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New opportunities with mid/low field MRI

• High-performance lower field MRI technology 
• New clinical applications

1. Lower cost MRI
2. MRI-guided cardiovascular procedures
3. Comprehensive lung imaging
4. Other: high susceptibility regions, implant accessibility

2

adrienne.campbell@nih.gov

MRI system performance
High performance = 
• Gradient performance
• Magnet design 
• Receiver hardware
• RF transmission
• Pulse sequences
• Computational capabilities

VS. 

“low field MRI”
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High performance = 
• Gradient performance
• Fast 
• Shielded
• High fidelity

• Magnet design 
• Receiver hardware
• RF transmission
• Pulse sequences
• Computational capabilities

b = 50 b= 400 b = 800 ADC map

MRI system performance
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High performance = 
• Gradient performance
• Magnet design
• B0 homogeneity 
• Field stability

• Receiver hardware
• RF transmission
• Pulse sequences
• Computational capabilities

b = 50 b= 400 b = 800 ADC map

Artifact reductionThoracic imaging

MRI system performance
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High performance = 
• Gradient performance
• Magnet design
• Receiver hardware
• Local arrays
• Receive chain architecture

• RF transmission
• Pulse sequences
• Computational capabilities

b = 50 b= 400 b = 800 ADC map

Thoracic imaging

Dynamic bSSFP

MRI system performance

Artifact reduction
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High performance = 
• Gradient performance
• Magnet design
• Receiver hardware
• RF transmission
• B1 homogeneity
• SAR limitations

• Pulse sequences
• Computational capabilities

b = 50 b= 400 b = 800 ADC map

T2 HASTE

Dynamic bSSFP

Thoracic imaging

MRI system performance

Artifact reduction
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High performance = 
• Gradient performance
• Magnet design
• Receiver hardware
• RF transmission
• Pulse sequences
• New acquisition methods
• Optimized sequences
• Free breathing

• Computational capabilities

b = 50 b= 400 b = 800 ADC map

T2 HASTE
3D SPACE

Spiral bSSFP

Dynamic bSSFP

Thoracic imaging

MRI system performance

Artifact reduction
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High performance = 
• Gradient performance
• Magnet design
• Receiver hardware
• RF transmission
• Pulse sequences
• Computational capabilities
• Compressed Sensing
• AI reconstruction + 

processing

b = 50 b= 400 b = 800 ADC map

Dynamic bSSFP

T2 HASTE
3D SPACE

Spiral bSSFP
bSSFP with non-
linear denoising

Thoracic imaging

MRI system performance

Artifact reduction
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High performance = 
• Gradient performance
• Magnet design
• Receiver hardware
• RF transmission
• Pulse sequences
• Computational capabilities

b = 50 b= 400 b = 800 ADC map

T2 HASTE
3D SPACE

Spiral bSSFP

Low field systems have not 
benefited from most of these 
developments made in the 
past several decades

Dynamic bSSFP

bSSFP with non-
linear denoising

Thoracic imaging

MRI system performance

Artifact reduction

Images from the 0.55T MRI system
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• Superconducting magnet design  
• <0.5ppm, <12Hz (25cm sphere)

• Fast, shielded, high fidelity gradients
• 45mT/m @ 200mT/m/s

• Phased array coils
• Spine-18, Body-6, Head/Neck-16 arrays

Ramp down 1.5T → 0.55T

Campbell-Washburn AE, Ramasawmy R, Restivo MC, Bhattacharya I, Basar B, Herzka DA, Hansen MS, Rogers 
T, Bandettini WP, McGuirt DR, Mancini C, Grodzki D, Schneider R, Majeed W, Bhat H, Xue H, Moss J, Malayeri
AA, Jones EC, Koretsky AP, Kellman P, Chen MY, Lederman RJ, Balaban RS. Opportunities in interventional 
and diagnostic imaging using high-performance low field MRI. Radiology, 2019; 293(2):384-393.

Campbell-Washburn AE, et al. Radiology, 293:384-393 (2019).

Siemens MAGNETOM Aera    
2018

Pairs contemporary hardware and imaging methods with a lower field strength
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0.55T imaging methods

Spiral In-Out bSSFP 
(TR = 8ms, readout = 6.5ms)

Exploits improved field homogeneity for 
long spiral readout and long TR without  

blurring or banding

Efficient data 
sampling

Advanced image 
reconstruction 

MR fingerprinting
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Compressed sensing reconstruction 

Restivo MC, et al. Magn. Reson. Med; 84(5):2364-2375 (2020). 
Campbell-Washburn, et al. Under Review
Bandettini WP, et al. J Cardiovasc Magn Reson; 22(1):37 (2020).
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1. Lower cost MRI
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T1 TSE    T2-TSE T2-TSE
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T2-TSE

Possible lower cost for routine MRI applications? 
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System costs

Wald LL, et al. JMRI, 52(3):686-696 (2020)

Cost 
decrease

Cost decrease

Cost 
increase

Siting costs
• Lighter system
• Less shielding 
• Less helium

Cost 
decrease
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0.55T 1.5T
Breath-held

cine

Free-breathing 
cine

Bandettini WP, et al. J Cardiovasc Magn Reson; 22(1):37 (2020).
Bandettini WP, et al. JACC: Cardiovascular Imaging (In Press).

0.55T vs. 1.5T cardiac imaging

Late-gadolinium 
enhancement

High measurement concordance and consistent interpretation
bSSFP Spoiled GRE
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0.55T vs. 1.5T spine and abdomen imaging
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Images from NYU 
Hersh Chandarana, Jan Fritz, Daniel Sodickson

Chandarana et al, ISMRM 2021: # 3830Samim et al, ISMRM 2021: # 3821

Lower 
gradient 

performance

Higher 
gradient 

performance
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Ultra-low field MRI

510K cleared

Sarracanie M, et al. Sci 
Rep 5, 15177 (2015).

6.5mT

Cooley C, et al. arXiv (2020).

80mT
50mT

O’Reilly T, et al. MRM; 
85(1):495-505 (2021).

65mT

Hyperfine
• Much lower cost
• “DIY” systems with open source resources available
• Applications
• Point-of-care imaging (eg. ICU, emergency room)
• Mobile imaging (eg. ambulance, battlefield)

18



7/23/21

4

adrienne.campbell@nih.gov

2. MRI-guided invasive procedures
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MRI guided catheterization

1.5T imaging

Real time bSSFP + flow sensitive saturation pulse
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MRIX-Ray
MRI-guided cardiovascular interventions
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Chamber pressure

Flow+ function

Accurate Pulmonary 
Vascular Resistance

Inhaled 100% O2 
+ 40ppm NO

Physiological provocations

or

MRI catheterization with plastic catheters

>115 patients at NIH
>50 pediatric patients at CNMC
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Metallic Device Safety

Medstar Washington 
Hospital Center
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Gel phantom for worst-case scenario (ASTM 2182)

Metallic Device Safety

Medstar Washington 
Hospital Center

RF pulses

Start 
imaging

24
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MRI-safe materials are 
mechanically inadequate

Use polymer 
devices? 

Reduce Device Heating
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MRI-safe materials are 
mechanically inadequate

Use polymer 
devices? 

Image with lower RF 
power and duty-cycle

ΔT
  (

°C
)

time

bSSFP Cartesian imaging

(flip = 60°, TR = 2.5ms)

GRE Spiral imaging
(flip =10°, TR = 10ms)

67x 
reduction

Reduce Device Heating
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• Introduced a metallic guidewire for right heart catheterization
• Incremental stiffness and conspicuity to the catheter shaft 
• Guidewire tip often not visible
• 100% procedural success vs. 94% without guidewire

IVC→SVC RV → MPA

Campbell-Washburn AE. JCMR. 20(1):41 (2018).

MPA → LPA

First-in-human metallic device @ 1.5T
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MRI-safe materials are 
mechanically inadequate

Use polymer 
devices? 

Image with lower RF 
power and duty-cycle

ΔT
  (

°C
)

time

bSSFP Cartesian imaging

(flip = 60°, TR = 2.5ms)

GRE Spiral imaging
(flip =10°, TR = 10ms)

67x 
reduction

Make MRI 
system safer

0.5T 1.5T 3T 7T

B0

Heating ∝ B0
2

7.5X reduction 
in heating

0.55T 1.5T 3T 7T

Reduce Device Heating
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Commercial Metal Guidewire
0.035”/180cm “Micro-J”-tip Terumo Glidewire

+ 
Standard real time MRI 

Cartesian bSSFP, flip angle = 45°, TR = 4ms, 
partial saturation pulse = 60°

• No adverse events
• Multiple IRB approved metal devices

• Guidewires
• Stainless steel braided catheters 

Clinical right heart catheterization at 0.55T

Real time bSSFP + partial saturation pulse (0.55T) 

Campbell-Washburn AE, et al. Radiology, 293:384-393 (2019).
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Next procedures
Structural Heart Interventions Therapeutic Chemoablation

The burden of 
safety is now on 
device visualization
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MRI-guided radiotherapy

0.35T – 1.5T MRI-linac systems are commercially available

Cardiac radioablation

Mayinger M, et al. Radiother Oncol; 152:203-207 (2020)Olsen J., et al. Mo Med; 112:358–360 (2015).

Localization for irradiation
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3. Lung MRI
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0.55T MRI

1.5T 
MRI

Patient with lymphangioleiomyomatosis (LAM)

CT

MRI of the lung at 0.55T
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Healthy Volunteer LAM Cysts Cavitary Lesions 7mm Nodule

Infiltrate BronchiectasisEdema

T2-weighted imaging

T2-weighted Turbo Spin Echo
TE = 47ms

Respiratory triggered
~10min for 32 slice coverage 
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Imaging acute COVID-19 infection

MRI

CT

Campbell-Washburn AE, et al. Radiology; 299:E246-E247 (2021).
Heiss R, et al. MRI; 76:49-51 (2021).
Azour L, et al. ISMRM 2021:#0219.

Patient #1 Patient #2 Patient #3
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Cohen's 
kappa 

statistic
Cavitation 1.00
Consolidation 1.00
Scattered solid nodularity 0.82
Mucus plug 0.68
Pleural effusion 0.64
Bronchiectasis or bronchial 
wall thickening

0.61

Ground glass opacity 0.57
Atelectasis or scarring 0.56
Tree-in-bud nodularity 0.48

n = 18

0.55T MRI CT
0.8 mm x 0.8 mm x 2mm1.1mm x 1.1 mm x 6mmComparison with CT

Campbell-Washburn AE, et al. Radiology: Cardiothoracic Imaging (in Press).
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7mm Nodule Healthy Volunteer

• Stack-of-spirals ultra-short TE (UTE)
• 1.75mm x 1.75mm x 1.75mm
• Self-gated
• 8min acquisition
• 4min inline reconstruction + 

artifact correction

Free-breathing 3D isotropic resolution UTE

40 GB 
Acquisition 

(15 min)

Sort data 
based on 
navigator

Trajectory correction 
by measured gradient 

system impulse 
response function 

Concomitant 
field 

correction

CG-SENSE 
recon

COVID-19

Javed A, et al. ISMRM 2021: #596
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𝐵! 𝑥, 𝑦, 𝑧, 𝑡 =
1
2𝐵"

𝐺#$𝑧$ + 𝐺%$𝑧$ + 𝐺&$
𝑥$ + 𝑦$

4
− 𝐺#𝐺&𝑥𝑧 − 𝐺%𝐺&𝑦𝑧

Worse with high gradient amplitudes

Concomitant fields
Worse farther from isocenter

Worse at lower field strengths

Phase distribution 
(depends on gradient waveform design) Before correction After correction

Javed A, et al. ISMRM 2021: #596
King KF, et al. MRM;41:103–112 (1999)
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Comprehensive lung imaging at 0.55T
Structure Ventilation Perfusion

400

500

600

700

800

900

1000

1100

1200

Tissue 
characterization Blood oxygen

Patient with LAM

Patient with CTEPH

Patient with lung mass

Campbell-Washburn AE. AJCCRM, 201:1333-1336 (2020).

Dynamics

We can use MRI to 
characterize tissue 
and lung function
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0.55T

1.5T

1M. E. Mirhej. Canadian Journal of Chemistry 43, 1130-1138 (1965).

0.55T: r1 = 4.7e-4 mmHg-1s-1 ( 
1.5T: r1 = 3.1e-4 mmHg-1s-1

Oxygen-enhanced imaging

Room Air 100% Oxygen

More signal increase at 0.55T
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Oxygen signal enhancement maps
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Patients with LAM

Bhattacharya I, et al. Under review.
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4. Other clinical opportunities

42
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Pacemakers + other implants are inherently safer

Lead heating
ΔT = 25°C

Lead heating 
ΔT = 0.5°C0.55T

1.5T

leads

leads
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Metallic device artifacts

1.5T

0.55T

CIEDsImplants
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Imaging high susceptibility regions

Airway imaging

bSSFP

Cranial sinuses

ADC map DWI (b = 50)

Gut imaging

Single shot spiral 
8.5ms readout 
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Lower cost + 
accessible

New/improved clinical applicationsDifferent contrast 
mechanisms

Data sampling + 
advanced reconstruction

Summary: High-performance low field MRI

Denoising 
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