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Low-field MRI: Clinical promise
and challenges

Thomas Campbell Arnold, PhD,'?* ® Colbey W. Freeman, MD,? Brian Litt, MD,** and
Joel M. Stein, MD, PhD***

Modern MRI scanners have trended toward higher field strengths to maximize signal and resolution while minimizing scan
time. However, high-field devices remain expensive to install and operate, making them scarce outside of high-income
countries and major population centers. Low-field strength scanners have drawn renewed academic, industry, and philan-
thropic interest due to advantages that could dramatically increase imaging access, including lower cost and portability.
Nevertheless, low-field MRI still faces inherent limitations in image quality that come with decreased signal. In this article,
we review advantages and disadvantages of low-field MRI scanners, describe hardware and software innovations that
accentuate advantages and mitigate disadvantages, and consider clinical applications for a new generation of low-field
devices. In our review, we explore how these devices are being or could be used for high acuity brain imaging, outpatient
neuroimaging, MRI-guided procedures, pediatric imaging, and musculoskeletal imaging. Challenges for their successful
clinical translation include selecting and validating appropriate use cases, integrating with standards of care in high
resource settings, expanding options with actionable information in low resource settings, and facilitating health care pro-
viders and clinical practice in new ways. By embracing both the promise and challenges of low-field MR, clinicians and
researchers have an opportunity to transform medical care for patients around the world.
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constraints.*” Recent advances in lower-field strength MRI

M agnetic resonance imaging (MRI) is a mainstay of mod-

ern medicine and has led to significant advances in
basic science and clinical patient care. MRI has superior soft
tissue contrast and provides definitive diagnostic information
throughout the body, particularly exceling in neuroimaging
and musculoskeletal applications. MRI is widely utilized in
high-income countries (HICs), with 1.9 scans annually per
10 American Medicare enrollees.' However, high costs and
technical barriers have limited adoption in low- and middle-
income countries (LMICs).? Worldwide, approximately 90%
of people lack access to MRI,’ while two-thirds lack even
basic medical imalging.z*‘5 Even in HICs, MRI is unavailable
in rural areas and to patients with disability or device

offer potential solutions, with less expensive and portable
devices. However, lower-field MRI still faces significant chal-
lenges, and it remains to be seen how newer devices will be
deployed clinically.

Most MRI units high-field
cryogenically-cooled, superconducting magnets, though low-

today use strength,
field permanent and resistive magnet designs have existed
throughout MRI’s history. Permanent magnets offer decreased
cost and siting requirements but achieve lower magnetic field
strengths, which impacts the signal-to-noise ratio (SNR)
achieved per unit time during scanning. Lower-field devices
typically acquire lower resolution images to maintain clinically
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feasible scan times. Recent academic and industry efforts seek
to leverage lower-field strength advantages including lower cost,
smaller device footprints, and fewer safety concerns while miti-
gating inherent disadvantages that contribute to lower image
quality (Table 1). To balance these factors, lower-field
approaches are increasingly tailored to specific clinical questions
and contexts. Selecting and validating appropriate use cases
remains paramount.

In this review, we explore both the clinical promise and
challenges of lower-field MRI. We describe hardware and

software advances as well as financial and practical consider-
ations related to lower-field device adoption. Next, we discuss
five clinical domains where lower-field MRI offers clinical
promise: high acuity brain imaging, outpatient neuroimaging,
MRI-guided procedures, pediatric imaging, and musculoskele-
tal imaging. In each section, we provide a literature overview,
examples of low-field use, and a discussion of how new devices
can integrate with current care standards. Although we cannot
cover all use cases, our goal is to convey the technology’s
potential impact and stimulate further clinical translation.

TABLE 1. Advantages and disadvantages of low-field strength MRI relative to standard-of-care high-field MRI
Advantages Details Implications
Lower cost * Cheaper to manufacture, purchase, install, and maintain ¢ Increased access for
clinical care or research
Smaller * Magnets and other components are smaller and weigh less, no super ~ * Potential portability
footprint cooling, less need for dedicated shielded room ¢ Point of care use
Lower power * For permanent magnets only electronics and gradients need power, * Potential portability
can use regular power outlets, generators, or batteries * Point of care use
Flexible bore * C-shaped, wider bore, single-sided, and vertical orientation. * Decreased
configurations claustrophobia
* Pediatric imaging
* Intraoperative imaging
* Tailored scanner designs
Safer * Less risk of metallic projectiles * Potential portability
* Decreased specific absorption rate and device heating * Point of care use
* Less risk of device interactions * Intensive care unit
* Decreased acoustic noise integration
* Image patients with
devices or implants
* Pediatric imaging
Relaxivity * Lower specific absorption rate * Lower device heating
differences * Shorter T1 and susceptibility
* Longer T2/T2* artifact
* Shorter radiofrequency
pulses
* Longer spin echo trains
Disadvantages Details Mitigation strategies
Lower signal * Lower SNR per unit time * Signal averaging
* Decreased resolution * SNR-efficient acquisitions
* Increased scan time * Multiple acquisition planes
* Decreased field of view * Undersampling
* Less benefit from gadolinium * Deep learning reconstruction
o Selecting appropriate clinical applications
Relaxivity differences * Reduced gray/white contrast * Sequence optimization
* Less chemical shift (eg fast suppression) * Relaxivity efficient sequences
* Less benefit from gadolinium * Increased gadolinium dose
* Alternative contrast agents
* Follow-up high-field imaging
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Hardware & Software Advances

The definition of “low-field” varies, sometimes referring to
anything below 1.5T while other times indicating a narrow
band between 0.01T and 0.1T. For this review, we refer to
devices using the distinctions in Fig. 1. We use “lower-field”
to broadly describe devices below 1.5T and “higher-field” for
1.5T and above. New levels of distinction will continue to be
developed to better communicate; however, we can obviate
confusion by defining terminology in our work or developing
standards through professional societies, such as the Interna-
tional Society of Magnetic Resonance Medicine.

The distinction between low-field and high-field MRI
appeared during MRT’s infancy in the 1980s (Fig. 2).® A cita-
tion gap emerged after 1985, when the first 1.5T scanners
were introduced.” The gap grew throughout the 1990s and
widened significantly in the early 2000s, when 1.5T scanners
became the clinical standard.'® High-field scanners gained a
dominant market share because of their higher SNR per unit
time, which permits faster imaging, higher resolution, greater
contrast sensitivity, and more advanced sequences.11 Com-
mercial lower-field devices have remained available over this
time period, but many have been relegated to niche use cases
or discontinued. Nevertheless, renewed commercial interest
has led to FDA clearance of several lower-field systems since
2018, including the 0.064T Hyperfine Swoop head scanner,
0.066T Promaxo prostate scanner, 0.5T Synaptive Evry
intraoperative scanner, 0.55T Siemens Magnetom Free.Max
general purpose scanner, and 1T Aspect Embrace neonatal
scanner. While high-field devices won market dominance
based on higher image quality, two primary factors are driving
this recent lower-field renaissance: 1) lower scanner costs and
2) technological innovations resulting in image quality
improvements. 1

Medical care costs in the United States have risen dra-
matically, with medical imaging contributing significantly.
High-field MRI devices are expensive, and their cost has
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increased over time. The largest component of MRI device
cost is the magnet, with total high-field device cost being
roughly 1 million USD per Tesla.'"* Lower-field strength
devices offer significant device cost savings. Although lower-
field MRI is associated with lower image quality, it is actually
SNR per unit time that is proportionate to magnetic field
strength. Stronger magnets reduce the time necessary to
achieve a certain level of sensitivity.'' Given sufficient time,
lower magnetic fields can produce high-SNR images of
diagnostic quality; however, patient tolerance and clinical
expediency place practical constraints on acquisition times.
Recent software and hardware advances have improved image
quality obtained per unit time, making imaging at lower-field
strengths within clinically relevant quality and timeframe
standards feasible.

Results per 100,000 citations in PubMed
portion for each search by year, 1970 to 2022

-
o
o

—High-field MRI

—Low-field MRI

~
[6)]

Results per 100,000
o 3

0

1970 1980 1990 2000

Year
FIGURE 2: Research interest in low-field. The relative number of
PubMed citations® for high-field MRI (blue) and low-field MRI
(red) have been diverging in recent decades, reflecting the
dominance of high-field scanners.
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FIGURE 1: Defining “low-field” MRI. This figure defines how scanners at difference field strengths will be categorized in the article,
with the following boundaries illustrated on the bottom: Ultra-low-field (ULF) < 0.01T < very-low-field (VLF) < 0.1T < low-field
(LF) < 0.3T < mid-field (MF) < 1.0T < high-field (HF) < 3T < very-high-field (VHF) < 7T < ultra-high-field (UHF). Select commercially
available scanners with a field strength of 1 Tesla or lower are illustrated on the top. Scanners are not to scale. Scanner images are
copyright of the respective manufacturers. Images used with permission or in accordance with manufacturer pol
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Technological developments spurring interest in lower-
field devices include hardware improvements (eg improved
magnet, gradient, and coil designs) and software develop-
ments (eg deep learning reconstruction and post-processing).
Multiple research groups have pioneered the development of
newer lower field devices, including the ultra-low-field
0.0065T electromagnet scanner at MGH,'"? the 0.08T and
0.05T Halbach array devices respectively at MGH and the

University of Leiden, >4

a fast field cycling scanner at the
University of Aberdeen that can operate between 50pT and
0.2T,"” and the 0.05T and 0.055T permanent dipole systems
at Chongging University and the University of Hong Kong,
respectively.16’17 A common theme is design simplification to
facilitate scanner production, maintenance, and operation in
low-resource settings.'® Additionally, reduced weight and sit-
ing requirements enable some devices to be portable. At
lower-field strengths, coil noise is dominant, leading
researchers to optimize wire diameter, spacing, and windings
in low-cost, 3D-printed head coils.'> Portable systems must
have lightweight radiofrequency (RF) shielding. Researchers
eliminated bulky shielding by using passive coils to predict
and remove electromagnetic noise.'®'”  Another trend is
reduced reliance on gradient coils, which require high
amounts of power. Cooley et al designed a cylindrical Hal-
bach array, a scanner composed of multiple small permanent
magnets, with optimized magnet placement resulting in a
built-in readout field gradient with minimal stray flux.'”’
Importantly, this eliminates one gradient system, lowering the
devices power and cooling requirements. Additionally, they
leveraged a rotating scanner bore to collect 2D images with-
out any gradient coils, thereby permitting silent imaging.*
Another approach has been to step-down high-field systems
to operate at lower-field strengths while maintaining state-of-
the-art commercial gradients and coils.”"*?

Software advances have been facilitated by deep learning
advancements, increased graphics processing unit availability,
and the open-source movement. With decreased SNR per
unit time, lower-field strengths accentuate the trade-off
between resolution and scan time. Lower-field strength scan-
ners can leverage reduced specific absorption rates
(eg Transmit Array Spatial Encoding, shorter RF pulses, lon-
ger spin echo trains) and SNR efficient acquisition strategies
(eg bSSFP, MR fingerprinting, long readout spiral imaging),
to maximize image quality per unit time.>** Additionally, to
reduce scan times researchers sought rapid imaging methods,
such as sensor space subsampling; however, this results in
noise and image artifacts after conventional reconstruction.
Recently, compressed sensing and deep learning have enabled
reconstruction from a smaller subset of k-space.”**> Deep
learning reconstruction methods use neural networks to learn
robust transformation mappings from sensor space to the
image domain. Image postprocessing has also benefited from

. . o . 2628
deep learning, with applications in super-resolution,™

28

segmentation,29 simulation,® denoising,S] and artifact rejec-
tion.”> However, analytical software development typically
lags hardware advances. It may take several years for some
software commonly used at high-field to be adapted to low-
field scanners. The low-field research community has engaged
with the open-source movement, most notably through the
Open Source Imaging Initiative (OSI*%: opensourceimaging.
org),33’34

hardware and software applications.

which may facilitate faster development of both
14,35,36

While we must acknowledge the hardware and software
innovations that have led to the lower-field device resurgance,
a full discussion is beyond the scope of this review. For more
information, we recommend Wald et al’” & Marques et al.?

Financial and Practical Considerations

Lower-field MRI adoption requires an understanding of how
device costs and implementation differs from traditional high-
field scanners. Lower-field strength devices typically cost less
and have reduced siting requirements, enabling them to be
used for novel applications and in new settings. As MRI is
expanded into new patent populations and care environ-
ments, it is crucial that researchers, device manufacturers, and
care providers understand the relevant constraints in these set-
tings. Here, we review practical and financial considerations
that should guide appropriate clinical application selection.

One large advantage of lower-field devices is reduced
siting requirements compared to traditional high-field systems
(Table 1). High-field devices are large, usually weighing over
5 tons and requiring two dedicated rooms with reinforced
flooring and RF shielding.38 Most high-field scanners use
superconducting magnets, which require additional high-
power infrastructure and a quench pipe for cryogenic cooling.
These devices are sensitive to vibrations and nearby ferromag-
netic objects (eg ambulances, cars, trains). By contrast, many
lower-field strength devices weigh less, with several scanners
reported between 0.05 and 0.25 tons.*® They require less or
no RF shielding.'®"” Low-field devices are often permanent
magnets, reducing overall power demands and eliminating
cryogenic cooling. Additionally, the 5 gauss safety line scales
with magnetic field strength, enabling lower-field devices to
be in closer proximity to other scanners, medical equipment,
and ferromagnetic objects.3 7 The lower siting requirements
significantly reduces installation costs and overall device foot-
print, facilitating portability in some cases.

MRI resources tend to be concentrated in population
centers, resulting in reduced imaging access in rural areas and
introducing sampling bias into research studies.”® Tractor
trailers have been retrofit with 1.5T magnets to increase
access. Mobile scanners enable device cost sharing between
hospitals and permit imaging in restricted populations.41
However, these devices cost millions of dollars and have com-

plicated infrastructure, limiting their deployment. Recently,
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research groups have retrofit vans with lower-field devices.
Nakagomi et al placed a 0.2T magnet in a minivan for
mobile extremity imaging.42 They envisioned deploying the
device to sporting events or areas without MRI access. Deoni
et al retrofit a Ford Transit van with a 0.064T magnet and
demonstrated neuroimaging in pediatric and adult patients at
their homes.*> The estimated project cost was 110,000 USD,
a fraction of the cost to purchase a mobile 1.5T tractor
trailer.

Increased healthcare costs in the United States have led
to a critical evaluation of medical imaging expenditure.** In
addition to optimizing current practices,45 increased reliance
on lower-field devices may offer a cost-effective means of
enhancing MRI value. Japan, which has the highest concen-
tration of MRI devices worldwide, has capped MRI reim-
bursement rates.”*® This led to widespread adoption of
low-field devices, which offer lower cost per examination and
thus increased profitability. While there are undoubtedly
cases when high-field MRI is more clinically appropriate, it
may be reasonable to adopt a similar approach to Japan,
where high-field scanners are concentrated in healthcare
centers and mid-to-low-field devices are more widely avail-
able. While SNR per unit time is proportional to field
strength, this may not be the best metric for determining
how much value different MRI systems contribute to diag-
nostic accuracy, patient outcomes, and societal benefit.””
Low-field devices may allow patient triage and reduce sched-
uling demands on high-field scanners, resulting in decreased
diagnostic delays and increased patient satisfaction. ***

While low-field devices may augment standard-of-care
(SOC) imaging in HICs, they will likely play a more impact-
ful role in LMICs. In 2016, an estimated 84 MRI units ser-
viced West Africa, an area of over 370 million people.”® For
comparison, in 2019, the United States had an estimated
13,000 devices to service ~330 million people. Low-field
devices already play a dominant role in MRI services in West
African countries, with the majority (77.6%) of devices in
Nigeria being low-field strength (<0.3T).385° Neuroimaging
was the primary application, with one center reporting
over 90% of studies requested were for brain (49.9%) or
spine (45.6%) imaging.5 ' However, the average MRI cost
was ~500 USD and services are typically paid by patients
out-of-pocket, making even low-field scanners beyond the
reach of a significant portion of the population.”®

Increased geographical and financial access has been a
primary motivator for ultra-low-field and very-low-field sys-
tem development.” This includes devices targeting pediatric
hydrocephalus, which has a high prevalence in Africa.”*>’
More targeted systems may be cheaper to produce and ser-
vice, allowing for lower out-of-pocket costs. Ogbole et al
noted that lack of technical support or service materials cau-
sed significant scanner downtime.”' When designing devices
for LMICs, special consideration should be given to available
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resources and expertise.””>> Additionally, many LMICs have
a dearth of radiologists and radiographers.56 Remote readers
or automated algorithms may provide diagnostic support, all-
owing countries to stretch scarce resources.”’ For more details
on imaging accessibility, the authors recommend Geethanath
et al.?

Equally important to proper device design is appropriate
and equitable introduction of devices into society. Recently,
working groups of researchers, clinicians, MR vendors, and
local stakeholders have convened to provide guidelines and
address key ethical, legal, and social questions surrounding
portable MRI.>®*>° Continued working group engagement
will be essential for providing updated recommendations as
new hardware and software are released.

The remainder of this review focuses on potential
clinical applications of newer lower-field MRI devices.
While we focus on neuroimaging and musculoskeletal
lower-field MRI

throughout radiology, including adbominal, cardiac, and

applications, offers opportunities
1 . . 22
ung imaging.

For an introduction to additional applications not cov-

ered here, we recommend Campbell-Washburn et al.*?

High Acuity Brain Imaging

High acuity brain imaging in critical care or emergency room
patients primarily aims to identify acute problems that require
immediate intervention, such as stroke, hemorrhage, edema,
and mass effect. Importantly, transporting critically ill
patients that require life-sustaining equipment and continu-
ous monitoring outside the intensive care unit (ICU) is diffi-
cult, time-consuming, and poses risk of adverse events. Stroke
is a leading cause of morbidity and mortality worldwide, caus-
ing an estimated 6.5 million deaths each year.®” The main
stroke types are ischemic and hemorrhagic, with ischemic
strokes accounting for 87% of United States cases.®’ Quickly
differentiating between ischemic and hemorrhagic strokes is
an essential first step toward treatment. The irreversible
infarct core enlarges over time, and evidence supports a
3—4.5-hour treatment window for intravenous thrombolysis
and a 24-hour window for mechanical thrombectomy, after
which outcomes are considerably worse.>%?

Computed tomography (CT) and MRI are the domi-
nant methods for determining stroke subtype.®* Provided that
MRI is readily accessible, the American Academy of Neurol-
ogy recommends MRI over CT because it avoids ionizing
radiation and has superior soft-tissue contrast, facilitating
detection of smaller infarcts.®>® Diffusion-weighted imaging
(DWI) has exquisite sensitivity and specificity for ischemia
detection, with other sequences, such as fluid-attenuated
inversion recovery (FLAIR) and gradient echo, providing
complementary information.®>®” While MRI is diagnostically
superior to CT, conventional MRI is more expensive, not
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always readily available, and is contraindicated in ~10% of
patients (eg patients with foreign metal bodies, device
implants, claustrophobia, etc.).%

In the 1990s and early 2000s, several studies explored
diffusion-weighted and perfusion-weighted sequence develop-
ment for stroke diagnosis on lower-field scanners (0.1-1.0T
range).®” These studies employed fixed MRI systems with
(typically <0.35T) or sup-
erconducting magnets (typically >0.5T). While these systems

either permanent magnets
could detect strokes, sensitivity was reduced compared to
1.5T systems’” or scan times were not clinically feasible.”"

At very-low-field strengths (<0.17T), there have been sev-
eral recent clinical developments related to stroke imaging.
The first report of portable MRI for stroke was published by
Sheth et al in 2020.'””% The authors used a 0.064T system
to image 30 ICU patients with known intracranial abnormali-
ties, including ischemic stroke, hemorrhagic stroke, subarach-
noid hemorrhage, traumatic brain injury, and brain tumor.
Bedside imaging was performed with medical equipment
being actively used, including ventilators, dialysis machines,
and patient monitoring equipment. The portable MRI
detected intracranial abnormalities in 97% (28/29) of patients
with SOC imaging findings, with one diffuse subarachnoid
hemorrhage case missed. In a follow up study, researchers
evaluated 144 portable MRI examinations with intracerebral
hemorrhage (ICH, N = 56), non-hemorrhagic acute ischemic
stroke (AIS, N = 48), or healthy controls (N = 40).”> ICH
classification accuracy was 90% (130/144), with 80%
(45/56) sensitivity. AIS and healthy controls were correctly
identified as parenchymal hemorrhage free in 97% (85/88) of
cases. Manual hematoma segmentation volumes were strongly
correlated between the 0.064T system and SOC imaging.
Hematoma volume also correlated with cognitive status
(p = 0.75/0.8, P<0.001) and functional outcome at dis-
charge (p = 0.59/0.64, P < 0.001). Figure 3 provides exam-
ples of ICH and AIS at 0.064T compared to 3T imaging. He
et al also reported development of a 0.05T scanner with T1
and T2 weighted imaging in three stroke patients.'” The
authors illustrated ischemic and hemorrhagic stroke cases and
longitudinal monitoring of a hemorrhagic stroke with eight
scans over 17 days.

The 0.064T system received FDA clearance eatly in the
COVID-19 pandemic.74 In their initial publication, Sheth
et al imaged an additional 20 ICU patients diagnosed with
COVID-19 that presented with altered mental status.””
Abnormal findings were present in 40% (8/20) of patients.
Turpin et al also described the use of portable MRI in ICU
patients with COVID-19, with abnormal findings present in
63% (12/19) of patients.75 The researchers highlighted that
in five cases portable MRI led to changes in patient manage-
ment. Importantly, portable MRI can aid in infection control
by providing medical imaging to patients inside isolation
wards, limiting infectious patient transport.

30

Additional studies characterized midline shift (MLS) in
stroke patients on the 0.064T system.”*”” In a 102 patient
cohort, low-field MRI had 93% sensitivity and 96% specific-
ity for detecting MLS presence when compared to SOC
imaging based on manual identification of midline struc-
tures.”® In a follow-up study, the commercial Al-based
method for assessing MLS (Fig. 3a), which is available at
the point-of-care, was non-inferior to neuroradiologists
(P < 1e-5).”” Automated, quantitative biomarkers in lower-
field, point-of-care imaging have potential to facilitate inter-
pretation and may extend services to sites where radiologists
are not readily available, provided findings are actionable in
that context.

In stroke cases time is brain.”® Mobile stroke units were
developed in 2015 to deliver appropriate therapy as quickly as
possible.”” These vehicles are equipped with point-of-care lab
testing, a CT scanner, and personnel trained in stroke therapy.
A recent study with over 1000 patients found mobile stroke
units with onboard CT improved patient disability outcomes,
reduced time from stroke onset to tissue plasminogen activator
administration by 34%, and decreased mortality rate from
11.9% to 8.9%.%° While MRI has not previously been inte-
grated into mobile stroke units because of siting and cost
issues, new portable low-field MRI systems have been placed
in vehicles for remote imaging.*>* Mobile stroke units com-
bined with portable MRI could offer rapid stroke imaging with
the high tissue contrast and safety benefits of MRI.

Image quality for some sequences at very-low-field are
currently below clinical expectations. In a recent study, two
neurosurgeons and a neuroradiologist rated image quality of a
portable MRI system using a 5-point scale, 5 being the lowest
quality. FLAIR  (2.19 £0.98), Tl-weighted (T1w)
(2.6 £ 0.98), T2-weighted (T2w)-axial (2.47 £ 0.99), and
T2w-coronal (2.88 £ 0.99) sequences had similar quality rat-
ings with approximately 85% of images deemed adequate for
interpretation. However, only 27% of DWI were sufficient
for interpretation and images had a correspondingly lower
average quality rating (4.13 £+ 1.02).%" This highlights that
DWI, which is the gold-standard for stroke imaging, remains
challenging at very-low-field, as this sequence must be fast
to avoid motion effects and requires strong gradients with
rapid shifting. However, researchers noted DWI quality
improved as newer software and hardware versions were
released throughout data collection.”” In addition, Mazurek
et al illustrated several false-negative cases where pathology
could be seen upon closer examination, indicating neurora-
diologists may require training on lower-field images to
become accustomed to their appearance.”? Protocols have
been described for integrating portable, very-low-field
devices into ICU, emergency department (ED), and
COVID-19 care settings.” '

At stroke centers, vascular imaging also guides acute
and chronic management. Both CT angiography and high-
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FLAIR
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FIGURE 3: Ischemic and hemorrhagic stroke imaging at 0.064T (top) and 3T (bottom). (a) A patient with left basal ganglia
intraparenchymal hemorrhage with intravascular extension and midline shift. Midline shift was assessed using an Al-based method
embedded in the scanners picture archiving and communication system. The blue line in the top left image indicates the midline
shift assessment. (b) A patient with right middle cerebral artery acute ischemic stroke image. Images provided courtesy of Dr. Kevin

Sheth and Mercy Mazurek, Yale University.

field time-of-flight and contrast-enhanced MR angiography
exquisitely depict cerebrovascular anatomy. Facilitated by arti-
ficial intelligence based processing, CT perfusion determina-
tion of infarct core, penumbra, and collateral flow has also
become integrated into decision-making for mechanical
thrombectomy.®” At very-low-field strengths, vascular and
perfusion imaging will be challenging and gadolinium con-
trast will be less effective. Alternative agents, such as super-
paramagnetic iron oxide nanoparticles, demonstrate high
sensitivity even at ultra-low-field strengths (<0.01T).% These
agents have been used for vascular imaging at higher field
strength, though clinical translation is limited by off-label use
and cumbersome administration requirements.** % In pre-
liminary studies we investigated vascular imaging using fer-
umoxytol, an iron oxide agent that is FDA approved for
treatment of iron deficiency anemia. With high T1 and
T2/T2* relaxivity and prolonged intravascular time, this
agent represents a best-case scenario for vascular enhance-
ment. Anemia patients were imaged on the portable 0.064T
scanner before and after ferumoxytol administration. Visual
enhancement of dural venous sinuses and large arteries was
observed (Fig. 4), although additional studies of dose and
sequence optimization are needed.®’”

To date, ICU stroke imaging is the most well studied
clinical application for the new generation of very-low-field
devices. While there are technical challenges that must be
overcome (Table 2), the technology has been integrated into
clinical workflows and demonstrated high stroke sensitivity.
Although diffusion sequences on earlier low-field scanners
had reduced sensitivity and longer scan times, newer lower-
field machines are equipped with state-of-the-art gradient sys-
tems, which could improve DWI and increase utility for
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21,22,88,89 . .
8889 1p high resource settings, ED and

stroke imaging.
ICU care are areas where we are likely to see lower-field MRI
integrated into SOC practices because of lower device costs,
increased device portability, and MR compatibility. First,
lower-field scanners are often less expensive to purchase and
operate. Several research groups have reported developing
systems for under 20,000 USD and commercial systems are
available for ~75,000 USD/year.'®?**” Portability of
lower-field systems can also increase availability. Portable
CT scanners provide an alternative in some centers, but por-
table MRI could still offer lower cost, more definitive imag-
ing for stroke, with potential for frequent follow-up imaging
without ionizing radiation. Finally, many patients with con-
ventional MRI contraindications (eg pacemakers, defibrilla-
tors, implants, foreign metal bodies) can be safely imaged on
some lower-field systems.”® Given that stroke patients may
be incapacitated during imaging, reduced screening require-
ments could be a substantial benefit. For more details on
stroke imaging on lower-field MRI the authors recommend
Bhat et al.*”

Outpatient Neuroimaging

While portable MRI applications have centered on the neuro
ICU, evidence is emerging regarding their efficacy for outpa-
tient neurology use cases. Neurological disorders affect 1 bil-

lion people worldwide.”!

They are the leading cause of
disability and the second leading cause of death, killing an
estimated 9 million people annually.”> Many neurological dis-
orders require frequent imaging and longitudinal monitoring.
In this section, we review emerging clinical evidence for

lower-field devices in outpatient settings and discuss how
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FIGURE 4: High relaxivity contrast at 0.064T. (a) Images from a 27-year-old patient treated with ferumoxytol for iron deficiency
anemia. Ferumoxytol is a high-relaxivity contrast agent, which causes venous structures to be hyperintense on T1 and hypointense
on T2 and T2-fluid-attenuated inversion recovery. (b) The same patient was imaged with a magnetic resonance angiography
sequence to visualize arterial structures, including the internal carotid artery (ICA) and middle cerebral artery (MCA).

reduced costs and increased portability could impact when
and where patients receive neuroimaging.

Hydrocephalus is a condition in which the brain’s fluid-
filled ventricles become abnormally enlarged. It is readily
managed by placing a sunt to relieve the abnormal accumula-
tion of cerebrospinal fluid but requires imaging for diagnosis
and to monitor for under or over shunting. MRI easily
depicts the ventricles and offers an ionizing radiation free
alternative to serial CT, particularly for children. Researchers
have desinged ultra-low-field scanners for the treatment and
monitoring of hydrocephalus, though scanning has been lim-
ited to phantoms thus far.”> At our center, we collected
paired SOC and portable very-low-field data from 22 adult
hydrocephalus patients and compared ventricle volume esti-
mates to high-field imaging (Fig. 5a).7 Radiologists were able
to accurately categorize patient ventricle sizes as small, large,
mixed, or within normal limits. Ventricle volumes measured
at 0.064T and high-field were strongly correlated. Figure 5a
illustrates an example of automated ventricular segmentation
provided by the point-of-care scanner. In many patients, neu-
rosurgeons implant programmable shunts so fluid drainage
can be adjusted non-invasively. Programmable shunts use a
magnetic mechanism for drainage adjustment that can be
reset by high-field MRI and must be checked by the neuro-
surgical team after scanning. Lower field strength devices
might have reduced interference with shunt settings, but we
found that shunt settings were altered by the very-low-
field MRI.

Point-of-care scanners have also been used to study

multiple sclerosis (MS), a demyelinating disease affecting the
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TABLE 2. Promise and challenges in high acuity brain
imaging

Promise

¢ Low-field MRI can
assess stoke with
relatively high sensitivity
and specificity.

* Automated diagnostic
tools are being

Challenges

* DWI sequences have
lower quality on
portable scanners.

¢ Assessment of stroke

penumbra and

vasculature remains
uncertain.

Reading low-field scans

may require retraining

integrated into portable
MRI workflow. .
Portability could enable
mobile stroke units
equipped with MRL

for neuroradiology
personnel.

brain and spinal cord. Mateen et al used a 0.08T portable
scanner to visualize demyelinating lesions in two MS
patients.”” They noted cortical atrophy in one patient with
advanced disease, a finding that has applicability in other neu-
rodegenerative diseases, such as dementia. In a cohort of 36
MS patients, our group probed the sensitivity of a very-low-
field device using paired 3T and 0.064T data.”® We found
the portable 0.064T device was sensitive to white matter
(WM) lesions, with both radiologists and automated algo-
rithms able to detect lesions (Fig. 5b). Lower resolution for a
given scan time and uncertain benefits from conventional
contrast very-low-

gadolinium are

field MRI for MS and other applications that track lesions

challenges

facing
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FLAIR

FIGURE 5: Hydrocephalus and multiple sclerosis patients imaged at 0.064T (top) and high-field (bottom). (a) T2w scans of a 55-year-
old male with a history of hydrocephalus imaged at 0.064T (scan time: 7:01 minutes) and high-field. A deep learning-based
ventricular segmentation algorithm was applied to 0.064T imaging to determine ventricular volumes. Data and algorithm output
were visualized in the scanner’s picture archiving and communication system. The right ventricle (blue line) had a volume of
27.72 cm®, while the left ventricle (green line) had a volume of 29.83 cm®. (b) Fluid-attenuated inversion recovery imaging of a
66-year-old female with relapsing-remitting multiple sclerosis at 0.064T (scan time: 9:29 minutes) and 3T (scan time: 5:02 minutes).
Automated segmentations of lesions generated using the respective images are overlaid in red on the righthand side.

over time (eg metastases). Initial reports have begun exploring
contrast enhancement on very-low-field devices (Fig. 6), but
larger studies are needed to optimize sequences and contrast
dosage.

In recent decades, researchers have identified MRI bio-
markers for neurodegenerative and psychiatric disorders.”””®
Disease-specific patterns of brain atrophy can be evident on
imaging prior to symptom onset, such as hippocampal vol-
ume loss in Alzheimer’s disease.”” The presence of other fea-
tures, such as WM hyperintensities, can further aid in the
differential diagnosis.loo Imaging biomarkers can also serve as

T1w Pre

T1w Post

endpoints for clinical trials."”" Reduced image resolution in
lower-field devices has proven problematic for some conven-
tional neuroimaging pipelines, which could impact biomarker
analysis.'”” To address this, Iglesias et al developed a
super-resolution algorithm (SynthSR) that takes lower reso-
lution images and synthesizes a 1 mm isotropic Tlw
MPRAGE to use for subsequent postprocessing. The group
has demonstrated high correlation for key brain regions
(eg hippocampus, thalamus, ventricles, cortical gray matter
[GM]) between 3T and SynthSR-enhanced lower-field
images.””'% Deoni et al demonstrated the ability to

FLAIR Post T1w Post

FIGURE 6: Gadolinium contrast 0.064T. Pre and post gadolinium contrast T1w (scan time: 4:52 minutes) and fluid-attenuated
inversion recovery (scan time: 9:29 minutes) imaging in a 54-year-old patient showing an enhancing treated metastasis with
surrounding edema. The patient had a history of small-cell lung cancer treated with gamma knife radiosurgery.
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Promise

* More frequent scanning for longitudinal follow- .
up performed at the point- of-care.

* Reduced scanning expenses could make MRI a .
cost-effective screening tool.

¢ Dotential for increased compatibility with .
implanted medical devices.

¢ Machine learning can enhance image quality &
compatibility with post-processing software.

LMICs = low- and middle-income countries.

TABLE 3. Promise and challenges in outpatient neuroimaging

Lower-field strength scanners may still interfere with the
function of some implanted devices.

Lower resolution and differences in tissue contrast may impact
the functionality of existing post-processing software.

Reduced resolution and gadolinium contrast will likely
constrain the range of potential applications.

Challenges

generate 1.5 mm isotropic T2w images by registering and
averaging three orthogonal slice plane acquisitions.*®
Although high-field biomarkers have yet to be validated on
very-low-field imaging, these initial super-resolution results
provide a promising avenue.

In summary, although lower-field devices are not indi-
cated for all applications, growing literature supports the use
of in specific cases, such as hydrocephalus and MS. Potential
use cases including longitudinal volume  tracking
(eg hydrocephalus, subdural hematoma) and more frequent
MS follow up. Rapid advances in this lower-field technology,

aided by machine learning, may expand clinical applications
over time (Table 3).

Intraoperative MRI and MRI-Guided
Procedures

MRI is an integral part of neurosurgery, allowing surgeons to
plan procedures and monitor for complications. Accurate locali-
zation of structures is perhaps the most important problem at
the interface of neuroimaging and surgery. In the 1980s, frame-
based stereotaxy became the first widely used systematic method
for localizing intracranial structures.'®* These systems fix the
patient’s head in a physical frame to relate a coordinate system
and have largely been replaced by frameless neuronavigational
systems, which rely on fiducial markers."” Today, frameless
neuronavigational systems are the most widely-deployed localiza-
tion method used in HICs.'%

Despite their physical differences, both frame-based and
frameless methods for neuronavigation rely on preoperative
imaging. However, significant anatomical distortions occur as
tissue is removed and cerebrospinal fluid (CSF) is lost during
surgery and neither method permits intraoperative monitor-
ing for complications, such as hemorrhage. In the late 1990s,
researchers began developing intraoperative MRI (iMRI)
approaches using low-field scanners. Two initial iMRI
approaches were developed: the Boston concept,107 where
surgery is performed in the scanner, and the Heidelberg
concept,'” where the patient is transported to a nearby
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scanner. Later, the idea of bringing the scanner to the patient
was explored using both high-field"”” and low-field''* devices.
Approaches where the patent or the scanner are moved to
acquire imaging have become more widely adopted because

they permit higher field-strength magnets, unrestricted patient
access, and traditional ferromagnetic surgical instruments.'"'
iMRI has largely been pioneered in neurosurgery for

112-114

brain tumor resections, where the superior soft tissue

contrast and 3D visualization of MRI facilitates maximal
tumor resection, minimal healthy tissue removal, and monitor-
ing for surgical complications. Other common uses for iMRI
include accounting for brain shift during surgery,'"” biopsy

needle guidance,'"® functional MR guidance to avoid eloquent

11

cortex,'"” tractography to avoid major WM tracts,''® thermal

. . . 119
ablation guidance and temperature monitoring, 9 seizure focus

. 120 . . . 121
resection, and intracranial device placement. Several

innovative approaches in mid-to-low-field iMRI have been
developed, including the original 0.5T Signa SP
(GE) pioneered by Black et al,'”” the 0.2T Magnetom Open
(Siemens) pioneered by Tronnier et al where patients were
moved intraoperatively,'®® and the semi-portable 0.12-0.3T
PoleStar N-10, N-20, and N-30 systems (Odin Medical, later
Medtronic).''® While studies using mid-to-low-field devices

demonstrated improvements over standard surgery, including

123,124

. . . 122 .« .
umprovements 1n gross total resection, remission rate,

112,113

survival time, there have also been reports of tumor rem-

nants found postoperatively using high-field imaging,'**~'*®
While iMRI has explored a range of field strengths,
today most devices are 1.5T or 3T. Higher-field strengths are

favored because they permit higher image quality with faster

127 128

acquisition times, =’ allow for a greater resection extent,

and have increased sensitivity to enhancing neoplasm,'*”>'*
which is a primary predictor of surgical outcome. High-field
systems have demonstrated clinical and economic benefits,'*
while evidence for low-field systems has been mixed.'”' How-
ever, high-field devices have disadvantages associated with
their increased magnetic field strength, including increased

susceptibility ~ artifact, hardware interactions,

shielding
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Left pulmonary artery

FIGURE 7: MRI-guided right heart catheterization at 0.55T. Due to device heating, this nitinol guidewire with a gadolinium filled
balloon tip catheter could not be used in a 1.5T scanner, but can be safely used for 0.55T MRI-guided procedures. The gadolinium
filled balloon is used to navigate the guidewire during right heart catheterization. Images acquisitions are real-time bSSFP with
partial saturation pre-pulse (TE = 2 msec, TR = 4 msec, flip angle = 45°, partial saturation pre-pulse flip angle = 60°). Images
provided courtesy of Dr. Adrienne Campbell-Washburn, National Heart, Lung, and Blood Institute.

requirements, a larger 5-gauss line, increased safety precau-
tions, and MR compatibility issues (eg device heating, projec-
tile risk, and image artifacts).'”” Additionally, iMRI systems

. o . . 132
require  significant capital investment,'”® more  staff

training,132 and longer procedure times,''! which has likely
slowed adoption.
Newer lower-field devices may overcome some disadvan-

tages of high-field scanners while improving

upon

TABLE 4. Promise and challenges in intraoperative
MRI and MRI-guided procedures

Promise

Challenges

* Low-cost systems could  * Increased procedure
alter the economic time and device costs
feasibility of may discourage
intraoperative MRI adoption of low-field
guidance for some iMRI devices.
procedures. * Lower image quality,

* Ability to quickly check
for surgical
complication, such as

smaller field-of-views,
and reduced scanner
versatility.
hemorrhage, prior to * Reduced gadolinium

ending the surgical
procedure.

Reduced requirements
for radiofrequency
shielding, operational
safety, staff training,
5-gauss line distance,
and increased MR
compatibility for
traditional surgical
implements.

contrast could affect
procedures where
resection of enhancing
tissue predicts patient
outcome.

Temperature resolution
decreases with magnetic
field strength, affecting
real-time MR
thermography during
ablations.

Device configurations
need to be optimized to
facility patient access.
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shortcomings from prior lower-field iterations. With a suffi-
ciently low magnetic field, surgeries can be performed using
traditional implements without moving the patient or scanner.
Additionally, staff training burden and safety precautions are
reduced. Some researchers have advocated for the development
of mid-field systems equipped with the latest technology devel-
oped for high-field systems.***%*%? Campbell-Washburn et al
modified a 1.5T Siemens Magnetom Aera to operate at 0.55T
while maintaining gradient performance and using a
16-channel head coil.** A similar design is now commercially
0.55T  Siemens
Campbell-Washburn et al described seven patients that under-

went successful MRI-guided right heart catheterization using

available as the Magnetom  Free.Max.

the mid-field scanner and demonstrated reduced RF-induced
heating in guidewires, catheters, and pacemakers previously
deemed unsafe at 1.5T (Fig. 7).°>'* Synaptive Medical offers
the 0.5T Evry system, which was designed for iMRI applica-
tions. Preliminary studies report reduced risk of RF-induced
heating and have demonstrated gradient specifications (max
100 mT/m, max slew = 400 T/m/sec) that
enable high-quality diffusion tensor imaging.'**"'*® Addition-
ally, MRIdian’s 0.35T ViewRay system for MRI-guided linac
radiation therapy received FDA-clearance in 2014."*" This
device combines low-field MRI with an MR compatible radia-
tion therapy system to permit precise tumor localization and

amplitude =

monitoring during treatment. To our knowledge, no publica-
tions have reported new mid-field scanners being used for peri-
neurosurgical or neurointerventional procedures to date, but
their increased surgical precision and MR compatibility along-
side the potential for reduced iMRI costs merit further
investigation.

At very-low-field strengths, the 0.066T Promaxo system
has been proposed as a point-of-care method for guiding
prostate biopsies by urologists.*®'?? Prior to the procedure,
high-field imaging is collected to identify biopsy targets.
Very-low-field imaging is collected during the procedure and
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registered to high-field imaging to provide needle guidance.
In phantom studies, needle guidance error was less than
3 mm on average. In early in-vivo reports, MRI guidance
increased sensitivity to prostate cancer by 37% over blinded
systematic biopsy (MRI-guided: 12/16, blinded systematic
biopsy: 6/16). To date, there are no reports of new lower-
field systems for neurosurgical applications. However, prior
iterations, such as the discontinued PoleStar system, had
operational cost of approximately 750,000 USD annually."”’
New lower-cost scanners have potential to change the cost-
benefit analysis and may drive iMRI adoption in areas previ-
ously deemed cost-prohibitive.'?"

Although new low-to-mid field devices offer reduced
scanner costs and have improved in image quality, they still
face significant challenges (Table 4). Device sensitivity is the
most critical question. Prior studies of low-field devices fre-
quently reported tumor remnants on high-field follow-up.
Gadolinium contrast is proportional to magnetic field
strength, which is another concern. While conventional con-
trast usage may be adequate for mid-field scanners, to achieve
sufficient contrast at even lower field strengths we may need
to increase dosages or develop higher relaxivity agents.®*
Finally, magnet and coil configurations must be designed to
accommodate surgical implements, monitoring equipment,
and staff needs during surgery. For more details on iMRI

applications, the authors recommend Hall et al. 12!

Pediatrics

Pediatric MR imaging is increasingly used for clinical and
research purposes given concerns of ionizing radiation expo-
sure from CT and x-ray.'*® There are unique challenges asso-
ciated with imaging pediatric patients, including safety
concerns, image acquisition obstacles, and differences in
image analysis.'*" These barriers can prevent direct transla-
tion of research or clinical practices from adult to pediatric
populations and highlight the importance of evaluating each
step of neuroimaging pipelines with the target population in
mind. Here, we highlight some features of pediatric neuroim-
aging and discuss lower-field MRI contributions.

Ultrasound (US), CT, and MRI are the dominant
modalities for pediatric neuroimaging. US is primarily used
to diagnose disorders such as hydrocephalus and intracranial
hemorrhage in the first 6 months of life, prior to anterior fon-
tanelle closure."** CT is commonly used for trauma-related
neuroimaging because it offers fast imaging with good con-
trast between blood, bone, and brain.'¥? CT acquisition
times are short so sedation of pediatric patients is rarely
required. However, CT has less soft tissue contrast and
exposes patients to ionizing radiation, making it less desirable
for repeated imaging, such as monitoring shunted hydroceph-
alus p:altients.M3’144 While MRI offers superior soft tissue
contrast and non-ionizing radiation, it is more expensive and
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less widely available than CT. This is particularly relevant in
rural areas and in many LMICs."*> MRI acquisition times are
longer than CT, often necessitating patient sedation which
poses safety risks."*" Finally, MRI hardware, such as head
coils, needs to be optimized for pediatric patients.'*

Open scanner designs and reduced scanner noise are
appealing advantages of lower-field systems. Patient compli-
ance can be particularly challenging for children under 6 years
old, who often require sedation.'"*’ With open scanner
designs, claustrophobia is less of a problem. Sedation usage
may also decrease, as parents or providers can access children
during scanning. Rupprecht et al compared sedation and
anesthesia requirements of 274 pediatric patients imaged on a
0.2 tesla open bore MRI (Magnetom Open, Siemens) to
111 patients imaged on a standard high-field, closed bore sys-
tem."”” In the open system, only 27% (74/274) of patients
required sedation compared to 47% (52/111) on the closed
system. The effect was most pronounced in children under
10 years old. The authors also reported using lower sedation
doses and that monitoring patients was easier. Moreover,
lower-field devices have reduced acoustic noise, which is par-
ticularly useful for imaging infants, who are often asleep dur-
ing scans or require ear protection.”’141

Lower-field systems have been deployed for thoracic,

148,14
8149 and have

orthopedic, and neurosurgical applications
been integrated into pediatric and neonatal ICU settings to
reduce patient transport risk.'”’”'*" In the early 2000s,
Whitby et al compared SOC imaging (US) to a 0.17T
(InnerVision MRI Ltd, London, UK) in 134 neonatal
patients (89 controls & 43 with suspected pathology)."”® In
56% (24/43) of patients, MRI provided additional clinical
information beyond US findings. In 40% (17/43) of cases,
the US read was normal, while MRI detected five subdural
hematomas cases, five hypoxic ischemia cases, and seven addi-
tional findings. Whitby et al noted device cost (~£150,000
in the United Kingdom) and relative cost per treatment
(~£60) were similar between US and MRL"*° More recently,
Aspect Imaging received FDA clearance for their 1T Embrace
neonatal MRI system, which is designed to be embedded in
the NICU. Thiim et al compared the 1T system to US in the
NICU and conventional 3T scanning with patient transport
outside the NICU.'%! Compared to US, the 1T scanner pro-
vided significant clinical benefit, with abnormal findings iden-
tified in 15 additional cases (1T MRI: 59, US: 44). The
authors reported greater sensitivity to WM injury (1T MRI:
17, US: 7), hypoxic ischemia (1T MRI: 2, US: 0), and hem-
orthage (1T MRI: 25, US: 20). For 32 patients, 3T compari-
son imaging was collected. Reports of brain injury were
largely concordant between 3T and 1T, with two notable
exceptions: one case of punctate susceptibility foci noted at
3T but not 1T and one polymicrogyria case noted at 1T but
not 3T. Figure 8 illustrates example images of neonatal
patients on the 1T scanner.
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acquisitions), and (c) diffusion imaging (left to right: BO, trace, apparent diffusion coefficient [ADC], exponential ADC). Images
provided courtesy of Wendy Slatery and John Posh, Aspect Imaging.

neonatal imaging

Promise

* Open bore designs

treatment during
imaging.

for imaging sleeping
infants.

* High contrast, non-
ionizing radiation
method for assessing
chronic neurologic
conditions, such as
hydrocephalus.

* Expanded clinical

(intensive care and
applications.
* Increased imaging

larger neuroimaging
studies in LMICs.

permit patient access for
comforting or medical

¢ Reduced scanner noise

surgical) and research
(neurodevelopmental)

access and acquisition of

TABLE 5. Promise and challenges in pediatric and

Challenges

Optimizing sequences
(T1w, DWI) for
pediatric patients.
Reduced availability of
some sequences used in
neurodevelopmental
research, including
functional, perfusion,
and high-angle
diffusion sequences.
Pediatric sequences are
often shorter to combat
patient motion; low-
field sequences typically
have longer acquisition
times.

Lower resolution may
impact brain
volumetric
measurements.

LMICs = low- and middle-income countries.
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Portable very-low-field systems have also been applied
to pediatric neuroimaging. Deoni et al described the first use
of a portable 0.064T MRI to track neurodevelopment in a
cohort of 42 healthy children (age range: 6 weeks to
16 years).'”” The researchers calculated brain volume esti-
mates for GM, WM, and CSF and replicated known develop-
mental trajectories from 3T imaging studies. The authors
reported greater scan success rates at 0.064T (89%) than 3T
(75%), presumably related to the open bore design. However,
researchers noted that some sequences and analytical software
may require optimization to work in pediatric populations.
The team’s volumetric analyses were performed on T2w
sequences, which offered superior anatomical contrast, instead
of the T1w sequences typically used in morphometrics. WM
myelination changes rapidly during childhood, and develop-
ing brains have higher water content in unmyelinated
WM. Both water content and magnetic field strength influ-
ence tissue relaxivity properties.*®'>? The researchers used
sequences designed for adult imaging, which need to be opti-
mized based on pediatric patient age to provide better tissue
contrast. Additionally, the researchers utilized two common
neuroimaging analysis software packages, Advanced Normali-
zation Tools and FreeSurfer. They noted that FreeSurfer
failed to process the low-resolution data accurately, although
this may improve with sequence optimization, super-
resolution approaches, and further software develop-
ment.”®'*? Finally, the researchers only replicated group-level
developmental trajectories, and it remains to be seen if accu-

rate volume estimates can be obtained for individual patients.
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Meniscal tear

0.25T

1.5T

Bone marrow edema Patellofemoral chondropathy

Image artifact

FIGURE 9: Examples of musculoskeletal imaging at 0.25T (top) and 1.5T (bottom). Images provided courtesy of Dr. Riccardo Monti,
Dr. Frederico Bruno, Prof. Antonio Barile, and Prof. Carlo Masciocchi, University of L'Aquila, Italy.

Promise

Lower cost permits
tailored scanner designs
(eg hand, foot, limbs)
and integration into
orthopedic
departments.

Unique scanner designs

TABLE 6. Promise and challenges in musculoskeletal
imaging

Challenges

¢ Lower resolution and

reduced sensitivity to
certain anatomic
structures.

Less spectral separation
between water and fat,
making fat-suppression

allow expanded patient challenging.
positioning and Loss of quality control
mobility, enabling by radiologists.

weight-bearing and
kinematic studies.
Open designs permit
positioning of limbs in
isocenter.

Portable scanners could
offer unique
opportunities for sports
medicine.

Metal artifact from
implants and devices is
reduced at lower-field
strengths.

The Deoni et al study highlights how expanded access
to low-cost scanners could change how large neuroimaging
studies are conducted. These devices could enable larger
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sample sizes by reducing per patient scanning costs and shift
recruitment focus away from academic hospitals in HICs to
include more children from rural areas and LMICs. A group
at Queen Elizabeth Central Hospital in Malawi recently
reported scanning 260 patients with a 0.064T portable MRI,
including examples of malarial encephalopathy and subdural
empyema, a collection of purulent material around the
brain." Research applying low-field MRI in LMICs is likely
to increase in coming years with increasing investment in
the field.

Despite the many advantages lower-field MRI offers
for pediatric neuroimaging, there are significant barriers that
must be overcome before the technology can be widely
adopted (Table 5). Foremost, sequences, hardware, and ana-
lytic software need to be optimized for pediatric
populations. Multiple researchers have reported that Tlw
and DWI sequences require quality improvements and opti-
mization for pediatric patients.”>®"'°> Many current lower-
field systems contain hardware designed for adults, which
may require alterations for pediatric patients.'*® Addition-
ally, on scanners below mid-field strength some sequences
used for neurodevelopmental research are difficult to obtain,
including functional, perfusion, and high-angle-diffusion
sequences. In lower resolution images, it may be more feasi-
ble to place individuals on growth trajectories, measure mac-
roscale  volumes, and  characterize  patterns  of
neurodegeneration rather than to quantify the volume of
smaller brain structures. Finally, because of the reduced
SNR per unit time at lower magnetic field strengths,
sequences are often longer, which reduces patient compli-

ance and exacerbates motion issues.
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Musculoskeletal Imaging
Orthopedics and musculoskeletal imaging (MSK) were early
adopters of low-field MRI and remain one of the few special-
ties in HICs where low-field is relatively common in clinical
practice today. Low-field scanners are particularly attractive to
orthopedics were metal implants are common and unique
scanner designs (eg open bores, extremity specific scanners,
and vertical scanners for weight-bearing studies) offer more
clinically tailored imaging.">* Several manufacturers, includ-
ing FONAR, Esaote, and Paramed currently offer low-field
MRI scanners targeted at orthopedic and spinal applica-
tions.">> These devices focus on minimizing imaging costs or
feature rotating tables which permit weight-bearing and kine-
matic imaging. Unlike conventional closed-bore systems,
extremity specific and open bore scanner configurations per-
mit central positioning of limbs in the magnetic field, which
increases image quality.">® Although these advantages have
given low-field scanners some traction in orthopedics, due to
their lower resolution they are predominantly used for niche
applications.' >

While low-field MRI offers a cost-effective method for
orthopedic imaging,"*® there remain significant challenges
that must be overcome before scanners become more widely
adopted. The three primary obstacles are user perceptions of
low-field image quality, developing the full range of clinically
necessary sequences, and loss of quality control by radiolo-
gists. User perception of image quality and its impact on
diagnostic value is perhaps the most important problem fac-
ing lower-field MRI. In the 1990s and early 2000s, low-field
MRI scanners were directly compared to standard high-field
systems across a range of orthopedic applications. In shoulder
imaging, most studies found equivalent performance between

157,158
scanners 37,15

with the notable exception of Magee et al,
who reported that subsequent high-field scans changed reviewer
interpretations in 9/40 patients.159 However, as noted by Tho-
msen et al, their results were for a single low-field system and
may not generalize to low-field devices more broadly."®® In knee
imaging, most studies reported equivalence,'®" although a meta-
analysis including 29 knee MRI studies identified a significant
reduction in diagnostic performance for anterior cruciate liga-
ment (ACL) tears.'®> Low-field scanners were evaluated for
numerous other orthopedic applications, including the elbow, %
hand,'® and foot.'®> While many studies reported equivalent
diagnostic performance between low-field and high-field scan-
ners, there remained significant concern that the lower SNR per
unit time would translate to missed diagnoses and perhaps legal
liability."®"

In the first report describing knee scans on the portable
0.064T scanner, raters visualized the quadriceps tendon,
patellar tendon, and posterior cruciate ligament easily, but

had more difficulty with the ACL, iliotibial band, medial col-

lateral ligament, and lateral collateral ligament.m(’ Some
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sequences may need optimization to provide sufficient visuali-
zation of key knee anatomy. In the mid-field range,
Khodarahmi et al compared artifacts in 0.55T and 1.5T
imaging of patients with hip implants. They found a 45%-—
64% reduction in image artifact when using 0.55T compared
to 1.5T, even when 1.5T scanners used a slice encoding for
metal artifact correction protocol, though there was a modest
17%-28% reduction in SNR at 0.55T.'¢”

Another challenge at low-field is fat suppression, which
increases contrast when evaluating cartilage, menisci, or bone
marrow.'®® Many fat suppression techniques rely on the
chemical shift between lipids and water, which is proportional
to magnetic field strength.l(’9 Bellisari et al demonstrated a fat
suppression technique on a 0.25T low-field scanner and
found 1.5T
(Fig. 9)."”° Although this shows promise, such techniques

comparable  diagnostic  performance  to
may not transfer to even lower field strengths and represents
only a single sequence among multiple that still need to be
replicated and optimized for low-field scanners.

As scanners become increasingly used by non-
radiologists and in nontraditional health care settings, there is
significant concern that radiologists will lose quality control
oversight or be unavailable for image interpretation. Portable,
very-low-field devices could be deployed in field hospital or
sports arena sidelines for musculoskeletal imaging. Guallart-
Naval et al reported the use of a 0.07T device to scan a
patient with a knee implant in various nontraditional setting
(eg indoors vs. outdoors) and conditions (eg power via wall
outlet vs. gas generaltor).35 SNR was most affected in outdoor
settings using gas generator power, although even under these
conditions SNR was considered acceptable by the authors.
Additionally, there was minimal artifact near the participant’s
knee implant in all imaging settings. Ownership of imaging
quality control may need to be re-evaluated as devices move
to nontraditional settings.

The idea of providing diagnostic support to low-field
scanners in remote settings has been gaining traction. Raman
et al used a neural network to perform binary classification of
knee effusion in simulated low-field images.'”" Their network
had comparable accuracy to radiologists (47.2% vs. 41.7%,
respectively), indicating that such technology could provide
diagnostic feedback when a physician is not readily available.
Automated methods for segmenting knee anatomy at low-
field also show promise for providing diagnostic support.'’*
While this could further be mitigated by telehealth, it remains
unclear how health systems will adapt to increased imaging
outside the radiologist’s realm.

Although lower-field devices offer advantages for musculo-
skeletal imaging and have a demonstrated history in clinical
practice, there are significant challenges that the field must still
be overcome (Table 6). For more details on low-field orthopedic

applications, the authors recommend Ghazinoor et al.'®’
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Conclusion

In conclusion, we have reviewed potential clinical applications
for lower-field MRI, discussing how the technology can be
deployed to complement existing high-field devices and
expand access to imaging where it was previously not eco-
nomically feasible. When thinking about appropriate clinical
applications, opportunities for lower-field strength devices
center around their advantages, most notably lower cost and
portability. Although this review promotes the clinical transla-
tion of lower-field scanners, we must acknowledge that there
are outstanding questions surrounding the appropriate imple-
mentation of these devices which are scientific, practical,
legal, ethical, economic, and cultural. How should new
lower-field scanners be integrated with other imaging in high-
resource settings’ How should devices be utilized in low-
resource settings, where they may be the only option avail-
able? With the advent of portable systems, who will control
point-of-care imaging? Can clinicians adjust their expectations
around MRI and the level of image quality necessary to
answer clinical questions? Can lower-field devices be used for
triage or will they simply contribute to more imaging? Finally,
for the industry, does economic viability require broader use
of lower-field devices in HICs to support dissemination in
lower-resource settings? Despite the questions and challenges
facing low-field MRI, the technology demonstrates immense
clinical promise with potential to increase medical imaging

access and improve patient care worldwide.
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