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Objective: To compare left ventricular (LV) and right
ventricular (RV) volume, function, and image quality
of a respiratory-triggered two-dimensional (2D)-cine
k-adaptive-t-autocalibrating reconstruction for Carte-
sian sampling (2D kat-ARC) with those of the standard
reference, namely, breath-hold 2D balanced steady-state
free precession (2D SSFP), in patients with repaired
tetralogy of Fallot (TOF).

Methods: 30 patients (14 males, mean age 32.2 + 13.9
years) underwent cardiac magnetic resonance, and 2D
kat-ARC and 2D SSFP images were acquired on short-
axis view. Biventricular end-diastolic volume (EDV) and
end-systolic volume (ESV), stroke volume (SV), ejection
fraction (EF), and LV mass (LVM) were analysed.
Results: The 2D kat-ARC had significantly shorter scan
time (35.2 + 9.1s vs 80.4 + 16.7s; p < 0.0001). Despite

INTRODUCTION

Innovation in the management of tetralogy of Fallot (TOF)
has led to dramatic improvements in early survival, but
most patients suffer from pulmonary regurgitation (PR)
and pulmonary stenosis (PS) after the operation.'™ These
residual can induce biventricular dilatation, ventricular

an analysis of image quality showed significant impair-
ment using 2D kat-ARC compared to 2D SSFP cine (p <
0.0001), the two sequences demonstrated no significant
difference in terms of biventricular EDV, LVESV, LVSV,
LVEF, and LVM. However, the RVESV was overestimated
for 2D kat-ARC compared with that for 2D SSFP (73.8
+ 43.2ml vs 70.3 £ 44.5ml, p = 0.0002) and the RVSV
and RVEF were underestimated (RVSV = 46.2+20.5ml
vs 49.4 + 20.4ml, p = 0.0024; RVEF = 40.2+12.7%vs.
43.5+14.0%, p = 0.0002).

Conclusion: Respiratory-triggered 2D kat-ARC cine is a
reliable technique that could be used in the evaluation of
LV volumes and function.

Advances in knowledge: 2D cine kat-ARC is a reliable
technique for the assessment LV volume and function in
patients with repaired TOF.

tachycardia (VT), and even sudden death,* but pulmo-
nary valve replacement (PVR) can reduce the incidence of
VT and possibly sudden death.”” Recent guideline have
described indications for PVR in TOF, which are based
on biventricular ejection fraction (EF), right ventricular
end-diastolic volume (RVEDV), RV end-systolic volume
(RVESV), and exercise capacity.8
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Cardiac magnetic resonance (CMR) represents a reliable tech-
nique for the evaluation of cardiac morphology, biventricular
volumes, and systolic function.” Most commonly, biventricular
volumes and EF are calculated by acquiring multiple and contig-
uous two-dimensional (2D) balanced steady-state free preces-
sion (SSFP) slices during breath-holds through the ventricles on
short axis views.'!? However, 2D breath-hold cine SSEP (2D SSFP)
sequences require several heartbeats’ worth of breath holding
for each slice. Therefore, this approach can be time-consuming
and difficult in patients who are unable to hold their breath.
Also, the inconsistent breath-hold position during the multiple
breath-hold acquisition may cause misalignment of consecutive
slices."!? Recently, k-adaptive-t autocalibrating reconstruction
for cartesian sampling (kat-ARC) was investigated for 3D cine to
overcome the technical limitations of 2D SSFP."*~'® This sequence
directly synthesises unsampled data in k-t space, utilising spatial
and temporal correlations with the temporal window in the k-t
synthesis kernel selected per cardiac phase based on local cardiac
motion to minimise motion blurring. However, no data are avail-
able concerning the reliability of respiratory-triggered 2D cine
kat-ARC (2D kat-ARC) in clinical practice.

This study aimed to assess the image quality, reproducibility, and
accuracy of 2D kat-ARC for the quantification of biventricular
volumes and function in patients with repaired TOF.

METHODS AND MATERIALS

Study population and design

Between December 2018 and October 2019, 30 patients (14
[47%] males, mean age 32.2 + 13.9 years) with repaired TOF at
Iwate Medical University Hospital were prospectively recruited.
Patients with supraventricular arrhythmias, non-MR compatible
devices, or an inability to sustain a breath-hold were excluded
from the study. The study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki as reflected in an
a priori approval by the institution’s human research committee
(MH2018-561), and written informed consent for data collection
was obtained from each patient prior to the CMR.

CMR acquisition

All examinations were performed at 1.5 T (SIGNA Artist, GE
Healthcare, Waukesha, WI) with a 33-channel phased array
receiver coil. We initially recorded localising scans for deter-
mining ventricular long-axis orientation. Short-axis stack cine
images were performed, in random order, in each patient using
two different imaging techniques: the conventional 2D SSFP and
2D kat-ARC cine imaging. The basal most short-axis slice was
located immediately on the myocardial side of the atrioventric-
ular junction at the end-diastole prescribed from the previously
acquired localising scans. The 2D SSFP cine was performed
with multiple breath-holds with the following parameters:
FOV = 360 x 360 mm, repetition time = 3.7ms, echo time =
1.6 msec, flip angle = 60°, image matrix = 224x160, bandwidth
= 892.9 Hz/pixel, slice thickness = 8 mm with a 2mm gap, voxel
size=1.6x2.2mm , and an acceleration factor of 2 using ASSET
parallel imaging. The 2D kat-ARC was performed with free
breathing with FOV = 360 x 360 mm, repetition time = 2.9 msec,
echo time = 1.0 msec, flip angle = 60°, image matrix = 160x150,
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bandwidth = 1562.5Hz/pixel, slice thickness = 8 mm with a
with a 2mm gap, voxel size = 2.2x2.4mm , and an acceleration
factor of 6 using kat-ARC. To reduce the breathing effects in
image quality and volume quantification, the kat-ARC sequence
was respiratory-triggered based on bellow signal with only ~50%
data near end-expiration accepted for image reconstruction,
and all data were acquired within a single heart beat for each
slice (real-time acquisition). For 2D SSFP cine, a views/segment
of 16 according the heart rate was used, resulting in a temporal
resolution of 47ms. The 2D kat-ARC sequence automatically
adapts views/segment based on patient heart rate at scan time to
collect 30 cardiac phases in a cardiac cycle. Both sequences were
acquired with retrospective cardiac gating, and the acquired
cardiac phases were linearly interpolated to 20 phases in 2D SSFP
cine and 30 phases in 2D kat-ARC in a cardiac cycle.

Image analysis

The data sets of the cine images were transferred to an oftline
workstation, processed using commercially available software
(Ziostation2, Ziosoft Inc., Tokyo, Japan) and evaluated by two
expert readers with 8 and 7 years of experience in CMR perfor-
mance and analysis, respectively. To estimate interobserver vari-
ability, each operator performed a blinded analysis on randomly
rearranged sequences of all patients and one of the two observers
repeated the analysis on all patients after at least 1 month.

The image quality scores were based on three main criteria:
blood-to-myocardial contrast, endocardial edge delineation, and
presence of motion artefacts throughout the cardiac cycle. The
details of the image quality criteria are described elsewhere.!”
Each criterion was graded on a scale of 1 to 5, where 1 was non-
diagnostic, 2 was suboptimal but still diagnostic for volumetric
analysis, 3 was adequate, 4 was good, and 5 was excellent.

The endocardial and epicardial contours were automatically
traced at end-systole and end-diastole with manual trace when
required. The most basal section was defined as the section in
which at least 50% of the border of the lumen was surrounded
by myocardium. The papillary muscles and trabeculations of the
RV were included as part of the blood pool.'® The RV outflow
tract was included as part of the RV blood volume. Subsequently,
left ventricular end-diastolic volume (LVEDV), LV end-systolic
volume (LVESV), LV stroke volume (LVSV), LVEFE as well as
RVEDYV, RVESV, RV stroke volume (RVSV), and RVEF were
calculated by automatically tracing the endocardial contours on
short-axis stacks in end-diastole and end-systole for both data
set of sequences according to the Society for Cardiovascular
Magnetic Resonance guidelines.'” The LV mass (LVM) was
calculated as the difference between the total epicardial volume
and the total endocardial volume. The time required for imaging
acquisition without gaps was recorded for both 2D SSFP cine and
2D kat-ARC.

Statistical analysis

All statistical analyses were performed using JMP® 13 (SAS
Institute Inc., Cary, NC). Continuous variables are expressed
as mean + standard deviation (SD) or median and interquartile
range as appropriate, whereas qualitative variables are expressed
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Table 1. Baseline characteristics of the study population

Number of patients, n 30
Male/Female 14/16
Age, yrs 322139
Height, cm 156.6 + 8.5
Weight, kg 57.9+134
BSA, m? 1.6+0.2
Heart rate (beat/min) 69.9 +12.9
Respiration rate (breath/min) 204+7.4

BSA, Body surface area.

as numbers and percentages. Normality was checked using the
Shapiro-Wilk test. Differences between means were evaluated
using paired and unpaired (for independent group compari-
sons) Student’s ¢-tests for normally distributed data and Mann-
Whitney or Wilcoxon signed rank tests for non-parametric data.
The correlation between the parameters calculated from the 2D
SSFP cine and 2D kat-ARC images were analysed using Pearson’s
correlation analysis. Bland-Altman analysis was performed to
assess the interchangeability between the 2D SSFP cine and 2D
kat-ARC image parameters, bias, and 95% limit of agreement,
which was calculated by multiplying the SD by +1.96. The inter-
and intraobserver reproducibilities were assessed using intra-
class correlation coefficients (ICCs) for absolute agreement of
single measures with a 95% confidence interval (CI). Two-tailed
p < 0.05 was considered statistically significant.

RESULTS

Population

The baseline characteristics of the study population are listed in
Table 1. The 2D kat-ARC sequences were successfully performed
and evaluated in all patients.

Intertechnique analysis

The time of acquisition without gaps of the 2D kat-ARC was
significantly shorter than that of 2D SSFP (35.2 + 9.1s vs 80.4 £
16.7 s, respectively; p < 0.0001) (Table 2). An analysis of image
quality showed significant impairment of the 2D kat-ARC
compared with the 2D SSFP with inferior results for blood-to-
myocardial contrast, endocardial edge definition, and motion
artefacts (Table 2).

The interobserver variability showed strong correlations for both
sequences with the results of ICC (=0.93) for all measurements
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of LV and RV (Table 3). The intraobserver differences were also
strongly correlated, with ICC 20.95.

Correlations of the LV and RV functional
parameters

The Bland-Altman plots showed strong agreement between the
two sequences (Figures 1 and 2) and the linear regression yielded
good agreement between the two techniques (r>0.92) (Table 4).

Compared with 2D SSFP, 2D kat-ARC demonstrated no signif-
icant difference in terms of biventricular EDV, LVESV, LVSV,
LVEE, and LVM. However, the RVESV for 2D kat-ARC was over-
estimated compared with that for 2D SSFP (2D kat-ARC = 73.8
+43.2ml vs 2D SSFP = 70.3 + 44.5ml, respectively; p = 0.0002)
(Table 5). The RVSV and RVEF for 2D kat-ARC were underes-
timated compared with those for 2D SSFP (2D kat-ARC RVSV
= 46.2 + 20.5ml vs 2D SSFP = 49.4 + 20.4ml, p = 0.0024; 2D
kat-ARC RVEF = 40.2 + 12.7%vs. 2D SSFP = 43.5 + 14.0%, p
=0.0002) (Table 5). A representative case is shown in Figures 3
and 4.

DISCUSSION

To the best of our knowledge, this study is the first to demonstrate
the accuracy and reproducibility of the respiratory-triggered
2D cine using kat-ARC for the quantification of biventricular
volumes and EF. The 2D kat-ARC has similar reproducibility
to the conventional 2D SSFP sequence despite a reduction of
image quality. Of note, the time of acquisition for 2D kat-ARC
was significantly lower than that for 2D SSFP. The 2D kat-ARC
sequences allow an accurate evaluation of LV volumes, LVEEF,
LVM, and RVEDV comparable to 2D SSFP sequences. However,
the RVESV was overestimated and the RVSV and RVEF were
underestimated for 2D kat-ARC compared with those for 2D
SSFP in patients with repaired TOFE.

The clinical course of repaired TOF patients is dependent on
the degree of tricuspid regurgitation, PR, PS, and RV dilation,
while long-term complications include aortic root dilation,
LV dysfunction, and conduction and rhythm disturbances.'™
Hence, CMR parameters of RV size, function, and hypertrophy
have been identified as predictors of death and VT in repaired
TOF patients.*** Therefore, CMR is invaluable for TOF imaging,
especially post-operatively. 2D cine SSFP is the most common
approach for the evaluation of volumes and systolic function in
clinical practice. SSFP provides intrinsic advantages, especially
its superior blood—-myocardium contrast owing to blood in-flow
effects. However, the conventional 2D cine SSFP sequence

Table 2. Comparison of image time of acquisition and quality between 2D SSFP and 2D kat-ARC

Parameter 2D SSFP 2D kat-ARC p-value
Time of acquisition (s) 80.4 +16.7 352+9.1 <0.0001
Blood-to-myocardial contrast 46+0.8 3.7£0.7 <0.0001
Endocardial edge definition 44+08 35+0.6 <0.0001
Motion artefact 44+0.8 33+05 <0.0001

2D SSFP, Two-dimensional steady-state free precession; 2D kat-ARC, Two-dimensional k-adaptive-t Autocalibrating Reconstruction for Cartesian

sampling.
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Table 3. (a) Interobserver variability of 2D SSFP and 2D kat-ARC of left ventricle. (b) Interobserver variability of 2D SSFP and 2D

kat-ARC of right ventricle

2D SSFP 2D SSFP CI 95% 2D kat-ARC | 2D kat-ARC CI95%
(a) (observer A) | (observer B) ICC lower/upper | (observer A) | (observer B) ICC lower/upper

LVEDV 75.2 +22.0 76.7 +20.9 0.988 0.969 74.4 +21.2 75.9 +20.7 0.981 0.957
(ml)

0.995 0.991
LVESV 38.6 + 18.3 41.7£18.8 0.981 0.571 38.8+17.1 419+ 16.9 0.981 0.120
(ml)

0.995 0.996
LVSV 36.6 + 12.8 35.1+11.6 0.951 0.892 35.6+11.6 340+ 11.6 0.945 0.875
(ml)

0.977 0.975
LVEF 498+124 47.0+ 12,5 0.944 0.732 489+ 11.7 455+11.4 0.930 0.415
%
%) 0.980 0.980
LVM 77.2+21.8 74.5+21.3 0.980 0.959 76.9 £ 21.3 74.9 + 20.6 0.969 0.937
© 0.990 0.985

2D SSFP 2D SSFP 2D kat-ARC | 2D kat-ARC
(b) (observer A) | (observer B) ICC CI 95% (observer A) | (observer B) ICC CI 95%

RVEDV 119.7 £ 47.2 121.7 £ 49.1 0.990 0.979 120.0 £ 47.1 121.4+49.3 0.992 0.982
(ml)

0.995 0.996
RVESV 70.3 + 44.5 73.3 £44.7 0.994 0.973 73.8 £43.2 76.8 +42.9 0.996 0.927
(ml)

0.998 0.999
RVSV 50.0 +20.9 48.5+ 18.0 0.955 0.909 46.2 +20.5 44.6 +20.0 0.955 0.909
(ml)

0.979 0.978
RVEF 43.5+14.0 4214125 0.965 0.920 402 +12.7 38.0+11.6 0.944 0.841
(%)

0.984 0.977

2D SSFP, Two-dimensional steady state free precession; 2D kat-ARC, Two-dimensional k-adaptive-t Auto calibrating Reconstruction for Cartesian
sampling; LVEDV, Left ventricular (LV) end-diastolic volume; LVEF, LV ejection fraction; LVESV, LV end-systolic volume; LVM, LV mass; LVSV, LV
stroke volume; RVEDV, Right ventricular (RV) end-diastolic volume; RVEF, RV ejection fractionx Mark; RVESV, RV end-systolic volume; RVSV, RV

stroke volume.

requires the suspension of respiration, and there are several
factors that may limit the ability of patients to perform consis-
tent breath-holds, such as anxiety, various medical conditions,
and age.'""?

To overcome the technical limitations of 2D SSFP described
above, several new cine sequences have been adopted to achieve
faster CMR without affecting the temporal and spatial resolution
of sequences.'"*'"?* In particular, compressed sensing-based
approaches have been used to substantially accelerate 2D cine by
exploring data sparsity along spatial and temporal dimensions.
Additionally, kat-ARC has been developed for 3D cine imaging.
Unlike other parallel imaging performed independently at each
individual time frame, kat-ARC extends the data synthesis
kernel along time to exploit both data correlation in k-space and
temporal dimension with consequently improved reconstruction
accuracy. Several studies have reported that the 3D cine kat-ARC
is an accurate and reproducible technique for the evaluation of
biventricular volumes and function in a single breath hold."*~'¢

However, none of the studies have evaluated the performance of
2D cine with respiratory-triggered acquisition using kat-ARC.

Our study results showed good reproducibility of biventricular
volume and EF between 2D SSFP and 2D kat-ARC sequences.
Moreover, the 2D kat-ARC sequences allow an accurate eval-
uation of LV volumes, LVEE, LVM, and RVEDV compared
with 2D SSFP. As a result of systolic motion of the mitral and
tricuspid valve toward the apex (basal descent), care must be
taken with the one or two most basal slices by using a consis-
tent standardised approach.”® A slice that contains LV and RV
blood volume at end-diastole may include only left atrium (LA)
and right atrium (RA) without ventricular blood volume at end-
systole. The LA and RA can be identified by tracking wall thick-
ening and cavity. Alternatively, the basal slice may be defined
by at least 50% of the blood volume surrounded by myocar-
dium. To reduce observer variability, we used the latter defini-
tion. Currently however, there is no expert consensus on which
method to use. On the other hand, RVESV was overestimated
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Figure 1. Bland-Altman parameters analysis results of left
ventricle using 2D SSFP and 2D kat-ARC images. Caption: The
graphs depict the relationships between the means and dif-
ferences for each functional parameter. Solid line: bias; dotted
lines: upper and lower 95% limits of agreement. 2D SSFP, Two-
dimensional steady-state free precession; 2D kat-ARC, Two-
dimensional k-adaptive-t autocalibratingreconstructionfor
artesian sampling; LVEDV, Left ventricular (LV) end-diastolic
volume; LVESV, LV end-systolic volume; LVSV, LV stroke vol-
ume; LVEF, LV ejection fraction; LVM, LV mass.
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and RVSV and RVEF was underestimated for 2D kat-ARC
compared with those for 2D SSFP. It has been reported that
the tracing of endocardial contours on short-axis can be quite
challenging in a dilated RV.*® The RV in this study population
was more dilated than the LV. Moreover, delineating the endo-
cardium of the RV is more challenging than the LV owing to a
greater proportion of trabeculated myocardium in patients with
repaired TOE?’ Tracing the RV boundary within the relatively

Figure 2. Bland-Altman parameters analysis results of right
ventricle using 2D SSFP and 2D kat-ARC images. Caption: The
graphs depict the relationships between the means and dif-
ferences for each functional parameter. Solid line: bias; dotted
lines: upper and lower 95% limits of agreement. 2D SSFP, Two-
dimensional steady-state free precession; 2D kat-ARC, Two-
dimensional k-adaptive-t autocalibratingreconstructionfor
artesian sampling; RVEDV, Right ventricular(RV) end-diastolic
volume; RVESV, RV end-systolic volume; RVSV, RV stroke vol-
ume; RVEF, RV ejection fraction.
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Table 4. Upper and lower 95% confidence interval between
parameters calculated from 2D SSFP and 2D kat-ARC

95% confidence interval

rvalue | p-value Lower Upper
LVEDV 0.9855 <0.0001 0.9693 0.9931
LVESV 0.9820 <0.0001 0.9620 0.9915
LVEF 0.9710 <0.0001 0.9293 0.9862
LVSV 0.9800 <0.0001 0.9679 0.9905
LVM 0.9201 <0.0001 0.8374 0.9616
RVEDV 0.9940 <0.0001 0.9873 0.9972
RVESV 0.9954 <0.0001 0.9901 0.9978
RVEF 0.9542 <0.0001 0.9050 0.9782
RVSV 0.9528 <0.0001 0.9023 0.9775

2D SSFP, Two-dimensional steady

state free precession; 2D kat-
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ARC, Two-dimensional k-adaptive-t autocalibrating reconstruction
for cartesian sampling; LVEDV, Left ventricular (LV) end-diastolic
volume; LVEF, LV ejection fraction; LVESV, LV end-systolic volume;
LVM, LV mass; LVSV, LV stroke volume; RVEDV, Right ventricular (RV)
end-diastolic volume; RVEF, RV ejection fraction; RVESV, RV end-
systolic volume; RVSV, RV stroke volume.

thin compact myocardial layer may be preferable to an attempted
tracing within the trabeculations. In contrast, hypertrophied
trabeculations of the muscular part of the free wall may appear
to merge in patients with repaired TOEF, especially at end-systole.
In this study, blood-myocardial boundaries were more blurred
in the 2D kat-ARC sequence. Therefore, the boundary lines at
end-systole might be located outside the trabecular layer, which
would give a slightly larger end-systolic volume in the 2D kat-
ARC sequence in this study. These results are consistent with a
previous report comparing 2D SSFP and 4D flow kat-ARC.'® The
authors of that study concluded that a lower blood-myocardium
contrast on the 4D flow kat-ARC images might be the reason
for the overestimation of RVESV compared with 2D SSFP. Even
though the difference in the values of RVESV and RVSV were
within 5ml, and RVEF was within 5% between two sequences,
we should consider this technical limitation when tracing the RV
boundary at end-systole in patients with repaired TOE.

Several limitations of our study must be considered. First, we did
not assess 2D SSFP and 2D kat-ARC sequences in healthy volun-
teers. In this study population, 10 of the 30 patients with repaired
TOF had documented pulmonary hypertension on echocar-
diography performed no longer than 1week prior to the MRL
The 2D SSFP images were obtained during an end-inspiratory
breath-hold, which may affect the RV volume between the two
sequences. Further studies are therefore needed to evaluate these
sequences in normal control subjects. Second, we could not use
the long-axis correction software for technical reasons. Further
studies are needed in which the long-axis correction software
can be used to make accurate measurements of the ventricular
volume. Third, the most basal section was defined as the section
in which at least 50% of the border of the lumen was surrounded
by myocardium in this study. Although the 2D kat-ARC has
similar reproducibility to the conventional 2D SSFP sequence
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2D SSFP, Two-dimensional steady state free precession; 2D kat-ARC, Two-dimensional k-adaptive-t autocalibrating reconstruction for cartesian sampling; LVEDV, Left ventricular (LV) end-

diastolic volume; LVEF, LV ejection fraction; LVESV, LV end-systolic volume; LVM, LV mass; LVSV, LV stroke volume; RVEDV, Right ventricular (RV) end-diastolic volume; RVEF, RV ejection fraction;

RVESV, RV end-systolic volume; RVSV, RV stroke volume.

Orii et al

Figure 3. A representative case of 2D SSFP and 2D kat-ARC
imaging in the same patient (end-diastole). Caption: End-
diastole with the apex located through basal slices. 2D SSFP,
Two-dimensional steady-state free precession; 2D kat-ARC,
Two-dimensional k-adaptive-t autocalibratingreconstruction-
for artesian sampling.

2D SSFP
diastole

2D kat-ARC
diastole

despite a reduction of image quality using this definition, we
could not contour all the ventricular blood. Fourth, we did not
evaluate regional myocardial wall motion and other morpho-
logic abnormalities in both sequences. Finally, owing to the rela-
tively small sample size, additional studies with a larger number
of patients should be conducted to evaluate the robustness of the
2D kat-ARC technique.

CONCLUSION

This study demonstrates that respiratory-triggered 2D kat-ARC
cine is a reliable and reproducible technique that could be used in
the evaluation of biventricular volumes and function. However,

Figure 4. A representative case of 2D SSFP and 2D kat-ARC
imaging in the same patient (end-systole). Caption: End-
systole with the apex located through basal slices. There was
substantial motion blurring and degradation of endocardial
edge delineation with 2D kat-ARC cine imaging in end-systole.
2D SSFP, Two-dimensional steady-state free precession; 2D
kat-ARC, Two-dimensional k-adaptive-t autocalibratingrecon-
structionfor artesian sampling.

2D SSFP
systole

2D kat-ARC
systole
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the RVESV was overestimated and the RVSV and RVEF were
underestimated using 2D kat-ARC compared with those using
conventional breath-hold 2D cine SSFP.
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