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Semiautomatic Three-Dimensional Threshold-Based
Cardiac Computed Tomography Ventricular Volumetry
in Repaired Tetralogy of Fallot: Comparison with Cardiac

Magnetic Resonance Imaging
Hyun Woo Goo, MD, PhD

Department of Radiology and Research Institute of Radiology, University of Ulsan College of Medicine, Asan Medical Center, Seoul, Korea

Objective: To assess the accuracy and potential bias of computed tomography (CT) ventricular volumetry using semiautomatic
three-dimensional (3D) threshold-based segmentation in repaired tetralogy of Fallot, and to compare them to those of two-
dimensional (2D) magnetic resonance imaging (MRI).

Materials and Methods: This retrospective study evaluated 32 patients with repaired tetralogy of Fallot who had undergone
both cardiac CT and MRI within 3 years. For ventricular volumetry, semiautomatic 3D threshold-based segmentation was used
in CT, while a manual simplified contouring 2D method was used in MRI. The indexed ventricular volumes were compared
between CT and MRI. The indexed ventricular stroke volumes were compared with the indexed arterial stroke volumes
measured using phase-contrast MRIL. The mean differences and degrees of agreement in the indexed ventricular and stroke
volumes were evaluated using Bland-Altman analysis.

Results: The indexed end-systolic (ES) volumes showed no significant difference between CT and MRI (p > 0.05), while the
indexed end-diastolic (ED) volumes were significantly larger on CT than on MRI (93.6 + 17.5 mL/m’® vs. 87.3 + 15.5 mL/m?
for the left ventricle [p < 0.001] and 177.2 + 39.5 mL/m® vs. 161.7 + 33.1 mL/m’ for the right ventricle [p < 0.001],
respectively). The mean differences between CT and MRI were smaller for the indexed ES volumes (2.0-2.5 mL/m?) than for
the indexed ED volumes (6.3-15.5 mL/m?). CT overestimated the stroke volumes by 14-16%. With phase-contrast MRI as a
reference, CT (7.2-14.3 mL/m?) showed greater mean differences in the indexed stroke volumes than did MRI (0.8-3.3 mL/
m?; p < 0.005).

Conclusion: Compared to 2D MRI, CT ventricular volumetry using semiautomatic 3D threshold-based segmentation provides
comparable ES volumes, but overestimates the ED and stroke volumes in patients with repaired tetralogy of Fallot.
Keywords: Cardiac CT; Cardiac MRI; Ventricle function; Cardiac volumetric quantification; Congenital heart disease;
Threshold-based segmentation

INTRODUCTION in ventricular volumetry, alternative methods, such as
threshold-based and knowledge-based segmentation
Ventricular and stroke volumes are crucial in planning methods, have recently been advocated (1-10). In
the treatment of and monitoring repaired tetralogy of particular, threshold-based segmentation is considered
Fallot. Because two-dimensional (2D) simplified contouring  effective and highly reproducible in separating the
and disc summation methods have technical limitations ventricular cavity from the myocardium along complex

Received April 13, 2018; accepted after revision July 5, 2018.

Corresponding author: Hyun Woo Goo, MD, PhD, Department of Radiology and Research Institute of Radiology, University of Ulsan
College of Medicine, Asan Medical Center, 88 Olympic-ro 43-gil, Songpa-gu, Seoul 05505, Korea.

e Tel: (822) 3010-4388 © Fax: (822) 476-0090 ® E-mail: ghw68@hanmail.net

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium,
provided the original work is properly cited.

102 Copyright © 2019 The Korean Society of Radiology


http://crossmark.crossref.org/dialog/?doi=10.3348/kjr.2018.0237&domain=pdf&date_stamp=2018-12-27

Cardiac CT Ventricular Volumetry in Repaired Tetralogy of Fallot

endocardial contours (3, 4, 6-10).

The three-dimensional (3D) volumetric version of
threshold-based segmentation is recommendable as it can
minimize the error of a 2D analysis by approximately 20%
(11). Therefore, 3D threshold-based segmentation using
3D image data from computed tomography (CT) (12-16) or
magnetic resonance imaging (MRI) (17) may provide highly
accurate and reproducible ventricular and stroke volumes.
However, 3D whole-heart MRI could not provide accurate
results because the end-diastolic (ED) data were acquired
ahead of optimal timing (17).

In contrast, CT does not have such a timing problem
and generally demonstrates higher image quality with
higher spatial resolution and no MRI-specific artifacts. A
semiautomatic segmentation method is considered a good
strategy because most of the fully automated segmentation
methods often require additional manual correction (18,
19). Although it is promising, the use of semiautomatic
3D threshold-based segmentation and a commercially
available workstation needs to be validated for a CT
dataset. Therefore, the purpose of this study was to assess
the accuracy and potential bias of CT ventricular volumetry
using semiautomatic 3D threshold-based segmentation in
patients with repaired tetralogy of Fallot, and to compare
them to those of the 2D method using MRI.

MATERIALS AND METHODS

The local Institutional Review Board approved this
retrospective study and waived the need for informed
consent.

Study Population

Between September 2007 and January 2018, 43
consecutive patients with repaired tetralogy of Fallot
underwent cardiac CT and cardiac MRI without any surgical
or interventional procedure between the two tests that
were performed within 3 years. Cardiac CT was requested
when detailed anatomic information, such as that on the
peripheral pulmonary vessels and coronary arteries, would
be beneficial for patients. Eleven patients were excluded
for the following reasons: mitral or tricuspid regurgitation
greater than grade 1 on echocardiography between the
cardiac CT and MRI examinations (n = 5), substantial
cardiac shunt flow on echocardiography or cardiac MRI
(n = 2), functional single ventricle (n = 2), incomplete
phase-contrast MRI study (n = 1), and severe ventricular
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hypertrophy that rapidly developed between the cardiac CT
and MRI examinations (n = 1). Finally, 32 patients (median
age at CT examination, 17.5 years; age range, 7-36 years;
23 males and 9 females) were included in this study.
Intervals between the two tests were 1.2 + 0.9 years (range,
1 day-2.9 years); cardiac MRI was initially performed in 30
patients and cardiac CT was initially performed in two. Body
surface areas (m?) at both examinations were recorded for
each patient via electronic medical records to calculate the
indexed volumetric parameters.

Cardiac CT

Electrocardiography (ECG)-synchronized cardiac CT
was performed by using a second-generation dual-source
scanner (SOMATOM Definition Flash; Siemens Healthineers,
Forchheim, Germany) with 2 x 64 x 0.6-mm slices with the
z-flying focal spot technique, a 0.28-second gantry rotation
time, a 75-ms temporal resolution, a 0.75-mm slice width,
and a 0.4-mm reconstruction interval. A retrospectively
ECG-gated spiral scan using a biphasic chest pain protocol
to reduce the radiation dose, as previously described (20),
was acquired at suspended end-inspiration in all patients.
ECG-controlled tube current modulation (MinDose; Siemens
Healthineers) was utilized to reduce the radiation dose: the
end-systolic (ES) phase with a 100-ms full-dose period (e.g.,
250-350 ms) was targeted to the second half of the T wave
on ECG, and the ED phase with a 100-ms full-dose period
(e.g., -110--10 ms) was targeted immediately before the
next R wave. Combined tube current modulation (CARE Dose
4D; Siemens Healthineers) was used in all CT scans. The
patients’ heart rates during the cardiac CT scans and trigger
delays for each cardiac phase were automatically recorded
and stored in our picture archiving and communication
system.

To optimize the CT radiation dose, we used standard
body-size-adapted protocols in our institution based on
combinations of body weight and the size of the cardiac
shadow on scout images to determine the optimal tube
current time product per rotation (20). The body-size-
adapted radiation dose was entered before scan range
adjustment to maximize the dose-saving effect of combined
tube current modulation (21). The lowest possible tube
voltage with minimal or no tube current saturation was
selected to maximize radiation dose efficiency and iodine
contrast-to-noise ratio: 80 kV was used in three patients,
100 kV in 25, and 120 kV in four. For image reconstruction,
sinogram-affirmed iterative reconstruction (SAFIRE; Siemens
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Healthineers) strength 5 with a medium smooth kernel (I26f)
was used. Strength 5 was chosen to achieve maximal image
noise reduction without substantially degrading anatomic
details at a given body-size-adapted radiation dose as
previously assessed on chest CT (22).

An iodinated contrast agent (Iomeron 400, iomeprol 400
mg I/mL; Bracco Imaging SpA, Milan, Italy; 1.5-2.0 mL/kg)
was intravenously administered by using a dual-head power
injector. A triphasic injection protocol, in which undiluted
contrast agent was followed by 50% diluted contrast
agent and then by 5% diluted contrast agent, was used to
achieve uniform cardiovascular enhancement and minimal

D
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perivenous streak artifacts from undiluted contrast agent at
an injection rate of 2.0-3.0 mL/s. The scan delay time was
determined using a bolus-tracking technique with a trigger
threshold of 150 Hounsfield units in the left ventricular
cavity.

After cardiac CT scanning, the volume CT dose index and
dose-length product values based on a 32-cm phantom were
automatically recorded and stored in our picture archiving
and communication system. The effective dose values
of cardiac CT were calculated by multiplying the dose-
length product with age, sex, and the tube-voltage-specific
conversion factors for chest CT (23).

Fig. 1. 18-year-old female patient with repaired tetralogy of Fallot.

Short-axis reformatted ES cardiac computed tomographic images show left ventricular cavity (A) and right ventricular cavity (B) segmented
using three-dimensional threshold-based method in pink. Papillary muscles and trabeculations are largely excluded from ventricular cavity by
using this method. C. Histogram shows that threshold (vertical line) used for segmentation is more closely located to distribution curve of M
than to that of ventricular B in order to exclude voxels consisting of 100% ventricular M consistently. As result, small subset of voxels comprising
variable mixtures of myocardial and B tissues between two peaks (horizontal arrow) is included in ventricular cavity. D. Oblique sagittal volume-
rendered computed tomographic image demonstrates valve planes (arrows) of highlighted left ventricular cavity after manual segmentation. E.
Resultant left ventricular ES volume is approximately 49.3 mL. Three commissures (arrows) of aortic valve are clearly noted. F. Oblique coronal
volume-rendered computed tomographic image displays valve planes (arrows) of highlighted right ventricular cavity after manual segmentation.
AA = ascending aorta, B = blood, ES = end-systolic, LA = left atrium, LV = left ventricle, M = myocardium, PT = pulmonary trunk, RA = right

atrium, RV = right ventricle
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G

Fig. 1. 18-year-old female patient with repaired tetralogy of
Fallot.

G. Resultant right ventricular ES volume is 97.6 mL. ES = end-systolic,
RV = right ventricle

CT Ventricular Volumetry

A stack of thin axial cardiac CT data was sent to a
commercially available workstation (Advantage Windows
4.6; GE Healthcare, Milwaukee, WI, USA) for image
evaluation. For CT ventricular volumetry, a semiautomatic
3D threshold-based segmentation method allowing the
exclusion of the papillary muscles and trabeculations
from the ventricular cavity was used (Fig. 1). An optimal
segmentation threshold was determined to separate the
most compact interventricular septal myocardium from
the adjacent ventricular blood for each cardiac phase by
using a histogram-assisted analysis (16, 24, 25) (Fig.
1). The method was chosen to exclude voxels having
100% myocardial tissue consistently from the ventricular
volume. For example, it was difficult to be sure that the
selected threshold could separate the two different tissues
consistently when variably trabeculated walls rather
than compact septal walls were evaluated. Then, the
atrioventricular valve planes were manually adjusted by
using a 3D region-growing editing tool, and the semilunar
valve planes were manually corrected using a 3D scalpel.
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From these ventricular volumes (Fig. 1), the stroke volume
was subsequently calculated for each ventricle as follows:
stroke volume = ED ventricular volume - ES ventricular
volume. The volumetric parameters were indexed to the
body surface area. Post-processing time taken for each
volume was also recorded.

Cardiac MRI

Cardiac MRI using a standard imaging protocol in our
institution was performed by using a 1.5-tesla system
(Achieva; Philips Healthcare, Best, Netherlands) and a
32-channel cardiac coil. In young patients, sedation using
propofol infusion was performed for cardiac MRI.

MRI Ventricular Volumetry

Retrospectively ECG-gated 2D short-axis cine imaging
using a balanced steady-state free-precession sequence
and k-t broad-use linear acquisition speed-up technique
was acquired from the cardiac apex to the ventricular
base during multiple end-expiratory breath-holds in
cooperative patients and during free breathing in sedated
or uncooperative patients. The imaging parameters used
for short-axis cine imaging were as follows: repetition
time (TR)/echo time (TE), 2.9 ms/1.5 ms; flip angle, 60°;
turbo field echo factor, 9-13; number of cardiac phases,
20; temporal resolution, 30-50 ms; number of signal
averages, 1; in-plane spatial resolution, 1.8-2.0 mm x
1.8-2.0 mm; 10-12 slices; section thickness, 8-10 mm;
and sensitivity encoding (SENSE), not applied. The field of
view was adjusted individually according to the patient’s
size. The patients’ heart rates during short-axis cine
imaging and the trigger delays for each cardiac phase were
automatically recorded and stored in our picture archiving
and communication system.

Ventricular volume quantification using short-axis cine
imaging was performed using a commercially available
workstation (View Forum; Philips Healthcare). The ES and
ED phases were selected independently for each ventricle
when the cardiac phase showed the smallest and largest
ventricular cavities, respectively, at the midventricular
level. A manual simplified endocardial contouring method
with disc summation was used, in which the papillary
muscles and trabeculations were included in the ventricular
cavity (Fig. 2). In the basal sections, the semilunar and
atrioventricular valve planes were manually trimmed
by tracing them on neighboring cine images. As in CT
ventricular volumetry, the stroke volume was subsequently
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calculated from these ventricular volumes for each ventricle. ~ MR Flow Measurement
The volumetric parameters measured using short-axis cine Through-plane 2D velocity-encoded phase-contrast
imaging were also indexed to the body surface area. MRI using a retrospectively ECG-gated gradient-recalled
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Fig. 2. 36-year-old male patient with repaired tetralogy of Fallot and left pulmonary artery stent placement.

A, B. Two-dimensional short-axis ES cine MR images show manually traced left ventricular cavity (green line in A) and right ventricular cavity
(vellow line in B) acquired using simplified contouring method. Papillary muscles and trabeculations are included in ventricular cavity in this
method. Magnitude (C) and phase (D) images of through-plane phase-contrast MRI for ascending aorta show semiautomatically drawn vessel
outline in red. E. Ascending aortic flow curve is then automatically generated throughout cardiac cycle. Magnitude (F) and phase (G) images of
through-plane phase-contrast MRI for pulmonary trunk show semiautomatically drawn vessel outline in red. H. Pulmonary arterial flow curve is
then automatically generated throughout cardiac cycle. PR fraction is noted as area under baseline (horizontal arrow). MR = magnetic resonance,
MRI = magnetic resonance imaging, PR = pulmonary regurgitation
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echo pulse sequence was acquired to measure the flow
volumes of the ascending aorta (AA), main pulmonary
artery, right pulmonary artery, and left pulmonary artery.
The imaging parameters used for phase-contrast imaging
were as follows: TR/TE, 4.7 ms/2.6 ms; flip angle, 15°;
turbo field echo factor, 3-4; number of cardiac phases, 20;
temporal resolution, 28 ms; number of signal averages, 2;
and section thickness, 5 mm. The field of view and pixel size
(1.5-2.0 mm) were adjusted individually according to the
patient’s size. The initial velocity encoding settings (cm/

s) were set to 150 for the AA and 250 for the pulmonary
arteries. If an aliasing artifact was detected on the phase
images, the velocity setting was gradually increased by 30-50
cm/s until the aliasing artifact disappeared. The product

of the manually drawn vessel area and the average velocity
through the vessel were used to obtain the flow volume by
using a commercially available workstation (View Forum)
(Fig. 2). The measured forward flow volume was used as
the great arterial stroke volume and was regarded as the
reference standard when compared with the stroke volumes
derived from the ventricular volumes. Between the main
pulmonary arterial stroke volume and the sum of the right
and left pulmonary arterial stroke volumes, the larger one
was chosen as the pulmonary arterial stroke volume. In
addition to a larger pixel size, a SENSE factor of 1.7-2.0
was used to reduce the scan time of breath-hold phase-
contrast MRI. In contrast, free-breathing phase-contrast
MRI in sedated or uncooperative patients was obtained with
no SENSE, a smaller pixel size, smaller field of view, and
three signal averages.

Korean Journal of Radiology

Statistical Analyses

Statistical analyses were performed using IBM SPSS
Statistics for Windows, Version 24.0 (IBM Corp., Armonk,
NY, USA). Continuous variables were expressed as mean
+ standard deviations, and categorical variables were
expressed as frequency with percentage. The heart rates,
trigger delays, and indexed ventricular volumes were
compared between cardiac CT and short-axis cine MRI
for each cardiac phase by using paired t tests. The stroke
volumes calculated from the ventricular volumes measured
using the CT and MRI methods were compared with the
arterial stroke volumes measured using magnetic resonance
(MR) flow measurements by using paired t tests and one-
way analysis of variance combined with Tukey’s honestly
significant difference post-hoc test to correct for multiple
comparisons. The ventricular and stroke volumes among
different imaging methods were correlated by using Pearson
correlation. Bland-Altman analysis was used to determine
the mean differences and 95% limits of agreement
between the comparisons. A p value < 0.05 was considered
statistically significant.

RESULTS

Body Surface Area, Heart Rate, and Trigger Delay

In the study population, the average body surface area
and average heart rates at the cardiac CT examinations were
slightly but significantly higher than those (p < 0.03) at
the cardiac MRI examinations (Table 1). Heart rate during
short-axis cine MRI was not recorded in one patient and
trigger delays for short-axis cine MRI were missing for two

Table 1. Comparisons of Body Surface Area, Heart rate, Trigger Delay, and Ventricular Volumes between Cardiac CT and MRI

CT Ventricular Volumetry MRI Ventricular Volumetry P
Body surface area (m?) (n = 32) 1.6 £0.3 1.6 £0.3 0.002
ES heart rate (bpm) (n = 31) 68.9 + 13.1 74.2 ¥ 13.7 0.005
ED heart rate (bpm) (n = 31) 70.2 + 13.1 74.2 £ 13.7 < 0.03
LV ES trigger delay (%) (n = 30) 36.5+5.7 343+5.5 > 0.06
RV ES trigger delay (%) (n = 30) 37.1+5.5 40.1+5.9 0.02
LV ED trigger delay (%) (n = 26)* 92.4 + 4.5 77.9£7.5 < 0.001
RV ED trigger delay (%) (n = 23)* 92.1+4.8 79.9 £ 6.7 < 0.001
Indexed LV ES volume (mL/m?) (n = 32) 42.8 +11.3 40.3 £ 11.4 > 0.09
Indexed LV ED volume (mL/m?) (n = 32) 93.6 +17.5 87.3+15.5 < 0.001
Indexed RV ES volume (mL/m?) (n = 32) 86.8 + 25.1 84.8 + 23.6 > 0.4
Indexed RV ED volume (mL/m?) (n = 32) 177.2 £ 39.5 161.7 + 33.1 < 0.001

There were one missing value in MR heart rate and two missing values in MR trigger delay. *Only cases with ED trigger delay before R wave
were included for analysis; cases with ED trigger delay immediately after R wave were excluded (one in CT LV volumetry, three in MRI LV
volumetry, and seven in MRI RV volumetry). bpm = beats per minute, CT = computed tomography, ED = end-diastolic, ES = end-systolic, LV =
left ventricular, MR = magnetic resonance, MRI = magnetic resonance imaging, RV = right ventricular
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patients. An ED trigger delay immediately after the R wave
was utilized in one patient in CT left ventricular volumetry,
three in MRI left ventricular volumetry, and seven in MRI
right ventricular volumetry. Thus, the trigger delays could
be analyzed for the remaining pairs. All trigger delays
except the left ventricular ES triggers were significantly
different between cardiac CT and short-axis cine MRI (p <
0.02) (Table 1).

CT Radiation Dose Parameters

The volume CT dose index and dose-length product values
of the cardiac CT examinations were 16.1 + 6.3 mGy (range,
5.5-37.7 mGy) and 634.6 + 191.8 mGy-cm (range, 241.9-
1015.0 mGy-cm), respectively. The effective dose of cardiac
CT was 8.2 + 3.1 mSv (range, 2.9-17.7 mSv).

Ventricular Volumes

The indexed left and right ventricular ES volumes showed
no significant differences between CT and MRI ventricular
volumetries (42.8 + 11.3 mL/m? vs. 40.3 + 11.4 mL/m? [p
>0.09] and 86.8 + 25.1 mL/m? vs. 84.8 + 23.6 mL/m’ [p >
0.4], respectively) (Table 1). In contrast, the indexed left
and right ventricular ED volumes measured using cardiac CT
were significantly larger than those measured using short-
axis cine MRI (93.6 + 17.5 mL/m? vs. 87.3 + 15.5 mL/m* [p
<0.001] and 177.2 + 39.5 mL/m? vs. 161.7 + 33.1 mL/m’
[p < 0.001], respectively) (Table 1). The ventricular volumes
measured using cardiac CT showed good correlations (r =
0.74-0.89) with those measured using short-axis cine MRI
(Table 2); the correlation coefficients were slightly higher
for the right ventricular volumes (r = 0.85, 0.89) than for
the left ventricular ones (r=0.74, 0.82). According to
Bland-Altman analysis, the mean difference and 95% limits
of agreement between CT and MRI ventricular volumetries
were 2.5 mL/m? and 18.4 mL/m? to -13.4 mL/m?,
respectively, for the indexed left ventricular ES volume, 6.3
mL/m? and 24.4 mL/m? to -11.7 mL/m?, respectively, for
the indexed left ventricular ED volume, 2.0 mL/m? and 31.1

Goo

mL/m? to -27.0 mL/m?, respectively, for the indexed right

ventricular ES volume, and 15.5 mL/m? and 50.5 mL/m? to
-19.4 mL/m?, respectively, for the indexed right ventricular
ED volume (Fig. 3).

Stroke Volumes

The average indexed left ventricular stroke volume
measured using cardiac CT (50.8 + 9.8 mL/m?) was
significantly higher than those measured using short-
axis cine MRI (46.9 + 6.5 mL/m?, p = 0.005) and phase-
contrast MRI (43.6 + 7.6 mL/m?, p < 0.001) (Table 3). The
average indexed right ventricular stroke volume measured
using cardiac CT (90.4 + 23.9 mL/m?) was also significantly
higher than those measured using short-axis cine MRI (76.9
+ 15.6 mL/m?, p < 0.001) and phase-contrast MRI (76.2
+ 12.6 mL/m?, p < 0.001) (Table 3). Therefore, cardiac CT
overestimated the indexed left and right ventricular stroke
volumes by approximately 14.2% and 15.7%, respectively.
According to Bland-Altman analysis, the mean difference
and 95% limits of agreement between the indexed left
ventricular stroke volumes measured using the three
different imaging methods were 7.2 mL/m? and 24.2 mL/m?
to -9.8 mL/m?, respectively, between cardiac CT and phase-
contrast MRI and 3.3 mL/m? and 12.8 mL/m’ to -6.1 mL/
m?, respectively, between short-axis MRI and phase-contrast
MRI (Fig. 4); those for the indexed right ventricular stroke
volume were 14.3 mL/m? and 45.5 mL/m’ to -17.0 mL/
m?, respectively, between cardiac CT and phase-contrast
MRI and 0.8 mL/m? and 21.8 mL/m? to -20.3 mL/m?,
respectively, between short-axis MRI and phase-contrast
MRI (Fig. 4).

Post-processing Time of CT Ventricular Volumetry
Post-processing times taken for CT ventricular volumetry
were in the range of 11.8-14.3 min for each volume (Table
4). The CT ventricular volumes did not correlate with the
post-processing times (r = 0.04-0.28, p = 0.09-0.84).

Table 2. Pearson Correlation Coefficients of Ventricular and Stroke Volumes between Cardiac CT and MRI

CT vs. Phase-contrast MRI

CT vs. Cine MRI Cine MRI vs. Phase-contrast MRI

Indexed LV ES volume (mL/m?) N/A
Indexed LV ED volume (mL/m?) N/A
Indexed LV stroke volume (mL/m?) 0.53 (p = 0.002)
Indexed RV ES volume (mL/m?) N/A
Indexed RV ED volume (mL/m?) N/A

Indexed RV stroke volume (mL/m?) 0.79 (p < 0.001)

0.74 (p < 0.001) N/A
0.85 (p < 0.001) N/A
0.68 (p < 0.001) 0.78 (p < 0.001)
0.82 (p < 0.001) N/A
0.89 (p < 0.001) N/A

0.76 (p < 0.001) 0.73 (p < 0.001)

N/A = not applicable
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DISCUSSION ED and stroke volumes by 7-9% and 14-16%, respectively.
Compared with MRI right ventricular volumetry using the

In this study, the indexed ventricular ES volumes 2D simplified contouring method, CT right ventricular
were comparable between CT and MRI. In contrast, CT volumetry in which the papillary muscles and trabeculations
ventricular volumetry using semiautomatic 3D threshold- were included in the ventricular cavity overestimated the
based segmentation overestimated the indexed ventricular ES volumes (12.9 mL), ED volumes (17.1 mL), and stroke

20 - +1.96 SD 30 A
3 P —~ . +1.96 SD
“‘E t . 18.4 “‘E —————————————— O —2—[;——(;—
> : . > 20 . :
E 104 . E . .
= ce e = .o .
E . L Mean E 10 1 s Mean
= 07 . .25 || . T 6.3
o L] oz . 'Y
= . = 0 .
S . = ot
2 104 : 19650 || = ’ 1.96 5D
= S S 2020 = 0 e ] 1960
- 134 || 5 . -11.7
-20 - -20 A
T T T T T T T T T T
20 40 60 80 60 80 100 120 140 160
Mean of LV ESVi (mL/m?) by CT and Mean of LV EDVi (mL/m?) by CT and
MRI ventricular volumetries MRI ventricular volumetries
A B
80 -|
T 40 . T .
B - +1.96SD || 2 60 -
= I || S ﬂtngs,g,
= . . 2 .
@ 20 . 2 404 . .
= = 0
oz 0 . . o o
— . 5. ° Mean = . oo °
= 0 P " 2.0 = 204 . o Mean
3 . Sl : = i Cre c . 15.5
= . b | L] L]
o , . & .
S 196D || 5 L e S -1.96 5D
] " -27.0 -20 -19.4
T T T T T T T T T T
50 75 100 125 150 100 150 200 250 300
Mean of RV ESVi (mL/m?) by CT and Mean of RV EDVi (mL/m?) by CT and
MRI ventricular volumetries MRI ventricular volumetries
C D

Fig. 3. Bland-Altman analysis between ventricular volumes measured using cardiac CT and short-axis cine MRI.

A-D. Bland-Altman plots illustrate average bias and degree of agreement in indexed left ventricular ES (A) and ED (B) volumes as well as
between indexed right ventricular ES (C) and ED (D) volumes for two methods. CT = computed tomography, ED = end-diastolic, EDVi = indexed
end-diastolic volume, ESVi = indexed end-systolic volume, SD = standard deviation

Table 3. Comparisons of Stroke Volumes between Cardiac CT, Short-Axis Cine MRI, and Phase-contrast MRI

CT Ventricular Volumetry MRI Ventricular Volumetry Phase-contrast MRI
LV stroke volume (mL/m?) 50.8 +9.8 46.9 £ 6.5 43.6+7.6
P value* N/A 0.005 < 0.001
RV stroke volume (mL/m?) 90.4 + 23.9 76.9 + 15.6 76.2 £ 12.6
P value* N/A < 0.001 < 0.001

*p values indicate statistical significances of paired t test between CT ventricular volumetry and other method. One-way ANOVA with
Tukey honest significant difference post-hoc test also showed significant differences in LV stroke volume (p < 0.05) as well as in RV
stroke volume (p < 0.05) among three methods.
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Fig. 4. Bland-Altman analysis between indexed arterial stroke volumes measured using phase-contrast MRI and indexed

ventricular stroke volumes.

Bland-Altman plots illustrate average bias and degree of agreement in indexed left ventricular stroke volumes between phase-contrast MRI and
CT ventricular volumetry (A), and between phase-contrast MRI and MR ventricular volumetry (B). Bland-Altman plots demonstrate average bias
and degree of agreement in indexed right ventricular stroke volumes between phase-contrast MRI and CT ventricular volumetry (C), and between
phase-contrast MRI and MR ventricular volumetry (D). PA = pulmonary artery, PC = phase contrast, SVi = indexed stroke volume

Table 4. Post-Processing Time of CT Ventricular Volumetry

ES ED P
LV (minutes) 11.8+ 2.1 12.4+1.9 < 0.05
RV (minutes) 13.6 + 2.2 143 + 1.7 < 0.02
P value < 0.001 < 0.001

volumes (4.2 mL) in 33 patients with repaired tetralogy of
Fallot (26). The authors suggested transient increases in
preload due to the rapid inflow of contrast medium as the
major reason for overestimating the right ventricular ED and
stroke volumes, and 10% steps for the CT reconstruction
phase and right ventricular contraction delay often seen in
repaired tetralogy of Fallot as the cause of overestimating
the right ventricular ES volumes (26). In automated CT
right ventricular volumetry using a prototype software in
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which the papillary muscles and trabeculations were largely
included in the ventricular cavity, the prototype software
overestimated the ES volumes by approximately 16.0 mL and
underestimated the stroke volumes by 12.0 mL, compared
with the manually segmented results in 50 patients with
known or suspected coronary artery disease (18). The major
reason for the overestimated right ventricular ED volumes
was the erroneous inclusion of the pulmonary trunk beyond
the pulmonary valve plane (18).

The partial volume effect between the ventricular blood
and trabeculations could be a reason for the overestimated
CT ED volumes in this study. It may be supported by the
fact that the ES volumes with less partial volume effect
showed no significant difference between CT and MRI (Table
1). In this study, a subset of voxels containing variable
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mixtures of the two different tissues was included in the
ventricular cavity predominantly in the ED phase. A new
segmentation algorithm, therefore, should be ultimately
developed to solve this partial volume problem in threshold-
based segmentation. In fact, a partial voxel interpolation
technique using an in-house software was reported to
reduce this adverse effect in 2D short-axis cine MRI (3,
27). Such an algorithm may also provide the ventricular
myocardial mass and ventricular mass-volume ratio because
accurate ventricular volume and myocardial mass can be
simultaneously obtained (28, 29). A different approach

in determining the threshold, e.g., simply the half value
between the two peaks, may be used by others. However,
the approach might be affected by the partial volume
effect, and it would be difficult to correct using a partial
voxel interpolation algorithm.

The literature shows an almost linear or a slightly non-
linear exponential relationship between the ventricular
volumes and body surface area in children and adults (30-
32). The ventricular volumes, therefore, were indexed to
the body surface area in this study to mitigate potential
interstudy body size differences. The right ventricle is
gradually dilated chiefly because of severe pulmonary
insufficiency in repaired tetralogy of Fallot. However, the
greater CT ED volumes showed no or even a weak inverse
correlation with the interstudy time intervals.

The selection of the correct cardiac phase is important
in ventricular volumetry. ECG-synchronized multi-phase
cardiac CT datasets are usually reconstructed at 5% or 10%
increments throughout the R-R interval (1, 12-15, 26),
often leading to overestimated ventricular ES volumes (26)
and underestimated ventricular ED volumes. In contrast,

a cardiac phase showing the smallest or largest volume

was finely determined for each ventricle by previewing
cardiac axial cine CT images reconstructed at 10- to 25-ms
increments in this study. This different strategy in selecting
the correct cardiac phase might reduce the potential

errors in quantifying the ventricular volumes caused by

the conventionally used lower sampling rates, i.e., 10-20
cardiac phases. Furthermore, this approach decreases the
number of CT images to be assessed and stored.

Interestingly, the last cardiac phase selected for the ED
phase (78.4-80.5% of the R-R interval) of short-axis cine
MRI was approximately 12-14% earlier than that (92.0-
92.3% of the R-R interval) for cardiac CT at comparable
heart rates. Such difference in the timing of the ED phase
between cardiac CT and short-axis cine MRI has not been
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described in the literature. Compared with the CT results,
the earlier ED phase of short-axis cine MRI might contribute
to smaller ED volumes of short-axis cine MRI. The optimal
ED phase (93.9-95.2%) in a previous study using multi-
phase dual-source CT datasets was in line with the results
of this study (33).

The stroke volume calculated from ventricular volumetry
might have been slightly overestimated in cases with trace
atrioventricular regurgitation. Although it was used as the
gold standard (because of a lack of a better noninvasive
reference method), the stroke volumes measured using
phase-contrast MRI might have been underestimated in
cases with turbulent flow in the dilated arteries and/or
post-stenotic turbulent flow. In addition, the aortic stroke
volume is slightly underestimated because of the exclusion
of coronary artery flow (approximately 5% of the cardiac
output). However, the circumstances are the same in other
comparative studies on ventricular volumetry with MR flow
measurement as the reference (12, 14, 26).

The relatively long post-processing time of CT ventricular
volumetry in this study was chiefly attributed to manual
segmentation involving the atrioventricular and semilunar
valve planes to increase its accuracy. The post-processing
time for automated methods using CT data was reported
to be in the range of 3-10 minutes (13, 15, 18). However,
manual correction most commonly at the valve planes was
often necessary even for the automated methods (15, 18,
19, 27). As a result, semiautomatic segmentation may be a
reasonable compromise between the automated and manual
methods considering accuracy, reproducibility, and post-
processing time as demonstrated in this study as well as
in other studies (1, 8, 10, 14, 16, 17, 24, 25). The post-
processing time for semiautomatic 3D threshold-based
segmentation is expected to be shortened by an advanced
segmentation algorithm in the future, as demonstrated (<
5 minutes) in a study using semiautomatic 2D threshold-
based segmentation (10).

Relatively wide 95% limits of agreement in the ventricular
and stroke volumes are not surprising in comparative
studies between different segmentation methods as well as
between different imaging studies. For example, interstudy
95% limits of agreement in left ventricular volume
quantification have been reported in the range of + 10-40
mL in 2D short-axis cine MRI using the same segmentation
method (34, 35).

The effective dose (8.2 mSv) of CT ventricular volumetry
in this study was higher than the doses of 7.3 mSv (14),
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7.4 mSv (16), and 7.6 mSv (26), but lower than those of
9.4 mSv (19) and 10-15 mSv (12) used in previous studies.
In this study, various dose-reducing strategies, such as

a body-size-adapted protocol, low tube voltage, tube
current modulation, heart-rate-adapted pitch, and iterative
reconstruction algorithm, were used together to maximize
radiation dose reduction in cardiac CT.

This study has several limitations. First, the results of
this study might have been affected by the interstudy
time interval (< 3 years) between the cardiac CT and
cardiac MRI examinations. This limitation is attributable
to the retrospective study design and to the efforts to
make the statistical comparisons feasible. Therefore,
the results of this study should be further validated in a
prospective study with two examinations on the same day.
Second, intraobserver and interobserver variability of the
segmentation method was not evaluated, because the high
reproducibility of a threshold-based segmentation method
has already been thoroughly evaluated (3, 4, 7, 8, 13).
Moreover, lower interobserver and intraobserver variability
in CT ventricular volumetry (3.5-7.3% and 3.4-7.6%,
respectively) than in MRI ventricular volumetry (5.3-11.0%
and 6.2-10.6%, respectively) was reported in a previous
study (28). Furthermore, CT showed the lowest interobserver
and intraobserver variability of volumetric analysis in a
comparative study among cardiac CT, cardiac MRI, and 3D
echocardiography by using right-ventricle-shaped phantoms
(11). Lastly, different respiration states among the imaging
studies might have affected the results of this study.
However, such different respiration states are inevitable to
ensure compliance with different patient conditions and
different imaging parameters adaptively without sacrificing
patient safety and comfort.

In conclusion, CT ventricular volumetry using
semiautomatic 3D threshold-based segmentation provides
comparable ES volumes, but compared to 2D cardiac MRI,
it overestimates the ED and stroke volumes in repaired
tetralogy of Fallot.
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