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ardiovascular MRI (CMR) is a key imaging modality in
CChildrcn, especially in congenital heart disease (CHD)
(1-4). Evaluation of biventricular volumes and function is
crucial in this setting. The standard CMR method to cal-
culate these parameters entails multisection, cardiac-gated
balanced steady-state free precession (bSSFP) cine imaging
(5,6). Unfortunately, bSSFP cine sequences require mul-
tiple breath holds, which are time-consuming and can be
difficult in young children with heart disease. Therefore,
new emerging techniques aiming to reduce CMR imaging
time are recently gaining increasing interest (7,8). Howev-
er, data on this topic are scant in the pediatric population.

Compressed sensing (CS) is a relatively novel MRI
technique based on k-space incoherent subsampling,
paired with a noise-reduction algorithm employing sparse
representation in a nonlinear iterative reconstruction pro-
cess (9,10). The purpose is to drastically speed up acquisi-
tion time without significantly degrading image quality. In

recent years, CS has become increasingly popular in CMR.
This is especially true for cine imaging in adults, in which
real-time CS has shown to be accurate and reproducible,
allowing for fast and reliable imaging even in patients who
may be difficult to image (11-14).

Compared with standard bSSFP cine sequences, the
major advantages of CS are the decreased imaging duration
and the relative insensitivity to motion artifacts, such as
irregular heart rhythms and breathing (15). These features
account for most of its appeal in the pediatric population,
in which patient cooperation is often limited. Moreover, in
contrast with classic real-time cine imaging using parallel
imaging, real-time CS yields higher spatial and temporal
resolution closer to that of standard bSSFP (16).

Recent experiences investigating CS in children and
CHD are encouraging, showing feasibility and strong
agreement with standard bSSFP cine imaging (17). In this
context, we present results from our initial experience of
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Abbreviations

bSSFP = balanced steady-state free precession, CHD = congenital
heart disease, CMR = cardiovascular MRI, CS = compressed sens-
ing, EDV = end-diastolic volume, EF = ¢jection fraction, ESV =
end-systolic volume, ICC = intraclass correlation coefficient, LV =
left ventricle, RV = right ventricle, SV = stroke volume

Summary

Compressed sensing cardiac cine imaging produces equivalent ven-
tricular volume and function measurements with shorter acquisition
times compared with standard steady-state free precession imaging
and may prove suitable for the pediatric population.

Key Points

n Compressed sensing (CS) cardiac cine imaging showed no signifi-
cant differences (P > .05) for volume and function quantification
compared with those from standard balanced steady-state free
precession (bSSFP) evaluation performed by two readers in chil-
dren affected by biventricular congenital heart disease or cardio-
myopathies, except for ejection fraction assessment by one reader
(P=.02).

» Intrareader agreement was considerable for both sequences, es-
pecially for bSSEP (bSSFP vs CS: mean difference range, +1 to
-2.6 vs +7.4 to -5.6; maximum CI, +7.9, -13 vs +37.2, -48.8;
bias range, 0.1%—4.1% vs 0.5%—7.5%; intraclass correlation coef-
ficient [ICC] range, 0.931-0.997 vs 0.717—0.997); interreader
agreement was acceptable but less robust, especially for CS (bSSFP
vs CS: mean difference range, +2.6 to -5.6 vs +10.7 to -9.1;
maximum CI, +60.7, -65.3 vs +87.5, -84.6; bias range, 1.6%—
6.2% vs 1.1%—17.3%; ICC range, 0.726-0.951 vs 0.509-0.849).

» The mean acquisition time was shorter for CS (20 seconds; range,
17-25 seconds) compared with that of bSSFP (160 seconds;
range, 130-190 seconds) (2 < .001); on the other hand, the mean
reconstruction time was longer for CS (120 seconds; range, 100—
150 seconds) compared with an almost instant time for bSSFP
(mean, 2 seconds; range, 0—5 seconds) (P < .001).
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how CS performs in comparison with that of standard bSSFP in
a small group of pediatric patients.

Materials and Methods

Study Participants

We prospectively studied 20 consecutive pediatric partici-
pants (mean age, 15 years = 5; range, 7-21 years; 10 male
participants) who had either CHD treated with biventricular
repair or cardiomyopathy and who were referred for CMR
at our institution between January 2019 and March 2019.
Adult patients with CHD (>18 years) and children with sin-
gle ventricle physiology were excluded (7 = 8). Institutional
review board approval was obtained, and informed written
consent for additional research scans was acquired from all
individuals or guardians. All procedures were in accordance
with the ethical standards of the responsible committee on
human experimentation and with the Helsinki Declaration
and its late amendments.

CMR Image Acquisition

All imaging was performed with a 1.5-T MRI system (MAG-
NETOM Aera; Siemens Healthineers). A 16-element coil sys-
tem for signal detection was used, consisting of posterior spine
coils incorporated into the imaging table and one anterior
phased-array body coil. A vector electrocardiographic system
was employed for cardiac gating. Ventricular volume assess-
ment was performed with both standard bSSFP and real-time
CS cine sequences in the ventricular short-axis plane by using
sufficient contiguous sections (mean, 15 sections, range, 12-18
sections) for gapless imaging to ensure whole coverage of both
ventricles. Standard bSSFP cine imaging involved a multisec-
tion retrospectively cardiac-gated Cartesian sequence, with two
sections acquired during every breath hold. The main imaging
parameters were as follows: repetition time and echo time, 2.92
and 1.21 msec, respectively; rectangular field of view, 340 mm
X 75%; matrix, 256 X 192; flip angle, 73° bandwidth, 930
Hz/pixel; acceleration factor (generalized autocalibrating par-
tially parallel acquisition), two; spatial resolution, 1.5 X 1.5
X 7 mm; temporal resolution, approximately 37 msec; and
reconstructed cardiac phases, 25. Real-time CS cine imaging
employed a multisection retrospectively cardiac-gated Carte-
sian sequence, with the whole volume acquisition being ob-
tained during either a single breath hold or free breathing when
breath holding was not feasible because of poor cooperation.
The acquisition duration was two R-R intervals per section.
The first heartbeat was a nonimaging “dummy” beat used to
reach the steady state, whereas the second heartbeat was used
for data acquisition. The main imaging parameters were as fol-
lows: repetition time and echo time, 2.66 and 1.1 msec, respec-
tively; rectangular field of view, 360 mm X 75%; matrix, 208
X 156; flip angle, 55°% bandwidth, 962 Hz/pixel; acceleration
factor (CS), 9.9; spatial resolution, 1.7 X 1.7 X 7 mm (8 mm
in two cases); temporal resolution, approximately 40 msec; and
reconstructed cardiac phases, 20. Because CS is a prototype
sequence with many fixed and intertwined parameters, it was
acquired by using the original settings given to our institution
by the imager vendor to ensure reproducibility.

CMR Image Analysis

Quantification of ventricular volumes and function were per-
formed for all examinations by two readers from two differ-
ent centers: a CMR and CHD fellowship-trained radiologist
(reader 1, D. Curione, with 5 years of experience) and a CMR-
focused radiology resident in training (reader 2, D. Capra, with
2 years of experience), respectively. Both readers were blinded
to patient diagnosis and type of sequence and performed mea-
surements in a random order by using commercially available
software (cvi42; Circle Cardiovascular Imaging). Reader 1
measured all parameters twice, with a long interval between
readings (>1 year). The end-diastolic and end-systolic phases
were identified for each ventricle through simultaneous visual
inspection of all short-axis cine images. The endocardial bor-
ders of all sections at the end diastole and the end systole were
traced manually, including papillary muscles and trabeculation
in the blood pool volume. End-diastolic volume (EDV), end-
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systolic volume (ESV), stroke volume (SV) (SV = EDV - ESV),
and ejection fraction (EF) (EF = SV/EDV X 100) were calcu-
lated. Reader 1 correlated cine values (systemic and pulmonary
SV) with phase-contrast measurements (aortic and pulmonary
valve flows, respectively), as is routine in our center—even with
bSSFP sequences—to compensate for the lower resolution of
CS and to maximize its benefits. On the other hand, reader 2
did not use this correlation to assess for reproducibility when
removing this bias.

Statistical Analysis

Continuous data were reported as means * SDs. Categorical
variables were reported as numbers and percentages. Student
# test was used to compare continuous variables. A P value of
less than .05 indicated statistical significance. A sample of 20
patients provides 80% power to detect an effect size of 0.67
based on a paired 7 test, assuming a two-tailed .05 alpha level
(18). Bland-Altman analyses were used to evaluate the agree-
ment between different sequences and readers, with results
reported as mean differences along with Cls, and interpreted
according to clinical relevance (19). Concordance was also ap-
praised through the assessment of intraclass correlation coef-
ficients (ICCs) calculated by using a two-way, random-effects
model aiming for absolute agreement. Statistical analyses were
performed by using Python version 7.18.1.

Results

Participant Characteristics

The mean participant age was 15 years = 5 (range, 7—21 years).
The mean height, weight, and body surface area were 148 cm
*+ 17 (range, 110-178 cm), 48 kg * 17 (range, 26-72 kg),
and 1.46 m? = 0.33 (range, 0.9-2 m?), respectively. Ten partic-
ipants (50%) were male. Eleven participants had CHD (three
with aortic coarctation, two with aortic stenosis, two with re-
paired tetralogy of Fallot, two with repaired transposition of
the great arteries, one with congenitally corrected transposition
of the great arteries, and one with aortopathy), whereas the
rest had suspected or known cardiomyopathy (five with ecto-
pic arrhythmia, one with hypertrophic cardiomyopathy, one
with dilated cardiomyopathy, and one with myopericarditis) as
diagnosed by referring cardiologists. The mean heart rate was
81 beats per minute £ 14 (range, 55-110 beats per minute).
Two patients had frequent arrhythmia (ventricular extrasys-
tole), whereas three patients had difficulty holding their breath

during imaging.
CMR Analysis

Ventricular volumes and function.— We found no evidence of
a statistically significant difference (2 > .05) in left ventricular
(LV) or right ventricular (RV) EDV, ESV, SV, and EF between
CS and bSSFP for reader 1. Figure 1 shows the comparison
of measurements obtained with the two sequences by reader
1. The mean difference between measurements was small and
similar for LV and RV results (mean difference range, +6.83
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to -1.61). ClIs, on the other hand, were wider for volumes, par-
ticularly for the RV (maximum CI, +49.2, -35.54 for RV SV),
and narrower for EF (maximum CI, +5.07, -6.61 for RV EF).
For reader 2, only LV and RV EF showed significant differences
(both P =.02). Ventricular measurements obtained with both
sequences by both readers are summarized in Table 1.

Intra- and interreader agreement.— Intrareader variability
(reader 1) was characterized by negligible mean differences,
contained Cls and bias, and high ICCs for both LV and RV
measurements obtained with bSSFP sequences (mean dif-
ference range, +1 to -2.6; maximum CI, +7.9, -13 for RV
EDV; bias range, 0.1%-4.1%; ICC range, 0.931-0.997). CS
also showed small LV mean differences but wider Cls and bias
and slightly lower ICCs, especially for RV values (mean differ-
ence range, +7.4 to -5.6; maximum CI, +37.2, -48.8 for RV
EDV; bias range, 0.5%-7.5%; ICC range, 0.717-0.997).

Interreader agreement was acceptable but less robust for both
sequences, with overall larger mean differences, wider Cls and
bias, and lower ICCs for CS (bSSFP: mean difference range,
+2.6 to -5.6; maximum CI, +60.7, -65.3 for RV EDV; bias
range, 1.6%-6.2%; ICC range, 0.726-0.951. CS: mean differ-
ence range, +10.7 to -9.1; maximum CI, +87.5, -84.6 for LV
EDV; bias range, 1.1%-17.3%; ICC range, 0.509-0.849). In-
tra- and interreader results are detailed in Table 2.

Acquisition and reconstruction times.— The mean acquisition
time of the entire stack of short-axis images was much shorter
for CS (20 seconds; range, 17-25 seconds) compared with that
of bSSFP (160 seconds; range, 130—190 seconds) (P < .001).
On the other hand, the mean reconstruction time was quite
long for CS, with an approximate mean value of 120 seconds
(range, 100-150 seconds) to complete the whole volume com-
pared with the almost instant time for bSSFP (mean, 2 sec-
onds; range, 0-5 seconds) (P < .001).

Di on
In our study, we found no evidence of a difference in calcu-
lated ventricular volumes other than EF between real-time CS
and standard bSSFP cine imaging. This suggests that CS is a
valid alternative to bSSFP for volumetric analysis, despite the
smaller anatomic structures and higher heart rates typically

found in children and the complex ventricular geometry that
often characterizes CHD (Figs 2, 3), in which usual cardiac
anatomy can substantially be subverted and multiple lesions
can exist simultaneously, requiring a high degree of definition
and accuracy. From a clinical point of view, equivalent ventric-
ular quantification between sequences is paramount for their
implementation, irrespective of differences in other imaging
parameters, as important biases may impact clinical decision
making (17,20).

In our series, the data were more robust for reader 1, especially
in terms of variability between measurements and sequences.
In fact, for reader 2, there was a statistically significant differ-
ence in EF between the imaging sequences and higher interob-
server variability. This discrepancy could be explained by tak-
ing into account that reader 1 had greater experience and used
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Figure 1: Bland-Altman plots compare measurements obtained with standard bSSFP and real-fime CS cine imaging by reader 1. bSSFP = bal-
anced steady-state free precession, CS = compressed sensing, EDV = end-diastolic volume, EF = ejection fraction, ESV = end-systolic volume, LV =
left ventricle, RV = right ventricle, SV = stroke volume.

flow-volume correlation. Indeed, having more experience in the ~ obtained by reader 1, who was more accustomed to the images
segmentation of ventricles and in pediatric imagingand CHD in ~ obtained in this type of patient. This could mean that the differ-
general may have played a key role in the more consistent results ~ ences between the two readers may be related, at least to a certain
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Table 1: Ventricular Measurements Obtained with Standard bSSFP and Real-time CS Cine Imaging by Two Readers

bSSFP CS P Value
Measurement R1 R2 R1 R2 R1 R2
LV EDV (mL) 135.8 + 48.1 140.3 = 41.6 133.2 = 50.2 130.5 *+ 44.9 .87 .48

LV SV (mL) 82.5+ 255 85.0 £ 24.8 80.7 = 25.3 70.3 = 24.6 .82 .07

RV EDV (mL) 140.2 = 39.9 143.2 + 42.6 134.6 = 37.3 132.7 £ 45.0 .6 46

RV §V (mL) 80.9 = 21.2 86.6 £25.3 74.3 £ 24.2 71.2 £ 244 .36 .06

Note.—Ventricular measurements are expressed as mean = SD. bSSFP = balanced steady-state free precession, CS = compressed sensing,
EDV = end-diastolic volume, EF = ejection fraction, ESV = end-systolic volume, LV = left ventricle, R1 = reader 1, R2 = reader 2, RV =
right ventricle, SV = stroke volume.

* Indicates statistical significance (P < .05).

Table 2: Intra- and Interreader Variability and Reliability for Standard bSSFP and Real-time CS Cine Imaging

Intrareader Interreader
bSSFP CS bSSFP CS
Measurement BA 1CC BA ICC BA ICC BA 1CC
LV EDV (mL) -2.1 (+7.9, 0.997 +0.9 (+14.4, 0.995 -5.6(+58.1,-68.6), 0.858 +1.5(+87.5,-84.6), 0.739
~12.1), 1.5 ~12.7),0.7 41 1.1

LVSV (mL) +0.1(+5.6, 0.997 -0.4(+5.6,-6.5), 0997 -2(+44.1,-48.1), 0.731 +10.7 (+60.5, -39.1), 0.661
-5.6), 0.1 0.5 2.4 13.3

RV EDV -2.6 (+7.9, 0.996  +7.4(+48.3, 0.930 -2.3(+60.7,-65.3), 0.826 +2.4(+61.8,-57.1), 0.849
(mL) -13), 1.9 -33.6), 5.5 1.6 1.8

RV SV (mL) -0.9 (+4.8, 0.996 -5.6(37.2,-48.8), 0.717 -4.8(+27.3,-36.9), 0.860 +3.7 (+61.1,-53.7), 0.509
-6.7), 1.1 7.5 5.9 5.0

Note.—Bland-Altman values are expressed as mean difference, with limits of agreement from +1.96 second to ~1.96 second in parenthe-
ses, followed by percentages of the mean volumes and function. ICCs are expressed as numbers. BA = Bland-Altman, bSSFP = balanced
steady-state free precession, CS = compressed sensing, EDV = end-diastolic volume, EF = ejection fraction, ESV = end-systolic volume,
ICC = intraclass correlation coeflicient, LV = left ventricle, RV = right ventricle, SV = stroke volume.

extent, to the observer rather than to the imaging technique.
Moreover, the comparison of phase-contrast and volumetric
values could further account for and enhance the discrepancies.
Although there is clearly a bias, we decided to use flow-volume
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correspondence for one reader because it is part of everyday clin-
ical practice in one center and is frequently described in children
and CHD (2). We believe that whatever difficulty could be en-

countered in accurate ventricular segmentation with CS, due to


http://radiology-cti.rsna.org

mpr nsin r FP Cardi ine Imaging in a P

iatric Population

bSSFP

end-diastole

end-systole

Figure 2:

CS

End-diastolic (top row) and end-sysfolic (bottom row) midventricular short-axis frames of standard bSSFP (left column) and

real-fime CS (right column) cine MRI sequences in a 13-year-old male patient with tetralogy of Fallot treated with fransannular patch and
ventricular septal defect closure. The chemical shift arfifact af the anterobasal inferventricular septum corresponds to the area of ventricular
septal defect repair. bSSFP = balanced steady-state free precession, CS = compressed sensing.

known intrinsic lower image quality of the sequence (11,17),
was substantially mitigated by these two aspects. Moreover,
in certain specific cases, intrinsic imaging characteristics of
CS may have led to greater differences in functional param-
eters between CS and bSSFD, especially for the RV. Hence,
higher biases and limits of agreement may also be due to in-
dividual instances in which CS proved less reliable than cine,
and future studies might aim at abating this issue via image
quality appraisal. Besides, image quality was not the focus
of our analysis and may vary depending on the type of CS
sequence employed, with spiral k-space trajectories showing
higher quality compared with that of Cartesian acquisition
(12,17) and with more recent CS sequences showing analo-
gous image quality compared with that of bSSFP imaging
(21,22). In our study, Cartesian acquisition was chosen be-
cause it was one of the many fixed parameters of CS imaging.
In any case, it is interesting to highlight that, even without
flow-volume correlation, there was no evidence of a difference

for all other ventricular parameters except EF, and mean dif-
ferences between measurements were still reasonable despite
having wide Cls, suggesting that CS sequences favor accuracy
over precision.

In addition, CS entailed shorter acquisition times. This is
a major advantage of CS over bSSFP, with predictable reper-
cussions in terms of examination feasibility, tolerability, and
scheduling. Because images can be obtained faster, CMR
becomes easier and quicker, relying less on patient coopera-
tion and rhythm regularity, saving time to image even more
patients, and potentially reducing the need for anesthesia in
smaller children. As an example, in our participants in whom
irregular heart rhythm or difficulties in breath holding caused
mild motion artifacts on bSSFP images, free-breathing CS pro-
vided artifact-free images for volume quantification (Fig 4).

On the other hand, technical obstacles, such as availability
as a prototype sequence or long reconstruction times, could
be an obstacle for the adoption of CS in everyday clinical
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bSSFP

end-diastole

end-systole

Figure 3:

CS

End-diastolic (top row) and end-systolic (bottom row) midventricular short-axis frames of standard bSSFP (left column) and
real-ime CS (right column) cine MRI sequences in a 15-year-old female patient with congenitally corrected transposition of the great arter-

ies. The anterior chamber is the subpulmonary left ventricle, which is dilated due to the presence of an ostium secundum interatrial defect (not

shown), whereas the posterior chamber is the hypertrophic systemic right ventricle. bSSFP = balanced steady-state free precession, CS =

compressed sensing.

practice. The latter might partially be explained by the recon-
struction of an additional interpolated series, based on the
concept that because adjacent sections are structurally similar,
it is possible to increase image quality by interpolating miss-
ing k-space data by using information from the neighboring
sections (23). In any case, it is our belief that future technical
advances will soon lessen, if not eliminate, these problems.

Our results were in line with those of other experiences
reported in the literature (17,21,22). In our study, both
children with CHD and children with cardiomyopathy
were analyzed (17,21), retrospective gating was used (22),
and the relevance of flow-volume correlation and experience
were underlined.

Radiology: Cardiothoracic Imaging Volume 4: Number 2—2022 = rcfirsna.org

Study Limitations

Our pediatric cohort was numerically small, with a potential
risk for selection and recall bias. In addition, the sample was
heterogeneous with widely different ages and conditions. How-
ever, we were able to demonstrate that the advantages of CS
apply to all groups. Nevertheless, we did not include patients
with functionally single ventricle. Moreover, as this study was
focused on the assessment of the agreement between CS and
bSSFP cine imaging, we did not appraise correlations among
different functional LV and RV parameters. Nevertheless, such
correlations are already well known in the literature with dif-
ferent imaging modalities (24,25), and we may expect similar
results from CS imaging once accuracy is ensured. Future stud-
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bSSFP
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Figure 4:

CS

End-diastolic (top row) and end-sysfolic (bottom row) midventricular short-axis frames of standard bSSFP (left column) and

real-fime CS (right column) cine MRI sequences in a 9-year-old girl with sporadic ventricular ectopic beats and occasional difficulty per-

forming breath holds. Standard bSSFP images show mild motion artifacts, whereas real-fime CS frames are artifact free. bSSFP = balanced

steady-state free precession, CS = compressed sensing.

ies on larger and more homogeneous groups of patients could
provide more robust results.

Conclusion

Our experience suggests that CS cardiac cine imaging is equiv-
alent to bSSFP for the quantification of ventricular volumes
and function with shorter acquisition times and may prove to
be suitable for the pediatric population.
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