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Introduction

Cardiac Magnetic Resonance (CMR) is arguably unmatched in its ability to evaluate
cardiovascular structure and function, to characterize myocardial tissue by a wide variety of
mechanisms, and to quantitatively assess blood flow and perfusion without the use of
radiation or the need for invasive catheterization. CMR research and development continues
at a rapid pace both in academia and by commercial vendors, and every year new techniques
are put forth that improve on existing applications and provide new capabilities that further
expand the clinical utility of this powerful modality. Real-time and single-shot techniques
have made CMR feasible in patients with rhythm irregularities and inability to breath-hold.
Ongoing development and regulatory approval of MRI conditional pacemakers and
implanted cardioverter defibrillators continues to grow the patient population amenable to
CMR. Larger clinical trials are coming out that support the clinical value of CMR1-3,
Despite the advances in CMR technology over the past decades, the growing data supporting
its effectiveness, and the increasing availability of both CMR-capable scanners and
practitioners, the penetration of CMR into routine diagnostic cardiovascular imaging
remains limited. It is clear that those involved in CMR research must not only engage in
developing new and exciting applications made feasible by technological advances, but must
also ask whether their technology will promote the routine clinical utilization of CMR
beyond academic and isolated private centers. There are many factors at play in answering
this question, but important considerations must be affordability and ease of use.

A CMR system is one of the most expensive devices in the hospital, and the cost of the
system scales with field strength. Prior to 2001 the highest field strength available for
clinical MRI was 1.5T; however, recent years have witnessed an expanded utilization of 3T
MRI that has been driven mainly by neuro and orthopedic imaging and the desire for higher
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spatial resolution that is critical for these applications. While just a few years ago it appeared
that 3T would be “the new 1.5T,” the early excitement over promises of increased speed and
image quality have been tempered as the reality of the additional practical challenges of
ultra-high field CMR have set in, making it difficult to justify the increased cost over 1.5T.
While increased field strength clearly provides the advantage of higher signal-to-noise 4, it
also carries the baggage of a number of practical limitations 411, including increased
magnet size and weight, increased potential for heating of implanted devices, increased
ferromagnetic attraction, increased inhomogeneity in both the static field and the applied
radiofrequency (RF) field, increased ECG interference, and increased image artifacts around
metallic devices. In the present healthcare environment where cost-effectiveness has to be
one of the primary considerations in resource utilization, healthcare providers may be more
often asked to utilize more economical approaches rather than taking what may be the easier
route of applying the most expensive solution to a problem or a clinical question. While
MRI technology continues to move in the direction of higher field strength as evidenced by
the proliferation of whole body 7T systems in academic centers, perhaps it is time to
consider whether we can do “more with less,” especially in the context of CMR which has
struggled to gain a foothold as a routine cardiovascular diagnostic tool.

The early days of whole-body MRI began with the use of much lower field systems, in the
range of 0.15T to 0.35T. The use of lower magnetic field strength magnets may be worth
revisiting in the interest of not only cost-savings, but also patient safety and ease of use. The
prospect for excellent field homogeneity, in absolute terms, and virtually no limits imposed
by Specific Absorption Rate (SAR) may open up the potential for new applications of
techniques such as balanced steady state free precession (bSSFP), echo planar imaging
(EPI), and spiral imaging that can be problematic at higher field strength. Early MRI
systems based on permanent or resistive magnets did not have the benefits of high
performance gradient systems or large banks of receiver channels. In contrast, the
specifications of modern low-field systems compare more favorably to state-of-the-art high
field systems. For example, the Panorama HFO 1.0T (Philips Healthcare, Amsterdam,
Netherlands) is an open configuration system that employs an 8-channel RF receiver array
and a gradient system with maximum amplitude of 28 mT/m and maximum slew rate of 120
mT/m. Another modern low-field system with gradient and RF performance comparable to
high field scanners is a split-bore 0.35T MRI-guided radiation therapy system (MRIdian,
Viewray, Oakwood Village, OH) that is equipped with a gradient system with maximum
amplitude of 18 mT/m and maximum slew rate of 200 mT/m/msec, and a 12-channel RF
receiver system 12:13, The Viewray system has a 70 cm bore and claims field homogeneity
of approximately 3 ppm over a 50 cm diameter sensitivity volume (DSV), which in absolute
terms is equivalent to an approximate frequency offset of 45 Hz. Increasing maximum
gradient amplitude and slew rate (rate of change of gradient) positively impacts the image
quality and acquisition efficiency; increasing number of channels positively impacts the
signal-to-noise ratio (SNR); and improving field homogeneity reduces artifacts. Most
modern 1.5T systems have maximum gradient amplitudes of 20 to 45 mT/m, maximum slew
rate of 100-200 mT/m/msec, a number of RF channels that ranges from 8 to 32, and field
homogeneity of approximately 1.5-3 ppm over a 50 cm DSV. The specifications of the
Viewray system, which is specially designed and marketed for real-time MRI guidance of
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radiation therapy, are comparable to a modern 1.5T system. Therefore, this system provides
an opportunity to explore the potential of low field CMR and was used to generate all of the
0.35T results shown here.

In this article, we will buck the current trend that anticipates a future for CMR that relies on
the promise of higher field strength to enable new and potentially useful applications.
Instead, we explore the possible advantages of lower field strength systems, below 1.5T, and
the potential of a future that offers high quality, routine clinical CMR that is lower in cost,
easier to perform, and safer for the growing population of patients with implanted devices.
We examine and explain the specific disadvantages of ultra-high field for CMR and explore
the potential advantages, beyond cost, that argue in favor of considering low field as the
future of CMR.

The technical aspects of CMR at low field

The choice of optimal CMR scan parameters involves compromises between SNR, temporal
resolution, spatial resolution, scan time, and artifact level. In simplistic but practical terms,
SNR scales linearly with magnetic field strength, and SNR is essentially the “currency” in
MRI that can be traded for acquisition speed and spatial resolution. This has been the main
driving force behind the move towards 3T and higher field strength systems. With greater
field strength also comes greater spectral separation, which is useful in spectroscopy and for
some fat suppression techniques, although the advantage in spectral separation may be offset
by increased field inhomogeneity, which also scales with field strength. Finally, T1 increases
with field strength, and this can be advantageous in contrast-enhanced imaging as the
differential between enhanced and unenhanced tissue may be greater. Of course, increased
T1 may also be disadvantageous depending on the technique as it can reduce SNR if not
compensated by using longer repetition times (TR) or lower flip angle. While the primary
advantage of higher field thus is higher SNR, there are a number of disadvantages as well
and many of these are directly relevant to CMR. Significant research and development
efforts have gone into overcoming these limitations and disadvantages in order to make
CMR performance acceptable at 3T. In contrast, at low field many of the factors that limit
CMR at higher field are reduced, or in some cases nonexistent, and the only real question is
whether sufficient SNR can be generated for high quality diagnostic imaging. In the next
sections we look at some of the many factors related to CMR image quality and safety, and
how they are influenced by field strength.

Signal-to-Noise Ratio (SNR)
The theoretically linear relationship between SNR and field strength has been shown to bear
out in practice, with the caveat that the expected gains at higher field can be limited by
increased native T1 and limitations on flip angle set by increased patient Specific Absorption
Rate (SAR)8: 7. However, it should first be considered whether the SNR available at lower
field may be sufficient to generate diagnostic quality CMR images 14, especially when
bSSFP based pulse sequences and compressed sensing (CS) inspired image recovery
methods are employed. Figure 1 shows the degradation in the quality of a segmented bSSFP
cine series acquired at 1.5T when the SNR is retrospectively reduced by adding noise to the
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measured k-space data to simulate the impact of reduced field strength on SNR alone. As
evident from the results, sufficient image quality is maintained even when the SNR is
degraded to levels expected at field strengths of 0.5T or less. In this simulation, only the
negative impact of reduced SNR is considered; the potential advantages of higher
homogeneity, shorter T1, and reduced SAR allowing higher flip angles are not
demonstrated.

Figures 2, 3 and 4 show the feasibility of three basic CMR applications: bSSFP cine (Figure
2), spoiled gradient echo phase-contrast MRI (Figure 3), and black blood turbo spin echo
(Figure 4), at low field. For all three results, fully sampled datasets were collected from
healthy volunteers on a 0.35T scanner. The k-space data were then retrospectively down-
sampled by a factor of two in a pseudorandom fashion using the VISTA sampling

technique 1° and reconstructed using a recently proposed compressed sensing (CS) method
called Sparsity adaptive COmpressive REcovery (SCoRe)16. For all three applications, the
SNR at 0.35T appears adequate to generate diagnostic quality images, in this case even with
data under-sampling. While anecdotal, these encouraging results demonstrate that high
quality CMR can potentially be performed at low field even with scan parameters that would
be typical at 1.5T or higher. The only modification to pulse sequence parameters in this case
was to use a high flip angle of 110° for bSSFP cine. While a flip angle this high may provide
optimal blood-myocardium CNR 17, it would not normally be feasible at 1.5T or above due
to SAR limitations. One could expect further improvement in the image quality by
additional optimization of imaging parameters specifically for low field. Furthermore, the
receiver coil on this system is designed for large field-of-view thoracic and abdominal
imaging, and also specifically designed to not interfere with the radiation therapy. Additional
gains in cardiac imaging performance may be expected with a receiver coil optimized for
CMR.

SAR—A number of patient safety factors are related to field strength, and in nearly every
case the concerns are greater at higher field. SAR scales as the square of field strength; thus
for equivalent pulse sequences utilizing the same RF pulses, SAR would be 9 times higher at
1.5T than at 0.5T, and 36 times higher at 3T than at 0.5T. SAR is carefully monitored in
real-time on clinical MRI systems so as not to exceed the FDA limit of 4 W/kg (whole body
SAR). Pulse sequence parameters are automatically modified by scanner software to keep
the SAR within FDA limits for each scan. Thus, except in patients unable to thermo-regulate
or when scanning patients with implanted devices, the safety risks related to SAR have been
mitigated, but it still represents a limiting factor in image quality. For example, the flip angle
for optimal blood-myocardium contrast to noise ratio (CNR) in bSSFP cine has been shown
to be in the range of 105° 17, yet at 3T flip angles may be restricted by SAR limits to 50° or
lower, significantly curtailing any theoretical gains in CNR potentially afforded by higher
field strength. As shown in Figure 2, at 0.35T the SAR limits are not a factor and high flip
angles can be used to maximize CNR.

Device heating—The Larmor frequency, and thus the transmitted RF frequency, is
directly proportional to field strength; thus the RF frequency at 3T (128 MHz) is twice that
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at 1.5T (64 MHZ), and six times that at 0.5T (21 MHz). This has implications for the heating
of any implanted device that is made of conductive materials. Although most modern
devices do not pose any significant heating risk at 1.5T, the potential for heating of devices
of sizes that can be implanted in the human body is even further reduced at lower field. For
example, at 3T the resonant half-wavelength (indicative of the length of device likely to
demonstrate RF-induced heating) is 13 cm, and at 1.5T it is 26 cm, while at 0.5T it is
approximately 78 cm. While gradient switching and RF pulsing must also be considered in
the compatibility of active implants such as pacemakers and defibrillators, overall the safety
of patients with implants would only improve at lower field 18 with reduced risk of device
heating. The risks associated with ferromagnetic attraction of external devices and
instruments are also reduced with lower field systems, as are the level of artifacts
surrounding metallic implants 19,

Physics advantages of low field

While the loss of SNR at low field considered in isolation is clearly a disadvantage, there are
numerous other physical factors at play that may adequately compensate for the lost SNR.
Given the preponderance of CMR techniques that are, or can be, based on the bSSFP
readout including cine, perfusion, late gadolinium enhancement (LGE), T1 mapping, T2
mapping, and non-contrast angiography, it is possible that much of the SNR lost at lower
field may be gained back by appropriate choice of pulse sequence and imaging parameters.
bSSFP is the most efficient acquisition strategy in terms of SNR per unit time, and its
effectiveness at low field is well-known 20: 21, Besides SAR limiting the effectiveness of
bSSFP at 3T and above, especially for cine and bright blood angiography, the technique is
also highly sensitive to static magnetic field homogeneity. In absolute terms, inhomogeneity
scales directly with field strength; e.g., 2 ppm homogeneity at 3T implies a 255 Hz offset in
the proton resonant frequency, while at 0.5T the same 2ppm homogeneity represents only a
42 Hz frequency offset. Subject (patient) induced inhomogeneities around the heart,
particularly at the heart-liver-lung interface, can easily be as high as 2 ppm 22 23, and of
course susceptibility gradients are much worse around implanted metallic devices such as
stents, sternal wires, or orthopedic devices!®. The implications of improved field
homogeneity at lower field could be dramatic in terms of the applicability of bSSFP across a
variety of scan techniques, and potentially would open the door to routine utilization of
bSSFP at low field for applications such as LGE and first-pass perfusion. At higher field
strengths, bSSFP is often avoided for applications where myocardial signal intensity is of
interest, as is the case for LGE and first-pass perfusion, because of the characteristic dark-
band artifacts 24 that can result even with careful shimming at high field. The air in the lungs
and airways can cause steep susceptibility gradients around the heart 22 23 that are difficult
to compensate even with patient-specific shimming procedures. The sensitivity to field
homogeneity of bSSFP is related to the TR; the shorter the TR the less sensitive it is to
banding artifacts 2°. Thus at high field, high receiver bandwidth and reduced spatial
resolution are commonly used to keep TR as short as possible 26, While these sequence
modifications may reduce artifact, they also offset the potential SNR and resolution
advantages one would hope to gain with higher field. With greater field homogeneity at low
field, longer TR is possible and thus SNR can be improved by reducing receiver bandwidth
lower than typically feasible at 3T. In Figure 5, for example, bSSFP cine images were
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acquired at 0.35T and 1.5T with low receiver bandwidth resulting in a relatively long TR 9.3
ms. No specific patient shimming was applied in either case. Note the dramatic difference in
the level of artifact between the two systems, illustrating the point that reduced receiver
bandwidth may be feasible at low field to help compensate for the inherent loss of SNR.

Beyond bSSFP, improved field homogeneity and reduction in susceptibility gradients would
also provide advantages for techniques utilizing EPI and spiral readouts, allowing access to
the efficiency gains afforded by these techniques that are not easily applied at higher field.
Factors such as these illustrate that any investigation of CMR at low field must be
undertaken with an open realization that the optimal approaches to image acquisition may
turn out to be very different than the methods that are routinely used at 1.5T and above.

Implications of model based image reconstruction methods

In the last ten years, significant strides have been made in the field of model based image
recovery 27, where the image reconstruction relies not only on the data, but also utilizes the
rich spatial and temporal structure inherent in the images. For example, compressed sensing,
which is a particular flavor of model based processing, has enabled MRI recovery from
highly under-sampled data 28: 29, CS-based methods have been highly effective for CMR
applications due to the inherent spatial and temporal redundancies in dynamic imaging,
resulting in acceleration rates of eight or more 1 30, However, the current application of CS
to CMR has been narrowly focused on recovering images from highly under-sampled, high-
SNR data, primarily to accelerate scan times. By drawing equivalence between a small
number of high-SNR samples and a large number of low-SNR samples, it can be argued that
CS-based methods would be effective for low-field application as well. At low-field, CS may
not enable acceleration rates in excess of 8, but attaining moderate acceleration rates of two
or three is very likely to be within reach. Such moderate acceleration rates are what can be
typically achieved using parallel MRI techniques at high field and have been proven
adequate for routine CMR applications.

One can argue that CS reconstruction is even better suited for low field than high field.
Although higher SNR is available at high-field, stronger field inhomogeneity at high-field
can cause data corruption, leading to structured artifacts and model mismatch. It has been
well-established that model based imaging techniques, including CS, are effective in
handling noise or noise-like artifacts but are not well-equipped to handle structured artifacts
and model mismatch. Therefore, one can expect low-field CMR, which is primarily limited
by SNR and less so by field inhomogeneity related artifacts, is a better candidate to benefit
from CS. Figure 5 provides an example, where a CS-based method, SCoRe, does not benefit
the reconstruction of 1.5T cine data with long TR and significant inhomogeneity artifacts. In
fact, SCoRe seems to make artifacts worse due to the model mismatch, while at low field the
reduced SNR leads to a higher relative level of random background noise, which is more
easily suppressed by CS methods. Thus, the use of CS reconstruction techniques in the
realm of reduced SNR data may shift things in favor of low field CMR in a way that would
not have been feasible just a few years ago.
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Cost advantages of low field

An MRI machine is clearly one of the most expensive pieces of equipment utilized for
cardiovascular diagnostic imaging. A 1.5T system fully outfitted for CMR can easily cost
$1.25M, and a state-of-the-art 3T system may cost upwards of $2.0M. Add to that an
additional $0.75M to $1.0M for site preparation and construction and the total costs for a 3T
can easily exceed $2.5M. Meanwhile, there is significant downward pressure on the
reimbursement for CMR as well as for many other diagnostic imaging procedures. Recently,
in fact, the US Centers for Medicare and Medicaid Services (CMS) reduced reimbursement
for outpatient stress perfusion CMR by over 40%. CMR can only survive in this
environment by continuing to generate data demonstrating its high diagnostic and prognostic
value, and by taking measures to reduce cost wherever possible. Without any concrete
demonstration of clear advantages for high-field CMR, pushing to 3T and higher along with
the necessarily greater purchase and siting expenses certainly goes against the critical need
to reduce cost. While it is challenging to accurately project the price of a lower field (0.35T
to 1.0T) MRI system with high performance gradient and RF subsystems, a lower field
magnet is inevitably less expensive, and there would potentially be additional savings in
terms of lower frequency electronics, reduced siting costs with a lighter magnet, and perhaps
less shielding. If adequate diagnostic quality could be provided for the basic CMR
applications (cine, perfusion, LGE, flow, angiography) at a significantly reduced equipment
cost, it would only favor the broader utilization of CMR in the future. This again argues in
favor of the exploration of low field CMR rather than solely focusing research and
development efforts on higher field, more expensive MRI machines.

Ease of use

Along with the high cost, the complexity of CMR represents another significant reason that
the modality has not been more widely adopted. The large number of available techniques
from which to choose and scan parameters to set can be confusing to the novice, scan planes
must be adapted to complex anatomy, and artifacts can be difficult to recognize and
compensate. Performing CMR at 3T and above only adds to the complexity. Additional
patient-specific shimming is often required 31; obtaining a reliable electrocardiogram (ECG)
signal is more challenging 32; special frequency adjustments may be needed to avoid severe
artifacts in bSSFP cine images 33; artifacts surrounding metallic implants such as stents and
sternal wires can be far reaching 19; and RF inhomogeneities can cause signal variations
across the image © that are non-existent at lower field strengths. Additional troubleshooting
may be required by the imager to modify pulse sequence parameters, or to change pulse
sequence types entirely when artifacts are encountered. Some techniques that are routine at
1.5T, such as bSSFP cine, can fail due to excessive artifacts in some patients scanned at 3T.
All of these factors contribute to the fact that higher field strength leads to greater
complexity in scanning. If the imager is not totally familiar with the causes and solutions to
a wide range of artifacts that only manifest at higher field, they may spend significant
additional time and effort trying to generate a level of image quality that is routine at 1.5T.
All of these same issues, i.e., shimming, ECG, bSSFP artifacts, and RF inhomogeneity,
would be even less problematic at lower field.
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Another advantage of the low-field paradigm is the potential for system designs that are
more patient friendly. Modern high-field systems exclusively use the solenoidal magnet
design with little margin to alter the configuration or even the bore size. In contrast, the
configuration of low-field systems should be easier to modify due to smaller magnet design
and less stringent requirements for relative field homogeneity. Low-field magnets can be
configured as “open” MRI systems, circumventing the issue of claustrophobia, improving
patient monitoring, and increasing the opportunity to combine exercise stress testing and
interventional procedures with CMR.

The future

Today when one thinks of a high tech automobile, an all-electric vehicle may be considered,
or perhaps a car that is so automated it requires no operator at all. In the past, the focus
might have been entirely on horsepower, while today it is more about fuel efficiency and
ease of use. The same considerations should apply to CMR. While those involved in
developing new CMR technology have always focused on increasing the speed of
acquisition and image quality, these can no longer be goals to be achieved at all costs. CMR
is not clinically underutilized because the quality of images and results are inadequate, or
because the images cannot be acquired fast enough, but rather because it is expensive and
can be difficult to use. Why not focus our research efforts on these aspects that are limiting
broader utilization of CMR by exploring what can be done at low field with the same
enthusiasm and resources that have been applied to high field CMR? There may be a
surprising future for CMR at low field.
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1.5T 1.0T 0.5T 0.35T

Figurel.
Impact of retrospectively lowering SNR on the image quality. A prospectively downsampled

(R=3) segmented cine dataset was collected on a 1.5T scanner from a healthy volunteer.
Acquisition parameters include: matrix size: 256x192; FOV: 380x285 mm?2; TE/TR:
1.47/2.9 ms; slice thickness 8 mm:; flip angle: 82°; bandwidth: 714 Hz/pixel; temporal
resolution 47 ms; sampling pattern: VISTA; bSSFP-based prospectively triggered segmented
sequence. Complex Gaussian noise was then added to simulate data at 1T, 0.5T and 0.35T
field strengths. The image recovery was performed using SCoRe.
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4CH SAX

2CH

Figure2.
Cine images from the data collected on a 0.35T scanner. Three fully sampled segmented cine

datasets (with three different imaging orientations: short-axis (SAX), 4-chamber (4CH), and
2-chamber (2CH)) were collected using the following parameters. Matrix size: 160x120
(SAX), 160x120 (4CH), 192x180 (2CH); FOV: 400x400 mm?2 (SAX), 400x400 mm?
(4CH), 400x360 mm? (2CH); TE/TR: 1.6/3.3 ms (SAX), TE/TR: 1.4/3.0 ms (4CH), TE/TR:
1.3/2.7 ms (SAX); slice thickness 8 mm; flip angle: 110°; bandwidth 558 Hz/pixel (SAX),
bandwidth 789 Hz/pixel (4CH), bandwidth 1184 Hz/pixel (2CH), temporal resolution 40 ms
(SAX), 45 ms (4CH), 40 ms (2CH); bSSFP-based prospectively triggered segmented
sequence. For R=1, image recovery was based on the inverse Fourier transform of k-space
data followed by sum-of-squares coil combine. For R=2, the data were retrospectively
downsampled with VISTA, and the image recovery was based on SCoRe.
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Figure 3.
Phase-contrast MRI images from the data collected on a 0.35T scanner. A fully sampled

dataset was acquired using the following parameters. Matrix size: 192x108; FOV: 350x262
mm?; TE/TR: 2.6/6.5 ms; slice thickness 8 mm:; flip angle: 25°; bandwidth: 389 Hz/pixel;
temporal resolution 52 ms; number of averages: 3; FLASH-based prospectively triggered
segmented sequence. For R=1, image recovery was based on the inverse Fourier transform
of k-space data followed by sum-of-squares coil combine. For R=2, the data were
retrospectively downsampled with VISTA, and the image recovery was based on SCoRe.
Note, for R=2, no averaging was employed.
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Figure 4.
Black blood images from the data collected on a 0.35T scanner. A fully sampled dataset was

acquired using the following parameters. Matrix size: 192x114; FOV: 450x314 mm?; TE: 40
ms; TR: two RR intervals; echo-train length: 19; echo spacing 6 ms; slice thickness 6 mm;
bandwidth: 389 Hz/pixel; turbo spin echo-based segmented sequence. For R=1, image
recovery was based on the inverse Fourier transform of k-space data followed by sum-of-
squares coil combine. For R=2, the data were retrospectively downsampled with VISTA, and
the image recovery was based on SCoRe.
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15T

0.35T

Figure5.
Impact of long TR on image quality. Two fully sampled datasets—one on a 1.5T scanner

(top row) and one on 0.35T scanner (bottom row)—were collected. For the dataset collected
on 1.5T, the following parameters were used. Matrix size: 192x132; FOV: 450x314 mm?;
TE/TR: 4.6/9.2 ms; slice thickness 8 mm; flip angle: 110°; bandwidth: 134 Hz/pixel;
temporal resolution 56 ms; bSSFP-based prospectively triggered segmented sequence. For
the dataset collected on 0.35T, the following parameters were used. Matrix size: 192x126;
FOV: 350x295 mm?; TE/TR: 4.6/9.3 ms; slice thickness 8 mm; flip angle: 110°; bandwidth:
130 Hz/pixel; temporal resolution 56 ms; bSSFP-based prospectively triggered segmented
sequence. For R=1, image recovery was based on the inverse Fourier transform of k-space
data followed by sum-of-squares coil combine. For R=2, the data were retrospectively
downsampled with VISTA, and the image recovery was based on SCoRe.
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