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A B S T R A C T

Purpose: Current cardiovascular magnetic resonance (CMR) examinations require expert planning, multiple
breath holds, and 2D imaging. To address this, we sought to develop and validate a comprehensive free-
breathing 3D cine function and flow CMR examination using a steady-state free precession (SSFP) sequence to
depict anatomy fused with a spatially registered phase contrast (PC) sequence for blood flow analysis.
Methods: In a prospective study, 25 patients underwent a CMR examination which included a 3D cine SSFP
sequence and a 3D cine PC (also known as 4D flow) sequence acquired during free-breathing and after the
administration of a gadolinium-based contrast agent. Both 3D sequences covered the heart and mediastinum,
and used retrospective vectorcardiogram gating (20 phases/beat interpolated to 30 phases/beat) and prospective
respiratory motion compensation confining data acquisition to end-expiration. Cardiovascular measurements
derived from the 3D cine SSFP and PC images were then compared with those from standard 2D imaging.
Results: All 3D cine SSFP and PC acquisitions were completed successfully. The mean time for the 3D cine
sequences including prescription was shorter than that for the corresponding 2D sequences (21 min vs. 36 min,
P-value< 0.001). Left and right ventricular end-diastolic volumes and stroke volumes by 3D cine SSFP were
slightly smaller than those from 2D cine SSFP (all biases ≤5%). The blood flow measurements from the 3D and
2D sequences had close agreement in the ascending aorta (bias −2.6%) but main pulmonary artery flow was
lower with the 3D cine sequence (bias −11.2%).
Conclusion: Compared to the conventional 2D cine approach, a comprehensive 3D cine function and flow ex-
amination was faster and yielded slightly lower left and right end-diastolic volumes, stroke volumes, and main
pulmonary artery blood flow. This free-breathing 3D cine approach allows flexible post-examination data
analysis and has the potential to make examinations more comfortable for patients and easier to perform for the
operator.

1. Introduction

Conventional cardiovascular magnetic resonance (CMR) examina-
tions typically include multiple two-dimensional (2D) cine steady-state
free precession (SSFP) acquisitions to assess cardiac chamber volume
and function, and multiple 2D phase contrast (PC) acquisitions for the
quantification of blood flow [1]. Additional 2D cine SSFP acquisitions
may also be performed to assess the thoracic vasculature. Respiratory
motion blurring is minimized by having patients repeatedly hold their

breath while 1–3 slices are acquired. This conventional CMR approach
has several widely-recognized drawbacks. First, its performance re-
quires a knowledgeable operator to prescribe the multiple 2D cardiac
imaging planes. This need for specialized cardiac training hinders the
adoption of CMR. Second, patient breath-holding is often preferred
during the image acquisition to avoid respiratory motion artifacts and
blurred images. Breath-holding, however, may not be feasible in ill
patients and young children [2]. Even patients who can hold their
breath may have difficulty achieving a consistent amplitude leading to
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slice-to-slice misregistration and errors in the ventricular volumetric
measurements [3]. Newer acceleration techniques mitigate this effect
by allowing more slices to be acquired per breath-hold. Third, the need
to precisely plan imaging planes and have the patients repeatedly hold
their breath prolongs the examination time.

An examination comprised of isotropic resolution 3D cine images
acquired during free-breathing addresses these drawbacks as it does not
require breath-holding, is easy to plan and, once acquired, can be re-
formatted into any plane for visualization and quantification of cardiac
chambers, blood flow, and the vasculature. Previous approaches to free-
breathing 3D cine SSFP [4–9] have a lower temporal resolution than the
standard retrospectively-gated 2D cine sequences thereby reducing the
fidelity of ventricular volume measurements [10,11]. Furthermore,
most use non-linear k-space trajectories, such as radial or spiral, along
with parallel imaging acceleration thereby precluding in-line re-
construction by standard scanner equipment. Free-breathing 3D cine PC
acquisitions (also known as 4D flow) with respiratory motion com-
pensation have been developed that include data over the entire cardiac
cycle [12]. However, anatomic information from these sequences is
limited by a low signal-to-noise ratio and low myocardium-to-blood
contrast on the magnitude images. This drawback has been overcome
by administering an iron-based blood-pool contrast agent, ferumoxytol,
resulting in 3D cine PC data that can be used for the assessment of both
ventricular function and blood flow [13–16]. Ferumoxytol, however,
has been associated with the anaphylactic reactions [17–19] and this
has led to restrictions on use and availability in some countries.

In this study, we report an alternative approach to achieving a 3D
cine function and flow CMR examination with respiratory motion
compensation, coverage of the entire cardiac cycle, and a Cartesian k-
space trajectory. Following the administration of a gadolinium-based
contrast agent, a 3D cine SSFP sequence using the Heart-NAV re-
spiratory gating technique [20,21] is acquired. The contrast agent
serves to boost the blood-to-myocardium contrast-to-noise ratio. Then,
a 3D cine PC (i.e., 4D flow) sequence also using Heart-NAV is acquired
with the same anatomic coverage and spatiotemporal resolution as the
3D cine SSFP sequence. Off-line, the 3D SSFP and PC image datasets are
spatially registered and the magnitude images of the PC image dataset
are discarded. The result is a single 3D cine dataset of high-quality
anatomic SSFP images with spatially registered 3D velocity PC data. In
this prospective study in patients, we compared cardiovascular mea-
surements derived from this novel 3D cine function and flow CMR ex-
amination protocol to those from the standard 2D CMR approach.

2. Methods

2.1. 3D cine heart-NAV technique

A diagram of the Heart-NAV technique used for respiratory motion
compensation with both the 3D cine SSFP and 3D cine PC spoiled
gradient recalled echo (GRE) sequences is shown in Fig. 1. Both se-
quences are prescribed in a non-angulated sagittal orientation to en-
compass the heart and mediastinum to at least the lung hili with fre-
quency encoding in the superior-inferior direction. Cardiac motion is
resolved by using retrospective vectorcardiogram-gating and k-space
binning (segmentation) so that 20 cardiac phases per beat are acquired.
Prospective respiratory motion compensation is accomplished using
Heart-NAV approach [20,21]. Specifically, at the 10th phase (segment)
of each cardiac cycle, one excitation radiofrequency pulse is added to
read the centerline of k-space along the superior-inferior direction by
turning off the phase-encoding gradients and this yields the Heart-NAV
signal. This signal is collected and transformed from the Fourier domain
to the image domain and represents the 1-dimensional projection of the
imaging volume along the superior-inferior direction. The Heart-NAV
image data is processed and displayed using the scanner's standard
diaphragm navigator analysis pathway to track respiratory motion. This
includes a cross-correlation analysis with the preceding Heart-NAV lines

to measure displacement in the superior-inferior direction.
As with the conventional diaphragm navigator, the first few seconds

at the beginning of the scan are used as a preparation stage to monitor
the Heart-NAV signal, identify the position of end-expiration and set
this position as the reference for the subsequent imaging stage. An
acceptance window at end-expiration is then established using this
position and an initial width that is pre-specified by the user. Once the
Heart-NAV preparation stage is complete, the imaging stage begins. If
the respiratory position from the Heart-NAV signal in a cardiac cycle is
within the acceptance window, the acquired 3D cine data for that entire
cycle is accepted for reconstruction; otherwise, it is rejected and re-
acquired in the next cycle. Also, the width of the acceptance window is
adapted during the scan to ensure that scan efficiency does not drop
below a pre-specified threshold. A histogram of the respiratory posi-
tions from the Heart-NAV signal is generated and the width of the ac-
ceptance window is either widened or narrowed to ensure that the pre-
specified efficiency is maintained [22].

2.2. Spatial registration of 3D cine SSFP and 3D Cine PC images

To create a single 3D cine image dataset with both anatomic and
flow data, the 3D cine SSFP images are spatially registered to the
magnitude images of the 3D cine PC GRE images. Using MASS research
software (V2018-EXP, Leiden University Medical Center), a volume of
interest is defined around the heart by manually drawing a contour in a
few slices of the 3D cine SSFP images in the first phase of the cardiac
cycle (Fig. 2). Using linear interpolation of the defined contours, a
volume around the heart is obtained and used as a mask region for the
registration algorithm. The 3D cine SSFP images from all 30 timeframes
are then registered in 3D space to the magnitude images of the PC GRE
dataset using a rigid-body registration algorithm (Elastix registration
toolbox) [23]. The 3D cine PC GRE volume is used as the “fixed” image
and the 3D cine SSFP volume as the “moving” image. An iterative
procedure is executed in which the position and orientation of the 3D
cine SSFP volume is adjusted to maximize an image similarity metric,
normalized mutual information, within the mask region. The 3D PC
GRE velocity data are not altered. Finally, a fused 3D cine dataset is
created consisting of the spatially registered 3D cine SSFP images and
the x, y, and z-velocity component PC GRE images.

To assess the quality of registration, regions of interest were drawn
around the cross-sections of the ascending aorta (primarily an axial
image) and the transverse aortic arch (primarily a coronal image) on
the magnitude images of 3D cine PC GRE and on the 3D cine SSFP
images before and after performing the registration. These 2 locations
were chosen so that the analysis would be sensitive to displacement in
the superior-inferior, right-left, and anterior-posterior directions. The
overlap between the regions of interest on cine PC GRE and cine SSFP
images before versus after registration was compared by calculating the
Dice coefficient. If the registration is successful, the region of interest
overlap should increase and this should be reflected as an increase in
the Dice coefficient. To assess whether the registration process altered
the flow data, net ascending aorta blood flow measured using only the
3D cine PC GRE dataset was compared to that measured from the fused
(registered) image dataset.

2.3. Subjects

To evaluate our free-breathing 3D CMR function and flow technique
in clinical practice and compare it to a conventional 2D cine acquisition
protocol, we performed a prospective study in patients at Boston
Children's Hospital. Patients were eligible if they were referred for a
CMR examination with the administration of a gadolinium-based con-
trast agent. The Boston Children's Hospital Committee on Clinical
Investigation approved this study and written informed consent was
obtained from all subjects.
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2.4. CMR protocol

CMR examinations were performed with a 1.5 T Achieva dStream
scanner (Philips Healthcare, Best, the Netherlands) and vectorcardio-
gram gating. In each subject, a standard examination, including 2D cine
SSFP and 2D cine PC spoiled GRE (i.e., flow) sequences, was performed.
A 2D cine SSFP sequence was used to acquire a stack of ≈12 slices
prescribed in a ventricular short-axis plane to completely encompass
the left and right ventricles. Imaging was performed with breath-
holding at end-expiration for 10–12 s to acquire 2 slices. The acquisi-
tion parameters were as follows: field-of-view 260 × 260 mm, in-plane
resolution 1.8 × 1.8 mm reconstructed to 1.25 × 1.25 mm, slice
thickness 8 mm, slice gap 0–2 mm, flip angle 60°, echo time 1.4 ms,
repetition time 2.8 ms, bandwidth 1.1 kHz, heart phases 20 inter-
polated to 30 and SENSE factor 1–2. A 2D cine flow sequence was used
to measure blood flow in the ascending aorta (AAo) and the main
pulmonary artery (MPA) during free-breathing with the following
imaging parameters: field-of-view 260 × 260 mm, in-plane resolution
1.6 × 1.6 mm reconstructed to 1.1 × 1.1 mm, slice thickness 6 mm,
flip angle 12°, echo time 3.3 ms, repetition time 5.2 ms, bandwidth
717.4 Hz, 2 signal averages, velocity encoding (VENC) 100–300 cm/s,
heart phases 20 interpolated to 30 and SENSE factor 2.

Three to 15 min after the administration of 0.1–0.15 mmol/kg ga-
dobutrol contrast, a free-breathing 3D cine SSFP sequence with Heart-
NAV for respiratory motion compensation was acquired in a sagittal
plane with the following parameters: field-of-view
512 × 200 × 120 mm, acquired resolution 2.0 × 2.0 × 2.4 mm re-
constructed to 1.2 × 1.2 × 1.2 mm, flip angle 60°, echo time 1.5 ms,
repetition time 3.0 ms, bandwidth 1.7 kHz, heart phases 20 inter-
polated to 30, Heart-NAV with an adaptive respiratory acceptance
window 3 mm, 40% gating efficiency and SENSE factor 3 (2 anterior-
posterior direction and 1.5 right-to-left direction). At the end of the
examination, a free-breathing 3D cine PC spoiled GRE (i.e., 4D flow)
sequence with echo planar imaging (EPI) and Heart-NAV for respiratory
motion compensation was acquired in a sagittal plane. Its imaging
parameters were as follows: field-of-view 512 × 200 × 120 mm, ac-
quired resolution 2.0 × 2.0 × 2.4 mm reconstructed to
1.2 × 1.2 × 1.2 mm, flip angle 10°, echo time 3.3 ms, repetition time
7.4 ms, EPI factor 5, bandwidth 209.7 Hz, heart phases 20 interpolated
to 30, Heart-NAV with an adaptive respiratory acceptance window
3 mm, 40% gating efficiency, SENSE factor 4 (2 anterior-posterior di-
rection and 2 right-to-left direction) and partial-Fourier (90% along the
anterior-posterior and right-to-left directions). The 3D cine PC VENC
was chosen to match the highest VENC that was used in the 2D flow

Fig. 1. Diagram of the comprehensive 3D cine function and flow CMR exam which contains steady-state free precession (SSFP) and phase contrast gradient echo (PC
GRE) sequences. This exam is performed during free-breathing and Heart-NAV, a respiratory motion compensation technique, is used to prospectively confine the
data acquisition to the respiratory end-expiration where only 40% of data within a narrow acceptance window around end-expiration (i.e., 3 mm) is used for image
reconstruction.

Fig. 2. Magnitude images of 3D cine SSFP and 3D PC GRE (flow) datasets which are used for registration. After the registration is performed, the images of 3D cine
SSFP dataset with their better contrast-to-noise ratio between the blood and myocardium replace the magnitude images of the 3D cine PC GRE dataset.
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sequences to avoid aliasing and ranged from 200 to 300 cm/s. For both
3D acquisitions, in-line coil compression was used so that the amount of
data was small enough for the scanner to complete the acquisition [24].

The start time for each 2D sequence was recorded from the DICOM
header file. By calculating the difference between the start time of two
consecutive sequences, the scan time of the first sequence plus any
additional preparation time of the next imaging sequence was included.
For the 3D cine PC GRE sequence, we could not use the DICOM start
time to measure the scan time and preparation time since this sequence
was the last performed sequence in the examination. Therefore, for the
3D cine PC GRE sequence and the 3D cine SSFP sequences, we used a
stopwatch to prospectively measure scan time. The planning time for
both of these sequences is short since the imaging plane is not angulated
(straight sagittal).

2.5. Data analysis

All the 3D cine images were reconstructed in-line on the scanner
and then transferred to a workstation where the MASS software ap-
plication was used for spatial registration, reformatting into appro-
priate views and analysis.

For ventricular volume measurements, a short-axis image stack was
generated with a slice thickness of 5 mm (no gap). The right and left
ventricular myocardial boundaries on the short-axis reformatted 3D
cine images as well as the 2D cine images were delineated by a single
observer who was blinded to the numeric results. Left ventricular (LV)
and right ventricular (RV) end-diastolic volume (EDV), end-systolic
volume (ESV), stroke volume (SV) and ejection fraction (EF) were
calculated using a standard summation of disks approach.

For 3D cine-based flow measurements, concomitant gradient cor-
rection and phase-offset correction were applied during image re-
construction by the scanner software. Blood flow aliasing artifacts were
corrected, when present, using the MASS software. The 2D flow mea-
surements performed were determined by the clinical need and not pre-

specified. Most of the subjects had 2D blood flow measurements per-
formed in the AAo and MPA. For comparison, the fused 3D cine images
were reformatted to an orientation and location that matched the 2D
cine flow acquisitions. Contours around the blood vessel were drawn
using the magnitude images (originally from the SSFP sequence) and
simultaneously displayed on corresponding through-plane velocity-en-
coded phase images analogous to what is done for 2D cine PC images.
For checking the internal measurement consistency within 3D PC data,
flow was also measured at the left pulmonary artery (LPA), right pul-
monary artery (RPA), superior vena cava (SVC) and descending aorta
(DAo). Ventricular stroke volumes were not systematically compared to
their respective semilunar valve flow because several patients had at-
rioventricular valve regurgitation and/or ventricular septal defects.

The 2D versus 3D measurements of the following parameters were
compared: LV and RV EDV, ESV, SV, and EF; AAo and MPA net blood
flow and pulmonary-to-systemic blood flow ratio (Qp/Qs). The internal
measurement consistency within the flow data was assessed by com-
paring MPA flow to the sum of RPA and LPA flow and by comparing
AAo flow to the sum of SVC and DAo flow.

2.6. Statistical analysis

Descriptive statistics are reported as median and range, or
mean ± standard deviation. A paired two-tailed Student's t-test was
used to compare the 2D and 3D cine measurements and a P-value
≤0.05 was considered statistically significant. The Pearson correlation
coefficient and Bland-Altman analysis were used to assess the extent of
correlation and agreement [25]. The mean of the differences (3D-2D)
and mean of the differences expressed as a percentage
( ×× + 100D D

D D
3 2

0.5 (3 2 ) ) were calculated. The amount of internal measure-
ment consistency within the flow datasets was measured using Cron-
bach's alpha [26].

Fig. 3. 3D cine SSFP images, 3D PC GRE images, and their fused registration in a 17-year old patient with a family history of arrhythmogenic ventricular cardio-
myopathy.

Table 1
Registration parameters for fusing the 3D cine SSFP and 3D PC GRE datasets (n = 25).

Rotation (degree) Translation (mm)

RL AP SI RL AP SI

Mean −0.4 ± 0.7 −0.3 ± 0.7 0.3 ± 0.6 0.5 ± 1.0 0.4 ± 1.1 −1.2 ± 1.7
Minimum −1.7 −2.3 −0.6 −0.8 −1.5 −4.4
Maximum 1.2 0.6 1.7 4.1 3.5 2.4

Values are mean ± standard deviation. AP, anterior-posterior; RL, right-left; and SI, superior-inferior direction.
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Fig. 4. Mid-ventricular short-axis images in the end-diastole and end-systole acquired using breath-hold 2D cine SSFP images, free-breathing 3D cine SSFP images,
and magnitude images of free-breathing 3D cine PC GRE datasets from a 17-year-old female with arrhythmogenic ventricular cardiomyopathy and a 16-year-old
female patient with Marfan syndrome.
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3. Results

3.1. Subjects

Twenty-five patients (9 males) were enrolled in the study and all
completed the imaging protocol. Their median age was 24 years (range
2–43 years), the median weight was 62 kg (range 11–129 kg) and the
median heart rate during the CMR examination was 76 bpm (range
56–118 bpm). The principal diagnosis for each patient was as follows:
aortic coarctation (n = 6), congenital aortic valve disease (n = 4),
palliated single ventricle congenital heart disease (n = 3), tetralogy of
Fallot (n = 3), truncus arteriosus (n = 2), Ebstein anomaly of the tri-
cuspid valve (n = 1), hypertrophic cardiomyopathy (n = 1), lipoma-
tous hypertrophy of the interatrial septum (n = 1), Marfan's syndrome
(n = 1), sinus venosus defect (n = 1), transposition of the great arteries
(n = 1), and ventricular arrhythmia (n = 1). Three of the examinations
were performed with general anesthesia.

Fig. 3 shows representative 3D cine SSFP images, 3D cine PC GRE
(i.e., 4D flow) images and their fusion. Supplementary Video 1 depicts
the fusion of 3D cine SSFP images and 3D cine PC flow data in an LV 3-
chamber view from the same patient. Supplementary Video 2 shows the

fused 3D cine SSFP and PC GRE image set and how it can be re-
formatted and simultaneously show anatomical and blood flow in-
formation.

3.2. Spatial registration

The 3D cine SSFP images were spatially registered to the magnitude
images of the 3D cine PC GRE flow images as described above. Table 1
shows the registration parameters between the two datasets. The largest
mean inter-scan translation was along the superior-inferior direction
and the largest mean inter-scan rotation was along the right-left axis.
Registration led to a significantly higher mean Dice coefficient (in-
dicating more overlap) for regions of interest in the transverse aortic
arch (pre-registration 83.0 ± 9.6 vs. post-registration 87.8 ± 6.0; P-
value< 0.001) and ascending aorta (pre-registration 90.1 ± 4.8 vs.
post-registration 91.8 ± 4.2; P-value< 0.001) (Supplementary Figs. 1
and 2). To assess whether the registration process altered the flow data,
net ascending aorta blood flow measured using only the 3D cine PC
GRE dataset was compared to that measured from the fused (registered)
image dataset. There was no statistically significant difference between
the measurements (n = 20, 3D cine PC GRE only 61.9 ± 23.2 L/min

Fig. 5. Bland-Altman plots of agreement comparing left and right ventricular (LV, RV) measurements for the 2D cine SSFP and 3D cine SSFP datasets. The solid line
indicates the mean difference (bias) and the dashed lines show±1.96 standard deviations of difference.

Table 2
Ventricular measurements for the 2D cine SSFP and 3D cine SSFP sequences (n = 25).

Left ventricle Right ventricle

EDV (ml) ESV (ml) SV (ml) EF (%) EDV (ml) ESV (ml) SV (ml) EF (%)

2D cine SSFP 164.1 ± 80.0 71.3 ± 45.4 92.8 ± 38.0 57.8 ± 5.6 169.0 ± 71.8 83.4 ± 42.6 85.6 ± 34.1 50.7 ± 8.3
3D cine SSFP 161.4 ± 79.2 70.6 ± 43.2 90.7 ± 39.8 57.1 ± 5.4 164.0 ± 69.9 81.9 ± 42.1 81.8 ± 32.9 50.3 ± 8.2
Mean difference (3D-2D) −2.7 ± 4.3 −0.7 ± 4.0 −2.1 ± 4.8 −0.8 ± 2.0 −4.9 ± 7.1 −1.5 ± 5.7 −3.8 ± 5.6 −0.5 ± 2.8
Mean % difference (3D-2D) −2.3 ± 4.1 −0.4 ± 5.5 −3.7 ± 5.9 −1.3 ± 3.5 −3.5 ± 5.1 −2.6 ± 9.2 −4.6 ± 5.9 −0.9 ± 6.0
Correlation coefficient 0.998 0.997 0.993 0.937 0.995 0.991 0.987 0.940
P-value 0.005 0.410 0.042 0.058 0.002 0.203 0.002 0.425

Values are mean ± standard deviation. EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; and SV, stroke volume.
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vs. fused 3D cine PC GRE and 3D cine SSFP 61.2 ± 21.7 L/min; P-
value = 0.52).

3.3. Scan time

The scan time of the 3D cine SSFP acquisition was 7.1 ± 1.1 min
and of the 3D cine PC GRE acquisition 13.6 ± 3.5 min, resulting in a
combined scan time of 20.7 ± 3.8 min. As noted above, the planning
time for both of these sequences is short since the imaging plane is not
angulated (straight sagittal). The combined planning and scan time for
all the 2D cine SSFP (up to 11 different orientations) and 2D cine flow

(up to 4 locations) acquisitions was 35.6 ± 8.6 min. This time was
significantly longer than the combined 3D cine scan time (P-value<
0.001).

3.4. Ventricular measurements

Mid-ventricular short-axis slices using 2D cine SSFP and 3D cine
SSFP are shown in Fig. 4 and Supplementary Video 3. Table 2 and Fig. 5
compare LV and RV measurements between the 2D cine and 3D cine
SSFP acquisitions. Of note, for both ventricles EDV was smaller by 3D
and ESV was not significantly different. The mean percent difference

Fig. 6. Comparison of 2D cine PC and 3D cine PC GRE datasets with the fused 3D cine SSFP images though the ascending aorta (AAo) and main pulmonary artery
(MPA) from a 19-year-old female patient with repaired tetralogy of Fallot and a 16-year-old female patient with Marfan syndrome.
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was ≤5% for all parameters.

3.5. Blood flow measurements

Fig. 6 shows representative 2D flow and fused, reformatted 3D cine
(i.e., 4D flow) images through the AAo and MPA. Table 3 and Fig. 7
show the comparison between conventional 2D flow versus fused 3D
cine net blood flow measurements in the AAo and MPA. Agreement for
AAo flow was acceptable (bias −2.6 ± 8.9%) while MPA flow was
lower with the fused 3D cine sequence (bias −11.2 ± 15.3%,
P = 0.010). The pulmonary-to-systemic blood flow ratio measured
from fused 3D cine images (0.95 ± 0.12) was not significantly dif-
ferent than that from the 2D images (1.03 ± 0.08) (P-value = 0.14).

Two comparisons were performed to assess the internal consistency
of the fused 3D cine flow data. The mean difference between MPA and
the sum of LPA and RPA flow was −0.12 ± 0.55 L/min (mean percent
difference − 1.64 ± 9.17%, Cronbach's alpha 0.94). The mean dif-
ference between AAo and the sum of SVC and DAo flow was
0.03 ± 0.19 L/min (mean percent difference 0.44 ± 4.11%,
Cronbach's alpha 0.99).

4. Discussion

We developed and evaluated in patients a free-breathing and easy to
plan 3D cine function and flow CMR examination. This consisted of a
nearly isotropic 3D cine SSFP sequence and a nearly isotropic 3D cine
PC (i.e., 4D flow) sequence, both with retrospective electrocardiogram
gating and prospective respiratory motion compensation. The two
image datasets were spatially registered and the SSFP images were
substituted for the magnitude images in the PC flow sequence to yield a
single 3D cine dataset suitable for a comprehensive analysis of thoracic
anatomy, ventricular function, and blood flow. This novel fused dataset
facilitates simultaneous visualization of anatomy and blood flow, and
easier segmentation compared to a standard 3D cine PC GRE sequence.
In a prospective evaluation in patients, all 3D cine SSFP and 3D PC flow

acquisitions were completed successfully and the mean scan time in-
cluding sequence prescription was shorter than that for the corre-
sponding 2D sequences. Compared to the 2D cine acquisition, EDV was
smaller by 3D and ESV was not significantly different. Compared to the
2D flow sequence, the fused 3D cine AAo net blood flow was similar
and MPA net flow was lower. The pulmonary-to-systemic blood flow
ratio measured from the fused 3D cine images was not significantly
different than that from the 2D images. The internal consistency of
fused 3D cine flow data was good as AAo flow and the sum of SVC and
DAo flow were close as was MPA flow and the sum of RPA and LPA
flow. Overall, these results show that our fused 3D cine technique may
be able to shorten scan time and simplify examination planning.

Left and right ventricular EDV were smaller by 3D cine SSFP than
2D cine SSFP. The biases were all ≤5%, which, for perspective, is in the
range reported for inter-scan variability in congenital heart disease
patients [27]. The temporal resolution of the 3D and 2D cine datasets
was the same. However, the 3D cine data was reformatted into ven-
tricular short-axis slices with a thickness of 5 mm and no gap while the
2D cine images were acquired with a slice thickness of 8 mm and a gap
of 0–2 mm. The 3D data had lower in-plane spatial resolution and were
acquired after a contrast agent was administered. These differences
could have contributed to the lower ventricular volume measurements.
In addition, although the 2D and 3D image datasets were both acquired
at end-expiration, it is possible that the different breathing patterns
(i.e., breath-holding versus free-breathing) contributed to the small
discrepancy [28]. The systematic biases we found should be considered
when comparing measurements from 3D imaging to a patient's prior 2D
imaging data or normal ranges derived from 2D imaging.

The agreement between the fused 3D and 2D net flow measure-
ments was better for the AAo than the MPA. The differences between
the 3D and 2D acquisitions regarding through plane resolution and
post-contrast imaging may contribute to the overall flow measurement
discrepancy; however, it is doubtful that these factors can account for
the larger systematic bias for MPA flow. A possible explanation for this
result stems from noting that the fused 3D flow sequence was gated to
end-expiration while the 2D flow sequence acquired data throughout
the respiratory cycle. The systematically lower 3D MPA flow may be
because respiratory variation in flow is more pronounced in the pul-
monary circulation than in the systemic circulation and pulmonary flow
decreases in expiration. In addition, since the MPA is farther from the
scanner isocenter than the AAo and has a more oblique orientation, it is
more subject to phase offset errors and it is possible the errors were
different between the 2D and 3D sequences [29]. Further research into
phase offset correction techniques may help resolve this issue.

Compared to the standard 2D cine and 2D PC flow, our fused 3D
approach requires several additional post-processing steps. The 3D cine
SSFP and 3D cine PC GRE series need to be loaded into the MASS re-
search software and spatially registered. Together, these steps take
about 2 min. After the registration, the fused 3D images must be

Table 3
Blood flow measurements for the 2D cine PC GRE versus fused 3D cine SSFP
and PC GRE sequences.

AAo (L/min) MPA (L/min)

N 20 17
2D cine PC GRE (flow) 4.7 ± 1.4 5.6 ± 1.2
3D cine SSFP & PC GRE 4.6 ± 1.4 5.1 ± 1.1
Mean difference (3D-2D) −0.1 ± 0.4 −0.6 ± 0.8
Mean % difference (3D-2D) −2.6 ± 8.9 −11.2 ± 15.3
Correlation coefficient 0.956 0.738
P-value 0.312 0.010

Values are mean ± standard deviation. AAo, ascending aorta; LPA, left pul-
monary artery; MPA, main pulmonary artery; and RPA, right pulmonary artery.

Fig. 7. Bland-Altman plots of agreement comparing systemic and pulmonary blood flow measurements for the conventional 2D cine PC GRE images and free-
breathing 3D cine SSFP and 3D PC GRE datasets. The solid line indicates the mean difference (bias) and the dashed lines show±1.96 standard deviations of
difference.
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reformatted into multiple images series for analysis. These reformats
include a stack of ventricular short-axis images and a cross-sectional
view of the blood vessel at each location where flow is to be measured.
Each of these reformats takes less that one minute to create. Future
work will explore automatic reformatting and ventricular border de-
tection in 3D space using artificial intelligence.

There has been one other study that aimed to produce a compre-
hensive 3D cine CMR examination. Hanneman et al. used the iron-based
contrast agent, ferumoxytol, to boost the signal from blood and improve
the blood-to-myocardium contrast-to-noise ratio of an accelerated 3D
cine PC GRE (i.e., 4D flow) sequence [15]. As a result, the magnitude
images had sufficient quality to assess anatomy and segment the ven-
tricles. Ferumoxytol, though, has been associated with a significant risk
of anaphylactic reactions [17–19] and this has led to restrictions on use
and availability in some countries. Our technique, however, employs a
gadolinium-based contrast agent to increase the signal from blood and
improve the quality of the 3D cine SSFP images. The enhanced 3D cine
SSFP images are then used to replace the magnitude images from a
second 3D cine sequence, the PC acquisition, which have relatively low
contrast even after administering a gadolinium-based contrast agent.
Gadolinium-based contrast agents have a lower risk of anaphylactic
reactions and are more commonly used in clinical practice; however,
they still are associated with some safety concerns [30] and their use
necessitates intravenous line placement. In order to avoid the use of any
contrast agent with our technique, the 3D cine SSFP images must have a
sufficient blood-to-myocardium contrast-to-noise ratio for reliable
ventricular segmentation. To this end, Feng et al. periodically inter-
rupted the acquisition to suppress the signal from fat and then drove the
net magnetization vector back to the steady-state using 10 startup
pulses [8]. Although these periodic interruptions improve the contrast-
to-noise ratio of the 3D cine images, they preclude the acquisition of
cine data throughout the entire cardiac cycle.

Our study has several limitations. The number of subjects was re-
latively small and it is thus possible that additional differences between
the 3D cine and the conventional 2D cine techniques might emerge with
a larger sample size. We had only a few patients who underwent their
CMR examinations while sedated. Nevertheless, we would expect that
our comprehensive 3D cine examination would perform even more
effectively with sedation since patients will usually have a more regular
breathing pattern and heart rate. We have not yet systemically opti-
mized the spatial resolution of the 3D cine CMR parameters. In the
current study, a ≈ 2 mm3 spatial resolution was chosen because it
provided an acceptable balance between image quality, available
memory on the scanner and scan time in preliminary trials.

In the future, we plan to explore several enhancements to our
comprehensive 3D cine examination technique. Dividing the 3D cine
SSFP sequence into multiple slabs or pausing data acquisition to allow
recovery of the net magnetization vector may increase the blood signal
enough to eliminate the need for intravenous contrast. Application of
compressed sensing in space and time to both the 3D cine SSFP and PC
flow sequences using a moderate acceleration factor of 6 should reduce
the combined scan time to about 10 min. Furthermore, modifying the
3D cine PC sequence to include a second encoding velocity may im-
prove the precision of blood flow measurements. Finally, because our
technique does not require special modifications to the scanner for
image acquisition and reconstruction, it is readily shared with other
sites that have the same scanner manufacturer. A multicenter study is
currently underway to evaluate the generalizability of our study find-
ings and to further explore clinical utility.

In conclusion, we developed and evaluated in patients a free-
breathing 3D cine CMR examination approach to assess anatomy,
ventricular function, and blood flow. Our initial comparisons to the
standard 2D cine technique are encouraging. With further refinement
and testing, our 3D cine approach has the potential for a CMR ex-
amination that is easier to plan, faster and free-breathing; and enables
volume-based reformatting with intuitive flow data overlay.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2020.09.026.
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