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Cardiac MRI at Low Field Strengths
Adrienne E. Campbell-Washburn, PhD,1* Juliet Varghese, PhD,2 Krishna S. Nayak,

PhD,3,4 Rajiv Ramasawmy, PhD,1 and Orlando P. Simonetti, PhD5,6

Cardiac MR imaging is well established for assessment of cardiovascular structure and function, myocardial scar, quantitative
flow, parametric mapping, and myocardial perfusion. Despite the clear evidence supporting the use of cardiac MRI for a wide
range of indications, it is underutilized clinically. Recent developments in low-field MRI technology, including modern data
acquisition and image reconstruction methods, are enabling high-quality low-field imaging that may improve the cost–benefit
ratio for cardiac MRI. Studies to-date confirm that low-field MRI offers high measurement concordance and consistent inter-
pretation with clinical imaging for several routine sequences. Moreover, low-field MRI may enable specific new clinical oppor-
tunities for cardiac imaging such as imaging near metal implants, MRI-guided interventions, combined cardiopulmonary
assessment, and imaging of patients with severe obesity. In this review, we discuss the recent progress in low-field cardiac
MRI with a focus on technical developments and early clinical validation studies.
Evidence Level: 5
Technical Efficacy: Stage 1
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Over the past three decades, significant technical advances
and rigorous clinical validation have established cardio-

vascular magnetic resonance imaging as the gold standard for
the assessment of cardiovascular structure and function and
myocardial scar.1 Cardiac MRI is technically demanding,
requiring rapid imaging to resolve cardiac motion or to “freeze”
a specific cardiac phase. Advances in MRI pulse sequences,
reconstruction methods, and image processing have improved
reliability and efficiency, and broadened clinical applications.

Cardiac MRI is the modality of choice for evaluation of
the right ventricle,2 and velocity encoded MRI is important in
the assessment of valvular disease and congenital heart disease.3

Cardiac MRI also offers unique methods to characterize myocar-
dial tissue by a variety of mechanisms not provided by other car-
diac imaging modalities. Late gadolinium enhancement (LGE)
identifies myocardial injury or replacement fibrosis,4 which can
uniquely determine the etiology of heart failure and a variety of
cardiomyopathies and is highly prognostic for risk of arrhythmias

or sudden cardiac death. More recently, myocardial T1 and T2
relaxation parameter mapping and extracellular volume (ECV)
fraction mapping have been used to identify myocardial intersti-
tial expansion and edema/inflammation, and these measures
have proven to have significant diagnostic and prognostic
value.5–7 Furthermore, there is a growing body of evidence
supporting the advantages of first-pass perfusion MRI with vaso-
dilator stress for the evaluation of ischemic heart disease.8,9 The
data supporting the diagnostic and prognostic effectiveness of car-
diac MRI has led to expanded inclusion in a number of guide-
lines on the recommended use of cardiac imaging put forth by
the European Society of Cardiology and the American College of
Cardiology/American Heart Association.10–12

Despite the clear evidence supporting the clinical utiliza-
tion of cardiac MRI for a wide range of indications, it is not
commonly used outside of large, urban, academic medical cen-
ters in high-income countries. Several factors have prevented its
widespread adoption.13 Relative to widely utilized neurological

View this article online at wileyonlinelibrary.com. DOI: 10.1002/jmri.28890

Received Mar 17, 2023, Accepted for publication Jun 16, 2023.

*Address reprint requests to: A.E.C.-W., 10 Center Dr., Building 10 Rm B1D219, Bethesda, MD 20892, USA.
E-mail: adrienne.campbell@nih.gov

From the 1Cardiovascular Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland, USA; 2Department of
Biomedical Engineering, The Ohio State University, Columbus, Ohio, USA; 3Ming Hsieh Department of Electrical and Computer Engineering, Viterbi School of

Engineering, University of Southern California, Los Angeles, California, USA; 4Alfred Mann Department of Biomedical Engineering, Viterbi School of
Engineering, University of Southern California, Los Angeles, California, USA; 5Division of Cardiovascular Medicine, Department of Internal Medicine, College of

Medicine, The Ohio State University, Columbus, Ohio, USA; and 6Department of Radiology, The Ohio State University, Columbus, Ohio, USA

Additional supporting information may be found in the online version of this article
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Journal of Magnetic Resonance Imaging published by Wiley Periodicals LLC on behalf of International Society for
Magnetic Resonance in Medicine. This article has been contributed to by U.S. Government employees and their work is in the public domain
in the USA.

412

https://orcid.org/0000-0002-7169-5693
https://orcid.org/0000-0003-2882-2893
https://orcid.org/0000-0001-5735-3550
mailto:adrienne.campbell@nih.gov
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjmri.28890&domain=pdf&date_stamp=2023-08-02


and musculoskeletal MRI, cardiac MRI exams tend to be com-
plicated to perform, and require technologists and physicians
with a high level of specialized expertise. The time-consuming
nature of cardiac MRI makes it challenging to justify in environ-
ments where MRI resources are limited. In the United States in
particular, this challenge is compounded by the fact that cardiac
MRI reimbursement rates are unfavorable relative to echocardi-
ography and single photon emission tomography (SPECT),
despite the significantly higher costs to purchase, install, main-
tain, and operate an MRI scanner compared to these other car-
diac imaging modalities.14 Additionally, compared to
echocardiography and cardiac SPECT, MRI poses greater chal-
lenges for severely obese and claustrophobic patients, those
unable to breath-hold repeatedly, and for the growing number
of patients with cardiac implanted electronic devices (CIED).
These factors and others have limited cardiac MRI utilization in
the United States to represent only a small fraction of all MRI
scans performed (<5%), and an even smaller fraction of cardiac
imaging performed using all modalities (<3%).

Recent developments in low-field MRI technology have
opened new opportunities to address some of the challenges
impeding widespread utilization of cardiac MRI by favorably
shifting the cost–benefit ratio for MRI in terms of reduced pur-
chase, installation, and maintenance costs, and potential for
reduced operational complexity.15–17 There is growing evidence
that routine cardiac MRI can be performed on contemporary
low-field MRI systems with gradient and receiver coil hardware
suitable for the technical demands of cardiac imaging.15,18–20

Additionally, modern data acquisition and model-based or
machine learning driven image reconstruction methods are
becoming more widely available and further enable low-field
MRI. In addition to cost-savings, low-field MRI offers several
other potential benefits, for example in patients with implants,
for MRI-guided interventional procedures, for examining cardio-
pulmonary interactions, and for obese patients. Moreover, the
deployment of low-field MRI directly in patient care environ-
ments such as cardiology, intensive care, emergency depart-
ments, and community-based centers may be achievable. The
opportunities and challenges of low-field cardiac MRI are out-
lined in Table 1.

Low-field cardiac MRI is actively under development,
with the common goal to expand the availability of imaging
to patient groups and underserved geographical regions with
limited access to MRI, and to develop applications that are
better suited to low field. This article will review the current
state of low-field cardiac MRI, defined here as <1.0 T, with a
focus on recent and emerging technical developments and
early clinical validation studies.

History of Low Field Cardiac MRI
Beginning in the early 1980s, the first commercial MRI units
operated at field strengths <0.5 T. Cardiac imaging was

attempted very early on, with the first description of clinical
cardiac MRI published in 198321 using a 0.35 T system
(Oxford Instruments). Gated and ungated spin echo imaging
was used in 244 subjects, and clear delineation of cardiac
chambers and pathologies of the aorta including dissection,
aneurysm, and atheroma were reported.

The magnetic field strength (B0) used for clinical MRI
immediately started on an upward trajectory, with the first
1.5 T commercial system introduced by General Electric in
1983. By the 1990’s, 1.5 T quickly became the clinical stan-
dard and dominated the MRI market. Over the next two
decades, the pursuit of higher signal-to-noise ratio (SNR) and
increased image resolution drove B0 to 3.0 T and higher.
While high-field magnets have proven beneficial for many
neurological and musculoskeletal imaging applications, there
have been no clear direct benefits for most cardiac imaging
applications. In addition, higher B0 brings increased system
cost, safety concerns, image artifacts, and restrictions on mag-
net configuration. As such, 1.5 T remains the predominant
field strength for cardiac MRI.

While lower field units remained on the market during
this period, these were viewed as inferior to high-field MRI and
were marketed primarily for their lower cost and “open” bore
configuration. Minor efforts have been ongoing to explore the
potential for cardiac imaging on the existing low-field scanners.
Even though these low-field systems were equipped with
reduced performance gradient and RF systems, reasonable car-
diac and vascular imaging across a range of applications at fields
<1.5 T have been demonstrated.22–25 For example, a 0.5 T sys-
tem (Surrey Medical Imaging Systems Ltd., Surrey, U.K.) was
used to demonstrate first-pass perfusion and for cardiac imaging
in patients with pacemakers26,27; a 0.5 T double-donut interven-
tional MRI system (GE Signa SP, GE Medical Systems,
Milwaukee, WI, USA) was used for upright exercise stress dur-
ing flow quantification28; an open 0.7 T system (Altaire, Hitachi
Medical Corporation) was used for cine imaging with parallel
imaging23; an open 0.35 T system (MAGNETOM C!, Siemens
Healthcare, Erlangen, Germany) was used for cine, perfusion
and late enhancement on a cohort of patients22; and a 0.2 T sys-
tem (Signa Profile version 7.6; GE-Yokogawa Medical Systems,
Tokyo, Japan) was used to develop interventional device track-
ing techniques.29

Along with the move to 1.5 T and 3 T fields in the
1990’s and early 2000’s, respectively, there have been
concurrent advances in RF and gradient systems. Until
recently, these advances have not been combined with
lower field strength magnets. Contemporary clinical gradi-
ent systems have maximum amplitude and slew rates in
the range of 45 mT/m and 200 T/m/s respectively, facilitat-
ing the implementation of short repetition (TR) and echo
times (TE) that are critical for cardiac pulse sequences.
Advances in multi-channel receiver coil design have facili-
tated the development of parallel imaging acceleration

February 2024 413

Campbell-Washburn et al.: Cardiac MRI at Low Field Strengths

 15222586, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.28890, W
iley O

nline L
ibrary on [27/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



techniques that were instrumental in the application of
rapid, segmented k-space, breath-held imaging, and single-
shot/real-time free-breathing cardiac imaging techniques.
GeneRalized Autocalibrating Partial Parallel Acquisition
(GRAPPA) and Sensitivity Encoding (SENSE)-based parallel
imaging techniques are routinely used in cardiac MRI to
reconstruct under-sampled data, although these methods
incur an SNR penalty that is not always compatible
with low field. In the past decade, compressed sensing
(CS) inspired recovery methods, and more recently machine
learning-based methods, have altered the traditional trade-
offs between scan time and SNR, opening the possibility for
high quality routine and advanced cardiac imaging tech-
niques at low field.

Over the past 6 years, cardiac applications have been
explored by several research groups using both commercial and
prototype whole-body low-field systems equipped with sup-
erconducting magnets, contemporary hardware, and contempo-
rary software; these systems are summarized in Table 2.

Two higher field commercial scanners have been ramped down
to use a unique combination of lower main magnetic field
(0.55 T and 0.75 T) with high performance gradient and RF
systems.16,30 Commercially available low-field systems with
demonstrated cardiac imaging capabilities include the 0.35 T
ViewRay MRIdian (ViewRay Inc. Oakwood, USA), and the
0.55 T Siemens MAGNETOM Free.Max (Siemens Healthcare,
Erlangen, Germany). This Siemens system is considerably lighter
in weight (�3.2 tons) than higher field magnets, and uses very
little helium (<1 liter), eliminating the need for a quench
pipe and reducing site preparation, installation, and mainte-
nance costs.17,31

Low Field Imaging Properties and Imaging
Technology
Favorable Imaging Properties
MRI at field strengths <1 T provides many favorable proper-
ties for cardiac imaging. As briefly described in this section,

TABLE 1. Opportunities and Challenges for Cardiac MRI at Low Field, compared to 1.5T or 3T.

Opportunities Challenges

Opportunity Implications Challenge Possible Solutions

Reduced system cost • Increased availability in previously
underserved areas

• Increase usage in healthcare
systems with unfavorable
reimbursement

Perception that low
field = low quality

• Validation studies
demonstrating high
quality diagnostic
cardiac MRI at
low field

Reduced siting
requirements

• Installation directly in patient care
environments (cardiology, ICU,
emergency room, etc.)

Lower SNR • SNR efficient
acquisitions leveraging
long signal readouts
(long T2*), short T1,
and high flip angles

• Advanced image
reconstruction and
processing

Improved patient
comfort and
monitoring

• Wide-bore systems for imaging
obese or claustrophobic patients

• Higher quality ECG due to
reduced MHD effect

• Reduced acoustic noise

Low acceleration rates • Receiver coil array
design and
optimization

• Advanced image
reconstruction

Low susceptibility • Reduced artifacts from implants
• Improved pulmonary imaging to
enable cardiopulmonary exams

• Sequence design flexibility

Concomitant field
artifacts

• Sequence- and
reconstruction-based
mitigation and
correction

Low SAR • MRI guided interventional
procedures using metallic devices

• Improved safety of some implants
and CIEDs

• Sequence design flexibility

Lack of regulatory
approval for
implanted devices

• Research demonstrating
device safety
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these include simplified cardiac gating, reduced artifacts
around implant hardware, and improved patient comfort.

CARDIAC GATING. Most cardiac MRI methods rely on
synchronization with the cardiac cycle using in-bore electrocar-
diography (ECG) or photo plethysmography. ECG is preferred
because triggering on the sharp and high-amplitude R-wave
enables prospective capturing of systolic contraction. ECG sig-
nals obtained at lower B0 field strengths are less noisy and
more reliable, primarily due to the reduced magnetohydrody-
namic (MHD) effect that is proportional to B0. However,
ECG signals may still be susceptible to interference from RF
and imaging gradients across field strengths. At higher field
strengths such as 3 T, the MHD artifact is a significant source
of mis-gating, requiring more sophisticated multi-channel

solutions like vector-cardiogram gating.32 Low-field imaging
can thus provide reliable cardiac ECG gating with reduced
complexity and cost. Figure 1 contains illustrative ECG
samples from 0.75 T to 1.5 T.

IMPLANT ARTIFACTS. Metallic implants are extremely
common in cardiac patients, and include sternal wires, stents,
valve clips, prosthetic valves, occlusion devices, and CIEDs.
The increasing prevalence of these implants has created a grow-
ing patient population in whom cardiac MRI can be extremely
challenging or infeasible. Although MRI safety in patients with
CIEDs has now been well documented,34–36 cardiac MRI of
patients with CIEDs can be challenging due to metal-induced
image artifacts.37,38 The presence of these foreign metals dis-
turbs the homogeneity of the B0 field, producing significant

TABLE 2. Contemporary Low Field Strength MRI Systems That Have Demonstrated Cardiac MRI

Field Strength System System Type Gradient Specifications

Bore
Diameter
(cm)

0.35 T MRIdian, ViewRay Inc.
Oakwood, USA

Commercial MR-linac
system for MR-guided
radiotherapy with split
bore

18 mT/m, 200 T/m/msec 70

0.55 T MAGNETOM Aera,
Siemens Healthcare,
Erlangen, German

Prototype ramped-down
from 1.5 T with custom
transmit/receive body coil

45 mT/m, 200 T/m/msec 70

0.55 T MAGNETOM Free.Max,
Siemens Healthcare,
Erlangen, Germany

Commercial whole-body
MRI

26 mT/m, 45 T/m/s 80

0.75 T Achieva, Philips
Healthcare, Best, The
Netherlands

Prototype ramped-down
from 3 T using 13C
components and multi-
nuclear broadband
spectrometer/coils

31 mT/m, 200 T/m/s 60

FIGURE 1: Illustration of the reduced magnetohydrodynamic (MHD) effect at 0.75 T (top) compared to 1.5 T (bottom). This MHD
effect can be resolved using vector gating, with additional leads and higher complexity of the gating system. In general, low field
strengths enable simpler and more robust ECG gating with a single channel. [Reproduced from Guenther et al.30]
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artifacts.39 As the degree of signal distortion is proportional to
B0, all artifacts (signal loss, banding, spatial distortions) are
dramatically reduced at lower field strengths. In short, low-field
imaging is expected to provide improved quality near the
metallic hardware site (see “Advanced Applications” section).
Moreover, RF-induced heating scales quadratically with B0,
and additionally depends on the coupling between the RF field
and conductor device to form standing waves. At low field, the
RF wavelength is longer, potentially preventing coupling with
short conductive leads. Therefore, low-field MRI possibly
allows for safer imaging in patients with broken or abandoned
leads, which remain a contraindication to MRI due to the risk
of heating.40

PATIENT COMFORT. Two of the most frequent MRI sub-
ject complaints are acoustic noise, and claustrophobia, both
of which can be reduced at low field.41 Acoustic noise (and
system vibration) is generated by vibration of the gradient coil
when the gradient changes (dG/dt) in the presence of the
static field (B0). It is, therefore, proportional to both dG/dt
and B0. The noise a patient hears and the vibration they feel
is also highly dependent on the mechanical engineering of the
entire system, which includes sophisticated vibration dampen-
ing. However, with all else constant, the acoustic noise from
an MRI sequence is indeed linear with B0, meaning that low
field reduces acoustic noise.42 Regarding claustrophobia,
lower B0 changes the constraints on the superconducting
magnet design, which makes it feasible to produce wider bore
low-field systems. This reduces claustrophobia, and improves
overall comfort for larger subjects, including patients who are
obese or pregnant.

Image Contrast
Endogenous NMR relaxation parameters vary with field
strength.43 Generally, at low field, T1 relaxation times are
shorter, and T2 and T2* relaxation times are longer. Table 3
provides reported T1, T2, and T2* values from 0.35 T to

0.55 T compared to 1.5 T and 3 T for myocardium and
blood.16,31 For cardiac imaging, the shorter T1 relaxation
times result in more signal recovery during rapid imaging
sequences that have short TR, but also result in slightly
reduced blood-myocardium contrast for balanced steady state
free precession (bSSFP).

The relaxivities of exogenous agents have been measured
at 0.55 T16 and are reported in Table S1 in the Supplemental
Material. Generally, gadolinium-based contrast agent relaxivity
at 0.55 T is similar to 1.5 T, whereas large molecular weight
contrast agents such as ferumoxytol have increased relaxivity at
lower field strength. Current publications on low-field cardiac
MRI have used standard dosing of gadolinium-based contrast
agents and have speculated that lower doses of ferumoxytol
may be feasible.45

Image Acquisition
Low field systems provide greater flexibility in pulse sequence
design for cardiac MRI. Specific absorption rate (SAR) is a
major constraint and is quadratic with field strength. This
means that low-field MRI can utilize higher flip angles and
more sophisticated RF pulse designs while staying within
safety limits.46 In a well-shimmed system, B0 inhomogeneity
is dominated by susceptibility effects from the lungs and
draining veins, and varies linearly with field strength.47 The
improved B0 homogeneity at low field enables the broad use
of bSSFP, which suffers from banding artifacts at higher field
strengths. Specifically, bSSFP acquisitions with longer TRs
and lower receiver bandwidth are feasible without substantial
banding and can be used to mitigate SNR loss.

Cardiac MRI generally benefits from motion-robust,
efficient, data sampling. At conventional field strengths, spiral
and echo-planar imaging have been employed, but their use
is limited by off-resonance, which causes spatial blurring for
spiral imaging, and warping for echo-planar imaging, and to a
lesser extent, T2* signal decay during long readouts. At low
field strengths, with more homogenous B0 and elongated

TABLE 3. Reported Cardiac T1, T2, and T2* Relaxation Times in Healthy Volunteers From 0.35 T,44 0.55 T,16

1.5 T,16,44 and 3 T44

0.35 T (msec) 0.55 T (msec) 1.5 T (msec) 3 T (msec)

Myocardium T1 564 701 955 1200

T2 59 58 49 40

T2* 42 47 33 24

Arterial blood T1 887 1122 1441 1808

T2 386 263 254 120

T1 was measured with MOLLI16 or Look-Locker44 methods, T2 with T2-prepared bSSFP, and T2* with a multi-echo gradient echo sequence.
Note that the relaxation times specified here are from the authors’ study data and not meant to be interpreted as clinical reference values.
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T2*, spiral and echo-planar readouts can be utilized to their
full potential.48 On modern 0.55 T systems, it is possible to
use 6–8 msec spiral readouts with negligible blurring, a sub-
stantial improvement upon the 2–3 msec that has been used
at 1.5 T. Spiral and echo-planar readouts can also be com-
bined with bSSFP, with appropriate first moment nulling, to
simultaneously capture high SNR efficiency, and high scan
efficiency. High duty-cycle spiral acquisitions can also be
combined with spectral-spatial excitations for fat suppres-
sion.49 These RF pulses use spiral gradient waveforms for spa-
tial and spectral encoding during excitation. The benefits of
improved B0 and B1 homogeneity using a contemporary low
field MRI system could therefore be applied for optimization
of such RF pulses.

Image Reconstruction
A variety of modern denoising approaches can be employed
at low field, including CS and artificial intelligence-based
reconstruction. This is an area of active investigation across
all field strengths, and denoising solutions are application spe-
cific. For example, ventricular function assessment should be
done in a fashion that preserves fidelity of moving boundaries
(eg, temporal finite difference constraint), and first-pass perfu-
sion should be done in a fashion that preserves signal inten-
sity time-course (eg, fit to a tracer-kinetic model).

Reduced artifacts at low field, eg, reduced blurring in spiral
imaging, reduced banding in bSSFP and reduced susceptibility
artifacts, can enable simpler reconstruction pipelines due to min-
imized correction steps. One exception is concomitant fields,
which produce undesired spatially varying phase that is propor-
tional to gradient amplitude and is inversely proportional to B0,
making them more significant for low-field systems, particularly
with high-performance gradients. The additional phase accumu-
lation can be mitigated during image acquisition and/or
corrected in reconstruction.50,51

It is expected that artificial intelligence-based image recon-
struction and image enhancement will have a significant impact
on image quality as low field MRI technology is further devel-
oped. For example, reconstruction with deep images priors can
be used improve image quality for dynamic applications,52 den-
oising and super-resolution have been demonstrated to enhance
images,53,54 and AUTOMAP has had significant success for
image reconstruction at ultra-low field.55

Routine Cardiac MRI Sequences at Lower Field
A cardiac MRI exam typically consists of several pulse
sequences depending on clinical indication, and this
section will review the current literature and describe the
ongoing efforts to translate the routine sequences used at
1.5 T to low-field MRI. Figures 2 and 3 provide example
images of these routine cardiac MRI sequences from proto-
type and commercial 0.55 T systems, respectively. A compre-
hensive protocol for a commercial 0.55 T system with

reduced gradient performance has also been described by
Varghese et al.20

Cine Imaging
The measurement of chamber volume, systolic function, and
ventricular mass using bSSFP cine imaging is a cornerstone of
cardiac MRI exams and is clinically indicated in 92%
of patients undergoing cardiac MRI.56 Significant work has
been done to develop and validate cine imaging for low field
strengths. These studies suggest that, despite the lower SNR,
low-field MRI can be accurately used for quantitative diag-
nostic evaluation of cardiac volumes and function and for
assessment of regional wall motion abnormalities.

Bandettini et al studied a population of 65 participants,
44 clinically referred patients and 21 healthy volunteers, at
0.55 T (prototype system) and 1.5 T19 (Fig. 2a; Video S1a in
the Supplemental Material).57 Quantitative comparisons of
chamber volumes, ejection fraction and LV mass showed excel-
lent correspondence between field strengths. A sector-wise
comparison of regional wall motion abnormalities showed
excellent agreement (kappa = 0.99). Varghese et al compared
quantitative cine imaging, flow quantification and parametric
mapping between 0.35 T, 1.5 T, and 3 T in healthy volun-
teers.44 No significant difference in quantitative cine measure-
ments of LV volume and function was reported. Zu et al also
compared an AI-based analysis pipeline for endocardial and
epicardial image contouring between 0.35 T, 1.5 T, and 3 T
and found that the automated software performed well across
field strengths.58

Other studies have focused on improving image acquisi-
tion strategies for cine imaging at lower field. Rashid et al
explored high flip-angle bSSFP cine at 0.35 T and reported fea-
sibility of flip angles up to 150�, with peak blood-myocardium
CNR at 130�.59 Restivo et al developed SNR-efficient spiral in-
out and EPI bSSFP cine acquisitions for 0.55 T with high
acquisition duty cycle (sampling time per TR).48 They showed a
79% increase in myocardial SNR by moving from Cartesian
bSSFP to spiral-in-out bSSFP imaging, with no change in
breath-hold length or spatiotemporal resolution. Tian et al dem-
onstrated a contrast-optimal simultaneous multi-slice (SMS)
acquisition for breath-held cine.46 They developed a spiral-out
bSSFP sequence with SMS factors 2 or 3, and experimentally
found peak blood-myocardium contrast at a flip angle of 160�

for a single band and 120� for SMS acquisition.
CS has also been applied to improve cine image quality.

Bandettini et al used an L1-SPiRIT image reconstruction for
free-breathing cine and image quality was remarkably similar
between 0.55 T and 1.5 T when using the same algorithm.19

Simonetti et al used Sparsity adaptive COmpressive REcovery
(SCoRe) for improved cine imaging at 0.35 T.15 Vishnevskiy
et al explored cine imaging at 0.75 T and retrospectively
sparsely undersampled breath-held Cartesian cine data to eval-
uate high acceleration factors.33 They were able to achieve
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acceleration rates of 7 without image degradation. More
recently, deep learning-based denoising has been applied to
breath-held cine images with GRAPPA reconstruction. Spe-
cifically, a g-factor-savvy transformer convolution neural net-
work model was used for GRAPPA reconstruction with
acceleration rate of 3 on a commercial 0.55 T system,
with more than double the original SNR.54,60 Future work
on deep learning-based denoising and imaging reconstruction
is expected to further improve image quality.

Real-time cine, which is neither ECG gated nor
breath-held, has also been developed for low field strengths.
Hamilton et al used a deep image prior reconstruction based
on two U-nets to generate spatial and temporal basis func-
tions for real-time cine images from highly undersampled
spiral acquisitions on the commercial 0.55 T system.52 Their
method used a spatial resolution of 2.2 mm and they com-
pared five acceleration rates from R = 4 (76 msec temporal
resolution) to R = 24 (13 msec temporal resolution). A spiral
in-out bSSFP acquisition has been paired with a low rank +

sparse image reconstruction on a prototype 0.55 T for

real-time cine with a spatial resolution of 1.7 mm and tempo-
ral resolution of 36 msec.61 Yagiz et al developed real-time
cine with SMS factor 3 and a flip angle of 100�, paired with
a constrained image reconstruction.62 A realistic simulation
framework, based on the XCAT phantom, has also been pro-
posed and used to simulate real-time volumetric (3D) cine at
0.55 T with a stack-of-spirals trajectory.63

Finally, Piccini et al performed a proof-of-concept free-
breathing motion-resolved 3D imaging study at 0.55 T.64

This acquisition used a 3D radial trajectory with superior–
inferior readouts for extraction of cardiac and respiratory
self-navigation signals that were used to sort data into 20
cardiac and 4 respiratory bins. Isotropic spatial resolutions of
1.1 to 2.0 mm3 were visually compared and 3D images were
re-sliced into cardiac views.

Flow Quantification
Phase-contrast flow imaging is commonly used clinically for
quantitative metrics such as cardiac output and for character-
izing valvular heart disease. Flow imaging uses a T1-weighted

FIGURE 2: Example images from the prototype 0.55 T MRI system. (a) Free breathing bSSFP cine imaging of cardiac function using a
compressed sensing image reconstruction (diastolic frame shown). This patient has a wall motion abnormality post myocardial
infarction which can be seen in Video S1 in the Supplemental Material. (b) Flow quantification using phase-contrast MRI in the aorta
and main pulmonary artery (MPA) in a patient with a ventricular septal defect. (c) Late gadolinium enhancement and (d) T1 mapping
are shown in a patient with hypertrophic cardiomyopathy (white arrows). (e) Fat/water separation using the Dixon method in a
patient with myocardial fat infiltration (orange arrows).

FIGURE 3: Example images from the commercial 0.55 T MRI system. (a) T2-weighted turbo spin echo (TSE) black blood imaging in a
healthy volunteer with and without deep learning (DL) image enhancement. DL enhancements were vendor-provided reconstruction
methods to densoise and increase image sharpness. (b) A compressed sensing-based ECG-triggered contrast-enhanced (CE) MR
angiography (MRA) acquisition in a healthy volunteer. (c) Rest perfusion images and comparison late gadolinium enhancement (LGE)
images illustrating a perfusion defect (arrows) in a swine model of myocardial infarction. [Adapted from Varghese et al20]
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spoiled gradient-echo sequence and inflow enhancement dur-
ing systole, and benefits from the shorter T1 at lower field.
The effect of concomitant fields can result in additional phase
distributions across the imaging plane.65 However, as these
fields are predictable, and can be corrected using several
approaches, this should not lead to quantification errors.3

Comparison studies have shown accurate measurements
of cardiac output for both aortic and pulmonary artery mea-
surements at low field. Varghese et al compared breath-held
aortic flow measurements and found no statistically significant
differences in cardiac output measurements at 0.35 T, 1.5 T,
and 3 T in six healthy volunteers.44 The 0.35 T:3 T relative
SNR was higher than would be predicted from polarization
alone. Shanbhag et al studied pulmonary and systemic flow in
10 healthy subjects and 8 patients referred for valvular or shunt
evaluations at 0.55 T (Fig. 2b; Video S1b in the Supplemental
Material).66 A high correlation between flow measured at
0.55 T and 1.5 T was measured across all subjects, and Bland–
Altman analysis showed reasonable agreement in cardiac out-
put, and the ratio of pulmonary-to-systemic flow.

Research studies have explored using a bSSFP acquisi-
tion paired with flow-encoding, exploiting low-field’s
improved field homogeneity for relatively long-TR steady-
state imaging. Using bSSFP eliminates the inflow-driven con-
trast of GRE and therefore provides more consistent SNR
across the cardiac cycle. However, this technique can present
difficulties in quantification due to spatial phase errors
induced by bSSFP acquisitions.67 Ramasawmy et al demon-
strated a bSSFP-flow acquisition using a spiral-readout to
maximize the SNR at 0.55 T in 11 volunteers68 and Peper
et al compared a Cartesian bSSFP-flow acquisition to
gradient-echo at 0.75 T in 6 volunteers.69

Late Gadolinium Enhancement
LGE imaging is the standard for noninvasive detection of scar
tissue and the assessment of myocardial viability,70 and is an
important component of most clinical cardiac MRI exams.
LGE images are acquired at end-diastole, and can either
involve segmented breath-held acquisitions, or fast “snapshot”
imaging for free-breathing approaches. Snapshot imaging
speed is limited at low field due to reduced SNR, reduced
gradient performance on some commercial systems, and low
acceleration factors from limited coil arrays.

Bandettini et al compared breath-held, phase-sensitive
inversion recovery LGE image quality and diagnostic assess-
ment between a high-performance 0.55 T and 1.5 T in
16 patients with myocardial infarction (MI).18 A bSSFP
acquisition was used at low-field to improve SNR (Fig. 2c). A
strong correlation was measured between field strengths for
absolute LGE mass and percentage MI, and no significant
bias was found between measurements of MI mass from
Bland–Altman analysis. A recent case study demonstrated
LGE imaging on a commercial, lower gradient-performance

0.55 T scanner in a case of nonischemic fibrosis.71 In
addition, Ding et al presented a CS based technique that
incorporates motion fields along with the reconstruction,
leading to increased sharpness in free-breathing LGE acquisi-
tions in 12 volunteers on a commercial 0.55 T system.72

Parametric Mapping and ECV Fraction
MRI parametric mapping of T1, T2, and T2* relaxation
times and ECV fraction of the myocardium facilitates charac-
terization and monitoring of diseases such as fibrosis, amy-
loidosis and iron overload.73 Parametric mapping is typically
acquired during the end-diastolic window with a “snapshot”
imaging technique. Though the relaxation rates will vary,
with T1 being shorter, and T2 and T2* times being longer at
lower field strength, the magnetization preparation schemes
used for parametric mapping are not significantly altered for
imaging across different field strengths.

Campbell-Washburn et al measured tissue T1, T2, and
T2* relaxation times including myocardium and arterial
blood in 39 subjects using breath-held imaging at 0.55 T,16

and Varghese et al reported T1, T2, and T2* at 0.35 T,
compared to 1.5 T and 3 T, in six healthy volunteers.44

Mancini et al measured native and post gadolinium contrast
T1, and ECV in 27 subjects, including 13 patients with MI,
across 0.55 T and 1.5 T (Fig. 2d).74 Native and post-contrast
T1 relaxation times were shorter at 0.55 T, as expected, with
the relative gadolinium induced T1 shortening being approxi-
mately 20% greater at 0.55 T. Both T1 relaxation times and
ECV had a fair correlation between 0.55 T and 1.5 T across
the regions of interest including remote myocardium and
infarcted tissue. Crabb et al assessed a prototype 3D whole-
heart spiral sequence for joint T1/T1ρ mapping and water-fat
imaging on the commercial 0.55 T system and demonstrated
promising in vivo results.75

Varghese et al demonstrated myocardial T2 mapping in
a porcine model of ischemia–reperfusion induced MI in five
animals at 0.55 T.76 The authors demonstrated the breath-
held acquisition, and measured significant elevation in T2
within the infarct regions compared to remote myocardium.

T2* and R2* have gained acceptance for noninvasive
assessment of iron overload in the liver and in the heart.77,78

Due to the improved field homogeneity of contemporary
low-field MRI systems, T2* relaxation times are expected to
be longer, and R2* values smaller, which could potentially
offer improved sensitivity in patients with severe iron over-
load that is difficult to accurately quantify at 1.5 T or 3 T.
Campbell-Washburn et al performed a comparison study of
hepatic R2* mapping between 0.55 T and 1.5 T in patients
with iron overload, and showed significantly smaller R2* at
0.55 T as expected, reasonable measurement precision, and
accurate assessment of liver iron content.79 A predictive
model was used to predict R2* across field strengths, which
could be extended to other field strengths as well.80
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Fat-Water Separation
Myocardial fat infiltration, and epicardial adipose tissue has
been linked to an increased risk of cardiovascular disease,
including sudden cardiac death and coronary artery disease.81

Separating fat and water peaks is more difficult at lower fields
due to the converging chemical frequencies. In addition, the
shorter T1 relaxation times at low field will mean that fat,
typically the shortest T1 species found in the body, will have
increased signal amplitude and will require a narrow signal
null period for inversion-recovery-based methods for fat-
suppression, though these have been demonstrated at 0.55 T
for abdominal imaging.82 Dixon-based methods require lon-
ger time intervals between echoes with smaller chemical shift
effects, which can limit the sampling frequency for cardiac
imaging, but have been successfully demonstrated at 0.55 T
for both cardiac and abdominal applications (Fig. 2e).

Non-Cartesian trajectories that can resolve the spectra
have been explored, such as by Franson et al, who demon-
strated a rosette trajectory,83 and Tian et al, who proposed a
novel multi-echo spiral acquisition.84 Both these trajectories
demonstrated good fat-water separation using relatively long
TRs (10–12 msec) possible with bSSFP at 0.55 T.

Cardiac and Vascular Morphology
Cardiac morphology is assessed using black-blood
T2-weighted imaging, especially for the evaluation of tumors
and masses. Varghese et al optimized T2-weighted turbo spin
echo (TSE) sequences for the commercial 0.55 T system
(Fig. 3a).20 TSE performed well with little modification since
it is a high SNR technique and is not particularly demanding
on system performance.

Three-dimensional thoracic vascular morphology is typi-
cally imaged using contrast-enhanced or non-contrast MR
angiography (MRA). Varghese et al demonstrate non-contrast
MRA using a ECG-triggered 3D bSSFP with T2 magnetiza-
tion preparation and fat suppression, and contrast-enhanced
MRA (Fig. 3b) with a CS-accelerated breath-held 3D spoiled
gradient echo sequence at 0.55 T.20 Castillo-Passi et al evalu-
ated a proof-of-concept non-contrast motion-corrected 3D
whole-heart MRA sequence and achieved reasonable image
quality in 6 minutes at 0.55 T.85

Perfusion
First-pass perfusion imaging of the myocardium during rest
and pharmacological stress has excellent sensitivity for
detecting myocardial ischemia and there is growing evidence
supporting the use of this technique for diagnostic cardiac
MRI. Contrast-enhanced perfusion relies on fast, saturation-
recovery, gradient-echo, and bSSFP snapshot acquisitions,
ideally with a temporal footprint <80 msec. Rapid imaging is
especially crucial for performing perfusion imaging during
pharmacological stress at higher heart rates. For quantitative
imaging, these snapshot acquisitions can be additionally
paired with a low-resolution acquisition which measures the
arterial-input function.86 The translation of this technique to
low field requires care as this technique is already in the low
SNR regime at 1.5 T. Simulations regarding perfusion have
demonstrated viability of this technique at 0.55 T.63 Varghese
et al demonstrated the use of a CS reconstruction with accel-
eration rate 5 to achieve snapshot gradient echo images with
a <110 msec temporal footprint for perfusion imaging at rest
at 0.55 T (Fig. 3c).20 The authors illustrated the successful
depiction of a resting perfusion defect in a patient with
known MI.

Strain-Encoded Imaging
Left and right ventricular strain characterizes myocardial
contractility, and may provide early detection of cardiac dys-
function, prior to overt functional or structural changes.87

Strain-encoded MRI (SENC) is a reproducible method of
directly measuring strain,88 but as the encoding method
results in an inherently low SNR image, its feasibility is ques-
tionable at low field. A prototype sequence has been validated
with the commercial 0.55 T system using a dynamic gel
deformation phantom, and feasibility has been successfully
assessed in a small cohort of healthy volunteers and in a por-
cine ischemia–reperfusion infarct model (Fig. 4).90

Advanced Cardiac MRI Applications
There are several new opportunities to leverage the unique
properties of low field strength to expand the application of
cardiac MRI beyond the current clinical routine. This

FIGURE 4: Strain images from a commercial 0.55 T MRI system. The left panel shows Late Gadolinium Enhanced images in a porcine
myocardial infarction model, showing apical, antero-septal infarct caused by 90-minute occlusion followed by reperfusion of the left
anterior descending coronary artery. The AHA 16-segment bulls-eye plot in the middle shows longitudinal strain deficit (in yellow
and green) in the segments corresponding to the infarct location. The corresponding apical short-axis SENC image in the right panel
shows the longitudinal strain deficit in the anterior septal region. [Reproduced from Liu et al.89]
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section will describe example advanced applications of low-
field cardiac MRI.

MRI-Guided Invasive Procedures
MRI-guided cardiac catheterization procedures use real-time
MRI to guide catheter-based devices in the heart. MRI-guided
hemodynamic right heart catheterization (chamber pressure
measurement) has been demonstrated in hundreds of adult
and pediatric patients,91–96 and more recently, the first patient
demonstrations of MRI-guided electrophysiology and RF abla-
tion have been performed.97–99 There have also been many
pre-clinical studies exploring the advantages of MRI-guidance
for other procedures such as endomyocardial biopsy, stenting,
ventricular tachycardia (VT) ablation, extra-anatomic bypass,
etc.100–103 Most off-the-shelf catheterization devices contain
long metallic components and are susceptible to RF-induced
heating, and there are few custom-built devices approved for
human use. Patient MRI-guided catheterization has been
accomplished mainly with polymer catheters. The paucity of
devices that are MR-safe and mechanically adequate has ham-
pered the clinical translation of many of these procedures.

Lower fields offer reduced RF-induced heating of metal-
lic devices, and therefore may enable new procedures using
off-the-shelf devices or simplify the design of custom-built
devices. Most work on low-field MRI-guided catheterization
procedures has been performed on a prototype 0.55 T system
with high performance gradients. Heating is quadratically
related to field strength, meaning that 0.55 T offers 7.5-fold
less device heating than 1.5 T, and 30-fold less device heating
than 3 T.16,104

Campbell-Washburn et al demonstrated MRI-guided
right heart catheterization at 0.55 T in seven patients.16 Impor-
tantly, they used off-the-shelf metallic guidewires (fully insu-
lated nitinol guidewires) without modification to the devices or
to the real-time bSSFP imaging parameters (flip angle = 45�,
TR = 4 msec). They measured <1�C of heating during
2 minutes of real-time imaging in 9 of 16 test nitinol
guidewires and stainless-steel braided catheters. Recently, Özen
et al systematically evaluated device safety for several off-
the-shelf devices (guidewires, catheters, needles, and microwave
applicator) and found negligible heating at 0.55 T.104

Kolandaivelu et al assessed the visibility of chemoablation
lesion and RF-ablation lesions at 0.55 T in a porcine model as
a precursor to MRI-guided ablation at low field (Fig. 5).105

The ability to visualize and assess ablation lesions is a key
advantage of MRI-guidance over X-Ray guidance of these pro-
cedures.106 Seemann et al performed invasive pressure-volume
loop measurements at 0.55 T during dynamic inferior vena
cava occlusion to alter preload conditions.107 The technique
combines simultaneous real-time imaging to measure cardiac
volumes and invasive measurement of pressure to generate
pressure-volume loops. This work was performed in three pig
models: naïve, ischemic cardiomyopathy, aortic banding to

increase afterload, and illustrated lower cardiac contractility and
higher compliance in cardiomyopathy.

Visualization of metallic devices using susceptibility arti-
facts alone can be challenging at 0.55 T. The artifact profile
of low-susceptibility materials (eg, nitinol, stainless steel 316)
are reduced at 0.55 T, whereas those of high-susceptibility
materials (eg, stainless steel 304) are consistent across field
strengths because they are already saturated below 0.55 T.108

Pilot studies have investigated computer vision methods to
improve the detection of nitinol devices at 0.55 T.109,110

Custom devices with built-in receiver electronics designed for
“active” visualization are attractive to improve sensitivity and
specificity of device visualization. Design constraints related
to RF-induced heating are eased at 0.55 T, allowing for
increased flexibility in device configuration. A safe-by-design
active guidewire with continuous shaft-to-tip profile that is
mechanically comparable to off-the-shelf devices has been
demonstrated for 0.55 T.111 Additionally, a new technique of
thin-film printed circuitry which can fabricate RF antenna
components direction onto metallic surfaces with conductive
ink has been demonstrated for needle devices at 0.55 T.112

Most recently, interventional studies on a commercial
0.55 T system has demonstrated promising real-time imaging
results despite the reduced gradient performance. Armstrong
et al demonstrated cardiac catheterization, angioplasty, and
stenting on the commercial 0.55 T (Fig. 6; Video S2 in the
Supplemental Material).113 Mooiweer et al demonstrated
the feasibility of real-time proton resonance frequency shift-
based thermometry. MRI thermometry is a common method
to assess thermal ablation treatments in real-time, and there-
fore is an essential tool for application of low-field MRI for
cardiac ablation procedures.114

MRI-Guided Radiotherapy
Hybrid MRI-guided radiotherapy systems (MR-linacs) have also
been applied for cardiac interventional procedures. Specifically, a
0.35 T ViewRay MRI-linac system was used for MRI-guided
stereotactic ablative radiotherapy of ventricular tachycardia. The
first-in-human procedure was performed in a patient with
dilated cardiomyopathy and recurrent sustained ventricular
tachycardia with a cardiac implantable cardioverter-defibrillator
(Fig. 7).115 Motion tracking was performed with the upper liver
and procedural planning used invasive electroanatomical
mapping and prior cardiac MRI. The patient received a single
fraction of 25 Gy, with cine-tracking time of 46 minutes and
beam-on time of 24 minutes. Since the initial case report,
additional studies have explored cardiorespiratory motion
management for MRI-guided radioablation procedures a 1.5 T
that may also have applicability at lower field.116

Combined Cardiopulmonary Assessment
Contemporary low-field MRI systems using superconducting
magnets can provide improved B0 field homogeneity
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compared to 1.5 T or 3 T, which translates to reduced sus-
ceptibility gradients in anatomy with air-tissue interfaces,
such as the lung, thereby providing an attractive environment
for pulmonary imaging. Imaging the heart and lung in the
same setting can be valuable for assessment of cardiopulmo-
nary interactions, especially when paired with exercise and
hemodynamic catheterization as appropriate. Work has been
done to demonstrate structural and functional lung imaging

at 0.55 T and 0.35 T,117–120 including the assessment of
oxygen-enhanced MRI121 and ventilation/perfusion (V/Q)
imaging.122–124

For the assessment of patients with heart failure,
Seemann et al optimized and validated a stack-of-spiral ultra-
short echo time (UTE) sequence for the quantification of lung
water density with an automated inline image processing pipe-
line at 0.55 T (Fig. 8).125 Cardiogenic pulmonary edema is the
pressure-driven accumulation of fluid in the pulmonary inter-
stitium which causes breathlessness and is a key feature of heart
failure. Moreover, this technique was extended to measure
dynamic changes in lung water during exercise stress, since
exercise intolerance is an early symptom of cardiogenic pulmo-
nary edema.126 Measurements of lung water can be combined
with the routine assessment of heart failure by cardiac MRI.

Imaging Patients With Implants
The reduced susceptibility artifacts of contemporary low-field
MRI systems can also be leveraged for reduced artifacts in the
growing population of patients with implants and devices.
Bandettini et al performed a pilot study comparing image arti-
facts caused by implants between 1.5 T and 0.55 T (Fig. 9).127

As expected, they observed smaller and less disruptive image arti-
facts at 0.55 T for most devices, however, the amount of artifact
reduction depends on the implant material. Keskin et al demon-
strated the feasibility of gradient-echo-based sequences, including
bSSFP, for near-metal imaging at 0.55 T.128 Van Speybroeck

FIGURE 5: Assessment of RF ablation lesions (green arrows) and chemoablation lesions (orange arrows) on a prototype 0.55 T MRI
system in a swine model. In vivo imaging included (a) 3D T2-weighted imaging, (b) 3D T1-weighted imaging, (c) T1 mapping, and
ex vivo imaging used (d) 3D T1-weighted imaging to confirm the location of the lesion in fixed tissue. [Reproduced from
Kolandaivelu et al.105]

FIGURE 6: MRI-guided procedure using commercial 0.55 T MRI
system in a swine model. (a) MRI-conditional polymer guidewire
with susceptibility markers (arrow) (EmeryGlide, Nano4Imaging,
Aachen, Germany) used for MRI-guided left heart catheterization,
and (b) placement of a stent in the inferior vena cava (arrow)
(Z-Med Balloon, NuMED for Children, Orlando, FL). Real-time
imaging was achieved with spoiled gradient echo (�2 frames/s,
1.8 mm � 2 mm � 9.5 mm) following administration of 2 mg/kg
ferumoxytol.

FIGURE 7: Example images from the first-in-human MRI-guided
radioablation at 0.35 T with estimated delivered radiation dose
overlaid. [Adapted from Mayinger et al.115]

FIGURE 8: Quantitative lung water density measurement with
the patient supine and prone to illustrate the gravitational
dependence of lung water distribution. The evaluation of
cardiogenic pulmonary edema is valuable during the MRI
assessment of heart failure.

422 Volume 59, No. 2

Journal of Magnetic Resonance Imaging

 15222586, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.28890, W
iley O

nline L
ibrary on [27/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



et al demonstrated susceptibility artifacts for a 50 mT permanent
magnet system in phantoms.129 To date, few devices are labeled
for low-field MRI. While the general assumption is that low
field is safer than higher field strengths, safety has a complex
dependence on device length/RF wavelength and system geome-
try and thus safety testing is still required.130,131

Imaging Obese Patients
Contemporary cardiovascular medicine heavily relies on nonin-
vasive imaging by echocardiography, CT, SPECT, and MRI.
Unfortunately, severely obese patients are difficult
and sometimes impossible to assess by any cardiovascular imag-
ing modality for a variety of reasons.132,133 In a recent study in
patients with a mean BMI = 43 undergoing SPECT myocar-
dial perfusion imaging, 32.6% of the studies were non-diag-
nostic.134 While CT scanners with 80 cm and larger bore
diameter are available, CT of severely obese patients can suffer
from truncation and cropping artifacts.135 CT radiation dose
may be increased by factors of 3 or more in morbidly obese
patients,136 and five times higher for fluoroscopy.137 Further-
more, it may not be practical or safe to administer contrast
agents or radioisotope dose based on body weight in the largest
patients.138,139 While echocardiography has no table or bore
restrictions, it may be the modality most limited by severe obe-
sity.133,138,139 Increased body thickness decreases beam pene-
tration, and thick layers of fat that attenuate the signal at a rate
of 0.63 dB/cm further reduce signal-to-noise.133,139

In MRI, larger patients who fit tightly into the scanner
may not be properly insulated from the magnet bore to prevent
burns.140,141 Severely obese patients may be unable to lie supine
for extended periods, may have significant trouble with extended
or repeated breath-holding, and ECG signal may be

attenuated.142 Thus, the potential benefits of MRI with its versa-
tile diagnostic and prognostic capabilities143,144 are unavailable to
a large segment of the population at high risk for CVD.

The greater flexibility in magnet design at low field
makes wider, more open bore configurations possible, eliminat-
ing the primary barrier to MRI for these patients. Low-field
MRI may thus become the cardiac imaging modality of choice
in these patients who often have no other options.145–147

Varghese et al20 demonstrated the potential clinical utility of
cardiac imaging on an 80 cm bore commercial 0.55 T system
in two patients unable to be scanned on a standard 70 cm bore
system due to their large body habitus; image results are shown
in Fig. 10 and Video S3 in the Supplemental Material.
Patient A, having a weight of 350 lbs and BMI = 48 kg/m2,
was unable to be scanned in a 70 cm bore due to physical dis-
comfort and anxiety. As shown in the figure, prior echocardi-
ography images were of poor quality, even with the use of
contrast. Conversely, the bSSFP cine, breath-held segmented
LGE, and contrast-enhanced aortic MRA demonstrated good
quality and diagnosis of cardiomyopathy and dilated aorta. In
the second patient shown (Patient B), weighing 410 lbs and
having BMI > 57 kg/m2, cine, flow, and LGE images were
successfully acquired on the 80 cm bore 0.55 T system and
revealed normal biventricular systolic function but also identi-
fied nonischemic fibrosis. Both patients reported being com-
fortable throughout the exam and demonstrate how valuable
diagnostic information could be provided by low-field MRI
when other cardiac imaging was not an option.

Fetal Cardiac Imaging
Fetal imaging at low field appears promising for several rea-
sons. The potential for a wider bore is beneficial for maternal

FIGURE 9: Comparison of artifacts caused by metallic implants at 1.5 T and 0.55 T. [Adapted from Bandettini et al127]
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FIGURE 10: Example images from a commercial 80 cm bore, 0.55 T system in two obese patients unable to undergo cardiac MRI
assessment on 70 cm bore systems due to body habitus. Patient A (Male, 61 y.o., 350 lb, BMI 48 kg/m2, body surface area 2.6 m2)—
Breath-held segmented cine images in four and two-chamber views are shown along with the patient’s echocardiographic images,
acquired without and with ultrasound contrast. Multiplanar reformatted images of the thoracic aorta acquired with a non-triggered
contrast-enhanced MR angiogram depicts a dilated aorta. Patient B (Male, 6.5.y.o., 410 lbs, BMI > 57 kg/m2, body surface area
2.86 m2)—Breath-held segmented cine (four chamber and short axis view), free-breathing motion-corrected (four chamber) and
breath-held segmented (short axis) LGE demonstrating fibrosis, and magnitude and phase images of the aortic root are shown.
[Adapted from Varghese et al.20 and Simonetti et al.148]
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comfort. The reduced acoustic noise and reduced SAR is ben-
eficial from the fetal motion and safety perspective, and the
improved real-time MRI is beneficial since most imaging is
performed without fetal cardiac gating. Hutter et al reported
on the first 150 fetal MRI scans at 0.55 T for noncardiac
imaging.149 Recently, it has been shown that fetal cardiac
function and anatomy can be captured in real-time at 0.55T
without requiring retrospective gating that is typical at 1.5 T
and 3 T.150 Furthermore, metric optimized retrospective gat-
ing can successfully recover SNR at 0.55T when targeting
finer spatial resolutions, or in low SNR scenarios (eg, underly-
ing maternal obesity).151 Finally, 4D reconstructions can be
generated from these data.152 At this point, feasibility has
been demonstrated, and larger numbers of cases are needed to
determine clinical potential.

Future Advanced Cardiac MRI Applications
Three-dimensional coronary imaging with MRI is of great
interest to evaluate coronary artery disease, and to identify
coronary anomalies in congenital heart disease. Coronary
imaging relies on sub-millimeter spatial resolution, which
presents a challenge for low field MRI. Several recent
publications have demonstrated whole-heart free-breathing
imaging with reasonable acquisition and reconstruction
times.153 The capability of low field MRI to identify
coronary arteries and characterize coronary anomalies
remains of-interest, and advanced data sampling and image
reconstruction techniques will likely be required to address
this demanding application.

Multi-dimensional multi-contrast techniques, such as
MRI fingerprinting154 and MR multitasking,155 are attractive
for low field cardiac MRI. These techniques may allow “push
button” imaging that generates several parameters of interest
from a single acquisition, thereby making accessible low field
MRI easier to use. MR fingerprinting typically relies on spiral
imaging which performs well at low field, and dictionary
matching which tends to be less sensitive to low-SNR
regimes. MR fingerprinting has been demonstrated for
noncardiac applications at field strengths from 6.5 mT to
0.55 T.156–159 While there are no publications on cardiac
MR fingerprinting or multi-tasking to-date, there remains sig-
nificant interest in this area.

Discussion
Low-field MRI systems offer significant promise to enable
routine cardiac MRI in underserved geographical regions and
patient groups with limited access to cardiac MRI previously,
as well as to reduce siting requirements for point-of-care
imaging. Studies to-date confirm that low-field MRI offers
high measurement concordance and consistent interpretation
with clinical 1.5 T imaging. Moreover, low-field MRI may
enable specific new clinical imaging opportunities, beyond

what is possible at 1.5 T, due to certain favorable imaging
properties.

Increased accessibility by virtue of lower system cost is
one of the key advantages of low-field MRI, however the
exact cost can be hard to predict. The cost to manufacture a
lower field superconducting magnet for whole body MRI is
inherently lower since less material is required. Siting costs
such as floor reinforcements are also inherently lower because
these systems are lighter weight. Low-field systems can be
equipped with cooling technology that uses low levels of
helium and thus avoid a quench pipe.31 However, other costs
such as gradient hardware, system electronics, room shielding,
computers, and operating costs are expected to be similar for
current whole-body system designs. If other compromises are
made, costs could be further reduced, but may sacrifice per-
formance for cardiac imaging applications. Overall, low-field
MRI systems designed for cardiac imaging will be of lower
cost than the current clinical standard, but the exact cost will
depend on system specifications and design.

This article has focused on superconducting cylindrical
whole-body MRI systems used for cardiac MRI, however
operating a lower field enables more flexibility in magnet
design. Outside the heart, low-field and ultra-low field sys-
tems have been designed with varied bore geometries, includ-
ing vertical bores, single-sided systems, and planar systems.
Unfortunately, these non-standard geometry systems often
lack the field homogeneity and gradient performance needed
for cardiac applications. Hypothetically, one could imagine
low-field MRI designed with a short and wide bore for
patients with claustrophobia undergoing cardiac MRI, or a
vertical bore system for upright and/or exercise imaging.

Low-field whole-body MRI systems can also be used for
other applications within the radiology setting including rou-
tine body imaging, musculoskeletal imaging, and neuroimag-
ing, and specialized tasks such as pulmonary imaging, and
imaging near metal implants. The availability of low-field
MRI systems may alter how systems are selected and
deployed within radiology departments.160 Alternatively, large
cardiology centers may opt to install low-field MRI systems
directly in cardiology departments.

Increased system accessibility could increase the demand
for trained cardiac MRI technologists or radiographers to
operate the scanners. In parallel, accessibility could drive
improvements in automated slice planning and quality assur-
ance. Advanced technology that is under development, such
as push-button isotropic multi-contrast 3D scanning, could
also simplify cardiac imaging in the hands of non-experts.

Low SNR due to the reduced equilibrium polarization
proportional to B0, is an obvious disadvantage of low field.
As discussed here, low SNR can be partially compensated by
switching from GRE to bSSFP and moving from Cartesian to
spiral or echo-planar readouts and by incorporating advanced
image reconstruction techniques. However, these solutions
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may not be applicable or adequate for some cardiac imaging
techniques, especially SNR-starved ones such as cardiac diffu-
sion imaging, and cardiac spectroscopy. Low field is addition-
ally problematic for advanced applications that benefit from
spectral shifts, short T2* relaxation times and/or long T1
relaxation times at conventional field strengths. This includes
proton spectroscopy that can assess myocardial triglycerides
using chemical shift, although this has been demonstrated at
0.75 T.30 This also includes arterial spin labeling (ASL),161

and blood-oxygen level dependent (BOLD) imaging,162 both
nascent approaches for detecting ischemia without contrast
agents at conventional field strengths.

Another challenge of low-field MRI is concomitant field
effects. For gradient-echo imaging, these effects can be mitigated
with frequency-segmented deblurring or an expanded signal
model reconstruction.50,163 Effects have been mitigated for rapid
acquisition of recalled echoes (RARE, also known as fast spin
echo or TSE), using compensatory gradient pulses.164,165 This
issue is not fully resolved for bSSFP and mitigation approaches
are necessary, such as decreasing gradient amplitudes.51

Low-field MRI offers significant promise for cardiac
MRI, both to reduce cost and enable new applications. Basic
cardiac sequences are ready to be used for clinical evaluation
at low field, while more advanced cardiac imaging techniques
need further optimization and development. Further clinical
studies establishing reference parametric values and assessing
the diagnostic accuracy of low-field MRI across a range of
techniques and patient populations are warranted. Addition-
ally, techniques designed for challenging patients, like those
with arrhythmia or those unable to hold their breath, require
evaluation and validation before low-field cardiac MRI can be
broadly adopted. There are still significant opportunities to
improve image acquisition and reconstruction techniques
to leverage the specific physical properties of low-field MRI,
and there are opportunities to translate computational
methods developed for higher field strengths to be applied
at lower field strengths. Substantial advancements in both
imaging methods and clinical applications are anticipated for
low-field cardiac MRI over the next several years.
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