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CHAPTER 1

Introduction

1.1 Brief overview of conventional MRI

Magnetic Resonance Imaging (MRI) is the gold standard for diagnostic medical
imaging and works by interacting with protons in the body electromagnetically.
Since the human body is made up of 70% water, MRI systems image the protons
present in water. An MRI scanner has three main hardware components: 1. The
main magnet that aligns the protons which act like tiny bar magnets along the pole
lines; 2. Radio Frequency (RF) coils that “excite” these protons at their resonant
frequency and then receive signals back from those same protons; 3. A gradient
(low-frequency) coil that produces linear eld gradients such that the excited pro-
tons precess at different frequencies depending on their spatial location, to enable
spatial localization to form multidimensional images.

Since its invention in 1970 (Lauterbur, 1973; Damadian, 1971), MRI has found
many clinical and research applications. Itis widely used for clinical diagnosis and
has become a routine part of modern medicine. It is used for soft tissue imaging
and enables the imaging of several contrast mechanisms. It is used for diagnos-
ing and monitoring a variety of medical conditions, such as tumors, neurological
disorders, musculoskeletal issues, and cardiovascular diseases. However, several
clinical scenarios are ill-served by traditional MRI due to its cost and siting require-
ments. (Liu et al., 2021)

Typical MRI clinical scanners range from 1.5-3 Tesla in magnetic eld strength
and cost upwards of $1 million per Tesla (Sarracanie, 2015), putting them out of
reach of most under-served locations and populations. They also use supercon-

ducting magnets to produce the main magnetic eld (the Bg eld) which are cooled



using helium, which also drives up their cost. The siting requirements for an MRI
involve several factors, including the substantial 5-Gauss exclusion zone, the scan-
ner's weight, power demands, and the need for magnetic and RF shielding. RF
shielding in particular, serves to protect against both incoming signal interference
and the outward radiation of transmit pulses. These factors necessitate a room spa-
cious enough to accommodate both the magnet and the patient positioned on the
table. The siting requirements for the shielding alone cost well over half a million

USD (Junk and Gill, 2007).

1.2 Motivation for low eld MRI

1.2.1 Learning from other imaging modalities to make a “point of care” MRI
Several drawbacks of conventional MRIs outlined above and described previously
in the literature from both a system design (Wald, 2019) and global economic per-
spective (Geethanath and Vaughan, 2019) motivate the need for a low-cost MRI. A
conventional MRI scanner's size and cost follow from their technical performance
requirements. This is not uncommon for other biomedical imaging modalities such
as Ultrasound, X-ray, PET/SPECT and CT systems. This is mainly due to the fact
that most systems are made to scan the whole body. There have been several suc-
cessful efforts to make these systems more compact and low-cost by making them
target organ and clinical application speci c for each of these imaging modalities
as outlined below:

Ultrasound is an imaging technique that employs high-frequency sound waves
to generate images of soft tissue regions. The nature of its underlying physics does
not necessitate large components, unlike MRIs. The primary component of an
ultrasound system, the transducer, is inherently compact, but additional equip-
ment for processing and visualization contributes to the overall size of the system.

Numerous efforts have been made to miniaturize ultrasound devices, and sev-



eral handheld imaging options are now available in the market, even for home
use. (Butter y Network, 2023; GE Healthcare, 2023; Pro Healthcare, 2023; Philips
Healthcare, 2023).

PET and SPECTare nuclear medicine functional imaging modalities that uti-

lize radiotracers, radioactive substances emitting particles or photons, to visualize
the distribution and concentration of speci ¢ molecules within the body. The size
of these systems is comparable to traditional MRIs due to their whole-body imag-
ing capabilities. Both PET and SPECT share similar concerns to MR regarding
shielding, with a primary focus on radiation protection. Although fully developed
handheld systems do not yet exist, there are gamma-detecting devices available
that employ the same fundamental principles. These devices are used for specic
target regions within the body. They use lower doses of radioactive tracers and
advanced semiconductor-based detection techniques to achieve similar detection
sensitivity of conventional PET/SPECT systems. So far, these handheld systems
have been employed in various studies, particularly for image guided testicular
cancer biopsy (Brouwer et al., 2011) and breast cancer (Bricou et al., 2013; Thill,
2013).

Computed Tomography (CT) is a non-invasive medical imaging technique that

uses X-rays to create detailed cross-sectional images of the body's internal struc-
tures. It uses an X-ray tube and a set of detectors mounted on a rotating gantry.
This setup rotates around a patient and generate multiple X-ray projections from
various angles to reconstruct images. Again, their size is similar to conventional
MRIs and require the same radiation shielding that PET/SPECT systems need.
In order to make these systems, several efforts to reduce radiation dosage and for
miniaturizing the gantry rotation setup were made. Commercial systems for emer-
gency point-of-care scanning are available in the market today (Siemens Health-

iness, 2023; NeuroLogica, 2023) and for veterinary imaging (Xoran Tech, 2023).



Overall, CT is closest to MR in the design problems they share.

In essence, the in uence of compact, specialized systems in various elds has
sparked a revolution in the way we imagine the conventional MRI system, start-
ing from its core components. One of the primary methods to achieve this is by
minimizing the overall magnetic eld strength through the use of "low eld' mag-
nets and developing magnets that are speci cally designed for target body parts.
These changes could lead to the creation of a cost-effective, portable MRI system.
This type of MRI could function as a “point-of-care” (POC) system, suitable for
placement in locations that are typically not suited for traditional MRIs, including
emergency rooms, intensive care units, and remote areas for underserved commu-

nities.

1.2.2 Brief history of conventional and low- eld MRIs
When MRI was rst invented in in the 1970s (Lauterbur, 1973), it was on a “low-
eld” MRI system as we call it today since it was developed at a eld strength
of 0.1 Tesla (T). Scanners were developed at multiple sites in this magnetic eld
range thereafter. Companies such as Philips, Siemens and GE also worked with a
dizzying variety of eld strengths from 0.1 T up to 1.5 T. This was mostly because
they all started out using resistive magnets before eventually moving to supercon-
ducting magnets that were rst supplied by Oxford Instruments (now owned by
Siemens), a company that was the rstto make a 0.5 T superconducting magnet for
MRI (Pantalony, 2011). This led to most of these companies trying to increase eld
strengths before deciding that 1.5 Tesla was the benchmark in the 1980s, which was
rst achieved by GE in their Signa system.

The reason for GE's conclusion was the fact that the Signal-to-Noise Ratio (SNR)
is higher for the higher magnetic elds, resulting in higher quality images due

to the protons aligning more strongly in high magnetic elds and the the mag-



netic eld detection is also proportional to the detection frequency. Additionally,
the main magnetic eld Byp is traditionally much greater than the gradient eld
strength and this gradient eld strength essentially dictates the resolution and fast
spatial encoding that we enjoy today. These increases in SNR and resolution were
not possible on the earlier low eld systems due to the lack of optimized pulse
sequences and reconstruction methodologies as well as hardware limitations to
increase gradient strengths. Due to these bottlenecks, there was a large push for
high- eld scanners much beyond 1.5 T after the 1980s because the high image qual-
ity, resolution and the higher gradient strengths they could potentially provide
enable a variety of fast imaging sequences and new and higher tissue contrasts.

More recently, other imaging requirements such as high resolution, high-speed
imaging for functional MRI studies, fast diffusion encoding using MRIs and so on
led to requiring stronger, fast-switching gradient coils. For example, the commer-
cial Philips Ingenia Elition X (Philips Healthcare, Best, Netherlands) at Vanderbilt
(VUIIS) has a By eld strength of 3T and a  0:9 ppm eld homogeneity, and is
also equipped with gradients which have a max amplitude of 45 mT/m and a max
slew rate of 220 T/m/s.

While these speci cations are impressive, this system weighs 4800 kgs and re-
quires 10s of KWs of electrical power for operation, requires large RF power am-
pli ers - in this case, it is equipped with two 18kW power ampli ers, and it has
a minimum siting requirement of 18 square meters along with a peak power con-
sumption of 1.5 MW for the gradients, per axis.

In this race to maximize image quality, MRI has become one of the most ex-
pensive biomedical imaging modality that exists today (Geethanath and Vaughan,
2019) with a single clinical exam costing several thousand dollars in the US. De-
spite its advantages of soft tissue contrast and being mostly both contrast agent

and ionizing radiation-free, MRI has become out of reach to most of the popula-



tion today.

1.2.3 Clinical Applications of low eld MRI

Bringing back low- eld MRIs with all the knowledge we have accumulated at

high eld can help democratize POC MRIs and extend its use in several critical
clinical applications where high-resolution images aren't needed. The literature
provides a thorough overview of the physics and design of such systems (Wald,
2019; LL Wald, 2020; Marques et al., 2019; Sarracanie and Salameh, 2020). Today,
there have been several efforts to make MRI scanners more compact, portable and
low-cost by reducing the overall magnetic eld strength as well as miniaturizing

or eliminating other parts of the MRI. Some of the clinical motivations for low- eld

(LF) MRIs are described in this section.

Many clinical imaging scenarios such as Traumatic Brain Injury (TBI), Hem-
orrhage and acute stroke which require urgent treatment, do not require high-
resolution images. Figure 1.1 (A-D) shows some of these clinical neurological con-
ditions imaged at high and low eld strengths and even a CT scanner to show
comparisons (Mateen et al., 2021; Mazurek et al., 2021).

Despite the superior contrast-to-noise ratio of MRI compared to CT scans, the
latter is typically preferred in emergency scenarios due to the high costs and slower
speeds associated with MRI. By tackling the nancial and location constraints
linked with high- eld MRI, and accepting a compromise on spatial resolution,
low- eld MRI could represent a groundbreaking change in ICUs, ambulances, and
in under-served areas. It could also offer a signi cantly improved contrast-to-noise
ratio (CNR) compared to high-resolution CT scans as shown in Figure 1.1C (Ward-
law, 2007; Chalela et al., 2007; Mazurek et al., 2021).

Several research groups have developed versions of either open or portable

low- eld scanners to cater to various clinical users and push the cause of reducing



Figure 1.1: Comparison of conventional imaging systems and low eld MRI A-
B) T, and T, weighted images of two subjects diagnosed with Multiple Sclerosis
(MS), one with a hyperintense lesion and one with secondary progressive MS with
diffuse cortical atrophy ;ina 1.5 T (left column) and 80 mT (right column) portable
scanner (Mateen et al., 2021). C) FLAIR and B-weighted images of a subject with
intracerebral hemorrhage (ICH); in a 64 mT portable scanner and a CT scan for
comparison D) FLAIR and T »>-weighted images of a subject with intracerebral hem-
orrhage (ICH); in a 64mT portable scanner and a 3T MR scan for comparison.

cost and increasing accessibility to MRI. This is typically done by making smaller
purpose-built/target organ speci ¢ systems that do not need to image the whole
body like the other imaging modalities have done as outlined above. Low eld
MRI can have several other non-emergent clinical applications as well, as will be

outlined below.

1.2.3.1 Neuroimaging
Low- eld MRI can visualize the brain and spinal cord for non-emergent applica-

tions. Monitoring progression of diseases such as multiple sclerosis can be done
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