.2) 0.97 (0.47 to 1.98)
ubjects

C

SD (R

.8 (11.1

.5 (2.0 t
(29.3 t

.5 (19.0

.4 (38.5

.9 (9.9 t
(8.6 to

.0 (29.6
alliation awaits further investigation.
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427Congenital Heart Disease/Echocardiographic and CMR Assessment of Single Ventricles
Although this study demonstrated low agreement for the
ualitative assessment of RV systolic function, this method
s in prevalent use at most echocardiographic laboratories.
oor reproducibility of the qualitative assessment of RV
unction was also demonstrated in patients with right-sided
ongenital heart disease and 2-ventricle circulation19 but
as not been reported in single-ventricle physiology.

Lower reproducibility of FSV EF measurements was
oted for echocardiography and CMR despite a high intra-
lass correlation coefficient of end-diastolic volume and
nd-systolic volume measurements. The most likely expla-
ation is that the variability of measuring individual param-
ters (end-diastolic volume and end-systolic volume) is
agnified when they are subtracted and then divided. Sim-

lar observations were made in the studies of Lipshultz et
l20 (echocardiography) and Mooij et al (CMR).21

The results of this study agree with previous studies that
emonstrated the accuracy and reproducibility of CMR
easurements of ventricular volume, EF, and mass.21–24

owever, several practical limitations restrict the use of
MR in patients after the Fontan procedure. The presence
f a pacemaker or cardiac defibrillator (13% in this cohort)
s considered a strong relative contraindication for CMR.
mage artifacts from metallic implants precluded quantita-
ive volumetric analysis in 20% of patients with Fontan
alliation reported by Garg et al25 and were the primary
eason for a lower image quality score in this cohort. Over-
ll, the CMR data were inadequate or incomplete in 30% of
atients in whom the test was performed, predominantly
ecause of metallic artifacts. However, in patients who are
ble to cooperate with the examination, have no metallic
rtifacts that obscure the ventricular mass, and have no
ontraindications to CMR, this modality offers an advan-
age in terms of reproducible assessment of ventricular size
nd function. Moreover, the lower interobserver SDs of
ome CMR-derived measurements (LV end-diastolic vol-
me and LV and RV mass) found in this study suggest that
he sample size required to demonstrate a treatment effect or
change over time would be smaller with CMR compared
ith 2-dimensional echocardiography.24

Several limitations of this study merit attention. Our
ndings are conditional on having acceptable CMR and
chocardiographic studies for analysis. In this highly heter-
genous population, the success rate for obtaining adequate
uality studies may vary by modality because of a variety of
atient- and operator-related factors. CMR reproducibility
ay have been affected by the use of 2 cine magnetic

esonance imaging techniques, although the percentage
tudies not using steady-state free precession was small. The
umber of patients with systolic ventricular dysfunction was
mall, which limited our ability to detect a possible trend
etween echocardiography and CMR agreement and the EF.
he sample size for subgroup analyses was small, which
ight have precluded the detection of subtle associations
ith image quality. It should be noted that on the basis of

he inclusion criteria, the study group included only pa-
ients aged 6 to 18 years. Extrapolation to older patients
ay not be accurate, because of worsening acoustic win-

ows and a higher prevalence of ventricular dysfunction.
xtrapolation to younger patients may also not be accu-
ate, because of potentially better acoustic windows.
onetheless, the results of this study are derived from a
ontemporary cohort of young patients studied at 7 dif-
erent institutions, representing a relatively large group
f patients with Fontan palliation.
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