
Low-Cost and Portable MRI

Lawrence L. Wald, PhD1,2,3,*, Patrick C. McDaniel, MS1,4, Thomas Witzel, PhD1,2, Jason P. 
Stockmann, PhD1,2, Clarissa Zimmerman Cooley, PhD1,2

1Athinoula A Martinos Center for Biomedical Imaging, Department of Radiology, Massachusetts 
General Hospital, Charlestown, Massachusetts, USA

2Harvard Medical School, Boston, Massachusetts, USA

3Division of Health Sciences and Technology, Harvard – Massachusetts Institute of Technology, 
Cambridge, Massachusetts, USA

4Department of Electrical Engineering and Computer Science, Massachusetts Institute of 
Technology, Cambridge, Massachusetts, USA

Abstract

Research in MRI technology has traditionally expanded diagnostic benefit by developing 

acquisition techniques and instrumentation to enable MRI scanners to "see more." This typically 

focuses on improving MRI’s sensitivity and spatiotemporal resolution, or expanding its range of 

biological contrasts and targets. In complement to the clear benefits achieved in this direction, 

extending the reach of MRI by reducing its cost, siting, and operational burdens also directly 

benefits healthcare by increasing the number of patients with access to MRI examinations and 

tilting its cost–benefit equation to allow more frequent and varied use. The introduction of 

low-cost, and/or truly portable scanners, could also enable new point-of-care and monitoring 

applications not feasible for today’s scanners in centralized settings. While cost and accessibility 

have always been considered, we have seen tremendous advances in the speed and spatial-

temporal capabilities of general-purpose MRI scanners and quantum leaps in patient comfort 

(such as magnet length and bore diameter), but only modest success in the reduction of cost 

and siting constraints. The introduction of specialty scanners (eg, extremity, brain-only, or breast-

only scanners) have not been commercially successful enough to tilt the balance away from the 

prevailing model: a general-purpose scanner in a centralized healthcare location. Portable MRI 

scanners equivalent to their counterparts in ultrasound or even computed tomography have not 

emerged and MR monitoring devices exist only in research laboratories. Nonetheless, recent 

advances in hardware and computational technology as well as burgeoning markets for MRI in the 

developing world has created a resurgence of interest in the topic of low-cost and accessible MRI. 

This review examines the technical forces and trade-offs that might facilitate a large step forward 

in the push to "jail-break" MRI from its centralized location in healthcare and allow it to reach 

larger patient populations and achieve new uses.
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WHILE ANY EXPANSION of a healthcare technology must be viewed under the lens 

of cost-effectiveness analysis,1,2 the potential benefits of expanding the accessibility of 

magnetic resonance imaging (MRI) technology to the world’s patient population is clear. 

The range and depth of geographical MRI accessibility gaps has been recently reviewed 

by Geethanath and Vaughan, who also review technology development efforts designed to 

mitigate this problem.3 There are regions of the world that clearly lag worldwide averages 

in number of scanners or even any scanners at all, although there is some evidence that 

low-income regions overspend on expensive technology relative to other infrastructure.4 

The demand problem is not limited to developing countries. Insufficient scanner density 

in "developed" countries still results in wait-periods prior to diagnostic care.5 While 

accessibility issues are intertwined with other economic, social, and technical problems, they 

are likely to persist as until the relative cost of MRI is reduced relative to other healthcare 

technologies.

Because the data compiled by Geethanath and Vaughan clearly spell out the depth of the 

worldwide accessibility variance,3 our review focuses on assessing progress and prospects 

for cost reduction. Although many factors play a role in MRI examination costs, or even 

the marginal cost of adding a scanner, we focus mainly on the equipment costs and the 

major infrastructure and maintenance cost repercussions of the equipment. Ongoing steady 

but gradual cost reductions of today’s designs will result from the commoditization of 

components, but we focus instead on the potential for radical changes in cost and portability. 

We partition the MRI scanner into its component groups: 1) the magnet together with siting 

considerations, cryogenic systems, and power supplies (if required); 2) the image encoding 

unit (ie, the gradient coil and drivers in a traditional scanner); 3) the RF subsystem including 

transmit amplifier and coil and receive coils; and 4) the console (small signal components) 

and computational system.

We do not provide a detailed accounting of component costs, as this requires detailed 

specifications, but attempt a general overview with a focus on areas of technological 

innovations/barriers and trends that might significantly reduce cost. We focus on the cost per 

scanner, not the cost per scan, thus omitting some important strategies to reduce diagnostic 

costs such as increasing patient throughput by increased imaging speed and workflow 

advances. Such innovations might allow a high-cost scanner to economically outperform 

a low-cost unit. Finally, we try to separate evolutionary trends by which the canonical 

scanner architecture is simply refined from more radical design changes. The latter will 

likely impose limitations on how the images are acquired, for example, limiting the type of 

images, spatial resolution, and signal-to-noise ratio (SNR). These are important trade-offs 

that can only be superficially evaluated in this review. Commonly discussed strategies such 

as reduction of the B0 field below that of the market dominating high-field systems (1.5T 

and 3T) fall into this category, as do systems employing inhomogeneous or prepolarized 

B0 field systems. The trade-offs imposed by these steps constitute a major change in the 

way MRI is acquired, but are likely needed to significantly expand MRI’s use into portable 

or point-of-care (POC) applications, or for moving from diagnostics to monitoring. Some 

approaches, such as low-field MRI have been recently reviewed.6
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Lessons From Other Modalities

Transition from hospital-centric to portable diagnostic devices is nearly as old as radiology 

itself. The x-ray was discovered in late 1895 and was used clinically within a year. It 

became a mobile imaging technology in 1914 when Marie Curie pushed to develop a fleet of 

x-ray-equipped ambulances for use in World War I to assist surgeons in field hospitals (see 

Fig. 1). By comparison, 45 years after MRI’s introduction we still lack a truly portable MRI. 

Here we define "portable" as a device that can be moved room-to-room by a single nurse for 

use on an individual patient within minutes of arriving. In the truly portable scanner case, the 

power and cooling infrastructure of a typical office or exam room must be sufficient. This 

contrasts with currently existing "mobile" MRI scanners inside truck trailers that require a 

road, dedicated power, and cooling infrastructure waiting at the new site, and a minimum of 

tens of hours of setup prior to imaging at the new location. Note, there are also solutions 

between conventional and true portable/POC solutions where some special infrastructure is 

provided in the room.

In this article we make the case that the challenges of achieving portable and low-cost 

MRI are rooted in the insensitivity of MRI, which is typically addressed by using high-

field, highly homogeneous magnets. The associated bulk and complexity of such magnets, 

together with their associated cryogenic subsystems, creates barriers to lowering cost and 

operation as a portable or POC device. Additionally, issues arise from the safety aspects 

of the fringe fields and the large gradient current and heat dissipation and the need to 

fit within conventional "office" space, power, and cooling infrastructure. To achieve all 

this, the contemporary use-model where one scanner is expected to address all possible 

MRI examinations might need to be reexamined. Thus, the goal becomes low-cost portable 

scanners that can achieve a useful range of clinical services, but perhaps not all. Before 

exploring the detailed prospects for dramatically lowering cost and/or creating a portable or 

POC MRI, it is valuable to examine other modalities that have already traversed this path. 

Although the case-study of portable and POC ultrasound (US) and computed tomography 

(CT) is informative, it is an open research question how to achieve the same goal with MRI.

Portable US

US is the obvious example of a fully portable and POC diagnostic imaging modality. It 

is now readily commercially available in a range of sizes and capabilities, ranging from 

trolley/cart-sized devices found in centralized radiology facilities, to laptop sized "compact" 

units, to hand-held POC scanners.7 Compact US units comprised 29% of the units shipped 

in the $6.6 billion USD ultrasound market of 2017, while handheld devices comprised 

3%. Nonetheless, handheld devices were the segment with the largest growth (IHSMarkit 

analysis).8 The MRI market is smaller and, no doubt, not a direct analogy, but the success 

of the multiple US scanner sizes and portability ranges delivers several messages. The MR 

community can learn several lessons from US. First, all scanners are not required to be equal 

in their capabilities; the market is capable of deciding when to use which scanner; effectively 

trading-off imaging capability for portability and cost. Second, it is likely that the range of 

devices significantly extends the reach of diagnostic US.7 Finally, a significant equipment 
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price drop (>10×) and extreme portability seems to be driving the successes of portable US. 

It remains to be seen if MR can match these achievements

Portable CT

Portable CT scanners, although not as small or ubiquitous as their US counterparts, 

are readily commercially available.9 They bring CT scanning to interventional and 

interoperative suites,10,11 intensive care units,12,13 emergency departments,14 and 

ambulances.15,16 Although they have shielding challenges, they can operate with standard 

power and cooling infrastructure. However, the use of CT, especially in pediatrics, may carry 

risks. In a 15-year retrospective study of pediatric CT scans, Miglioretti et al estimate that 

the ~4 million pediatric CT scans will cause 4870 additional cancers in the U.S., although 

simple dose reduction might significantly decrease this.17,18 The success of portable CT, 

together with the complementary diagnostic value possible from MRI, suggests an MRI 

scanner with similar portability could find a role in these settings now uniquely occupied by 

CT scanners.

Desktop and Single-Sided NMR Spectrometers

Although not a medical diagnostic tool, the recent advent of "desktop" nuclear magnetic 

resonance (NMR) spectrometers19-22 merits discussion as a technological close-cousin of 

MRI. For many years, the NMR spectrometer market was nearly exclusively the domain of 

superconducting solenoid-based magnet systems, usually operated in a central NMR core 

service facility. Thus, the NMR spectrometer world of 10 years ago was analogous to the 

clinical MRI world today. However, recent advances in permanent magnet design,23-25 and 

the sophistication of a field programmable gate array (FPGA) and similar electronics has 

allowed the deployment of low-cost, easy to site, bench-top systems with footprints of less 

than 1 m2.26 These systems do not provide the spectral resolution or sensitivity offered by 

ultrahigh-field superconducting magnet systems, but allow the chemist to analyze a range 

of samples at the bench, without the trouble and expense of using the considerably costlier 

high-end systems. They also allow NMR to be more easily incorporated as a monitoring 

device in the chemical reaction process. Bench-top spectrometers have been applied to food 

analysis,27 interoperative flow,22 and exist as "single-sided" devices, allowing NMR spectra 

to be recorded for samples outside the magnet.21,28

The creation of successful MR depth-profilers that measure a 1D image of samples external 

to the magnet constitutes a second recent technology with potential to extend the reach and 

accessibility of MR. Single-sided depth profilers such as the NMR-Mouse use a built-in 

field gradient outside the magnet to provide a 1D depth profile from the Fourier transform 

of the recorded MR signal.29 MR depth profilers have been used to analyze artwork,30 

burn depth,31,32 skin layering,33-35 and extended to 2D36 and 3D imaging.37 Similar 

devices operate in the oil-well logging industry, where outward-looking NMR spectrometers 

lowered into the borehole record T2 and diffusion information that informs operators of the 

properties of the porous rock in the well.38 Recent work has demonstrated 1D, 2D, and 

3D imaging over a limited region in a brain-sized instrument,39 and a commercial low-field 

single-sided prostate imager is under development for use in urology clinics.40
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Cost of an MRI Scanner

Before reviewing the prospects for lowering the costs of the subsystems found in MRI 

scanners, or assessing alternative MRI acquisition strategies, it is worth reviewing the goal 

set by conventional 1.5T scanners. A simple-sounding concept such as "cost" is surprisingly 

multifaceted.41 We consider primarily the potential purchase price of the scanner itself, 

knowing full-well that considerable additional cost factors are at play. For this purpose, 

we consider the low-end, but highly functional end of the 1.5T superconductor based MRI 

segment as well as low field (0.2T to 0.35T) clinical vertical-field "open" systems. It is 

important to note that as the initial purchase price of these systems is reduced, siting, 

infrastructure, and operating costs are also relevant.

Unfortunately, most market information is proprietary. A 2011 report by the UK National 

Health Service reported that they paid an average of $1.4M USD (in the exchange rate at the 

time) to purchase and site each of the 267 new MRI scanners it installed in the previous 10 

years (predominantly 1.5T scanners).42 A 2010 study of 28 Belgian hospitals found that the 

average initial cost for five new 1.5T scanners installed in 2006–2008 was $1.5M USD (in 

the exchange rate at the time).43 New "low-end" (but fully functional and general purpose) 

1.5T scanners can reportedly be currently purchased for between $600,000 and $800,000 

USD.44 Therefore, a likely cost target for a quantum leap in affordability is likely a factor 

of 2× below this; more if the scanner has reduced applicability or performance. Many MR 

researchers think of equipment costs in terms of a "parts-cost." For medical equipment, this 

is typically 4× to 5× lower than the purchase price. Therefore, we are looking for a solution 

with a hardware parts cost of below $75,000 USD. Siting costs become a significant factor, 

with RF-shielded rooms costing as much as $100,000 USD. Additional siting costs stem 

from installing helium quench vents, large electrical feeds, and cooling water.

The "parts costs" of the individual components of the MR system (such as magnet, RF 

amplifier, etc) are considered proprietary information by manufacturers and are not readily 

available. While it is possible for individual researchers to purchase these items, what 

is available is generally more general-purpose laboratory-grade versions from companies 

catering to that market and not mass-produced components used by the clinical companies. 

For example, we can have some idea what a magnet company would charge for a single 

laboratory use 1.5T magnet, but the incremental cost of a magnet in a batch of 1000 is 

presumably much cheaper. Despite the difficulty of obtaining data on these proprietary 

component costs, which also depends, of course, on exact specifications, Fig. 2 estimates the 

relative component group costs for a low-end 1.5T superconducting magnet scanner.

The total cost of ownership for the MR system includes many additional factors beyond 

the equipment costs. Many of these likely have strong regional variation (such as building 

renovation and service/maintenance costs) and are not considered here. We include 

discussion of such factors only to the extent that they can be impacted by system design 

choices, such as the potential to eliminate RF shielding, cryogen quench vents, cooling 

infrastructure, or specialized electrical feeds.
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Magnets

Superconducting Magnets

Persistent mode superconducting solenoid designs and variants comprise the vast majority 

of MRI magnet systems. Benefits include stability, homogeneity, and potential for high 

magnetic field generation.45 Wire costs dominate the magnet construction costs and liquid 

helium (LHe) and refrigeration system (cold-head) maintenance dominate magnet operating 

costs. Siting and portability is compromised by the size and weight of the magnet (typically 

on the order of 3000–6000 kg for a 1.5T actively shielded whole-body magnet),46 a 

relatively large magnetic footprint even for actively shielded solenoid designs, the fragile 

nature of the cryogenic system, and the infrastructure for the LHe quench vent.

The magnet cost is largely a function of wire type and length. For a given field strength, wire 

length is dictated by a design trade-off between the diameter of the homogeneous spherical 

volume (DSV), the magnet bore diameter (D), and the magnet length (L). The conductor 

placement is typically optimized to achieve a minimum cost design with an acceptable trade-

off between these three parameters (DSV, D, and L). Xu et al looked at 100 constrained 

designs for a DSV with 1 ppm homogeneity.47 They show that for a given homogeneity 

ppm specification (eg, 1 ppm), the problem can be cast using only two independent variables 

(D/DSV) and (L/DSV). Optimizing magnet cost (wire length) formed classic "l-curve" 

trade-offs between cost and the two variables (D/DSV) and (L/DSV). Selecting the "knee" 

of the l-curve as the design point for Lopt, they found a simple relationship for cylindrical 

magnets: Lopt = 1.18 DSV + 0.77 D, and show that modern designs adhere to this law. While 

magnets with the desired homogeneity specifications can be designed with shorter lengths 

(<Lopt) the wire cost rises exponentially (see Fig. 3). They conclude that the best way to 

decrease cost is to decrease bore size. This, in turn, puts pressure on the gradient and RF 

engineers to cede territory.

Of course, lowering field strength will lower magnet cost, as does relaxing homogeneity 

constraints. Both of these will be examined below. Other ways to reduce cost with 

conventional solenoid designs include finding an affordable wire alternative with higher 

current density or reducing cryogenic costs. New types of superconducting wires do 

not appear often and copper-sheathed NbTi remains the mainstay, but its 9.3K critical 

temperature requires 4K operation. In contrast, MgB2, ReBCO, YBCO, and BSCCO are 

potential entrants with higher critical temperatures,48 although the price per kAm increases 

dramatically. The wire cost of these high-temperature superconductors is such that it is 

currently more economical to operate them at low temperature where their critical current is 

higher, thus reducing wire length.

In cryogenics, the recent decade has brought revolutionary advances in cryogenic cooling 

systems. Modern cold-heads can now operate at temperatures of 4K with sufficient heat 

removal to allow modern clinical magnets to operate with "zero boil-off." Thus, although 

they contain 500 or more liters of LHe, the cryocooler effectively recondenses the 

evaporating liquid, eliminating the need to replenish LHe under normal operation. This 

is fortuitous, since the world’s helium supply, while apparently sufficient in principal, is 
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dominated by a small number of suppliers and has proven highly volatile, with escalating 

costs49; a situation that is unlikely to improve in the future.

The next step is a "nearly-dry" magnet using a sufficiently small LHe volume to safely 

eliminate the quench vent system. The final step is the so-called "dry" or "conduction 

cooled" magnet; a magnet containing no LHe. Multiple commercial small-bore dry magnets 

are available, and at least one nearly-dry clinical system. Modern MRI cryocoolers (possibly 

with two per magnet) can achieve the heat removal needed for a dry or nearly-dry operation, 

utilizing either the Gifford-McMahon (GM) cycle or a pulse-tube system50 to remove a 

watt of heat at 4K. The truly dry mode is appealing since cryogens are not even needed 

at installation, and the LHe vessel can be omitted from the cryostat. But dry operation 

requires a direct heat path (mechanical connection) between the cryocooler cold stage and 

the magnet thimble (thus the term "conduction cooling"). In this case, special care must be 

taken to avoid mechanical vibrations from the cryocooler from being directly transmitted to 

the magnet, which could induce field instabilities. Additionally, dry magnets are dependent 

on continuous operation of the cryocooler. The magnet will quickly warm above the critical 

temperature of the superconducting wire if the cryocooler stops operating. This increases 

system vulnerability to power or cooling water loss. The ride-thru time can be extended by 

increasing the cold-mass; however, this would also result in longer startup/quench recovery 

times.

Modern GM cryocoolers are cheaper pulse-tube cryocoolers, but produce mechanical 

vibrations associated with the well-known "washing-machine" sound heard in every clinical 

scanner. In a traditional cryostat with LHe bath, the cryocooler is mechanically uncoupled 

from the magnet cold-mass; the cryocooler is connected only to the cryostat’s radiation 

shields and a second stage to a recondenser plate which reliquefies the rising gas in 

a zero boil-off design. GM cryocoolers also require maintenance every ~2 years, a 

significant operating cost. Pulse-tube cryocooler designs can be made without moving 

parts in the low-temperature subsection, offering mechanical stability and an improved 

maintenance life-cycle. There is a nearby moving piston, however, and unfortunately it 

usually contains a relatively strong paramagnet, potentially disrupting the B0 field. These 

problems notwithstanding, it seems likely that conduction cooled clinical MRI magnets will 

become available.

Reducing the diameter of superconducting magnets and focusing on a specific body part 

reduces magnet cost size and weight and has been applied to head, extremity, and neonatal 

scanners at conventional field strengths (1.5T and 3T). For example, the GE neonatal 1.5T 

scanner has a 52-cm bore length and weighs 408 kg.51 A recent commercial effort has 

coupled these strategies in a small solenoid head-only, conduction-cooled 1100 kg magnet 

at 0.5T.52 Another effort, funded by the NIH Brain Initiative, utilizes a 1.5T asymmetric 

"hair-dryer" style design with relaxed homogeneity specifications and high-temperature 

superconductors.53

Adjusting the standard superconducting solenoid design to permit true portability would 

pose several challenges if it was intended to be wheeled around while at field. Solenoid 

designs have large fringe fields, which would complicate movement logistics, and the 
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design would have to be highly shielded or readily ramp-able. Extensive shielding with 

superconducting windings leads to reduced efficiency, increased wire costs, and larger size 

(the shielding windings are typically large diameter). Shielding with an iron yoke adds 

considerable weight. Movable superconducting high-field magnets have been achieved over 

a limited movement range (such as the IMRIS interoperative system), but quench ventilation 

and cryogenic stability are challenging. Because of these issues, true portability will likely 

require a low-field or very low-field device where resistive magnets or permanent magnets 

lacking the cryogenic concerns become feasible.

Low-Field Permanent Magnets

Although low-field superconducting magnets are an option for reducing cost and footprint, 

once the field is lowered into the <0.3T range, the cryogenic system will likely dominate 

cost and other cheaper, simpler options are typically turned to including resistive magnets 

and permanent magnets. Resistive magnets incur heat dissipation challenges and add the 

cost of a stabilized power supply. Permanent magnet designs benefit from the stored energy 

in the magnetized material and power-free and cryogen-free operation, although they require 

some form of temperature control to stabilize the B0 field.

Strong permanent "rare-earth" magnets have been available since the early 1980s when 

the first sintered NdFeB rare-earth magnets were introduced.54 Early clinical low-field 

systems used a permanent magnet dipole design with iron yoke flux return such as the 

GE Signa Profile (0.2T), the Siemens Magnetom C! (0.35T), and the Hitatchi AIRIS 

(0.3T).55 Although known for being "open," the iron yokes and the rare-earth material itself 

made these systems heavier than 1.5T superconducting solenoid magnets. Nonetheless, with 

specialized applications and homogeneity relaxation, the magnet weight can be reduced to 

the portable level. For example, a 200 kg, 0.2T dipole permanent magnet with iron yoke has 

been recently operated in a minivan for imaging elbow injuries in baseball.56

Since these initial dipole-based low-field permanent MRI systems, a series of array-based 

designs have appeared following the work of Halbach.24 Assembling the magnetized blocks 

into arrays leads to a wealth of interesting configurations, many of which have recently 

been reviewed.57 The Halbach cylinder is an attractive choice for MRI. RF engineers will 

recognize it as being the permanent magnet analog of a birdcage RF coil. Phasing the 

magnetization direction angle from 0 to 4π creates a uniform field transverse to the cylinder 

axis.

For an idealized Halbach cylinder, the B0 strength is simply related to the remnant 

magnetization (Br) of the material and the inner (ri) and outer (ro) radius of the cylinder: 

B0 = Br ln(ro/ri). Thus, B0 = 0.51 T for a head sized magnet with ro = 36 cm and ri 

= 25 cm using N50-grade NdFeB (Br = 1.4 T). In practice, the fields are lower due to 

gaps between the discretized magnet segments and the finite cylinder length. An idealized 

Halbach cylinder also has no flux density outside the cylinder, suggesting that these are 

very self-shielded designs. Figure 4 shows flavors of the Halbach cylinder. Useful variants 

include oppositely oriented NdFeB and SmCo Halbach units in a configuration that cancels 

the temperature coefficient.23
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Some form of permanent magnet array has formed the basis of several current small-bore 

(preclinical) systems designed for cost and easy siting, including the Aspect Imaging M3 

and M7 and the Bruker Biospin Icon 1T scanner. Aspect Imaging also makes a 510k cleared 

neonatal scanner (Embrace) and wrist scanner (Wristview). Although the cost of rare-earth 

materials is volatile, the materials cost of a head-sized magnet is relatively cheap (under 

$10,000 USD) and can weigh as little as 120 kg.58 Several Halbach cylinders have been 

constructed with the goal of a low-cost brain MRI58-60 including with the use of magnet 

motion for image encoding.58-64 Figure 5 shows a prototype 80 mT brain scanner based on 

an optimized Halbach array58 with built in gradient for rotational projection encoding.59

Ultra-Low Field (ULF) Magnets

Further reduction of the B0 field below the ~20 mT lower limit of "low field MRI" results in 

further savings in magnet costs. Here, resistive electromagnets and very large field of view 

or very light-weight permanent magnet configurations are possible.65,66 But challenges arise 

from limited SNR. The work on ULF systems has been elegantly reviewed by Kraus et al.67 

The SNR issues have been addressed by prepolarization methods,66,68,69 SQUID, or atomic 

magnetometer detection,70-72 the use of hyperpolarized media,73,74 or very efficient pulse 

sequences such as balanced steady-state free precession (bSSFP).75 In some cases the "fix" 

to the SNR problem might be more costly than a higher strength magnet. Beyond the SNR 

problem, challenges arise from concomitant gradient fields and the bandwidth of RF coils 

(even modest Q tuned circuits have a narrower bandwidth than desirable).

Image Encoding (Gradient) System

Image encoding typically employs a 3-axis gradient system. However, modern parallel 

imaging acquisitions omit a substantial fraction of gradient encoding steps in k-space and 

make up for this with geometric information from the RF receive coil array.76,77 This 

trade-off between the gradient and receive subsystems potentially affords system designers 

the ability to choose where to place their resources. The low-power electronics in the 

receive system may better commoditize, allowing cost reduction from reduced gradient coil 

performance with accompanying reductions in electrical power and cooling infrastructure.

If the clinical use cases can be restricted, tailoring the gradient design to specific clinical 

applications (such as extremity or brain) is an attractive direction for reducing the size, cost, 

and power needs. In applications where the size of the coil can be reduced, the stored energy 

in the magnetic field is greatly lowered, since this scales as the volume of the gradient coil. 

The smaller coil delivers considerably more efficiency (field gradient per ampere of current). 

Thus, a knee or even head-only gradient is multifold more efficient than a whole-body 

system, lowering gradient driver costs, conductor cost, and cooling subsystem complexity.

A second level of cost reduction could potentially come from building in a "permanent" 

gradient into the magnet and utilizing that field for either readout or slice select. The 

MagneVu (Carlsbad, CA) wrist MRI used a 0.2T U-shaped magnet weighing about 90 kg 

with a static gradient in the B0 operating as a slice select gradient.78-80 Recent work has 

used the built-in gradient of a head-sized Halbach magnet for readout encoding of a RARE 

spin-echo train sequence, including rotating the magnet to acquire the additional radial 
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projections needed for a 2D image.59 The use of the built-in gradient for a readout requires 

a spin-echo to refocus the magnetization but it eliminates the need for a switched gradient 

coil in this direction. Note that the readout gradient has a special role in MRI in that it must 

dominate the other gradients present, for example, from an inhomogeneous magnet. Phase 

encode gradient blips surrounding the 180 refocusing pulses in a spin-echo sequence do not 

have this requirement, since the spin-echo mechanism refocuses the magnet inhomogeneity. 

In this way, phase encoding works even in very inhomogeneous fields.36

Thus, for a system whose magnet cost has been reduced by relaxing homogeneity 

constraints, the use of a built-in gradient and spin-echo-based sequence is attractive because 

it eliminates one of the three gradient coils and amplifier channels. A second gradient 

channel can be eliminated by rotating the magnet a small amount (1–3°) per repetition time 

(TR) period to achieve radial in-plane encoding.59 Silent or near-silent operation is a side 

benefit of eliminating the large switching readout gradient. Most of the desired MR contrasts 

are readily available with spin-echo or RARE-type techniques, including proton density, 

T2, FLAIR prepped T2, and T1 (with an inversion prep). Even diffusion weighting can 

be seen. This is common in the well-logging industry where diffusion weighting from the 

effects of diffusion in the permanent field gradient is uncovered by modulating the RARE 

echo-train timing.38 However, gradient echo sequences such as the T2*-weighted images are 

not possible with a static readout, but little T2* contrast is possible at low field anyway.

Finally, although shielded gradients were an enabling technology to today’s high-field MRI 

scanners, significant efficiency improvements and accompanying cost reduction could be 

achieved by eliminating the shielding windings. The shielding windings greatly reduced 

the eddy currents generated on the magnet bore and cold conducting structures within the 

cryostat and magnet. As such, cryogenic-free designs are perhaps more amenable to this, 

since they lack the cold, conducting structures. Other approaches might also impact this 

problem, including improved preemphasis, dynamic field monitoring systems81 coupled 

with incorporation into image reconstruction.82

RF Subsystem, Console, and Computational System

To a first approximation, the RF transmit and receive needs of portable and low-cost MRI 

are identical to conventional systems at that field strength, since high sensitivity and some 

degree of parallel imaging are likely still needed. We note that POC use by less expert users 

would suggest an emphasis on simplicity, and a specialized scanner (for a particular set 

of clinical applications) might not require the breadth of coils found in a standard clinical 

MRI suite. The RF subsystem adds cost mainly through the high power RF amplifier system 

needed for spin excitation. Typically, >20 kW of peak power is needed, but this scales 

with the excitation coil volume and can thus be greatly reduced for dedicated scanners. For 

example, only about 5 kW is needed for a head scanner and less for an extremity scanner. 

Reducing the B0 field also increases the power efficiency of excitation, since tissue losses 

dominate the power dissipation (above ~0.5T) and scale as the square of the frequency. 

Low-cost RF power amplifiers have been introduced to try to support accessible MRI 

efforts, including an ~3000 € 1 kW open-source effort.83 Other approaches include efficient 
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switched mode modular RF amplifiers with the potential to be placed directly on the RF 

transmit coil.84-86

The RF receive system costs can escalate with a large number of parallel channels. To 

this end, commoditization of these small-signal units could further reduce cost. Full-scale 

integration efforts are underway to reduce an MRI preamplifier and receiver (including 

ADC) into a single CMOS chip for mounting on each receive coil element.87,88 These 

single-chip MR receiver systems might aid the development of hand-held (single-sided) MR 

devices, as well as their original goal of creating wireless receive coils.

Conventional MRI consoles retain their high cost despite continued advances and cost 

reductions in the electronics behind them. The high cost results from nonrecurring 

development costs and low-volume production of specialized hardware components in 

the console, as suitable off-the-shelf components are not available for many parts of 

the MRI console. Although several inexpensive ($2,000 to $10,000) MRI consoles have 

been developed with other approaches,89-91 many of the MRI specialized RF signal chain 

components and signal processing modules can be implemented with a modern FPGA. 

Implementing fully digital transmitters and receivers in FPGA hardware means that less 

specialized analog electronics are needed. The console then essentially becomes a software 

project with substantially lower hardware development costs. For example, an open-source 

FPGA MRI console based on the $349 USD STEMLab/Red Pitaya device has recently been 

described for controlling and acquiring spin-echo, gradient echo, single shot echo-planar 

imaging, and single-shot spiral imaging.92,93 This system uses Xilinx Zynq 7010 SoC, 

two 125 Msps 14-bit resolution ADCs, and two 125 Msps 14-bit resolution DACs and 

16 DIO pins connected to the programmable logic. The entire pulse sequence execution 

and real-time control are performed by the integrated Dual-Core ARM9 CPUs running at 

a clock speed of 866 MHz and running software on an embedded Linux OS. The result 

is two fully programmable transmit and two receive channels that directly synthesize and 

digitize between signals between DC and 40 MHz (suitable for low-field systems). The $349 

price tag underscores how the console of a low-cost system could be dominated entirely by 

software development costs.

Another aspect of console cost for conventional clinical systems is the rather large software 

applications environment and the cost of development and maintenance of this software. 

This perhaps exceeds the cost of the hardware. Low-field portable MRI systems are often 

designed for specific purposes, and therefore should be able to operate with a much smaller 

focused software environment, rather than providing all the applications a general-purpose 

clinical MRI device demands. Additionally, open-source sequence and image reconstruction 

projects are underway94 and can potentially reduce software development costs. Finally, we 

note that some of the strategies proposed for low-cost systems will require model-based 

iterative image reconstruction methods.95 This will likely entail retaining a full-power 

image-processing computer or moving the image reconstruction to a cloud-based system.
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Other Components

Other components, such as the patient table, depend more on driving the cost out of 

manufacturing. RF coils tend to have a high cost relative to component costs, which likely 

reflects development costs.

Potential Clinical Applications of Low-Cost, Portable, and POC MRI

Broad and impactful applications are needed to drive the considerable technical effort 

required to significantly reduce cost or create truly portable or POC MRI. The potential 

directions are likely different for each of these three cases. Low-cost MRI could be 

immediately useful in providing access to all the many existing clinical applications of 

MRI for those patients for whom insufficient scanner resources exist.3 A lower cost and 

the improved footprint associated with portability also allows MRIs to be sited in facilities 

normally lacking MRI scanners, such as Emergency Departments, ICUs, and recovery 

rooms, as well as smaller health clinics. A sufficiently inexpensive scanner does not need to 

be as heavily utilized to recoup investment. Note that a low-cost device can add value even if 

it cannot perform all possible MRI examinations.

Clinical applications for portable and POC devices are harder to foresee. Since truly portable 

or POC MRI scanners are not yet commercially available, we can only speculate that they 

could take over some of the applications currently served by portable CT, where MRI can 

offer better soft-tissue contrast or repeated x-ray doses are undesirable. The safety of a 

repeated application of MRI suggests that POC MRI devices might find applications more 

resembling patient monitoring than a traditional diagnostic role. The difficulty of intracranial 

monitoring with other modalities suggests a possible role for POC MRI.

Conclusion

A series of technical design advances and system topology innovations are significantly 

shifting the landscape of what the MRI of the future can look like. Based on the 

successes other medical imaging modalities have gained by increasing accessibility and 

addressing POC markets, any morphology changes that MRI scanners can undertake are 

likely to pay off by extending benefits to existing patients and reaching new populations 

of patients. Although no truly portable commercial MRI scanner has been introduced to 

date, considerable work has been put into the feasibility of such a system, including light-

weight, low-field extremity and brain magnets with the needed mobility. Further work in this 

direction is poised to provide insight into the clinical utility of such systems.
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FIGURE 1: 
Marie Curie circa 1915 shown with one of her mobile x-ray units used during WWI. Source: 

http://www.nobelprize.org/nobel_prizes/physics/articles/curie/images/c_truck.jpg.
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FIGURE 2: 
Estimate of the relative component costs within a low-end conventional 1.5T scanner. Costs 

are estimated for high-volume commodity production (runs of ~1000 per year) and would 

be considerably higher for one-off, or laboratory instrumentation. Note that a low-end 

system with a market price of about $800,000 USD and a 4× markup over components cost 

suggests a total components cost of $200,000 USD leaving a cost of about $75,000 USD 

for the magnet and cryostat. Costs, of course, depend on the detailed specifications, and are 

treated as proprietary figures in the industry. Thus, these estimates are based on the authors’ 

intuition and not specific data.
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FIGURE 3: 
Magnet wire cost as a function of magnet length L and bore diameter D (both expressed as 

a fraction of the diameter of the homogeneous region, DSV) for superconducting solenoid 

designs. This design analysis shows the rapid rise in cost for short magnets and constructing 

a homogeneous magnet shorter than Lopt quickly becomes expensive (a 1 ppm homogeneity 

in the DSV was used in this analysis). For all the designs studied, the optimal length 

followed the relationship Lopt = 1.18 DSV + 0.77 D. From Xu et al. In: Proc 7th Annual 

Meeting ISMRM, Philadelphia; 1999. p 475.47
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FIGURE 4: 
Halbach cylinder designs of potential interest for low-field MRI. In the Halbach cylinder, 

a nearly uniform transverse field is produced inside the cylinder if the magnetic moment 

of the magnetized material is phased from 0 to 4π azimuthally. Note that this is 

similar to the phase relationship for a birdcage coil where a 0 to 2π azimuthal phase 

relationship is used. Top row shows an ideal cylinder with continuous magnetization and a 

more practical approximation comprising keystone-shaped sections. Far top right shows a 

simpler to construct configuration using only identical rectangular blocks and with all the 

magnetization vectors normal to a face. The phase relationship comes only from rotations 

of the blocks. The bottom row shows further optimizations allowing degrees of freedom to 

be adjusted to achieve a target field pattern (typically either a uniform field or a monotonic 

gradient) despite the imperfections of the array (eg, finite cylinder and sparse population). 

One option is to maintain linear rungs of material but vary the material. A second approach 

is to maintain rings of material but allow varying diameters.
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FIGURE 5: 
A prototype portable brain MRI scanner based on the Halbach permanent magnet described 

in Cooley et al (IEEE Trans Magn 2018;54)58 and configured for rotational encoding as 

in Cooley et al (Magn Reson Med 2015;73:872–883).59 The magnet weighs ~125 kg and 

achieves an 80 mT B0 field.
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