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Background: Cardiac computed tomography (CT) has emerged as an alternative to magnetic resonance imag-
ing (MRI) for ventricular volumetry. However, the clinical use of cardiac CT requires external validation.
Methods: Both cardiac CT and MRI were performed prior to pulmonary valve implantation (PVI) in 11 pa-
tients (median age, 19 years) who had undergone total correction of tetralogy of Fallot during infancy. The
simplified contouring method (MRI) and semiautomatic 3-dimensional region-growing method (CT) were used
to measure ventricular volumes. Results: All volumetric indices measured by CT and MRI generally correlated
well with each other, except for the left ventricular end-systolic volume index (LV-ESVI), which showed the
following correlations with the other indices: the right ventricular end-diastolic volume index (RV-EDVI)
(r=0.88, p<0.001), the right ventricular end-systolic volume index (RV-ESVI) (r=0.84, p=0.001), the left ven-
tricular end-diastolic volume index (LV-EDVI) (r=0.90, p=0.001), and the LV-ESVI (r=0.55, p=0.079). While the
EDVIs measured by CT were significantly larger than those measured by MRI (median RV-EDVI: 197 mL/m’
vs. 175 mL/m’ p=0.008; median LV-EDVI: 94 mL/m’ vs. 92 mL/m’ p=0.026), no significant differences were
found for the RV-ESVI or LV-ESVI. Conclusion: The EDVIs measured by cardiac CT were greater than those
measured by MRI, whereas the ESVIs measured by CT and MRI were comparable. The volumetric character-
istics of these 2 diagnostic modalities should be taken into account when indications for late PVI after tetral-
ogy of Fallot repair are assessed.
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Introduction

In the preoperative assessment of congenital heart
disease, cardiac magnetic resonance imaging (MRI)
has been regarded as the gold standard for the
measurement of ventricular volume [1,2]. However,
long examination times and the potential need for

general anesthesia have limited the use of cardiac
MRI in pediatric patients [3,4]. Cardiac computed to-
mography (CT) may be a suitable alternative in this
regard, as the study time is relatively shorter and
there is no requirement for general anesthesia.
Furthermore, cardiac MRI has the disadvantage of
low spatial resolution, leading to difficulties in accu-
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rately delineating the endocardial border of the intra-
ventricular structures, such as the papillary muscles
and trabeculae. This, in turn, may lead to inaccurate
volume measurements, as the ventricular volume be-
tween these structures may be inadvertently excluded
from calculation.

Despite the clinical advantages and putatively su-
perior accuracy of cardiac CT over MRI for ven-
tricular volumetry in patients with congenital heart
disease, few studies have directly compared the val-
idity of these 2 imaging modalities in this context
[5]. Therefore, we sought to quantify and compare
the ventricular volumes measured by both cardiac CT
and cardiac MRI in patients with surgically corrected
tetralogy of Fallot (TOF) pending pulmonary valve
implantation (PVI).

Methods

1) Patients

From our institutional database, we identified 11
patients (1 female) who had undergone total correc-
tion of TOF during infancy, and in whom both car-
diac MRI and CT examinations were undertaken
within 12 months prior to PVI. Cardiac CT was sub-
sequently performed in addition to MRI to obtain de-
tailed anatomical information, including coronary ar-
tery distribution, right ventricular outflow tract mor-
phology, and branch pulmonary artery configuration.
During the interval between CT and MRI examina-
tions, no catheter or surgical interventions were per-
formed, and deterioration of wvalve function or
changes in ventricular function were not observed on
echocardiography. Age at TOF repair, PVI, CT, and
MRI are detailed in Table 1.

2) Outcomes of interest and statistical analysis

The primary outcomes of interest were the ven-
tricular end-diastolic volume index (EDVI) and the
end-systolic volume index (ESVI), as measured by
both cardiac CT and MRI. All variables were pre-
sented as medians with the interquartile range (IQR),
and the differences between CT and MRI measure-
ments for each index were assessed using the
Wilcoxon signed-rank test. Furthermore, linear corre-
lations between cardiac CT and MRI measurements
were analyzed using the Spearman correlation co-
efficient (r). Intraclass correlations were also ana-

Table 1. Baseline characteristics

. Median
Variable . .
(interquartile range)
Age at TOF repair (mo) 9.9 (7.2-11.7)

Age at PVI (yr)

Interval between TOF repair and PVI (yr)
Age at cardiac MRI (yr)

Age at cardiac CT (yr)

Interval between CT and MRI (mo)

19.2 (17.1-22.9)
18.3 (16.5-20.9)
18.2 (16.5-22.1)
19.2 (17.0-22.7)
5.7 (4.3-9.5)

TOF, tetralogy of Fallot; PVI, pulmonary valve implantation; MRI,
magnetic resonance imaging; CT, computed tomography.

lyzed to assess the consistency of ventricular volume-
try across the 2 imaging modalities. Finally, Bland-
Altman analysis was performed for each pair of EDVI
and ESVI values to calculate the limits of agreement.

3) Ventricular volumetry on cardiac magnetic re-
sonance imaging and cardiac computed tomo-
graphy

For the measurement of ventricular volume using
cardiac MRI, a simplified contouring method was
used to delineate the compacted endocardial border
on short-axis slices [6]. The papillary muscles and
trabeculae were excluded from mass measurements.
Ventricular volumes at both end-diastolic and
end-systolic phases were calculated by adding the
endocardial areas of each short-axis slice and multi-
plying this total by the interslice distance.

To measure ventricular volume using cardiac CT,
dual-source prospective electrocardiogram (ECG)-trig-
gered and respiratory-triggered cardiac CT were per-
formed using a body size-adapted, low-dose protocol.
The technical details regarding the targeting of the
end-systolic and diastolic phases in prospective
ECG-triggered CT scan are described in a previous
report [2]. Ventricular volume was quantified using a
semiautomatic 3-dimensional (3D) region-growing
method on a commercially available workstation
(Advantage Windows 4.6; GE Healthcare, Milwaukee,
WI, USA). The endocardial border was delineated us-
ing a signal intensity-based thresholding method. The
threshold was manually adjusted until the appear-
ances matched our visual assessment.
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Table 2. Volumetric data measured by cardiac MRl and CT

Median (interquartile range)
Variable

Wilcoxon

. test
signed-rank test Spearman tes

Correlation

CcT MRI p-value coefficient (r) p-value
RV-EDVI (mL/m?) 197 (171-190) 175 (182-223) 0.008 0.88 <0.001
RV-ESVI (mL/m?) 101 (91-106) 101 (82-119) 0.722 0.84 0.001
LV-EDVI (mL/m?) 94 (82-97) 92 (88-104) 0.026 0.90 0.001
LV-ESVI (mL/m?) 41 (37-46) 41 (38-44) 0.859 0.55 0.079
RVEF (%) 48 (42-47) 44 (45-52) 0.075 0.35 0.298
LVEF (%) 58 (51-56) 54 (52-61) 0.248 0.25 0.467

MRI, magnetic resonance imaging CT, computed tomography; RV, right ventricle EDVI, end-diastolic volume index; ESVI, end-systolic

volume index; LV, left ventricle EF, ejection fraction.

Results

1) Quantification and comparison of volume in-
dices measured by cardiac magnetic resonance
imaging and computed tomography

Table 2 summarizes the ventricular volume indices

measured by cardiac CT and MRI, specifically the
right ventricular end-diastolic volume index (RV-EDVI),
the right ventricular end-systolic volume index (RV-
ESVI), the left ventricular end-diastolic volume index
(LV-EDVI), and the left ventricular end-systolic vol-
ume index (LV-ESVI). The RV-EDVI calculated using
the Wilcoxon signed rank test showed that cardiac
CT and MRI measurements differed significantly for
the RV-EDVI (p=0.008) and the LV-EDVI (p=0.026):
RV-EDVI on CT, 197 mL/m” (IQR, 171-190 mL/m®);
RV-EDVI on MRI, 175 mL/m’® (IQR, 185-223 mL/m®);
LV-EDVI on CT, 94 mL/m® (IQR, 82-97 mL/m®);
LV-EDVI on MRI, 92 mL/m’ (IQR, 88-104 mL/m?).
Both measurements were highly correlated for all
volumetric indices except for the LV-ESVI (RV-EDVI:
r=0.88, p<0.001; RV-ESVI: r=0.84, p=0.001; LV-EDVI:
r=0.90, p=0.001; LV-ESVI: r=0.55, p=0.079). However,
the measurement technique did not lead to a signifi-
cant difference for the right ventricular ejection frac-
tion (RVEF) (p=0.075) or the left ventricular ejection
fraction (LVEF) (p=0.248). Likewise, the RVEF and
LVEF as measured by both modalities were not sig-
nificantly correlated (RVEF: r=0.35, p=0.298; LVEF:
r=0.25, p=0.467) (Fig. 1).

2) Agreement of ventricular indices measured by
cardiac magnetic resonance imaging and com-
puted tomography

Fig. 2 presents Bland-Altman plots assessing the

agreement between measurements made using these
2 imaging modalities. The left ventricular volume in-
dices generally showed a better level of agreement
than the right-sided volume indices, as indicated by
95% limits of agreement (RV-EDVI, 85.4 mL/mZ; RV-
ESVI, 65.2 mL/m% LV-EDVI, 29.1 mL/m% LV-ESV],
29.9 mL/m?). However, when the descriptive values
from the Bland-Altman analysis were converted to
percentages to evaluate the ratio of 95% limits of
agreement to the average volumes measured using
cardiac MRI and CT for each volumetric index, the
values (expressed as mean difference, range of 95%
limits of agreement) obtained were: RV-EDVI, —11.1%
(8.7% to —30.8%); RV-ESVI, —3.4% (30.6% to —37.4%);
LV-EDVI, —6.0% (9.2% to —21.3%); LV-ESVI, 7.9%
(46.8% to —45.2%). Intraclass correlations between
cardiac CT and MRI measurements indicated that
both radiologic modalities showed excellent con-
sistency in measuring the ventricular volume indices,
except for RV-EDVI and LV-ESVI (RV-EDVI, 0.678;
RV-ESVI, 0.804; LV-EDVI, 0.836; LV-ESVI, 0.712).

Discussion

The main findings of this study are as follows: (1)
the cardiac CT measurements of RV-EDVI and
LV-EDVI were significantly greater than the corre-
sponding MRI measurements, (2) there were no sig-
nificant differences between cardiac MRI and CT
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Fig. 1. Scatterplots with slopes and Spearman r for (A) RV-EDVI, (B) RV-ESVI, (C) LV-EDVI, (D) LV-ESVI, (E) RVEF, and (F) LVEF. CT, com-
puted tomography; MRI, magnetic resonance imaging; RV, right ventricle; EDVI, end-diastolic volume index; ESVI, end-systolic volume in-
dex; LV, left ventricle; EF, ejection fraction.
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Fig. 2. Bland-Altman plots of the differences between (A) RV-EDVI, (B) RV-ESVI, (C) LV-EDVI, (D) LV-ESVI, (E) RVEF, and (F) LVEF meas-
urements by cardiac MRI and CT. MRI, magnetic resonance imaging; CT, computed tomography; SD, standard deviation; RV, right ven-
tricle; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; LV, left ventricle; EF, ejection fraction.
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measurements for other volumetric values (RV-ESVI
and LV-ESVI), and (3) all measures of volumetric in-
dices by cardiac CT and MRI correlated well, except
for the LV-EDVI.

To date, cardiac MRI has been the gold standard
for measuring ventricular volume. However, short-
comings such as long examination times, the need for
general anesthesia in small children, and the increas-
ing use of body implants incompatible with high
magnetic fields hamper its routine use in the pedia-
tric population [4]. On the other hand, cardiac CT al-
lows for accurate ventricular volumetry with ex-
cellent spatial resolution, and is known to correlate
well with cardiac MRI measurements in subjects with
normal cardiac anatomy [7]. However, information
regarding the collinearity of the ventricular volume-
try data obtained either by CT or MRI in patients
with congenital heart disease is sparse [5,8,9].

For the measurement of ventricular volumetric in-
dices using MRI, radiologists should draw a line de-
lineating the ventricular cavity, usually excluding the
area of heavy trabeculation. Thus, ventricular volume
between the trabeculation is usually excluded at the
time of volume measurement (i.e., underestimation of
the real ventricular volume). If the radiologist in-
cludes a large portion of the area of trabeculation as
the ventricular cavity, MRI volumetry data may be
greater than the actual ventricular volume (i.e., over-
estimation of the real ventricular volume). CT volu-
metry measures the area with the same CT number
(i.e, the CT number of the blood) and incorporates
the ventricular volume between the trabeculations.
Thus, it is plausible that CT volumetry data are close
to the real ventricular volume. One interesting result
from our study was the finding that both the
RV-EDVI and LV-EDVI were significantly higher when
using cardiac CT (where semiautomatic 3D thresh-
old-based contouring was used) than when using
MRI (where simplified contouring was used) for this
cohort [6], although a good correlation remained be-
tween the data derived from these modalities. This
may be attributable to the differences in resolution
between the 2 techniques. Compared with cardiac CT,
the blood-myocardial contrast is not distinct in car-
diac MRI, which leads to low spatial resolution. In
contrast, the 3D threshold-based, region-growing con-
touring method used in cardiac CT may allow more
accurate delineation of the endocardial border, as

structures such as the trabeculae and papillary mus-
cles can be clearly identified and therefore be ex-
cluded from ventricular volume measurements. In ad-
dition, the absence of a significant difference in the
systolic volume indices between the 2 modalities
may be explained by the smaller ventricular volume
between the trabeculation during the systolic phase.
However, the findings of this study are inconsistent
with those of previous studies [6,7], which demon-
strated that measured ventricular volumes were com-
parable regardless of radiologic modalities and con-
touring methods. Thus, further studies need to be
performed to address this issue.

Although the 95% limits of agreement in Bland-
Altman analysis seemed to be better for the left ven-
tricular volume indices, the ratio of the 95% limits of
agreement to the mean measurements by cardiac
MRI and cardiac CT was found to be higher for the
left ventricular volume indices. This result signifies
that smaller discrepancies in the actual numeric val-
ues for left-heart dimensions between these radio-
logic modalities should be interpreted in consid-
eration of the normal reference values.

Although this study provides several significant in-
sights, it also has limitations, including a small sam-
ple size and the possibility that the smaller ven-
tricular EDVIs found using MRI may have been at-
tributable to an institutional bias towards under-
estimation of the ventricular volumes, rather than to
the inherent characteristics of MRI volumetry.

In conclusion, in patients with surgically corrected
TOF, ventricular volumetry with cardiac CT using a
semiautomatic 3D region-growing method resulted in
higher measurements of LV-EDVI and RV-EDVI than
volumetry with cardiac MRI using a simplified con-
touring method. The interpretation of ventricular
volumetry results obtained from cardiac CT should
therefore be made with caution when making clinical
decisions and formulating treatment strategies for
this subset of patients.
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