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Background: Commercial low-field-strength MRI systems are generally not equipped with state-of-the-art MRI hardware, and are
not suitable for demanding imaging techniques. An MRI system was developed that combines low field strength (0.55 T) with
high-performance imaging technology.

Purpose:  To evaluate applications of a high-performance low-field-strength MRI system, specifically MRI-guided cardiovascular
catheterizations with metallic devices, diagnostic imaging in high-susceptibility regions, and efficient image acquisition strategies.

Materials and Methods: A commercial 1.5-T MRI system was modified to operate at 0.55 T while maintaining high-performance
hardware, shielded gradients (45 mT/m; 200 T/m/sec), and advanced imaging methods. MRI was performed between January
2018 and April 2019. T1, T2, and T2* were measured at 0.55 T; relaxivity of exogenous contrast agents was measured; and clinical
applications advantageous at low field were evaluated.

Results:  There were 83 0.55-T MRI examinations performed in study participants (45 women; mean age, 34 years = 13). On average,
T1 was 32% shorter, T2 was 26% longer, and T2* was 40% longer at 0.55 T compared with 1.5 T. Nine metallic interventional
devices were found to be intrinsically safe at 0.55 T (<1°C heating) and MRI-guided right heart catheterization was performed

in seven study participants with commercial metallic guidewires. Compared with 1.5 T, reduced image distortion was shown in
lungs, upper airway, cranial sinuses, and intestines because of improved field homogeneity. Oxygen inhalation generated lung signal
enhancement of 19% = 11 (standard deviation) at 0.55 T compared with 7.6% = 6.3 at 1.5 T (P = .02; five participants) because
of the increased T1 relaxivity of oxygen (4.7e—4 mmHg'sec™!). Efficient spiral image acquisitions were amenable to low field
strength and generated increased signal-to-noise ratio compared with Cartesian acquisitions (P < .02). Representative imaging of
the brain, spine, abdomen, and heart generated good image quality with this system.

Conclusion:  This initial study suggests that high-performance low-field-strength MRI offers advantages for MRI-guided catheteriza-
tions with metal devices, MRI in high-susceptibility regions, and efficient imaging.
©RSNA, 2019
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n North America most clinical MRI is performed at
I1.5 T or 3.0 T, and some research applications have
moved to 7.0 T. High field is motivated by higher po-
larization, promising increased signal-to-noise ratio
(SNR), and resolution. However, this causes image
distortion, constrained imaging efficiency, increased
specific absorption rate, and higher cost. For some ap-
plications, low field strength may offer intrinsic advan-
tages (1,2). At low field strength, short T1 and long T2*
allow more efficient pulse sequence design; imaging

near air-tissue interfaces is improved by virtue of re-
duced susceptibility gradients; and specific absorption
rate is reduced, which can diminish heating of con-
ductive devices and implants, and can eliminate pulse
sequence parameter constraints (3). Commercial lower
field systems have been largely overlooked as hardware
and software have improved over the last 2 decades,
and therefore are not well-suited for technically de-
manding imaging. We developed and evaluated a cus-
tom 0.55-T MRI system equipped with contemporary
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Abbreviation

SNR = signal-to-noise ratio

Summary

Low-field MRI combined with contemporary high-performance
MRI hardware and advanced image acquisition and reconstruction
strategies has advantages for some technically demanding applications
including MRI-guided interventions, imaging anatomy near air-tissue
interfaces, and efficient image acquisition methods.

Key Results

m We performed 83 MRI examinations in study participants (83
participants; 45 women; mean age, 34 years * 13 [standard deviation])
with a custom 0.55-T MRI system that combines low field
strength with contemporary hardware and imaging methods.

= MRI-guided cardiovascular catheterizations were performed in
seven study participants with commercially available metallic
guidewires that generate negligible heating during real-time MRI
at 0.55T.

= High-performance low-field-strength MRI reduced image distortion
in high-susceptibility regions, including the lung, and oxygen was
determined to have high T1 relaxivity (4.7e—4 mmHg 'sec™!) at
0.55 T, allowing greater signal intensity enhancement at inhalation
of 100% oxygen, compared with 1.5 T (P = .02).

magnet, gradient, and radiofrequency systems for advanced
imaging applications.

We characterized in vivo tissue relaxation parameters and ex-
ogenous contrast agent performance at 0.55 T. We then dem-
onstrated applications that may be well suited to a high-per-
formance low-field-strength MRI platform. Finally, we tested
early feasibility of routine MRI with this system configuration.

We chose three technically demanding applications for this
initial investigation. First, we hypothesized that high-perfor-
mance low-field-strength MRI could offer reduced device heat-
ing with sufficient real-time cardiac imaging performance to ac-
complish catheter navigation in study participants. Low field
may obviate the radiofrequency-induced heating that has ham-
pered the clinical adoption of MRI cardiovascular catheteriza-
tion (4,5). Second, by leveraging reduced absolute susceptibility,
which is linear with field strength, low field strength can improve
imaging near air-tissue interfaces. We predict that our contem-
porary 0.55-T system will improve image quality in anatomy
near the cranial sinuses, lungs, airways, and intestines, which can
be irrevocably distorted at higher fields. Third, we propose that
SNR-efficient imaging that leverages short T1 and prolonged
T2* at low field strength, such as echo-planar imaging and spiral
readouts, is amenable to lower fields.

The purpose of this study was to evaluate applications of
a high-performance low-field-strength MRI system, specifically
MRI-guided cardiovascular interventions, diagnostic imaging in
high-susceptibility regions, and efficient imaging schemes.

Materials and Methods

Our institutional review board approved this study and writ-
ten informed consent was obtained from all participants.
Employees of Siemens Healthcare assisted with system modifi-
cation. The first and senior authors controlled the data. Between
January 2018 and April 2019, we performed 83 research MRI
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examinations in 83 participants (45 female participants; mean
age, 34 years = 13 [standard deviation]). We performed
68 examinations in healthy participants and 15 examinations
in participants with disease. Participants underwent technical
development imaging (72 = 38; 23 female participants; mean
age, 34 years = 14), parametric mapping (7 = 38; 17 female
participants; mean age, 31 years = 11), or MRI-guided cath-
eterization procedures (7 = 7; five female participants; mean

age, 49 years = 17).

MRI System

We modified a commercial MRI system (1.5-T Magnetom
Aera; Siemens Healthcare, Erlangen, Germany) to operate
at 0.55 T and retain gradient performance (maximum gra-
dient amplitude, 45 mT/m; maximum slew rate, 200 T/m/
sec). Phased-array receiver coils including an 18-channel spine
array, six-channel body arrays, and a 16-channel head array
were retuned to 23.6 MHz and used for imaging. We per-
formed comparison studies at 1.5 T (Magnetom Aera, Siemens
Healthcare).

Heating Experiments

Standard procedure American Society for Testing and Materi-
als, or ASTM, 2182F (6) (ASTM International, Aztps:/fwww.
astm.org/Standards/F2182.htm) was used to assess the heating
of conductive devices and implants at 0.55 T with fiberoptic
temperature probes (OpSens Solutions, Quebec, Canada).
Sixteen commercial nitinol guidewires and stainless-steel
braided catheters considered to be unsafe at 1.5 T were evalu-
ated as candidates for MRI-guided catheterization at condi-
tions known to generate maximal heating (7) (Table E1 [on-
line]). For the purpose of clinical catheterization, we defined
a safety margin of less than 1°C of heating at the device tip
during 2 minutes of continuous, high-specific-absorption-
rate, real-time imaging (flip angle, 65° radiofrequency pulse
length, 600 psec; repetition time msec, 2.5). To assess cardio-
vascular implantable electronic device safety at 0.55 T, heating
at the tip of 50-cm pacemaker leads (Vitalio Pacemaker; Bos-
ton Scientific Corporation, Marlborough, Mass) was evaluated
according to ASTM 2182F

Patient Catheterization

Seven study participants (mean age, 49 years = 16; five
women) underwent clinically indicated right heart catheteriza-
tion guided by real-time MRI fluoroscopy. Transfemoral ac-
cess was attained in the adjoining radiography catheterization
laboratory, and a polymer balloon wedge end-hole catheter
(t-tip, dual-lumen including inflation port, 7 F X 110 cm,
0.038-inch lumen; Swan-Ganz Flow-Directed Monitoring
Catheter Model T111F7, Edwards Lifesciences, Irvine, Calif)
was guided to the inferior vena cava, superior vena cava, right
atrium, right ventricle, main pulmonary artery, and branched
pulmonary arteries into a wedge position with MRI guidance
for invasive pressure measurements. Catheter navigation used
multiplanar real-time balanced steady-state free precession im-
aging (repetition time msec/echo time msec, 4/2; flip angle,
45° field of view, 400 mm; section thickness, 8—24 mm, 160
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Figure 1: A Reduced heating during real-time MRl is illustrated for a metallic commercial guidewire {180 cm X 0.035 inches with angled tip; Glidewire, Terumo,

Tokyo, Japan). B, A balloon filled with gadolinium chelate is shown (arrowheads) during navigation of a metallic guidewire for MRI-guided right heart catheterization in
a 64-year-old woman. Standard balanced steady-state free precession imaging with a partial saturation preparation was used for imaging at 0.55 T (repetition time

msec/echo time msec, 4/2; flip angle, 45°; field of view, 400 mm; secfion thickness, 8-24 mm; 160 X 144 matrix; accelerafion factor of two; partial saturation

prepulse [8] flip angle, 60°). AT = change in temperature following 2 minutes of continuous real-ime balanced steady-state free precession imaging, LPA = left pulmo-

nary artery, MPA = main pulmonary artery, RA = right afrium, RV = right ventricle.

X 144 matrix; acceleration factor of two; and 3.4 frames per
second). A nonselective magnetization preparation pulse (8)
(flip angle, 60°) was applied before each image to view the bal-
loon catheter tip filled with dilute gadolinium chelate (gadobu-
trol, 0.5% dilution from stock). A conductive metallic guide-
wire (180 cm X 0.035 inches; GR3525 Glidewire Micro J-tip,
Terumo, Tokyo, Japan) was used as an adjunct.

Imaging Near Air-Tissue Interfaces

To evaluate imaging near air-tissue interfaces, T2-weighted
fast s-echo images of the lung were acquired in one healthy
female participant (age, 26 years) and in one woman with
lymphangioleiomyomatosis (9) (age, 54 years) at both 0.55 T
and 1.5 T. Inhalation of 100% oxygen at 15 L/min through
a nonrebreather mask was used for signal intensity enhance-
ment in the lung (10-12) with T'1-weighted ultra-short echo-
time imaging. We measured changes in signal intensity, lung
T1, and arterial blood T1 between inhalation of room air
and oxygen in five matched participants (three women; mean
age, 35 years = 14) at 0.55 T and 1.5 T. In addition, we per-
formed imaging of the upper airway for real-time sleep and
speech imaging (13) applying a golden angle spiral acquisi-
tion with a 9.4-msec readout duration at 0.55 T and 1.5 T
for image quality comparison (two male participants, ages 24
and 28 years). Real-time speech images were reconstructed
with a compressed sensing method that constrains temporal
finite difference (temporal resolution = 1, repetition time =
11 msec) (14,15). We assessed single-shot echo-planar imag-
ing distortion of diffusion-weighted imaging in high-suscep-
tibility regions near the cranial sinus and near the intestines
in matched participants at 0.55 T and 1.5 T (two male par-
ticipants, ages 30 and 32 years).

Imaging Efficiency

Efficient data sampling strategies are well suited to low field
strength because prolonged T2* allows for longer signal
readouts and shorter T1 permits shorter repetition time.
We implemented SNR-efficient spiral-out balanced steady-
state free precession (16) and spiral-out spin-echo (17) ac-
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quisitions with prolonged data sampling readouts (balanced
steady-state free precession readout, 6 msec; spin-echo read-
out, 21 msec) to exploit these relaxation properties. We did
not use off-resonance correction because blurring is minimal
due to field homogeneity. K-space trajectory correction used
the gradient system impulse response function measured for
the system (18). The SNR of spiral-out acquisitions at 0.55
T, Cartesian acquisitions at 0.55 T, and Cartesian acquisi-
tions at 1.5 T were compared in healthy participants for
blood and myocardium (balanced steady-state free preces-
sion sequence, seven participants [six women]; mean age, 24
years * 4), and white matter and gray matter (spin echo se-
quence, five participants [three women]; mean age, 35 years
*+ 17). Importantly, we fixed total image acquisition time
between comparator protocols and only modified sampling
efficiency, defined as time sampling data per total acquisi-
tion time, to increase SNR (19). We calculated SNR by the
method of pseudoreplicas (20).

Image Contrast

We measured T1, T2, and T2* in vivo in the white matter,
gray matter, myocardium, arterial blood pool, liver, lung,
kidney cortex, and fat (39 participants; 17 women; mean
age, 31 years * 12), and compared measurements to values
for 1.5 T in the literature (imaging parameters and 1.5-T
references are provided in Appendix E1 Materials section
[online]).

T1 and T2 relaxivity (r1 and r2) of clinical gadolinium-
based contrast agents, oxygen, and larger molecular-weight
contrast agents ferumoxytol, gadofosveset, and gadolinium
dendrimers were calculated. Contrast agents were diluted
in phosphate-buffered saline and relaxivity was measured at
room temperature at 0.55 T and 1.5 T (Table E2 [online]).

Routine Imaging

We performed routine MRI sequences for imaging brain, ab-
domen, spine, and heart by using this system configuration for
both healthy participants and patients with known pathologic
abnormalities (seven participants [five women]; mean age, 35
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1.5T
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Figure 2: A lungs show increased signal intensity at 0.55 T compared with 1.5 T because of improved field homogeneity demonsirated in a healthy
26-year-old woman and a 54-year-old woman with lymphangioleiomyomatosis (T2-weighted fast spin echo; repetition time msec/echo time msec,

4403 /47, field of view, 270 X 360 mm; 480 X 640; 32 secfions; section thickness, & mm; bandwidth, 260 Hz per pixel; respiratory triggered). B, Re-
duced image distortion around air-tissue inferfaces is shown in two men (ages 24 years and 28 years) for real-ime speech imaging, wherein the velum is not
visible at 1.5 T because of off-resonance blurring (arrow; pseudo—golden angle spiral gradient echo; section thickness, 10 cm; field of view, 280 mm X 280
mm; spatial resolution, 2.2 X 2.2 mm; 11.3,/0.86; sampling duration, 9.4 msec; acceleration factor of six). C, Single-shot echo-planar diffusion-weighted im-
aging near the bowel in a 32-year-old man shows improved boundary delineation at 0.55 T (left), and apparent diffusion coefficient map near the sinuses in
a 30-year-old man shows improved delineation of the optic nerve at 0.55 T [right) {(abdomen imaging at 0.55 T [leff]: field of view, 313 X 380 mm; 132 X
160 matrix; b value, 50; 30 sections; section thickness, & mm; 2500,/91; receiver bandwidth, 1200 Hz per pixel; acceleration factor of four; echo train
length, 57; acquisition time, 2:19 minutes; abdomen imaging at 1.5 T [left]: field of view, 274 X 340 mm; 108 X 134 matrix; b value, O; 31 secfions; section
thickness, © mm; 5700/59; receiver bandwidth, 2300 Hz per pixel; acceleration factor of two; echo train length, 53; acquisition time, 3:32 minutes; brain
imaging at 0.55 T [right]: field of view, 229 X 229 mm; 176 X 176 matrix; b values, O and 1000; 20 sections; section thickness, 5 mm; 4000,/80; receiver
bandwidth, 860 Hz per pixel; acceleration factor of two; echo train length, 53; acquisition time, 2:38 minutes; and brain imaging at 1.5 T [right]: field of view,
229 X 229 mm; 176 X 176 matrix; b values, O and 1000; three averages; 21 sections; section thickness, 5 mm; 6300/89; receiver bandwidth, 1130 Hz
per pixel; acceleration factor of two; echo train length, 71; acquisition time, 1:36 minutes). D, T1-weighted ultrashort echo time lung images during inhala-
tion of 100% oxygen in a 19-year-old man show higher signal infensity, normalized to skeletal muscle, at 0.55 T (three-dimensional stack of spirals; gradi-
ent echo; 8.54,/0.15 [at 0.55 T] and 6.21 /0.17 [at 1.5 T]; flip angle, 20°; section thickness, 10 mm:; field of view, 450 mm; 128 X 128 matrix; 16-shot
spiral design; readout length, 7 msec [at 0.55 T] and 5 msec [at 1.5 T]).

Radiology: Volume 293: Number 2—November 2019 a radiology.rsna.org 387
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1.5T 0.55T 0.55T
Cartesian acq. Cartesian acq. Spiral-out acq.

1.5T 0.55T 0.55T
Cartesian acq. Cartesian acq. Spiral-out acq.
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years = 16). This is not intended to be an exhaustive evalua-
tion of imaging methods or to provide a quantitative image
quality comparison but rather to provide illustrative examples
of image quality.

Statistical Analysis

Small sample sizes were used in this exploratory study.
Values are reported as means * standard deviation where
applicable. We used paired Student ¢ tests to compare lung
signal intensity enhancement, change in T'1 of arterial blood
and change in T'1 of lung tissue following oxygen inhalation
at 0.55 T and 1.5 T, and to compare SNR of the blood,
myocardium, gray matter, and white matter between two MRI
sampling strategies. P values less than .05 were considered

Campbell-Washburn et al

to indicate statistical significance. Bonferroni correction
was applied when multiple comparisons were calculated
from the same data set.

Results

Patient Catheterization

Radiofrequency-induced heating increases quadratically with
field strength, indicating a theoretical 7.5-fold difference in
heating between 0.55 T and 1.5 T. Among the 16 commer-
cially available conductive catheterization devices that under-
went heating measurements, we identified nine devices that
produced less than 1°C of heating during 2 minutes of contin-
uous imaging (Fig 1, A, Table E1 [online]). As expected, fully

Table 1: Tissue Relaxation Parameters at 0.55 T versus Reference 1.5-T Values
Tissue T1 (msec) T2 (msec) T2* (msec) T2*-to-T2 Ratio (%)
White matter
0.55T 493 + 33 89 +9 72 12 81
15T 608-884 54-96 48-60 72
Gray matter
0.55T 717 = 82 112 £7 86 £ 9 77
15T 1002-1304 93-109 67-79 72
Myocardium
0.55T 701 + 24 58+ 6 47 = 4 80
15T 950-1030 40-58 30-37 68
Arterial blood
0.55T 1122 £ 85 263 =27
15T 1441-1898 254-290
Liver
0.55T 339 = 31 66 = 6 43+ 4 65
15T 576-586 46-55 26-33 59
Lung
0.55T 971 £ 62 61 £ 11 10 =2 17
15T 1171-1333 41 1-2 5
Kidney cortex
0.55T 651 * 48 101 £7 82 *17 82
15T 690-966 55-87 49-51 70
Fat
0.55T 187 = 10 93 + 16
15T 288-343 53-84
Note.—The 0.55-T values are means * standard deviation; the 1.5-T values are ranges. Imaging sequence parameters and 1.57T reference
list are provided in Appendix E1 Materials section (online). T2*-to-T2 ratio was calculated from mean values. For 0.55 T, participants
were as follows: white/gray matter, nine participants (mean age, 31 years = 12; six women); myocardium/blood/lung, 22 participants
(mean age, 35 years = 12; six women); and liver/kidney/fat, seven participants (mean age, 23 years = 4; five women).

Figure 3:  Signal-to-noise ratio-efficient spiral imaging applied for, A, T1-weighted neuroimaging in a 23-year-old woman (axial sections) and a 28-year-old woman
(sagittal secfions), and, B, balanced steady-siate free precession cardiac imaging demonstrated in a 23-year-old woman. Total acquisition time was fixed, but sampling ef-
ficiency was increased with spiral acquisitions. Good image quality and signal-to-noise ratio improvements at 0.55T are observed with the spiral sampling scheme.
Images were acquired with Cartesian sampling at 1.5 T.and 0.55 T, and spiral-out at 0.55 T (1.5-T Cartesian spin echo: field of view [FOV], 216 X 230 mm; 240 X 320
matrix; secfion thickness, 5 mm; repetition fime msec/echo fime msec, 550,/8.9; receiver bandwidth, 150 Hz per pixel; acquisition fime, 1:33 minutes; 0.55-T Cartesian spin
echo: FOV, 215 X 230 mm; 240 X 320 matrix; section thickness, 5 mm; 450,/9.3; receiver bandwidth, 110 Hz per pixel; acquisition time, 2:20 minutes; 0.55-T
spiral-out spin echo: FOV, 230 X 230 mm; 320 X 320 matrix; 500,/ 15; section thickness, 5 mm; 24-shot spiral design; readout length, 21 msec; 1.5-T Cartesian
balanced steady-state free precession: FOV, 270 X 360 mm; 140 X 256 matrix; section thickness, 8 mm; 2.79/1.2; receiver bandwidth, 1085 Hz per pixel; acquisi-
tion fime, @ seconds; 0.55-T Cartesian balanced steady-state free precession: FOV, 270 X 360 mm; 192 X 256 matrix; secfion thickness, 8 mm; 4.1/1.67; receiver
bandwidth, 350 Hz per pixel; acquisition time, @ seconds; 0.55-T spiral-out balanced steady-state free precession: FOV, 360 X 360 mm; 256 X 256 matrix; 8,/0.86;
section thickness, 8 mm; 66-shot spiral design; readout length, 6 msec; zeroth and first moment balancing of gradients).

Radiology: Volume 293: Number 2—November 2019 a radiology.rsna.org 389
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Table 2: Relaxivity of Clinical and Experimental Contrast Agents at 0.55 Tand 1.5 T

rl r2
Contrast Agent 055T 15T 055T 15T
Gadobutrol (mM ™ 'sec™?) 5.2 5.5 7.0 6.8
Gadoterate meglumine (mM™'sec™) 3.4 4.6 6.1 5.7
Gadopentetate dimeglumine (mM™'sec™") 3.8 3.3 5.9 3.9
Gadofosveset (mM 'sec™!) 7.8 7.3 8.4 8.6
Gadofosveset with 0.2-mM human serum albumin (mM !sec™!) 11.7 9.5 13.2 14.5
Ferumoxytol (mM~'sec™") 35.7 18.0 97.3 87.0
Gd-dendrimers (mM~'sec™!) 64.0 NA* 93.6
Oxygen (mmHg 'sec™") 4.7¢e—4 3.1e—4 3.3e—4
Note.—Contrast agent dilutions and imaging parameters are provided in Appendix E1 Materials section (online). NA = not applicable.
*12mM 'sec 'at 3 T.

T2w-TSE T2w-FLAIR T1w-TSE T2w-TSE

Figure 4: Images show common pulse sequences that were applied to study participants to illustrate routine image quality with a 0.55-T system configuration. A, T2-
weighted (T2w)—turbo spin echo (TSE; left side) in a 42-year-old woman with meningioma and postcontrast T2w fluid-attenuated inversion recovery (FLAIR; right side)
images in 22-year-old woman with a low-grade tumor (T2w-FSE: field of view [FOV], 229 X 229 mm; 176 X 176 matrix; eight signal averages; 20 sections; section
thickness, 5 mm:; repetition time msec/echo time msec, 4000,/ 80; receiver bandwidth, 860 Hz per pixel; acceleration factor of two; echo train length, 65; acquisifion fime,
2:38 minutes; T2-FLAIR: FOV, 201 X 230 mm; 210 X 320 matrix; two averages; 20 sections; section thickness, 5 mm; 8000/95; inversion fime, 237 1 msec; receiver
bandwidth, 120 Hz per pixel; echo train length, 15; acquisition fime, 3:36 minutes). B, T1-weighted (T1w) and T2w-TSE images (left and right side, respectively) of the
spine in a healthy 24-year-old woman (TT1w-TSE: FOV, 260 X 260 mm; 240 X 320 matrix; five averages; 15 sections; section thickness, 4 mm; 396,/13; receiver band-
width, 110 Hz per pixel; acceleration factor of two; echo train length, 3; acquisition time, 5:16 minutes; T2w-TSE: FOV, 200 X 200 mm; 256 X 320 matrix; five averages;
15 secfions; section thickness, 4 mm; 3200,/89; receiver bandwidth, 120 Hz per pixel; echo train length, 15; acquisition time, 5:32 minutes). C, Successful fat suppression
with T2w-TSE in the abdomen of a 64-year-old woman with a hepatic lesion (FOV, 308 X 380 mm; 231 X 320 matrix; four averages; 30 secfions; section thickness,

6 mm; 4886/47; receiver bandwidth, 260 Hz per pixel; echo train length, 7; spectral selective fat suppression; acquisition time, 15:15 minutes). D, Cardiac balanced
steady-state free precession cine (bSSFP cine) in a heathy 19-year-old man (left side), phase contrast flow measurement in a healthy 43-year-old woman (middle), and
late gadolinium-chelate enhancement (LGE|) images in a 42-year-old man with chronic myocardial infarction (right side) (bSSFP cine: FOV, 350 X 380 mm; 192 X 256
matrix; one signal average; section thickness, 8 mm; flip angle, 78°; 4.1/1.67; receiver bandwidth, 350 Hz per pixel; acceleration factor of two; breath-hold length, @
seconds; phase contrast flow: FOV, 270 X 360 mm; 144 X 192 matrix; three averages; section thickness, & mm; flip angle, 25°;7.6/3.71; receiver bandwidth, 200 Hz
per pixel; acquisition time, 1:37 minutes; LGE: gradient echo; FOV, 300 X 400 mm; 144 X 256 matrix; one average; secfion thickness, 8 mm; flip angle, 25°; 8.3/3.16;
receiver bandwidth, 140 Hz per pixel; breath-hold length, 12 seconds).
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insulated devices and devices with shorter conductive length
generated less heat than devices with exposed metal compo-
nents. The pacemaker lead heated 0.5°C during 1 minute of
continuous imaging at 0.55 T. These findings indicate the im-
proved safety of cardiovascular implantable electronic devices
and interventional devices at 0.55 T.

Clinical MRI-guided right heart catheterization at 0.55 T
was successful in all seven study participants with an insulated ni-
tinol guidewire and standard real-time imaging without modified
sequence parameters (Fig 1, B). There was no evidence of heating
caused by the guidewire and there were no adverse events in this
small patient cohort. The guidewire provided interactive catheter
stiffness and steerability for procedural navigation.

Imaging Near Air-Tissue Interfaces

We showed imaging in high-susceptibility regions near air-
tissue interfaces by using four representative comparisons be-
tween 0.55 T and 1.5 T. First, imaging of cystic disease in the
lung showed improved delineation of cysts at 0.55 T (Fig 2, A).
Second, we demonstrate reduced off-resonance spiral blur-
ring (21) in the upper airway during real-time speech imag-
ing (Fig 2, B, Movie 1 [online]). Third, single-shot echo-planar
diffusion-weighted imaging near the bowel showed reduced
signal distortion caused by field inhomogeneity, and diffusion-
weighted imaging near the cranial sinuses showed clear delin-
cation of the optic nerve at 0.55 T, which indicated that the
important fields of MRI fiber tractography and stroke charac-
terization in the brain can be applied in these high-susceptibil-
ity brain regions (Fig 2, C).

We used oxygen inhalation for signal enhancement in T1-
weighted images of lungs (Fig 2, D). Measured oxygen T1 relax-
ivity was greater at 0.55 T (r1, 4.7e—4 mm Hg 'sec™!) compared
with 1.5 T (r1, 3.1e—4 mm Hg 'sec™). As a result, the increase
in signal intensity between images acquired at room air inhala-
tion and oxygen inhalation was 19% = 11 at 0.55 T versus 8%
* 6 at 1.5 T (five healthy participants, 10 sections; P = .02).
Lung T1 shortened from 1003 msec % 102 at inhalation of
room air to 930 msec = 50 at oxygen inhalation (change in T1,
11% = 3) and arterial blood T1 shortened from 1135 msec =
119 to 1045 msec = 99 (change in T1, 14% = 3). Change in
T1 in the arterial blood was significantly greater at 0.55 T than
at 1.5 T and approached significance in the lung (arterial blood
at 1.5 T: T1 during room air inhalation, 1554 msec = 104; T'1
at oxygen inhalation, 1394 msec = 107; change in T1, 10%
* 2; P =.007; lung at 1.5 T: T1 during room air inhalation,
1240 msec = 85; T'1 during oxygen inhalation, 1152 msec *
91; change in T1, 7% = 3; P=.08).

Imaging Efficiency

Spiral-out balanced steady-state free precession had a sampling
efficiency of 70% compared with only 45% for Cartesian acqui-
sitions. Similarly, spiral spin echo had an increased efficiency of
32% versus 15%. Figure 3 and Movie 2 (online) show the result-
ing image quality. As expected, SNR in all tissues significantly
improved by using SNR-efficient spiral acquisitions (blood:
SNR Cartesian acquisition, 15 = 3; SNR spiral spin echo, 28
* 8; P =.01; myocardium: SNR Cartesian acquisition, 6 * 1,
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SNR spiral spin echo, 10 * 3; P =.02; white matter: SNR Car-
tesian acquisition, 19 = 3; SNR spiral spin echo, 38 * 7; P =
.003; gray matter: SNR Cartesian acquisition, 17 % 3; SNR spi-
ral spin echo, 33 * 7; P=.009). By using these prototype spiral
sequences, the average SNR recovered to 57% of that measured
at 1.5 T applying comparable protocols (blood: SNR at 1.5T, 63
+ 8; myocardium: SNR at 1.5 T, 17 % 1; white matter: SNR at
1.5T, 56 = 11; gray matter: SNR at 1.5 T, 59 * 10), indicating
the potential of these techniques at low field.

Image Contrast

Table 1 compares relaxation parameters for a variety of tissues
in vivo at 0.55 T to literature values for 1.5 T. The relative
difference in relaxation parameters was not uniform across tis-
sues. On average, T1 was 32% shorter at 0.55 T; T2 was 26%
longer; and T2* was substantially longer by 40%, and 350%
longer in the lung. The ratio of T2*-to-T2 was increased at
low field strength where T2* approaches T2, especially in the
thorax because of susceptibility of the torso.

As expected, T1 and T2 relaxivity of clinical small-molec-
ular-weight gadolinium-based contrast agents were similar be-
tween 0.55 T and 1.5 T (Table 2) (22). We found that larger
molecular complexes had increased T'1 relaxivity at 0.55 T be-
cause of their correlation times, including ferumoxytol (23,24),
gadofosveset bound to albumin (25), gadolinium dendrimers
(26,27), and oxygen (range, 23%-98% increase compared
with 1.5 T or 3.0 T). This indicates that lower doses may be
feasible for angiographic imaging with intravascular contrast
agents (eg, ferumoxytol and gadofosveset).

Routine Imaging

Figure 4 demonstrates application of the high-performance
low-field-strength MRI for routine imaging of the brain, abdo-
men, spine, and heart in healthy participants and participants
with known pathologic abnormalities. We observed good im-
age quality, even for demanding applications such as diffusion-
tensor imaging and cardiac MRI, with this high-performance
0.55-T system.

Discussion

Our work evaluated an MRI system that combines low mag-
netic field strength (0.55 T) with high-performance imaging
hardware and contemporary imaging techniques applied for
demanding imaging applications. Radiofrequency-induced
heating was reduced at 0.55 T and nine of 16 endovascu-
lar devices were free from heating (<1°C during 2 minutes
of real-time MRI), and seven study participants underwent
MRI-guided diagnostic cardiovascular catheterization with
commercial metallic devices. The reduced susceptibility of the
high-performance 0.55-T MRI system was exploited for re-
duced distortion in lung imaging, real-time speech imaging,
and diffusion imaging near air-tissue interfaces compared
with 1.5 T. Large-molecular-weight contrast agents and ox-
ygen demonstrated increased T1 relaxivity compared with
1.5 T (range, 23%-98% increase), and a significant increase
in oxygen-enhanced lung signal intensity (P = .02) was ob-
served. On average, in vivo T1 was 32% shorter, T2 was
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26% longer, and T2* was 40% longer than at 1.5 T. Spiral-
out acquisitions, which exploit the prolonged T2* for imag-
ing efficiency, generated good image quality and significant
increases in signal-to-noise ratio (SNR) for neuroimaging and
cardiac imaging (range, 86%—-100% increase in SNR). Standard
pulse sequences evaluated for routine imaging with the high-
performance 0.55-T system configuration provided reasonable
image quality by contemporary standards.

Early in the development of clinical MRI there were system
imperfections that limited the attainable image quality, and the
magnetic polarization of the higher field became the determin-
ing factor for modern clinical MRI systems. The engineering of
MRI systems has improved significantly because of homogeneous
magnet design, fast shielded gradient systems that minimize eddy
currents, phased-array receiver coils, and advanced image recon-
structions that use abundant and inexpensive computational
power. Commercial low-field-strength MRI systems are relegated
to niche applications and have not benefited from these advances.
To our knowledge, our study is the first to combine a low field
strength with contemporary high-performance hardware.

This technology could be important for some clinical applica-
tions. The lack of safe metal devices has limited MRI guidance
of cardiovascular procedures (28). We anticipate that low-field-
strength MRI will enable MRI-guided procedures that use a sub-
set of devices from the traditional catheterization environment.

Superior image quality of the lung, near the cranial sinuses,
and near the intestines may allow diagnostic examinations on
these neglected anatomic regions. This image quality is depen-
dent on field homogeneity from state-of-the-art magnet design.
Additionally, in the lung, oxygen can be used as an inexpensive,
readily available, and physiologically relevant contrast agent that
performs better at lower field (29).

The SNR-efficient long readout strategies explored here may
be useful at this field strength. We expect image quality of these
methods to be higher at 0.55 T versus 1.5 T because of reduced
distortions and blurring. Advanced image reconstructions offer a
complementary strategy to recover signal (2).

The use of a low-field-strength system has several critical
workflow benefits. For example, the magnetohydrodynamic
effect that causes electrocardiogram distortion is reduced at
low fields, meaning that patient monitoring is improved. The
patient care environment is more comfortable because of re-
duced acoustic noise and reduced vestibular upset at lower
fields (30,31). Low-field MRI is also inherently cost-effective
because of the reduced magnet, radiofrequency amplifier, and
siting costs (1), which could have important implications
for access to care and technology dissemination. In addi-
tion to the applications described here, a high-performance
low-field-strength system could also enable other imaging
techniques limited by artifacts or specific absorption rate re-
strictions at higher fields and those that exploit the favorable
relaxation properties.

There were also some limitations to our study. The receiver
coils used in this study were retuned from 1.5 T and therefore
were not optimized for low field strength and resulted in image
shading. Larger coil elements were chosen to maintain sam-
ple-dominated noise; however, this sacrifices parallel imaging
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performance. Only a small subset of routine clinical imaging
protocols was attempted in this initial study and future studies
will assess the diagnostic capabilities of this high-performance
low-field-strength system.

By using a high-performance lowfield-strength MRI system,
there are opportunities for the development of new techniques
for invasive MRI-guided procedures, to design acquisition and
reconstruction strategies, and for contrast agent development
and hardware design. This technology warrants further investi-
gation in the context of clinical MRI.
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