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Purpose: Low-field MRI offers favorable physical properties for SNR-efficient long 
readout acquisitions such as spiral and EPI. We used a 0.55 tesla (T) MRI system 
equipped with high-performance hardware to increase the sampling duty cycle and 
extend the TR of balanced steady-state free precession (bSSFP) cardiac cine acquisi-
tions, which typically are limited by banding artifacts.
Methods: We developed a high-efficiency spiral in-out bSSFP acquisition, with  
zeroth- and first-gradient moment nulling, and an EPI bSSFP acquisition for cardiac 
cine imaging using a contemporary MRI system modified to operate at 0.55T. Spiral 
in-out and EPI bSSFP cine protocols, with TR = 8 ms, were designed to maintain 
both spatiotemporal resolution and breath-hold length. Simulations, phantom imag-
ing, and healthy volunteer imaging studies (n = 12) were performed to assess SNR 
and image quality using these high sampling duty-cycle bSSFP sequences.
Results: Spiral in-out bSSFP performed favorably at 0.55T and generated good 
image quality, whereas EPI bSSFP suffered motion and flow artifacts. There was no 
difference in ejection fraction comparing spiral in-out with standard Cartesian imag-
ing. Moreover, human images demonstrated a 79% ± 21% increase in myocardial 
SNR using spiral in-out bSSFP and 50% ± 14% increase in SNR using EPI bSSFP 
as compared with the reference Cartesian acquisition. Spiral in-out acquisitions at 
0.55T recovered 69% ± 14% of the myocardial SNR at 1.5T.
Conclusion: Efficient bSSFP spiral in-out provided high-quality cardiac cine imag-
ing and SNR recovery on a high-performance 0.55T MRI system.

K E Y W O R D S

bSSFP, cardiac cine, EPI, low field, spiral in-out

www.wileyonlinelibrary.com/journal/mrm
https://orcid.org/0000-0002-8655-4594
mailto:
https://twitter.com/@ACampbell_MRI
https://orcid.org/0000-0002-7169-5693
https://twitter.com/@ACampbell_MRI
mailto:adrienne.campbell@nih.gov


   | 2365RESTIVO ET al.

1 |  INTRODUCTION

Clinical MR for cardiac imaging typically uses 1.5 tesla (T) 
systems and, less commonly, 3T systems, despite the avail-
ability of higher field MRI. There are potential advantages 
to lower field (<1.5T) for cardiovascular applications, which 
has generated recent interest in low-field cardiac MRI.1-3 
Low field may offer reduced costs, reduced artifacts, and im-
proved safety for cardiac imaging.

At lower fields, T1 is shorter and T∗

2
 is longer, both favor-

able for fast gradient echo cardiac imaging sequences. RF 
power scales quadratically with field strength, which leads 
to improved safety for cardiovascular implanted electronic 
devices and metallic devices used for MRI-guided cardio-
vascular catheterization procedures.4,5 The reduced specific 
absorption rate constraints also permit imaging with higher 
flip angles.2 Increased main magnetic field (B0) homogeneity 
at low field provides linear scaling of absolute susceptibility.6 
Moreover, low-field systems have intrinsically lower cost due 
to reduced cost of magnet manufacturing and electronics, in-
cluding amplifiers, as well as potentially reduced siting costs.1

Balanced steady-state free precession (bSSFP) is the work-
horse sequence for cardiac MRI. bSSFP imaging is contingent 
on fast gradients to achieve gradient moment balancing and 
on field homogeneity to limit banding artifacts. bSSFP car-
diac  imaging was not clinically adopted until after 1999 when 
high-performance gradients were ubiquitous.7,8 We recently de-
scribed a 0.55T MRI system with hardware suitable for techni-
cally demanding cardiac imaging, including high-performance 
gradient specifications (45 mT/m maximum gradient ampli-
tude, 200 T/m/s maximum slew rate).9 With the exception of 
the 0.35T system by View Ray (MRidian, ViewRay, Oakwood 
Village, OH),1,2 commercially available low-field systems have 
not been paired with both the gradient performance and the 
field uniformity suitable for bSSFP imaging.

There is an opportunity to increase sampling efficiency of 
bSSFP imaging at lower field strength and hence to improve 
SNR-efficiency. At 1.5T, the TR of bSSFP is kept short to 
limit phase accrual in the presence of B0 inhomogeneity to 
avoid off-resonance banding artifacts. At lower field, TR can 
be lengthened with increased tolerance to banding artifacts, 
and sampling duration can be prolonged, exploiting the long 
T2 and T∗

2
. Because SNR scales with the time spent sampling 

the signal 
�

SNR∝

√

Tsampling

�

,10 prolonged data sampling 
using spiral or EPI acquisitions can be leveraged to mitigate 
the SNR loss at low field. Spiral and EPI bSSFP implemen-
tations at 1.5T have been limited in their readout length and 
can suffer from blurring, ghosting, and flow artifacts due to 
off-resonance.11-14

We modify bSSFP cine acquisitions to exploit our combi-
nation of lower field strength and high-performance hardware. 
For bSSFP cine imaging at 0.55T, we sought to maximize 
sampling duty cycle while maintaining breath-hold duration, 

spatiotemporal resolution, and banding artifacts constant. In 
this study, we designed efficient spiral in-out and EPI bSSFP 
cine acquisitions. Simulations, phantom imaging, and in vivo 
cardiac MR studies were performed to evaluate image quality 
and SNR with high-efficiency acquisition strategies at 0.55T.

2 |  METHODS

2.1 | MRI system

A 1.5T system (Magnetom Aera, Siemens Healthcare, 
Erlangen, Germany) was modified to operate at 0.55T. The 
transmit coil, local receiver coils, and system components 
were retuned for operation at 23.6  MHz. RF amplifiers 
were replaced for lower frequency transmission. The high- 
performance shielded gradient system was maintained (max-
imum gradient amplitude Gmax= 45 mT/m, maximum slew 
rate Smax= 200  T/m/s), as was the contemporary receiver 
chain. Local receiver coils were also retuned for operation at 
23.6 MHz, and imaging was performed with an 18-channel 
spine array and a 6-channel body array, with a maximum of 
12 spine array channels active during any scan.

2.2 | Simulations

Bloch equation simulations of bSSFP sequences were per-
formed to estimate the maximum achievable SNR at lower 
field strengths with increased sampling duty cycles. We 
used field-strength-dependent relaxation parameters from 
Bottomley et al15 which defines a model of T1 across field 
strengths and assumes a constant T2 across field strengths. T1 
was calculated using T1=A

(

�B0

)B, with myocardium A = 
0.00158 and B = 0.3692, blood A = 0.00491 and B = 0.3219, 
and fat A = 0.0113 and B = 0.1743. We define sampling duty 
cycle as ratio of time spent sampling data per TR. Our simu-
lation assumed TR = 3 ms at 1.5T, of which 1 ms is spent ac-
quiring data (33% sampling duty cycle). The TR was varied 
proportionally with field strength such that the anticipated 
off-resonance banding tolerance is held constant, resulting 
in an increased sampling duty cycle at lower field strengths.

Bloch equation simulations were repeated using the se-
quence parameters of our high sampling duty-cycle spiral 
in-out and the measured T1 and T2 relaxation parameters for 
0.55T (T1myo = 700 ms, T1blood = 1100 ms, T1fat = 190 ms, 
T2myo = 60 ms, T2blood = 260 ms, T2fat = 95 ms)9 and compared 
to simulations of the reference Cartesian acquisition at 1.5T 
with literature values for T1 and T2 (T1myo = 950 ms, T1blood =  
1500 ms, T1fat = 300 ms, T2myo = 52 ms, T2blood = 250 ms,  
T2fat = 55  ms).16,17 To assess blurring caused by our spiral  
in-out acquisition, the point spread function (PSF) was simu-
lated in the presence of off-resonance and myocardial motion.
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2.3 | Spiral in-out and EPI bSSFP imaging

Our standard 1.5T cine imaging protocol acquires 30 car-
diac frames in a 12 heartbeat breath-hold, with a 312.5  Hz 
bSSFP passband for TR = 3.2 ms. A 2.7-fold reduction in off- 
resonance is anticipated at 0.55T, allowing TR = 8.64 ms to 
preserve tolerance to banding artifacts. We limited TR to 8 ms 
at 0.55T to minimize sensitivity to motion and flow. Spiral 
in-out and EPI sequences were designed to maintain identi-
cal breath-hold length, spatial resolution, and cine temporal  
resolution. Sequence parameters are provided in Table 1.

A retraced spiral in-out design was chosen for its effi-
ciency and artifact suppression. Zeroth-order gradient mo-
ments (M0) and first-order gradient moments (M1) were 
nulled in all axes to compensate for constant velocity mo-
tion.14 An M0-balanced spiral in-out waveform is inherently 
M1 balanced by symmetry,11 providing robustness to motion 
and flow as well as a high sampling duty cycle. A retraced 
spiral in-out trajectory acquires each spiral interleave twice, 
starting from opposite position in k-space,18 which is ad-
vantageous because the phase accrual due to off-resonance 
is balanced by the acquisition with the opposite gradient 
polarity, reducing image blurring and ghosting. Variable-
density sampling (VDS) was employed such that the center of 
k-space is fully sampled and the edges are 60% undersampled 
(VDS design from: https://mrsrl.stanf ord.edu/~brian /vdspi 
ral/). VDS spiral design enables faster spiral imaging but may 
result in high-frequency aliasing from undersampling the 
k-space periphery.19,20 Blood-myocardium edge sharpness 

was measured in vivo for Cartesian and spiral in-out acqui-
sitions using line profiles. Line profiles were fit using a sig-
moid curve,21 and the edge sharpness was measured as the 
pixel distance between 10% and 90% of the signal range.

For EPI bSSFP cine, we used an echo-train length of 5 to 
achieve matched temporal resolution with the other sequences 
without acceleration by parallel imaging. TE shifting and M1 
balancing reduce sampling duty cycle and therefore were not 
used for our EPI protocol. As a result, the EPI bSSFP se-
quence was susceptible to motion and flow artifacts.

Spiral in-out and EPI image reconstructions were per-
formed using the Gadgetron framework22 (https://github.com/
gadge tron/) for low-latency inline reconstruction. For spiral 
image reconstruction, trajectories were corrected inline using 
a measured gradient system impulse response function.23,24 
Spiral image reconstruction included 5 conjugate gradient 
SENSE25 iterations to compensate for the undersampling 
due to VDS, and density compensation was computed using 
an iterative method.26 Low-resolution coil sensitivity maps 
from gridding a filtered portion of the fully sampled center 
of k-space were used for B1-weighted coil combination. The 
spiral in-out bSSFP conjugate gradient SENSE reconstruc-
tion required 13s for 30 frames per slice.

2.4 | Phantom imaging

Relative SNR was measured using the T1 mapping and ECV 
standardization (T1MES)  phantom.27 Vials with T1 and T2 

T A B L E  1  Cine imaging parameters

  Cartesian bSSFP EPI bSSFP Spiral in-out bSSFP

Resolution (mm × mm) 1.4 × 1.4 1.4 × 1.4 1.4 × 1.4

FOV (mm × mm) 360 × 270 360 × 308 360 × 360

Slice thickness (mm) 8 8 8

Acceleration factor 2 1 1.25 VDS

Flip angle (degrees) 60 60 60

TRs per frame 108 44 44

TRs per frame per heartbeat 10 4 4

TR (ms) 3.2 8 8

TE (ms) 1.6 4 4

Echoes per TR 1 5 1

Receiver bandwidth (Hz/px) 850 1150 545

Average # of cine frames acquired (heartrate dependent) 31 31 31

Duration (heartbeats) 12 12 12

Sampling duty cycle 0.34 0.52 0.69

Theoretical relative SNR (by 
√

Tsampling) 1.00 1.24 1.42

Note: A standard 1.5T Cartesian clinical cine protocol was used, and the EPI and spiral in-out were designed with matched resolution, flip angle, acquired frames, and 
duration. Theoretical SNR is predicted relative to the Cartesian sequence considering only sampling duty cycle.
bSSFP, balanced steady-state free precession; Tsampling, data sampling time; VDS, variable-density sampling.

https://mrsrl.stanford.edu/~brian/vdspiral/
https://mrsrl.stanford.edu/~brian/vdspiral/
https://github.com/gadgetron/
https://github.com/gadgetron/
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values representative of myocardium (T1 = 820 ms, T2 = 50 ms)  
and blood (T1 = 1600 ms, T2 = 250 ms) were selected for 
comparison. Note that for the most representative vials in this 
phantom, T1 values are long compared to in vivo T1 measured 
at 0.55T. Pixel-wise SNR was measured using the mean and 
SD across 100 consecutive measurements of the Cartesian, 
EPI, and spiral in-out acquisitions.

2.5 | Healthy volunteer imaging

Twelve healthy volunteers (mean age 26.7 ± 8.2 years) un-
derwent cine imaging using the prototype 0.55T MRI sys-
tem. Volunteers provided written informed consent, and 
MR imaging was approved by our local institutional review 
board (clinicaltrials.gov NCT03331380). A short-axis stack 
(8 to 10 slices) and 3 long-axis slices were acquired with 
the standard Cartesian and spiral in-out bSSFP cine pro-
tocols. Initial in vivo assessment of the imaging protocols 
confirmed that the EPI bSSFP sequence suffered from flow 
artifacts as a result of incomplete M1-nulling. Thus, only 
a single midventricular short-axis slice and a 4-chamber  
long-axis slice were collected using the EPI bSSFP  
sequence for the purpose of SNR comparison in static 
frames. Cine datasets were reconstructed using retrospec-
tive triggering and interpolated to 30 temporal frames.28 
One heartbeat was used for transition to steady-state, and 
total breath-hold duration was 10 to 15 s depending on the 
subjects’ heartrate.

In vivo SNR maps were generated using the method of 
pseudoreplicas.29 Noise prewhitening used a calibration scan 
to determine the noise covariance matrix and create virtual 
channels in which the noise in each channel is uncorrelated 
with a SD of 1.30 Gaussian white noise was added to the pre-
whitened data (100 pseudo-replicas) to calculate SNR. SNR 
maps were computed for all volunteers using the same midven-
tricular slice for all 3 sequences. SNR values for myocardium 
and blood were taken using regions of interest in the septum 
and left ventricle blood pool at both end-diastole and peak-sys-
tole. Blood-myocardium contrast-to-noise ratio (CNR) was 
calculated as the difference in SNR between the 2 tissues.

Cardiac volumes and function were assessed by manual 
segmentation performed by an experienced cardiologist. 
Cardiac volumes were compared using Bland-Altman analy-
sis and coefficients of variation between bSSFP spiral in-out 
cine and Cartesian cine acquisitions.

Nine subjects returned for a 1.5T exam using a comparable 
MRI system (Magnetom Aera, Siemens Healthcare) within  
5 months. Cartesian cine imaging was performed using the 
parameters in Table 1. SNR was compared between the opti-
mal spiral in-out bSSFP at 0.55T and clinical Cartesian im-
aging at 1.5T to assess the SNR recovery achieved with an 
efficient sampling strategy at 0.55T.

3 |  RESULTS

3.1 | Simulations

Figure 1 shows the Bloch equation simulations of bSSFP sig-
nal intensity, relative to 1.5T, for blood, myocardial, and fat 
tissues at a range of field strengths. Magnetic polarization 
alone reduces the SNR linearly with field strength; however, 
T1 shortening at lower field provides some compensation for 
this signal loss. Moreover, increased TR and sampling duty 
cycle enable further SNR increase at lower fields. The theo-
retical signal intensity in the myocardium, blood, and fat at 
0.55T are 80%, 70%, and 62% of the signal at 1.5T, respec-
tively, with a hypothetical sampling duty cycle of 87.7%.

The EPI bSSFP sequence used here achieved a sampling 
duty cycle of 52%, and the spiral in-out bSSFP sequence 
achieved a sampling duty cycle of 69%, which resulted in a 
theoretical SNR gain of 24% and 42% over Cartesian bSSFP 
acquisitions at 0.55T (using SNR∝

√

Tsampling). Figure 1C 
shows the simulated blood and myocardium signal using the 
measured T1 and T2 at 0.55T with the spiral in-out sequence 
design, compared to Cartesian acquisitions at 0.55T and 
1.5T. Theoretically, 0.55T SNR is recovered to 66% and 77% 
of 1.5T values in the blood and myocardium, respectively, 
using the proposed spiral in-out sequence. These simulations 
indicate that bSSFP cardiac image contrast and SNR will be 
suitable for clinical application at 0.55T using the high sam-
pling duty-cycle sequence.

Relative SNR for the 0.55T Cartesian, EPI, and spiral  
in-out acquisitions calculated from simulation, phantom 
measurements, and in vivo measurements are summarized in 
Table 2.

The PSF FWHM of the spiral in-out acquisition was mea-
sured to be 1.14 pixels, indicating a slight blurring (FWHM > 1  
pixel) associated with the spiral trajectory. By comparison, 
the PSF FWHM of the reference Cartesian acquisition was 
0.94 pixels. With off-resonance of 80 Hz (equivalent to fat at 
0.55T), the PSF FWHM broadened to 1.42 pixels. By com-
parison at 1.5T, off-resonance of 220 Hz (equivalent to fat) 
generated a broad PSF FWHM of 2.88 pixels. The center of 
k-space is acquired 4 times during the 32 ms acquisition win-
dow per cardiac frame, leading to additional spatial blurring. 
Simulated myocardial motion of 4 cm/s31 caused the spiral 
in-out PSF FWHM to broaden to 1.34 pixels. Overall, the 
blurring caused by the spiral in-out acquisition is < 0.5 pixels 
in all cases.

3.2 | Phantom imaging

Both the prototype 0.55T MRI system and the 1.5T MRI 
system had field homogeneity < 0.5  ppm across a 25  cm 
diameter sphere, indicating that relative field homogeneity 
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F I G U R E  1  Bloch simulation results: bSSFP signal versus field strength. (A) Fixed TE = 1.5 ms and TR = 3 ms for all field strengths results 
in signal intensity that is nearly proportional to B0, with some compensation from T1 shortening at lower field. (B) Significant increase in simulated 
signal intensity is achieved when TR and sampling duty cycle vary proportionally to B0 such that bSSFP banding is kept constant. T1 and T2 
determined were based on Bottomley et al.15 (C) Simulated signal intensity comparison using the Cartesian acquisition and proposed spiral in-out 
acquisition with measured T1 and T2. Signal intensity is scaled relative to blood at 1.5T for display, and relative signal intensity is provided for each 
tissue type. bSSFP, balanced steady-state free precession; T, tesla

T A B L E  2  Relative SNR for blood and myocardium at 0.55T, and relative blood-myocardium CNR

      Cartesian EPI Spiral in-out

1 √Tsampling SNR of any tissue 1.00 1.24 1.42

2 Simulation Myocardium SNR 1.00 1.26 1.45

Blood SNR 1.00 1.25 1.44

CNR (blood-myocardium) 1.00 1.24 1.43

3 Phantom measurement Myocardium SNR 1.00 1.37 1.52

Blood SNR 1.00 1.31 1.50

CNR (blood-myocardium) 1.00 1.21 1.45

4 In vivo measurement Myocardium SNR 1.00 1.50 ± 0.14 1.79 ± 0.21

Blood SNR 1.00 1.37 ± 0.17 1.69 ± 0.16

CNR (blood-myocardium) 1.00 1.21 ± 0.32 1.58 ± 0.22

Notes: Values are scaled relative to the Cartesian acquisition at 0.55T. (1) SNR estimated using sampling duty cycle only; (2) SNR estimated using Bloch equation 
simulation; (3) SNR and CNR measured in phantom for materials with T1 and T2 similar to blood and myocardium; and (4) SNR and CNR measured in vivo in 12 
healthy volunteers (reported as mean of systole and diastole measurements). CNR, contrast-to-noise ratio.
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was preserved during system modification. Absolute B0 field 
homogeneity in Hz is improved at 0.55T, with < 12 Hz off-
resonance at 0.55T and < 32Hz off-resonance at 1.5T using 
the spherical phantom. Using the T1 mapping and ECV 
standardization phantom, a SNR increase of 37% and 52%, 
compared to the reference Cartesian sequence, was measured 
in the vial representing myocardium with EPI and spiral in-
out sequences, respectively; and a SNR increase of 31% and 
50% was measured in the vial representing blood (Table 2). 
Phantom CNR was measured to be increased by 21% using 
EPI and by 45% using spiral in-out, compared to reference 
Cartesian imaging.

3.3 | Spiral in-out and EPI bSSFP 
cine imaging

Images from Cartesian, EPI, and spiral in-out bSSFP ac-
quisitions for a midventricular short axis slice and 4-cham-
ber long-axis slice are demonstrated in Figure 2. The EPI 
bSSFP sequence suffered from motion/flow artifacts due to 
the unbalanced M1 combined with the long TR (Figure 3).  
Artifacts can vary with slice position and orientation; 
thus, multiple slices including a full short-axis stack and 
3 long-axis cardiac views are provided in Figure 4, and in 
Supporting Information Videos S1 and S2 for the Cartesian 
and spiral in-out acquisitions. Spiral in-out bSSFP provided 
good image quality, qualitatively, in all slice positions and 
orientations with high SNR and limited artifacts related 
to flow and motion. The spiral in-out acquisition permit-
ted clear visualization of trabeculae, coronary arteries, and 
valves during cine imaging. Edge sharpness measurements 
showed no increase in blood/myocardium edge blurring 
between Cartesian and spiral in-out bSSFP (Supporting 
Information Figure S1).

3.4 | SNR in healthy volunteers

Pixel-wise SNR maps for each sequence showed relative 
SNR increase with long readout sequences, as expected 
(Figure 5). Average SNR and CNR values for the 12 healthy 
volunteers are provided in Table 3. During diastole, the EPI 
cines yielded a relative SNR increase of 37% ± 17% in blood 
and 50% ± 14% in myocardium compared to the reference 
Cartesian cine. The spiral in-out cines yielded a relative SNR 
increase of 69% ± 16% in blood and 79% ± 21% in myo-
cardium during diastole compared to the reference Cartesian 
cine (Figure 6) (Table 2). CNR was increased by 21% using 
EPI and 58% using spiral in-out. The deviation from theo-
retical SNR gains is attributed to the g-factor penalty (< 1.2, 
rate 2, GRAPPA reconstruction) for the reference Cartesian 

F I G U R E  2  (A) Cartesian bSSFP, (B) EPI bSSFP, and (C) spiral in-out bSSFP image quality from a single volunteer. Four-chamber (left) and 
midventricular short-axis (right) slices are provided at both peak-systole (top) and end-diastole (bottom)

F I G U R E  3  Flow artifacts in (A) Cartesian, (B) EPI, and (C) 
spiral in-out bSSFP sequences (yellow arrows). Flow artifacts are 
minimal in Cartesian due to short TR. EPI (B) suffers from both 
ghosting and signal dropout as a result of flow, whereas these artifacts 
are less disruptive using spiral in-out bSSFP (C)
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acquisition (Figure 7). Assuming a 10% to 20% SNR loss, as-
sociated with g-factor, applied only to the reference Cartesian 
imaging, the relative SNR gains of EPI and spiral in-out ac-
quisitions are as expected.

At 1.5T, systolic SNR was measured to be 16.0 ± 3.3 
in the myocardium and 47.0 ± 13.5 in the blood using the 

reference Cartesian protocol. This indicates that spiral in-
out bSSFP sequence at 0.55T achieved 69% ± 14% of the 
1.5T SNR in the myocardium and 52%± 15% in the blood, 
without increasing the total acquisition time. Discrepancies 
between theoretical SNR and measured in vivo SNR recov-
ery (theoretical SNR recovery: 77% for myocardium and 66% 

F I G U R E  4  Cine images from (A) Cartesian and (B) spiral in-out bSSFP acquisitions. Images from end-diastole are provided for the same 
volunteer for 9 short axis slices and 4-chamber, 2-chamber, and 3-chamber slices

F I G U R E  5  Pixel-wise SNR maps for cine frames from 0.55T Cartesian, EPI, and spiral in-out bSSFP acquisitions and 1.5T Cartesian 
imaging in a single volunteer. Images from end-diastole (top row) and peak systole (bottom row) are provided. Images are displayed in units of 
SNR.30 T, tesla

  Cartesian bSSFP EPI bSSFP
Spiral  
in-out bSSFP

Myocardium SNR Diastole 4.9 ± 0.9 7.0 ± 1.5 8.4 ± 2.4

Systole 5.8 ± 1.0 8.5 ± 2.1 10.6 ± 2.3

Blood SNR Diastole 13.8 ± 3.0 17.3 ± 4.9 22.7 ± 5.7

Systole 13.9 ± 3.3 18.5 ± 5.2 22.8 ± 5.2

Blood-myocardium CNR Diastole 8.9 ± 2.2 10.3 ± 3.6 14.3 ± 3.8

Systole 8.0 ± 2.3 10.0 ± 3.4 12.2 ± 3.1

Note: SNR is measured at end-diastole and peak systole in a midventricular short axis slice.

T A B L E  3  Myocardium and blood 
SNR of Cartesian, EPI, and spiral in-out 
bSSFP cine acquisitions using 0.55T
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for blood) are attributed to the suboptimal coil performance 
on the 0.55T prototype system. By comparing the SNR of 
a proton density-weighted image (spoiled gradient echo,  
TE = 3.22 ms, TR = 10000 ms, flip angle = 15 degrees) in 
a loading phantom at 0.55T and 1.5T using the in vivo coil 
configurations, we measured a relative SNR of 30%, which is 
less than the predicted 37% by magnetic polarization for the 
proton density-weighted image. Therefore, this indicates an 
SNR penalty of 7% can be attributed to the differences in coil 
performance between field strengths.

3.5 | Cardiac volumes and 
function comparison

We compared left ventricular and right ventricular stroke 
volume and ejection fraction between Cartesian and spiral 
in-out bSSFP cines from 0.55T. Bland-Altman analysis re-
sulted in a bias of −0.6% ± 2.6% for LVEF, −1.4% ± 4.2% 
for RVEF, −0.6 ± 6.4 ml for LVSV, and −1.8 ± 6.8 ml for 
RVSV (Supporting Information Figure S2). Coefficients of 
variation were calculated to be 2.3% for LVEF, 5.2% for 

F I G U R E  6  Relative myocardial SNR, blood SNR, and blood-myocardium CNR for 12 healthy volunteers at peak-systole and end-diastole (mean 
± SD). Spiral in-out and EPI SNR values are shown relative to reference Cartesian imaging. Gray dots show individual measurements. High variance in 
SNR for EPI is due to corruption by motion/flow artifact. The dotted line represents theoretical SNR (by 

√

Tsampling). CNR, contrast-to-noise ratio

F I G U R E  7  SNR maps and g-factor map from a diastolic frame shown for the spiral in-out and Cartesian bSSFP cines in a volunteer with 
large body habitus. The SNR of the Cartesian cine for LV blood and myocardium are negatively affected by small parallel imaging–induced 
g-factor (GRAPPA reconstruction, acceleration rate = 2). LV, left ventricular
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RVEF, 3.7% for LVSV, and 5.1% for RVSV, which are simi-
lar to literature values for the interstudy coefficient of varia-
tion (2.4%-4.3%) in healthy volunteers at 1.5T.32,33

4 |  DISCUSSION

We used a unique 0.55T system configuration that has high-
performance gradients and a superconducting magnet to 
develop high sampling duty-cycle bSSFP imaging. High 
sampling duty-cycle sequences are especially attractive at 
low field to exploit the field homogeneity for longer signal 
readouts, improved imaging efficiency, limited off-resonance 
artifacts, and recovery of SNR. We showed that spiral in-out 
bSSFP generated good quality images using a high-perfor-
mance prototype 0.55T MRI system. Spiral in-out bSSFP was 
robust to motion and flow artifacts, in addition to generating 
79% increase in myocardial SNR compared to the Cartesian 
reference and improved blood-myocardium contrast. SNR of 
the myocardium at 0.55T reached 69% of the SNR at 1.5T 
using spiral in-out, which is a substantial improvement over 
the 37% predicted by magnetic polarization alone. Our results 
illustrate the potential advantages of long readout sequences 
for image quality and SNR improvement using this high- 
performance low-field MRI system configuration.

MRI hardware and imaging methods have improved tre-
mendously since the clinical adoption of MRI. Notably, gra-
dient shielding, which eliminates eddy currents that create 
artifacts during fast imaging sequences, was implemented in 
198634 and therefore was not available in early low-field MRI 
systems. Simultaneously, 1.5T MRI scanners were commer-
cialized in 1985.35 Fast switching gradients became routine 
in the early 1990s; previous work has emphasized the impor-
tance of gradient performance on achievable SNR and sam-
pling efficiency.36 The SNR-efficiency of spiral imaging is 
well-documented. Spiral imaging was first demonstrated in 
198637 and was applied for cardiac imaging in 199238 and 
functional MRI in 1996.39 These early spiral implementations 
were spoiled gradient echo acquisitions and used gradient 
specifications of Gmax = 10 mT/m and Smax < 20 mT/m/ms.  
bSSFP imaging, which demands fast gradients, was routinely 
adopted for cardiac imaging after 1999.8 Spiral bSSFP fol-
lowed in 200514 and has been more recently optimized for  
real-time cine imaging.11 To our knowledge, spiral bSSFP 
has not previously been optimized for either historic of  
modern lower field MRI systems.

Marques et al3 provide a summary of commercially 
available low-field scanners, which usually do not have 
high-performance gradients and typically use perma-
nent magnetic designs. By comparison, the MRI system 
used here is low field (0.55T) but with high-performance 
gradients and superconducting magnet design. We are  
leveraging the modern magnetic design and its associated 

field homogeneity, as well as the gradient performance, to 
achieve prolonged readouts for fast bSSFP imaging. For ex-
ample, if we implemented our spiral in-out bSSFP sequence 
using lower performance gradients (Gmax = 22 mT/m and 
Smax = 82  T/m/s, taken from an average of similar sys-
tems3), the TR is extended to 13.7 ms, which is infeasible 
due to inflow and bSSFP banding artifacts.

We sought to maximize sampling duty cycle for bSSFP 
cine in this study, and the spiral in-out design provided the 
highest achievable duty cycle. A spiral-out design could also 
be used at low field for bSSFP cardiac imaging but requires 
additional gradients for M1 balancing, which will limit the 
efficiency compared to spiral in-out.14 An advantage of  
spiral-out is motion robustness because the center of k-space 
is acquired when both M0 and M1 are equal to 0. For spiral 
in-out bSSFP, M1 is balanced at the end of the TR but not 
at the TE. At 1.5T, recent implementations of spiral in-out 
bSSFP cine acquisitions have limited TR to 3.69  ms (with 
43% sampling duty cycle) to avoid blurring and banding  
artifacts.11 Here, we lengthened the TR to 8 ms and increased 
duty cycle to 69% for our bSSFP acquisitions.

EPI is well established in neuroimaging, where it pro-
vides robust fast imaging but is known to be sensitive to 
flow artifacts. Motion and flow in long-TR EPI bSSFP ac-
quisitions lead to phase discontinuities in k-space; therefore, 
performance is compromised in the heart, even at low field. 
Balancing M1 in the phase-encoding direction sacrifices  
efficiency40 and was not explored here. 1.5T implementations 
of EPI bSSFP cine acquisitions have limited TR to 5.32 ms 
with 3 echoes per TR to constrain ghosting and flow artifacts. 
By comparison, our implementation used TR = 8 ms with  
5 echoes per TR.

At 1.5T, banding is common between water and fat re-
gions because the resonance of those chemical species falls 
into separate bSSFP passbands. By design, the long-TR EPI 
and spiral in-out sequences exhibit banding that is more com-
parable to 1.5T than the Cartesian reference. At 0.55T, an 
8 ms TR creates a stop band with a center frequency within 
20  Hz of the dominant fat resonant frequency. This often 
leads to fluctuating signal intensity within fatty regions as 
well as total fat signal dropout.

The Cartesian protocol used in this study was identical 
to our 1.5T clinical protocol and not optimized for low-field 
imaging. The sampling duty cycle of the Cartesian protocol 
could be made similar to the spiral by reducing the receiver 
bandwidth; however, a 2.5 fold increase in undersampling 
would be required to maintain spatiotemporal resolution, 
which would introduce an SNR-penalty due to the g-factor 
of our coil configuration. Current coil geometries (6-channel  
body coil, 18-channel spine coil) prohibit GRAPPA 
 reconstruction with high undersampling factors. For example, 
we observed a g-factor of 1.1 to 1.2 in the heart (Figure 7),  
indicating a 10% to 20% loss in SNR at acceleration rate 2. 
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We opted to maintain the 1.5T clinical protocol to compare 
sequences with identical spatiotemporal resolution.

Many factors can influence the measured SNR; our study 
compares only the SNR of our specific sequences, recon-
structions, and imaging procedures. For example, reconstruc-
tion implementations, coil geometry, and flip angle choice 
could alter the measured SNR of our acquisitions and were 
not explored in detail here in order to directly compare SNR 
gain due to increased sampling duty cycle. Five iterations 
were used in the spiral in-out conjugate gradient SENSE 
reconstruction compared to the GRAPPA or 2D-FFT recon-
structions used for Cartesian and EPI. Although iterations 
can increase image noise,41 we here only used a modest num-
ber of iterations. The method of pseudo-replicas was used to 
determine the SNR for all acquisitions and is applicable to all 
reconstruction methods.29 SNR was measured at both systole 
and diastole because there is a known difference in myocar-
dial signal between cardiac phases.42 The increase in CNR 
for spiral in-out observed in this study can be attributed to 
decreased noise and not a change in relative contrast because 
the relative SNR increase in myocardium and blood was ap-
proximately the same.

In the future, model-based and compressed sensing recon-
structions may allow for higher acceleration factors, improved 
SNR, and improved image quality for all sequence types. The 
impact of flip angle on SNR and CNR will also be explored 
for these high sampling duty cycle sequences. Alternatively, 
a free-breathing cine43 approach could be implemented to 
remove the breath-hold constraint on spatiotemporal resolu-
tion and improve applicability to patients with disease. The 
bSSFP spiral in-out acquisition could also be extended to 
other cardiac sequences, including late-gadolinium enhance-
ment, perfusion, and parametric mapping.44,45 Optimization 
of coils for 0.55T will be explored to improve image quality 
further, and extension to 3D imaging may alleviate the SNR-
penalty associated with poor g-factor.

5 |  CONCLUSION

We have demonstrated high sampling duty-cycle bSSFP se-
quences to generate cardiac cine images using a 0.55T MRI 
system. Reduced off-resonance allows for increased TR and 
increased sampling duty cycle, which resulted in high-quality 
spiral in-out bSSFP cine imaging. This approach exploits the 
unique properties of our high-performance low-field MRI 
system.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in 
the Supporting Information section.

FIGURE S1 Edge sharpness comparison between Cartesian 
and spiral in-out acquisitions. A, Example profiles drawn in 
the septal wall for both Cartesian and spiral in-out bSSFP 
images. B, Example intensity profile from a spiral in-out cine 
frame. Sharpness was measured as the pixel distance between 
10 and 90% off the min-max range of a sigmoid fit of the 
profile. C, Box-plot of sharpness for 12 healthy volunteers, 
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averaged over all frames. No significant difference was 
measured between the two sequences
FIGURE S2 Bland-Altman plots comparing Cartesian and 
spiral in-out cines for left-ventricle and right-ventricle ejection 
fraction and stroke volume assessment. Mean difference (solid 
line) and 1.96 standard deviations (dotted lines) are displayed
VIDEO S1 Short axis cine stack acquired using the Cartesian 
(left) and spiral in-out (right) bSSFP protocols. Increased 
SNR can be observed using spiral in-out with limited artifacts
VIDEO S2 Three long-axis cine views acquired using the 

Cartesian (top row) and spiral in-out (bottom row) bSSFP 
protocols
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