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ABSTRACT

OBJECTIVES This study sought to clinically validate a novel 3-dimensional (3D) ultrafast cardiac magnetic resonance (CMR)
protocol including cine (anatomy and function) and late gadolinium enhancement (LGE), each in a single breath-hold.

BACKGROUND CMR is the reference tool for cardiac imaging but is time-consuming.

METHODS A protocol comprising isotropic 3D cine (Enhanced sensitivity encoding [SENSE] by Static Outer volume Sub-

traction [ESSOS]) and isotropic 3D LGE sequences was compared with a standard cine+LGE protocolin a prospective study of
107 patients (age 58 + 11 years; 24% female). Left ventricular (LV) mass, volumes, and LV and right ventricular (RV) ejection
fraction (LVEF, RVEF) were assessed by 3D ESSOS and 2D cine CMR. LGE (% LV) was assessed using 3D and 2D sequences.

RESULTS Three-dimensional and LGE acquisitions lasted 24 and 22 s, respectively. Three-dimensional and LGE images
were of good quality and allowed quantification in all cases. Mean LVEF by 3D and 2D CMR were 51 4+ 12% and 52 + 12%,
respectively, with excellent intermethod agreement (intraclass correlation coefficient [ICC]: 0.96; 95% confidence in-
terval [CI]: 0.94 to 0.97) and insignificant bias. Mean RVEF 3D and 2D CMR were 60.4 4+ 5.4% and 59.7 + 5.2%,
respectively, with acceptable intermethod agreement (ICC: 0.73; 95% Cl: 0.63 to 0.81) and insignificant bias. Both 2D
and 3D LGE showed excellent agreement, and intraobserver and interobserver agreement were excellent for 3D LGE.

CONCLUSIONS ESSOS single breath-hold 3D CMR allows accurate assessment of heart anatomy and function.
Combining ESSOS with 3D LGE allows complete cardiac examination in <1 min of acquisition time. This protocol expands
the indication for CMR, reduces costs, and increases patient comfort. (J Am Coll Cardiol Img 2021;14:1742-1754) © 2021
The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ardiac magnetic resonance (CMR) is the

reference method for noninvasive evalua-

tion of the anatomy and function of the
heart (1). Two of the key variables measured by CMR
are left ventricular ejection fraction (LVEF) and the
extent of injured myocardium (infarct size), both of
which have important diagnostic and prognostic im-
plications (1,2). Standard clinical CMR protocols
include the acquisition of a first set of localization/
scout images followed by the assessment of ventricu-
lar mass, volumes, and ejection fraction using 2-
dimensional (2D) cine imaging. The presence and
extent of injured myocardium are normally assessed
by 2D late gadolinium enhancement (LGE) sequences
approximately 10 min after administration of intrave-
nous contrast agent (3). The practical application of
clinical CMR protocols is associated with a number
of difficulties. One such difficulty is correct adjust-
ment of plane orientations for cardiac slice angula-
tion, a highly specialized skill that requires
extensive training. Another challenge is the long
scan time. “Complete” left ventricular (LV) coverage
requires the acquisition of 8 to 15 short-axis images,
with each acquisition requiring a breath-hold of
~8 s (4). The long scan time is frequently associated
with patient discomfort and claustrophobia, in some
instances precluding a complete study. Moreover,
the long time required for a complete basic cine and
gadolinium-enhanced study is associated with high
costs. Overall, these limitations result in CMR under-
use in daily practice.

Recent technical developments have attempted to
overcome these barriers and accelerate image acqui-
sition (5,6). However, these innovations come at the
cost of reducing image resolution or involve complex
localization/scout imaging and time-consuming im-
age reconstruction processes. Novel CMR approaches
are needed to establish CMR as a convenient tool in
standard clinical practice. The goal of this study was
to validate a novel 3D ultrafast CMR protocol for
assessing important cardiac variables (anatomy,
function, and LGE). We prospectively enrolled 107
patients with a clinical indication for contrast-
enhanced CMR imaging. The patients were analyzed
by standard 2D CMR and with a new ultrafast
3-dimensional (3D) cine sequence (Enhanced sensi-
tivity encoding [SENSE] by Static Outer volume Sub-
traction [ESSOS]).
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METHODS

STUDY DESIGN, SETTING, AND PARTICIPANTS.
Patients with a clinical indication for
gadolinium-contrast enhanced CMR were
prospectively recruited from 4 hospitals in
Madrid, Spain. Patients eligible for enroll-
ment were age =18 years with any of the
following diagnoses: ST-segment elevation
acute myocardial infarction successfully
treated in the preceding 8 weeks; LV systolic
dysfunction defined by LVEF <50% in a
recent echocardiogram (in the preceding
4 weeks); right ventricular (RV) systolic
dysfunction defined by tricuspid annular
plane systolic excursion <15 mm in a recent
echocardiogram (in the preceding 4 weeks); a
previous diagnosis of hypertrophic cardio-
myopathy, arrhythmogenic RV cardiomyop-
athy, or cardiac amyloidosis, regardless of
systolic function; ascending aorta dilation
>40 mm detected by echocardiography
or computed tomography angiography.
Exclusion criteria were pregnancy, presence
of metallic objects or devices incompatible
with CMR imaging, known allergy to
gadolinium-based contrast agents, creatinine
clearance =30 ml/min, permanent atrial
fibrillation, severe chronic obstructive pul-

monary disease, or known severe claustrophobia.

ABBREVIATIONS
AND ACRONYMS

2D = 2-dimensional
3D = 3-dimensional
CI = confidence interval

CMR = cardiac magnetic
resonance

ESSOS = Enhanced sensitivity
encoding (SENSE) by Static
Outer volume Subtraction

FOV = field of view

ICC = intraclass correlation
coefficient

LGE = late gadolinium
enhancement

LV = left ventricle

LVEDV = left ventricular end-
diastolic volume

LVEF = left ventricular
ejection fraction

LVESV = left ventricular end-
systolic volume

RV = right ventricle

RVEDV = right ventricular end-
diastolic volume

RVEF = right ventricular
ejection fraction

RVESV =right ventricular end-
systolic volume

TFE = turbo field echo

Ten additional patients underwent only the 3D

ultrafast CMR protocol for its real-life testing and to
estimate the door-to-door time. In the 10-patient, 3D
ultrafast CMR protocol only, the contrast agent was
administered just before the patient entered the

magnet suite.

CMR examinations were conducted at the Centro
Nacional de Investigaciones Cardiovasculares. In all
patients, standard 2D cine imaging was followed by
intravenous administration of weight-adjusted gad-
olinium-based contrast agent and the acquisition of
3D cine (ESSOS) and 3D LGE images and 2D LGE im-
ages (Figure 1). The study was approved by the Ethics
Committee of the Hospital Universitario Fundacion
Jimenez Diaz and was conducted in accordance with

guidelines on research involving human participants.

All patients gave written informed consent to partic-

ipate in the study.

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information,

visit the Author Center.

Manuscript received May 5, 2020; revised manuscript received January 5, 2021, accepted February 5, 2021.
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FIGURE 1 Study Design
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2D = 2-dimensional; 3D = 3-dimensional; LGE = late gadolinium enhancement.

IMAGING PROTOCOL. CMR examinations were con-
ducted using a Philips 3-T Achieva Tx whole-body
scanner (Philips Healthcare, Best, the Netherlands)
equipped with a 16-element phased-array torso-
cardiac coil. Standard multislice 2D cine CMR images
were acquired before gadolinium-based contrast
administration using a balanced turbo field echo
(TFE), steady-state, free-precession sequence with
the following parameters: field of view (FOV), 380 x
330 mm; voxel size, 1.7 x 2.0 mm; TR, 2.7 ms; TE,
1.35 ms; flip angle, 40°; and number of cardiac phases,
30. To reduce scan time, a parallel acquisition factor
of 2 was applied in the phase-encoding direction.
Initially, several scans were acquired to determine
the correct short-axis orientation of the 2D short-axis
dataset. The entire LV was covered by 13 to 15 slices,
with slice thickness of 8 mm and no gap between

slices.
The new 3D cine imaging sequence (ESSOS) was
acquired after intravenous administration of

0.10 mmol/kg gadoteric acid contrast agent using a
nonangulated 3D coronal volume with FOV of 300 x
520 x 310 mm (FH-LR-AP) and a readout direction in
FH (bandwidth = 2,160 Hz/pixel). The 3D k-space was
acquired using centric spiral ky-kz profile order with a
voxel size of 2.6 x 2.6 x 2.6 mm (reconstructed to
2.0 x 2.0 x 2.0 mm) and 16 cardiac phases (triggered
retrospectively). A detailed video of k-space filling
from a real case can be found in Video 1. Nonselective
radiofrequency excitation pulses were used to obtain

a short TR (2.36 ms) with a relatively high flip angle
(42°) while using full echo acquisition (TE = 1.18 ms).
Net scan acceleration factor was 34 resulting from an
ESSOS acceleration of 19.2 (6.0 x 3.2 in LR and AP
direction) and halfscan factor of 0.56 (0.75 x 0.75 in
LR and AP direction). The theory and technical as-
pects of the ESSOS approach are described in detail in
the Supplemental Appendix and Supplemental
Figures 1 to 4. In brief, ESSOS reconstruction is based
on the acquisition of 2 interleaved datasets, one static
and the other dynamic. The static dataset is acquired
with a relatively low SENSE factor and is acquired
only once in the cardiac cycle because it requires no
temporal information. The dynamic (cine) dataset is
acquired with a higher SENSE factor, for each cardiac
phase. ESSOS automatically selects static region in
the image domain and subtracts those regions from
the dynamic dataset. After subtraction, the dynamic
dataset is reconstructed and added to the static re-
gion in the image domain. After static region sub-
traction, dynamic regions covered a smaller volume
in the FOV, resulting in a reduced effective SENSE
factor.

Immediately after 3D cine ESSOS, look-locker scan
was performed to determine the adequate inversion
time to acquire 3D and 2D LGE images. Three-
dimensional LGE imaging was conducted in the
sagittal orientation using inversion recovery spoiled
TFE acquisition (TR = 2.3 ms; TE = 1.1 ms; flip
angle = 7°). A 3D volume of 300 x 150 x 320 mm
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FIGURE 2 Participant Flow Diagram
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107 included in the study
36 left ventricular systolic dysfunction

16 hypertrophic cardiomyopathy
16 dilation of the ascending aorta
4 right ventricular systolic dysfunction

1 amyloidosis

121 eligible participants consented

33 ST-segment elevation acute myocardial infarction

1 arrhythmogenic right ventricular cardiomyopathy

excluded

3 arrhythmia

2 MRI contraindication
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1 withdrew consent

2 imaging acquisition issues

4 imaging post-processing issues

107 included in the analysis of
CINE imaging

56 excluded- LGE negative

51included in the analysis of
LGE imaging

LGE= late gadolinium enhancement; MRI = magnetic resonance imaging.

(FH-LR-AP) was acquired with spatial resolution of
2.22 x 2.22 x 2.22 mm?>. The acquisition was triggered
at end-diastole with a mean shot interval of 185 ms,
and the whole acquisition was accelerated using a
parallel acquisition factor of 4 (2 x 2 in AP and LR),
resulting in a breath-hold time of 22 s. For compari-
son, multiple 2D slices were acquired with equivalent
acquisition technique. The in-plane resolution of 2D
images was 1.55 x 0.55 mm, slice thickness was 8 mm,
and images were acquired with FOV of 380 x 380 mm
and parallel acquisition factor of 2, resulting in a 15-s
breath-hold per slice.

IMAGE ANALYSIS. In all cardiac phases, 3D cine
images were reformatted by an expert technician in
the short-axis view using slice thickness of 8 mm
with no gap, mimicking the coverage of 2D cine
images. CMR images were analyzed with cardiac
analysis software (IntelliSpace Portal 10, Philips
Haifa, Haifa, Israel) by 2 independent experienced
observers from the Centro Nacional de Inves-
tigaciones Cardiovasculares core imaging laboratory.
LV mass, LV and RV volumes, and LVEF and right
ventricular ejection fraction (RVEF) were obtained
from 2D cine and 3D cine images, whereas the
extent of LGE myocardium was obtained from 2D

and 3D LGE images. Image quality was ranked in 4
different categories: 1) poor (not useful for clinical
diagnosis); 2) regular (images valuable for clinical
diagnosis but contain some artifacts); 3) good
(valuable for clinical diagnosis without artifacts but
have moderate spatial resolution or signal to noise);
and 4) very good (optimal image quality).

In each cine image, LV endocardial borders were
automatically traced with manual adjustment to
obtain left ventricular end-diastolic volume (LVEDV),
left ventricular end-systolic volume (LVESV), and
LVEF. In the tracing convention used, the papillary
muscles were included as part of the LV cavity vol-
ume. LV epicardial borders were traced on end-
diastolic images, to measure LV volume, and on
end-systolic images, to measure wall thickening. LV
mass was obtained by multiplying LV volume by
myocardial density (1.05 g/ml). Wall thickening was
computed as the difference between the wall thick-
ness at systolic and diastolic cardiac phases. To assess
regional contractibility mean wall thickening, values
were reported following the 16-segment American
Heart Association model (7). Wall thickening analysis
was performed in those participants with confirmed
enhanced regions in the LGE. RV endocardial borders
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TABLE 1 Absolute-Agreement and Consistency-of-Agreement ICC and
95% CI for Comparisons Between 2D and 3D Cine and LGE Measurements

LGE, % of LV

51

0.94 (0.88-0.97)

Measured Absolute Consistency of

Variable n Agreement (95% CI) Agreement (95% CI)
LVEF, % 107 0.96 (0.94-0.97) 0.96 (0.94-0.97)
LVEDV, ml 107 0.93 (0.84-0.97) 0.95 (0.93-0.97)
LVESV, ml 107 0.96 (0.90-0.98) 0.97 (0.96-0.98)
LV mass, g 107 0.92 (0.88-0.94) 0.92 (0.88-0.94)
RVEF, % 107 0.73 (0.63-0.81) 0.74 (0.64-0.81)
RVEDV, ml 107 0.89 (0.72-0.94) 0.92 (0.88-0.94)
RVESV, ml 107 0.89 (0.75-0.94) 0.91 (0.88-0.94)

0.94 (0.90-0.97)

2D = 2-dimensional; 3D = 3-dimensional; CI = confidence interval; ICC = intraclass correlation
coefficient, LGE = late gadolinium enhancement; LV = left ventricle; LVEDV = left ventricular
end-diastolic volume; LVEF = left ventricular ejection fraction; LVESV = left ventricular end-
systolic volume; RVEDV = right ventricular end-diastolic volume; RVEF = right ventricular ejec-
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Intraobserver and interobserver agreement for 3D
imaging were assessed using a similar strategy based
on ICC and Bland-Altman analysis in separate random
subsamples of 20 individuals from the total of valid
3D cine and LGE sequences. Statistical significance
was set at p < 0.05. All statistical analyses were per-
formed and graphs generated using STATA Version 15
(StataCorp, College Station, Texas).

RESULTS

PARTICIPANT FLOW DIAGRAM AND GENERAL
CHARACTERISTICS. The study enrolled 121 partici-
pants (mean age 59.2 + 10.9 years; 24% female). In
total, 14 individuals were excluded, 6 for problems in
3D cine acquisition. Thus, 107 participants (mean age

tion fraction; RVESV = right ventricular end-systolic volume. 58 3 + 10 6 years; 24% female) were valid for cine
. . H

analysis. Of this total, 51 patients (48%) showed some
degree of myocardial contrast enhancement and were
included in the LGE analysis (Figure 2).

In the group of patients undergoing 3D ultrafast
protocol only, studies were properly acquired in all,
with median (interquartile range) door-to-door time
of 11 min 51 s (2 min 35 s). Cine 3D ESSOS sequence
was repeated in 2 patients because the first scan
obtained was of suboptimal image quality. Three-

were manually traced to obtain right ventricular end-
diastolic volume (RVEDV), right ventricular end-
systolic volume (RVESV), and RVEF.

Scar extension was defined after manually tracing
the endocardial and epicardial contours on LGE short-
axis images. Abnormal areas were defined using the
full width at half-maximum, with manual correction
if needed. Any hypointense black areas within the
necrotic zone, corresponding to MVO, were included
within the necrotic area (8).

dimensional LGE sequence was repeated in 6 pa-
tients, mostly because the normal myocardium was
not optimally nulled in the first scan. CMR studies of 2

STATISTICAL METHODS. A detailed explanation of participants undergoing 3D ultrafast protocol only are

the statistical methods including sample-size calcu-
lation is described in the Supplemental Appendix. In

shown in Videos 2 and 3.

COMPARATIVE PERFORMANCE OF 3D ESSOS CINE
SD or 95% confidence interval (CI). Agreement be- AND 2D CINE. Mean acquisition time was 24 + 1 s
tween 2D and 3D techniques was assessed with the versus 280 + 17 s for 3D and 2D cine imaging,
intraclass correlation coefficient (ICC), Bland-Altman respectively. Mean LVEF was 51 + 12% by 3D cine and
plots, Passing-Bablok regression analysis, and Lin’s 52 + 12% by 2D cine. ICC values for absolute-
concordance correlation coefficients. Agreement was agreement and consistency-of-agreement between
considered poor, moderate, good, or excellent for 3D ESSOS and 2D LVEF measures were both 0.96
ICC <0.50, 0.50 to 0.75, 0.75 to 0.90, and >0.90, (95% CI: 0.94 to 0.97) (Table 1). Mean bias between
respectively. For Bland-Altman analysis, no signifi- techniques for LVEF was —0.7% (95% CI: —1.4 to 0.0),
cant systematic bias was assumed if 95% CI for the with a lower limit of agreement of —-7.4% (95% CI:
—8.5to —6.3) and an upper limit of agreement of 6.0%
the value 0. For Passing-Bablok regression analysis, (95% CI: 4.9 to 7.1). Passing-Bablok regression anal-
no constant bias between measurements was ysis revealed no significant bias (Figure 3D). Detailed
assumed if 95% CI of the intercept included the value Bland-Altman and Passing-Bablok regression results
0, whereas an absence of significant proportional bias  from all 3D and 2D cine comparisons are given in
was assumed if 95% CI of the intercept included the Tables 2 and 3, and Supplemental Figure 5. Lin’s
value 1. Lin’s concordance correlation coefficients

brief, continuous variables are presented as mean +

mean between-measurement difference contained

concordance correlation coefficient between 3D
were computed to measure precision (Pearson’s p) ESSOS and 2D LVEF was 0.96 (95% CI: 0.94 to 0.97),
and accuracy (bias corrected factor). Because the showing excellent precision and accuracy (Table 4).
interpretation is very similar, the same threshold Intraobserver variability for 3D cine quantifications
values were used for Lin’s concordance correlation was excellent, with mean differences (95% CI) of

coefficients as for ICC. —0.7% (—1.5 to 0.1) for LVEF, 0.3 ml (—4.7 to 5.3) for
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FIGURE 3 Comparisons Between 2D (Reference) and 3D CMR Measurements
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Bland-Altman plot (A-C) and Passing-Bablok regression (D to F) for comparisons between 2-dimensional (2D) and 3-dimensional (3D) cardiac magnetic resonance
(CMR) measurements of left ventricular ejection fraction (LVEF) (A, D) and right ventricular ejection fraction (RVEF) (B, E) from cine and late gadolinium enhancement
(LGE) (C, F).

LVEDV, and 1.6 ml (-1.5 to 4.6) for LVESV. Interob-
server variability for 3D ESSOS cine quantifications
was equally good, with mean differences (95% CI) of
—0.2% (—1.4 to 1.1) for LVEF, 0.3 ml (-5.4 to 6.0) for
LVEDV, and 0.3 ml (-3.3 to 3.9) for LVESV.

Wall thickening analysis was performed in 51 pa-
tients who showed enhanced regions on LGE. A total
of 816 LV segments was evaluated in the 3D and 2D
cine images. Mean LV wall thickening was 2.2 + 2.2 by
3D and 2D, respectively. Mean bias (95% CI) was 0.2
(0.0 to 0.3). Supplemental Figure 5 shows Bland-
Altman plots and Passing-Bablok regression for
regional contractility analyses in 3D versus 2D.

Mean RVEF was 59.7 & 5.2% by 3D and 60.4 + 5.4%
by 2D cine. ICC values for absolute-agreement and
consistency-of-agreement between 3D and 2D RVEF
measures were 0.73 (95% CI: 0.63 to 0.81) and 0.74
(95% CI: 0.64 to 0.81), respectively (Table 1). Mean
bias between techniques for RVEF was -0.7%
(95% CI: —1.4 to 0.0), with a lower limit of agreement
of —8.2% (95% CI: —9.5 to —6.9) and an upper limit of
agreement of 6.8% (95% CI: 5.5 to 8.1). Passing-Bablok
regression analysis revealed no significant bias
(Figure 3E). Detailed Bland-Altman and Passing-
Bablok regression results from all 3D and 2D cine

comparisons are given in Tables 2 and 3 and Supple-
mental Figure 1. Lin’s concordance correlation coef-
ficient between 3D and 2D RVEF was 0.73 (95% CI:
0.64 to 0.87), showing good precision and excellent
accuracy (Table 4). Intraobserver variability for 3D
cine quantifications also was excellent for RV, with
mean differences (95% CI) of 0.3% (-0.5 to 1.1) for
RVEF, —5.0 ml (-10.3 to 0.2) for RVEDV, and —2.5 ml
(—5.0 to 0.0) for RVESV. Interobserver variability for
3D cine quantifications was equally good, with mean
differences (95% CI) of -2.1% (—4.1 to —0.1) for RVEF,
—5.6 ml (—12.5 to 1.4) for RVEDV, and 1.0 ml (-2.8 to
4.8) for RVESV.

All observer variabilities and agreements for 3D
cine imaging analyses for LV and RV are listed in
Supplemental Tables 1 to 4.

All conventional 2D cine studies received an image
quality score of 4 (very good image quality). Of the 3D
images, 91% (97 of 107) were scored as 3 (good image
quality) due to slightly less image resolution of the 3D
MPR images. In 9% (10 of 107) of the 3D cine images,
image quality was scored as 2 (regular) due to minor
remaining residual artifacts after static subtraction.
Of the 3D LGE images, 65% (33 of 51) were scored as 4
(very good image quality); 25% (13 of 51) were scored
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FIGURE 4 3D and 2D Cine and LGE Acquisition in the Same Patient

3D Diastole

3D Systole

(A, B) Two-dimensional (2D) and 3-dimensional (3D) end-diastolic short-axis cine views. (C, D) Two-dimensional and 3D end-systolic short-axis cine views. (E, F) Two-
dimensional and 3D end-diastolic 4-chamber long-axis cine views. (G, H) End-systolic 4-chamber long-axis cine views. (I, J) 2D and 3D late gadolinium enhancement
(LGE) end-diastolic short-axis views. (K to M) Three-dimensional and 3D LGE cine workflow used to obtain images in short-axis, 4-chamber long axis, and 2-chamber

long-axis views.

as 3 (good image quality) due to slightly noise
amplification in the short axis MPR images; and 10%
(5 of 51) were scored as 2 due to movement artifact in
the heart region caused be cardiac frequency changes
during 3D acquisition. A complete example case can
be seen in Figure 4 and an example of IQ level for cine
and LGE images is shown in Supplemental Figure 6.

COMPARATIVE PERFORMANCE OF 3D LGE AND 2D
LGE. Mean acquisition time for single breath-hold 3D
LGE scans and multislice 2D LGE scans were 22 +1sand
280 + 17 s, respectively. Mean LGE (% LV) as assessed
by3Dand2Dimaging was17.0 +9.9% and 15.7 +10.4%,
respectively. ICC values for absolute-agreement and
consistency-of-agreement between 3D and 2D LGE
measurements were 0.94 (95% CI: 0.88 to 0.97) and
0.94 (95% CI: 0.90t0 0.97), respectively (Table 1). Mean
between-technique bias for LGE was 1.3% (95% CI: 0.3
to 2.2), with a lower limit of agreement of -5.3%
(95% CI: —7.0 to —3.7) and an upper limit of agreement

of 7.9% (95% CI: 6.3 to 9.6) (Table 2). Passing-Bablok
regression analysis revealed no significant bias (Ta-
ble 3, Figure 3B). Lin’s concordance correlation coeffi-
cient between 3D and 2D LGE was 0.94 (95% CI: 0.90 to
0.97), showing excellent precision and accuracy (Ta-
ble 4). Intraobserver agreement for 3D LGE quantifi-
cation was very good, with a mean difference (95% CI)
of 0.8% LV (-0.3 to 2.0). Interobserver variability for
3D LGE quantifications was equally good, with a mean
difference (95% CI) of —0.9% LV (-2.9 to 1.2). All 3D
LGE observer variables are listed in Supplemental Ta-
bles 5 and 6. In addition, it was confirmed that the
spatial LGE distribution of 2D and 3D techniques
matched in all cases.

DISCUSSION

The long duration (=30 min) of standard clinical CMR
protocols (cine+LGE) (9) imposes time constraints,
presents a cost barrier, and causes patient discomfort,
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CENTRAL ILLUSTRATION 3-Dimensional Ultrafast Cardiac Magnetic Resonance Protocol

iium Isotropic 3D cine (Enhanced
(-1 min) SENSE by Static Outer
Volume Subtraction, ESSOS)
l T & Isotropic 3D LGE

Survey &
calibration

ESSOS

(3-dimensional
Reconstruction cine) (24 s)
(1 min)

Look Locker & patient
* recover (=1 min)
Quality 3-dimensional late
check gadolinium

PN enhancement (22 s)

Reconstruction
(5 sec) »
Cine 3-dimensional “ESSOS"

oK
Repeat 3-dimensional *
ESSOS (20% of cases) Quality

Repeat 3-dimensional late

check

gadolinium enhancement
(60% of cases*)

3-dimensional
late gadolinium enhancement

|

Gomez-Talavera, S. et al. J Am Coll Cardiol Img. 2021;14(9):1742-1754.

The ultrafast protocol is based on the newly developed cine 3-dimensional (3D) ESSOS sequence (whole-heart volume acquired in 1 breath-hold) plus 3D
late gadolinium enhancement (LGE) (whole-heart volume acquired in 1 breath-hold). Contrast agent is injected outside the magnet. Door to door includes
the time for patient positioning, calibrations, ultrafast sequences, and patient extraction. Because reconstruction is done in the cardiac magnetic resonance
workstation, ultrafast sequences can be repeated if the quality is suboptimal. *Most frequent cause for repeating 3D LGE was suboptimal normal
myocardium nulling in the first scan.

all of which act as brakes on a more generalized uptake
of CMR imaging. The present study provides clinical
validation of a 3D ultrafast CMR protocol with an
acquisition period of <1 min. The new CMR protocol
assesses the clinically most relevant cardiac parame-
ters, including anatomy (LV and RV volumes and LV
mass), function (LVEF and RVEF), and presence and
extent of LGE (Central Illustration). The protocol

consists of two 3D sequences, each capable of
acquiring the whole heart with isotropic resolution in
just 1 breath-hold. The single breath-hold 3D ESSOS
cine sequence is tested here for the first time (for
extended technical information, see the Supplemental
Appendix). The single breath-hold 3D LGE sequence
has been used by other investigators (10); however,
this study provides the first validation of a 3D LGE
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and 3D Cine and LGE Measurements

TABLE 2 Bias and Lower and Upper Limits of Agreement From Bland-Altman Plots and 95% Cl for Comparisons Between 2D (Reference)

Bland-Altman Plot

Lower Limit of Upper Limit of

Measured Variable n 2D CMR 3D CMR Bias (95% CI) Agreement (95% CI) Agreement (95% CI)
LVEF, % 107 51.7 £ 124 51.0 £ 1.6 —0.7 (1.4 t0 0.0) -7.4 (-8.5t0 -6.3) 6.0 (4.9 t07.1)
LVEDV, ml 107 191.9 + 56.4 202.7 +59.1 10.8 (7.3 to 14.3) —25.0 (—31.0 to —18.9) 46.5 (40.5 to 52.6)
LVESV, ml 107 96.1 + 48.1 103.3 + 50.6 7.2(5.1t09.3) —14.7 (-18.4 to —11.0) 29.1 (25.4 to 32.8)
LV mass, g 107 99.9 + 37.8 99.5 +39.0 —0.5(-3.4 to 2.5) —30.9 (—36.1 to —25.8) 30.0 (24.8 to 35.1)
RVEF, % 107 60.4 £ 54 59.7 £5.2 —0.7 (1.4 to0 0.0) —8.2(-9.5to —6.9) 6.8 (5.5 t0 8.1)
RVEDV, ml 107 143.6 +£ 40.5 154.8 + 45.4 1.2 (7.8 to 14.6) —23.3(-29.1to —17.4) 45.7 (39.8 to 51.5)
RVESV, ml 107 57.9 + 21.5 63.3 +22.7 55(3.7t07.2) —12.5 (-15.5 to —9.4) 23.4 (20.3t0 26.4)
LGE, % of LV 51 15.7 £10.4 17.0 £ 9.9 1.3(0.3t02.2) —5.3(-7.0to -3.7) 7.9 (6.3 t0 9.6)

Values are mean =+ SD, unless otherwise indicated.
CMR = cardiac magnetic resonance; other abbreviations as in Table 1.

sequence with isotropic resolution. The validated
CMR protocol shows overall very good reliability and
agreement with the standard methodology, as well as
excellent intraobserver and interobserver agree-
ments. Moreover, image reconstruction is performed
in close to real time, facilitating implementation in
daily practice. Although the proposed protocol in-
cludes new technical developments for 3D cine
acquisition, it does not require any specific hardware
upgrade, and it has demonstrate its utility with very
standard 16-channel phased-array coil. Measuring
cardiac anatomy, function, and LGE has significant
benefits for prognosis and patient management (1,11).
Therefore, by largely expanding the indication of
CMR, this 3D ultrafast protocol has enormous potential
to benefit patients while increasing their comfort and
reducing associated costs. The proposed ultrafast
protocol can be applied to patients with heart diseases
for which other rapid protocols, including more con-
ventional techniques, have demonstrated clinical
benefit (cardiomyopathy, chronic ischemic heart

TABLE 3 Intercept, Slope, and Resid
Comparisons Between 2D (Reference) and 3D Cine and LGE Measurements

L SD of P

g-Bablok Regression for

Passing-Bablok Regression

Measured

Variable n Intercept (95% CI) Slope (95% CI) Residual SD (95% CI)
LVEF, % 107  1.64 (—0.91 to 4.03) 0.95 (0.90-1.01) 3.42 (-6.70 to 6.70)
LVEDV, ml 107 2.07 (-10.03 to 14.81)  1.04 (0.97-1.11)  18.24 (—35.75 to 35.75)
LVESV, ml 107 2.00 (—2.33 to 6.61) 1.05 (1.00-1.11) 11.18 (—21.91 to 21.91)
LV mass, g 107 -2.25(-10.70t05.97) 1.03 (0.93-1.12)  15.54 (—30.46 to 30.46)
RVEF, % 107 436 (-4.15t011.96)  0.92 (0.78-1.06) 3.84 (-7.52 to 7.52)
RVEDV, ml 107  -1.15(-14.14t013.26) 1.09 (0.99-1.19)  17.59 (-34.47 to 34.47)
RVESV, ml 107 1.45 (—4.41 to0 5.82) 1.06 (0.98-1.16) 9.14 (-17.91 to 17.91)
LGE, % of LV 51 1.35(-0.43 t0 2.97) 1.01 (0.90-1.12) 3.38 (-6.63 t0 6.63)

Abbreviations as in Table 1.

disease, and hypertensive heart disease [4]). As an
improvement to this rapid protocol, the proposed
protocol will simplify the overall examination work-
flow, potentially reducing the scan time to 3 breath-
holds, including look-locker scan (12). In addition,
the proposed 3D technique has been validated to
assess RV anatomy and function, thus extending its
application to other pathologies such as pulmonary
hypertension, with similar reproducibility reported in
previous works (22). Although this concept has not yet
been demonstrated, the proposed 3D approach could
improve overall clinical performance for complex
anatomies, such as congenital heart diseases, or
include the evaluation of big vessel anatomies, such as
the aorta or pulmonary artery, in the imaging report.

RECENT TECHNICAL ADVANCES IN ACCELERATED
CMR PROTOCOLS. Standard clinical measurement of
LV and RV anatomy and function by CMR involves the
time-consuming acquisition of a stack of slices in
double-oblique short-axis and long-axis orientations.
The 2D slices are acquired sequentially, with typically
only 1 or 2 slices per breath-hold. Additional time is
required for planning the double-oblique slices as
well as patient recovery between breath-holds. For
these reasons, there is a great interest in developing a
highly accelerated cardiac cine acquisition method
that allows nonangulated 3D acquisition of the entire
heart in a single breath-hold, with sufficient isotropic
spatial resolution to allow subsequent reformatting in
any desired oblique orientation.

Latest generation of acceleration techniques, based
on compressed sensing theory, can achieve even
higher acceleration factors, allowing acquisition of 3D
short-axis cine volumes in a single breath-hold with
isotropic resolution (6,13-15). Unfortunately, com-

pressed sensing techniques require very long
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reconstruction times (>10 min), which impede their
implementation in routine clinical practice.

Single breath-hold acquisitions have also been
proposed for 3D LGE, as methods developed to date
have not allowed isotropic resolution, even with very
long breath-holds (16). Proposed improvements
to LGE sequences have focused on accelerating
high-resolution navigator triggered acquisitions, with
a maximum acceleration factor of 4 (17).

ADVANTAGES OF THE NEW ACCELERATED CMR
PROTOCOL. This study proposes the newly devel-
oped 3D ESSOS cine sequence as an efficient tech-
nique that combines SENSE with static outer volume
suppression. ESSOS enables acquisition of a whole-
chest 3D coronal volume with 2.6-mm isotropic res-
olution and 16 cardiac phases in a single breath-hold
(net acceleration factor of 34) (Videos 4, 5, 6, and 7).
Whole-chest acquisitions with isotropic resolution
allow assessment of cardiac function as well as of the
anatomy of the large vessels (aorta and pulmonary
veins). In addition, nonangulated whole-chest
isotropic 3D coronal acquisitions remove the need
for prospective planning of the desired cardiac ori-
entations (e.g., short axis) based on pre-scan scout
images, as required in conventional 2D double-
oblique imaging. This simplifies and improves the
overall cardiac CMR acquisition workflow. Finally,
the use of nonselected pulses in ESSOS reduces the
sequence TR, which not only shortens the total
acquisition but also the sensitivity of the SSFP
sequence to off-resonance effects, which is particu-
larly challenging at 3.0-T (18).

Three-dimensional short-axis volumes of the
whole heart can also be acquired in a single breath-
hold given recent advances in compressed sensing
techniques. This approach yields a volume thickness
of 15 cm and gives good spatial and temporal resolu-
tion (1.6 x 1.9 x 2.3 mm? and 48 ms, respectively) (15).
However, the breath-hold is very long (32 + 7 s), and
the reported reconstruction time is approximately
10 min, whereas ESSOS reconstruction time for a full
3D cine dataset at the scanner is approximately 1 min.
This fast reconstruction is possible because ESSOS
uses conventional (noniterative) SENSE reconstruc-
tion combined with computationally simple opera-
tions such as multiplication and subtraction.

ESSOS also works for acquisition without contrast
administration (Supplemental Figure 7), but the
blood signal saturation due to 3D excitation pulses
produces suboptimal delineation of endocardial

Gomez-Talavera et al.
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TABLE 4 Concordance Correlation Analysis Between 2D and 3D Cine and
LGE Measurements

Concordance Correlation Analysis

Measured

Variable n Lin's recc (95% CI) Precision p Accuracy C,
LVEF, % 107 0.96 (0.94-0.97) 0.96 >0.99
LVEDV, ml 107 0.93 (0.91-0.96) 0.95 0.98
LVESV, ml 107 0.96 (0.95-0.98) 0.98 0.99
LV mass, g 107 0.92 (0.89-0.95) 0.92 >0.99
RVEF, % 107 0.73 (0.64-0.82) 0.74 0.99
RVEDV, ml 107 0.89 (0.85-0.92) 0.92 0.96
RVESV, ml 107 0.89 (0.85-0.93) 0.92 0.97
LGE, % of LV 51 0.94 (0.90-0.97) 0.95 0.99

Accuracy Cp, values =0.995 are indicated as >0.99, not rounded to 1.00.
Abbreviations as in Table 1.

borders. Although this problem is shared by all 3D
cine techniques, for ESSOS it is even more severe
because it used nonselected pulses. In addition, in
the present work only 3-T acquisitions have been
shown, for which this blood signal saturation effect is
even stronger.

For LGE imaging, sagittal orientation of the 3D
volume allows an acceleration factor of 4, which is
comparable to those already reported in the pub-
lished data. This 3D acquisition allows evaluation of
enhanced regions from any orientation without
further acquisition. Another advantage of this 3D
approach is the elimination of the partial volume ef-
fects of 2D acquisitions. In addition, data acquisition
without the need for orientation simplified the
training of the scanner operators. One potential lim-
itation could be the difficulty in implementing this
sequence in a single breath-hold with state-of-the-art
phase sensitive inversion recovery techniques (19).
This could be minimized by selecting the correct
inversion time using a look-locker sequence before
the 3D protocol, extending the protocol to an addi-
tional breath-hold.

RELIABILITY AND AGREEMENT OF THE VALIDATED
METHODOLOGY. The image quality obtained with
the ESSOS technique translated into very good
agreement between 3D and 2D cine measurements.
The documented observer variability was compara-
ble to the reproducibility obtained with the standard
(2D) technique (20-22) and other validation studies
using accelerated approaches (6,23), with most of
the observer variability in ESSOS resulting from
discrepancies in the definition of the basal-most
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short-axis slices (24). Despite the overall good
agreement and reliability between 3D and 2D LGE
measures, 3D LGE imaging tended to slightly over-
estimate the LGE area. This can be explained, at
least in part, by the relatively lower in-plane
resolution of 3D LGE imaging. Because 2D LGE was
acquired at the end of the imaging protocol, another
possible factor is delayed washout in the diseased
myocardium. Nevertheless, the variability observed
in LGE imaging is similar to that previously reported
in recent studies validating other 3D LGE single
breath-hold methods (25).

STUDY LIMITATIONS. A potential limitation of 3D
ESSOS cine is the contrast-based nature of the
sequence. Although ESSOS also works for acquisition
without contrast administration (Supplemental
Figure 6), the blood signal saturation due to 3D
excitation pulses produces suboptimal delineation of
endocardial borders. This problem is shared by all 3D
cine techniques but for ESSOS is even more severe
because the entire signal from the chest is saturated
due to use of nonselected pulses. However, given that
most patients undergoing CMR undergo LGE evalua-
tion, this limitation should be restricted to patients
with a formal contraindication to gadolinium admin-
istration (e.g., severe renal insufficiency).

The proposed protocol has been tested at 3.0-T
field strength, and further validation will be
required for more stablished 1.5-T systems with lower
signal to noise. To compensate for this loss in signal,
higher flip angles can be used for ESSOS, as lower
energy deposition of the excitation pulses at this
magnetic field strength does not increase sequence
TR. As an additional impact, higher flip angles could
benefit the contrast between the blood pool and heart
muscle in cases in which contrast media cannot be
administered. In the case of 3D LGE, this signal loss
can be compensated using SSFP readout techniques,
which is more suitable for lower magnetic fields and
provides significantly higher signal compared with
spoiled TFE technique.

Three-dimensional ESSOS cine acquisition requires
a breath-hold of approximately 24 s. Although most
individuals can tolerate this, such long breath-holds
may not be achievable for some patients. In recent
implementations of the sequence, the research team
managed to reduce breath-hold to <15 s with no sig-
nificant loss of resolution; however, this shorter pro-
tocol was not attempted in the cohort reported here.
This protocol does not include CMR mapping tech-
niques able to track the dynamics of complex patho-
physiological processes occurring after myocardial
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infarction and other pathophysiological processes
(26-29). Nevertheless, mapping sequences could be
implemented before contrast administration at the
cost of increasing total protocol time. For validation
purposes, we performed contrast administration after
the acquisition of 2D cine imaging. However, for
clinical practice implementation of the present proto-
col, contrast could be administered with the patient
positioned on the bed or even outside the magnet,
dramatically shortening patient time inside the scan-
ner. It should be highlighted that when parametric
acquisitions (e.g., native T1, T2, or T2* mapping) are
planned, they should be performed before injection of
the contrast agent. This will significantly extend the
study, not just by the time of mapping acquisition but
also the 10-min lag between contrast injection and 3D
ESSOS and 3D LGE acquisition (30,31).

CONCLUSIONS

This study provides clinical validation of a 3D ultra-
fast CMR protocol to evaluate the most important
cardiac anatomy and function parameters with
isotropic resolution. The present study validates both
protocol components: the new single breath-hold 3D
ESSOS cine sequence and the single breath-hold 3D
LGE sequence improved with isotropic resolution.
The protocol combines total acquisition time
to <1 min with reconstruction almost in real time,
thus facilitating implementation in daily practice.
The protocol can be implemented in any commer-
cially available clinical magnetic resonance equip-
ment. Incorporation of this ultrafast protocol could
hugely expand the indication for CMR, providing
benefits to patients while increasing their comfort
and reducing associated costs.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: CMR is the
reference tool for assessing cardiac anatomy and function;
however, its use is limited due to time and cost constraints. We
clinically validated a 3D ultrafast CMR isotropic protocol
comprising a new single breath-hold 3D cine sequence (ESSOS)
and an updated single breath-hold 3D LGE sequence. The new
protocol acquires the major cardiac parameters, including ejec-
tion fraction and extent of injured myocardium, in <1 min with
near-real-time image reconstruction.

TRANSLATIONAL OUTLOOK: Implementation of this ultra-
fast protocol could hugely expand the indication for CMR,
providing benefits to patients while increasing their comfort and
reducing associated costs.
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