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Abstract

Purpose—To develop a protocol for abdominal imaging on a prototype 0.55 T scanner and to
benchmark the image quality against conventional 1.5 T exam.

Methods—In this prospective IRB-approved HIPAA-compliant study, 10 healthy volunteers
were recruited and imaged. A commercial MRI system was modified to operate at 0.55 T (LF)
with two different gradient performance levels. Each subject underwent non-contrast abdominal
examinations on the 0.55 T scanner utilizing higher gradients (LF-High), lower adjusted gradients
(LF-Adjusted), and a conventional 1.5 T scanner. The following pulse sequences were optimized:
fat-saturated T2-weighted imaging (T2WI), diffusion-weighted imaging (DWI), and Dixon T1-
weighted imaging (T1WI). Three readers independently evaluated image quality in a blinded
fashion on a 5-point Likert scale, with a score of 1 being non-diagnostic and 5 being excellent. An
exact paired sample Wilcoxon signed-rank test was used to compare the image quality.

Results—Diagnostic image quality (overall image quality score = 3) was achieved at LF in all
subjects for T2WI, DWI, and T1WI with no more than one unit lower score than 1.5 T. The mean
difference in overall image quality score was not significantly different between LF-High and
LF-Adjusted for T2W1 (95% CI — 0.44 to 0.44; p=0.98), DWI (95% CI - 0.43 to 0.36; p=0.92),
and for T1 in- and out-of-phase imaging (95%C | — 0.36 to 0.27; p=0.91) or T1 fat-sat (water
only) images (95% CI - 0.24 t0 0.18; p=1.0).
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Conclusion—Diagnostic abdominal MRI can be performed on a prototype 0.55 T scanner, either
with conventional or with reduced gradient performance, within an acquisition time of 10 min or

less.
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Introduction

The majority of clinical MRI scanners today operate with field strengths ranging from 1.5
to 3 T. MRI of the abdomen at these field strengths is usually performed as a “problem-
solving tool” rather than a first-line diagnostic examination due to its high cost and limited
accessibility. To overcome cost barriers and accessibility limitations for MRI various groups
have proposed abbreviated examination protocols, in which certain sequences that are
deemed less important are eliminated [1, 2]. However, there is no consensus about which
sequences to eliminate or about the impact of the abbreviated protocol either on diagnostic
accuracy or on recall rate due to exams with limited diagnostic value. Another approach

is to utilize novel methods for accelerating MR sequences by reconstructing images from
undersampled acquisitions using techniques like compressed sensing and machine learning
[3, 4]. Although these two approaches have shown considerable promise, a complementary
approach would be to rethink the cost and accessibility of the imaging hardware, i.e., the
MR scanner itself.

Two subcomponents of the scanner hardware, the magnet and the gradient infrastructure,
account for over 50% of the overall cost of a typical 1.5 T system. Current attention

to the MR value proposition [5] coupled with recent advances in image acquisition and
reconstruction techniques has reignited interest in imaging at lower field strength (< 1 T) [6].
Such lower-field scanners not only decrease the cost of the magnet but also lower the siting
cost. Head-only scanners with 0.5 T and with 0.064 T field strength have been recently
approved by the FDA, highlighting the potential of scanning at lower field strengths [7, 8].
Feasibility of functional cardiac imaging has also been demonstrated at a lower field strength
of 0.35 T [9]. Furthermore, a prototype 0.55 T whole-body scanner has been recently
investigated for cardiopulmonary imaging [10-12]. In addition to the magnet, another major
contributor to the overall cost of the MR system is the gradient system and associated

power and cooling requirements. Systems operating with low field and relaxed gradient
specifications not only lower the initial capital cost but also decrease total cost of ownership
(TCO) due to lower footprint and decreased power and cooling needs. Such a combination is
expected to achieve 40 to 50% reduction in scanner cost as well as total cost of ownership.

Therefore, the purpose of this study was to investigate if a high-performance, low-field
strength 0.55 T MRI system operating with two different gradient strengths can generate MR
images of the abdomen with diagnostic image quality and to benchmark the image quality
by comparing it to the image quality achieved with a conventional 1.5 T scanner.

Abdom Radiol (NY). Author manuscript; available in PMC 2022 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandarana et al.

Page 3

Materials and methods

Subjects

MRI scanner

Two of the authors are employees of Siemens Healthcare/Healthineers. Under an existing
research agreement, these authors provided technical support with the modification of the
MRI system and with sequence modifications for operation at 0.55 T. These authors did not
have control over any other aspect of the study design or the study results.

In this prospective IRB-approved HIPAA-compliant study, 10 healthy volunteers (4F, 6M;
mean age 33.1 years, range 26—42 years) were recruited to undergo three separate MRI
examinations for research purposes between March 1, 2020 and October 31, 2020. Informed
consent was obtained from all the subjects before the imaging sessions.

A commercial MRI system (MAGNETOM Aera 1.5 T, Siemens Healthcare, Erlangen,
Germany) was modified to operate as a prototype scanner at a field strength of 0.55 T. The
modified scanner provides two different gradient performance levels (higher/conventional:
maximum gradient amplitude 45 mT/m, maximum slew rate 200 T/m/s; lower/adjusted:
maximum gradient amplitude 25 mT/m, maximum slew rate 40 T/m/s). A 6-channel body
array and 18-channel spine array were tuned to 0.55 T field strength and used for imaging.
Each subject underwent three MR examinations of the abdomen with imaging performed on
(1) the prototype 0.55 T scanner utilizing higher-performance gradients (LF-High), (2) the
prototype 0.55 T with lower-performance gradients (LF-Adjusted), and (3) a conventional
1.5 T scanner with high-performance gradients (MAGNETOM Sola, Siemens Healthcare,
Erlangen Germany; maximum gradient amplitude 45 mT/m, maximum slew rate 200 T/m/s).

Sequence details

Our routine abdominal MRI protocol includes axial fat-saturated T2-weighted imaging
(T2W1), axial diffusion-weighted imaging (DWI1), and axial Dixon T1-weighted imaging
(TAWI, including T1 in- and out-of-phase and water only or T1W fat-saturated). Routine
liver/abdominal MR imaging also includes T1W fat-saturated post-contrast imaging at
multiple time points after contrast injection. For this research study, we did not administer
intravenous contrast. Hence, post-contrast TLW (or water only) images were not acquired.
However, a Dixon T1W acquisition could easily be appended to our study protocol to
perform post-contrast imaging. Non-contrast sequences were optimized on the LF scanner as
follows (Table 1):

1 T2WI was performed with a fat-suppressed free-breathing turbo-spin-echo
sequence using a BLADE trajectory [13] instead of conventional Cartesian
scanning. Oversampling in the k-space center of the BLADE trajectory allowed
for correction of bulk motion and permitted non-triggered free-breathing
imaging. A BLADE coverage factor of 121% was used to improve SNR and
to reduce artifacts. The lower specific absorption rate (SAR) at 0.55 T permitted
the use of 180° flip angles for the refocusing pulses. Furthermore, to improve
the fat-suppression performance at 0.55 T, an asymmetric, adiabatic full-passage-
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skewed Spectral Adiabatic Inversion Recovery (SPAIR) RF pulse with inversion
times optimized for the low field strength was used to suppress multi-spectral fat
signal [14].

2. Axial DWI was performed using an echo-planar imaging (EPI) sequence at three
b values (50, 500, 800 ss/mm?2). For each b value, data were acquired in three
orthogonal diffusion gradient directions which were combined to generate the
trace diffusion-weighted images used to reconstruct an ADC map. Since the
minimum TE in an EPI sequence is controlled by the number of readouts per
shot, parallel imaging (acceleration factor = 2) and partial Fourier sampling were
used to maintain clinically acceptable echo times. To overcome the lower SNR
at 0.55 T, more averages were acquired for each b value (see Table 1). As EPI
sequences are strongly dependent on the gradient performance (gradient slew
rate and amplitude), the effective TE was longer with the lower-performance
adjusted gradient system.

3. Axial Dixon T1WI images were acquired in a breath-hold by optimizing a
conventional T1-weighted Dixon 3D GRE sequence. Readouts at two TES were
acquired to separate the fat and water components. The fat/water resonance
frequency difference decreases at lower field strength: the frequency difference
for the dominant fat peak is approximately 220 Hz at 1.5 T and only 80 Hz at
0.55Tm, resulting in longer in-phase and out-of-phase echo times at lower fields
(TE_op=22ms, TE_in=45msat1.5Tand TE_op=6.2ms, TE_in=12.5
ms at 0.55 T). Using a conventional two-point Dixon acquisition that samples
these longer TE times would result in a 30-s scan (which is not acceptable for
a breath-hold acquisition). To reduce the overall measurement time, data were
acquired at two arbitrary TEs of 2.5 ms and 6 ms, and a flexible echo time Dixon
algorithm [15] was used to reconstruct the fat and water T1W images. The longer
TR of 9 ms required use of parallel imaging with fourfold acceleration to keep
the scan time within a 16-s breath-hold.

Details of the acquisition parameters for the above-mentioned sequences are listed in Table
1.

Assessment of image quality

Two board-certified fellowship-trained radiologists and one abdominal imaging fellow
independently evaluated the image quality of axial fat-sat T2WI, axial DWI, axial TIWI

in- and out-of-phase, and axial T1FS data sets acquired at low field with high gradients,

at low field with adjusted gradients, and at 1.5 T with conventional high gradients. These
datasets were randomly presented to the readers who were blinded to the imaging hardware
and acquisition parameters. The readers evaluated parameters of image quality on a 5-point
Likert scale, with a score of 1 indicating non-diagnostic and a score of 5 indicating excellent
image quality (Table 2).
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Assessment of liver-to-muscle contrast ratio

Quantitative assessment of liver-to-muscle contrast ratio was performed by a reader
blinded to the acquisition scheme. Analysis was performed for T2WI, DWI (high b value
acquisition), and T1FS image contrasts. Reader placed two regions of interest (ROI) on
a single axial slice in the liver parenchyma, in the right and left lobe, respectively, at

the level of the main portal vein and on the slice above and below this level. Hence, a
total of 6 ROIs on three consecutive axial slices in the liver parenchyma per patient were
sampled and averaged to get liver signal intensity (Lc). At the same level ROIs were also
placed on the paraspinal right and left muscle for 2 ROIs per slice and a total of 6 ROIs
over 3 slices. These muscle ROIs were averaged to obtain average muscle signal intensity
(Mc). Liver-to-muscle contrast ratio (Lc/Mc) was computed for each subject for all three
acquisitions.

Statistical analysis

Results

An exact paired sample Wilcoxon signed-rank test was used to compare the imaging
hardware (denoted LF-High, LF-Adjusted, 1.5 T) in terms of the 5-point ordinal scores

for each aspect of image quality. The comparisons were first stratified by image contrast
and reader and then stratified by image contrast with the scores for each subject represented
as an average over readers. The mean within-subject difference between the three types of
hardware is compared in terms of the 5-point ordinal scores for each aspect of image quality
for each image contrast. The exact significance level (p) from the pairwise comparison of
image contrasts for the three hardware types resulting from the application of a Wilcoxon
signed-rank test to the within-subject difference between acquisitions in terms of the image
quality scores for each image contrast was computed.

Inter-reader agreement was assessed in terms of the linear weighted kappa coefficient and
the percentage of times two readers provided concordant results for the same image. The
level of agreement was interpreted as poor when kappa (K) was less than zero, slight when 0
< K <0.2, fair when 0.2 < K < 0.4, moderate when 0.4 < K < 0.6, substantial when 0.6 < K
< 0.8, and almost perfect when K > 0.8. The statistical tests were conducted at the two-sided
5% significance level using SAS 9.4 software (SAS Institute, Cary, NC).

Lc/Mc ratio was compared between LF-High, LF-Adjusted, and 1.5 T for T2WI, DWI,
and T1FS image contrasts using paired sample #test with two-tailed 5% significance level.
This analysis was performed using MedCalc® Statistical Software version 19.8 (MedCalc
Software Ltd, Ostend, Belgium; https://www.medcalc.org; 2021).

For each examination, as mentioned above the following image contrasts were acquired:
axial fat-sat T2WI, axial DWI, axial breath-hold T1 Dixon with T1 in- and out-of-phase, and
T1FS. A total of 120 acquisitions (30 exams and 4 image contrasts each) were independently
assessed by three radiologists in a blinded fashion.
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Overall image quality scores for T2WI averaged over three readers and stratified by each
reader are shown in Table 3. Other parameters of image quality are shown in the Supplement
Table S1. The overall image quality score for LF-High was 4.1 + 0.6, for LF-Adjusted it
was 4.1 + 0.6, and for 1.5 T it was 4.6 + 0.4. The mean difference in overall image quality
score was not significantly different between LF-High and LF-Adjusted (95% CI — 0.44 to
0.44; p=10.98) or between 1.5 T and LF-High (95% CI - 0.06 to 1.06; p = 0.09). However,
the mean difference in image quality score between 1.5 T and LF-Adjusted was significant
(95% CI1 0.16 to 0.84; p=0.016).

In 9 out of 10 cases (90%), the overall image quality on LF-High and LF-Adjusted was no
more than one unit lower than the corresponding rating on the 1.5 T scanner. When averaged
over three readers, each subject had an image quality score = 3 on LF-High and LF-Adjusted
acquisition (Fig. 1).

Overall image quality scores for DWI averaged over three readers and stratified by each
reader are shown in Table 3. Other parameters of image quality are shown in the Supplement
Table S2. The overall image quality score for LF-High was 4.1 £ 0.5, for LF-Adjusted was
4.1 +0.5, and for 1.5 T was 4.6 £ 0.3. The mean difference in overall image quality score
was not significantly different between LF-High and LF-Adjusted (95% CI - 0.43 to 0.36;
p=0.92) or between 1.5 T and LF-High (95% CI - 0.06 to 1.0; p=0.125). However,

the mean difference in image quality score between 1.5 T and LF-Adjusted was significant
(95% CI1 0.08 to 0.79; p=0.01).

In 9 out of 10 cases (90%), the DWI overall image quality on LF-High was no more than
one unit lower than the corresponding rating for the 1.5 T scanner and in 8 out of 10 cases
(80%) the overall image quality on LF-Adjusted was no more than one unit lower than the
corresponding rating on 1.5 T scanner. When averaged over three readers, each subject had
an image quality score = 3 on LF-High and LF-Adjusted acquisitions (Fig. 2).

T1WI in- and out-of-phase

Overall image quality scores for TIWI in- and out-of-phase averaged over the three readers
and stratified by each reader are shown in Table 3. Other parameters of image quality are
shown in the Supplement Table S3. The overall image quality score for LF-High was 4.5
+ 0.4, for LF-Adjusted was 4.4 + 0.3, and for 1.5 T was 4.9 = 0.1. The mean difference

in overall image quality score was not significantly different between LF-High and LF-
Adjusted (95% CI - 0.36 to 0.27; p=0.91). The mean difference in overall image quality
score was significantly higher at 1.5 T when compared to LF-High (95% C1 0.2t0 0.8; p=
0.03) and LF-Adjusted (95% CI 0.27 to 0.73; p=0.004). However, it is important to note
that in 100% of the cases, the overall image quality scores on LF-High and LF-Adjusted
were no more than one unit lower than the corresponding ratings on the 1.5 T exam. When
averaged over three readers, each subject had an image quality score = 3 on LF-High and
LF-Adjusted.
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Fat-sat T1WI

Overall image quality scores for axial fat-sat TIWI averaged over three readers and stratified
by each reader are shown in Table 3. Other parameters of image quality are shown in the
Supplement Table S4. The overall image quality score for LF-High was 4.3 £ 0.3, for LF-
Adjusted it was 4.27 + 0.2, and for 1.5 T it was 4.97 £ 0.1. The mean difference in overall
image quality score was not significantly different between LF-High and LF-Adjusted (95%
Cl - 0.24 t0 0.18; p=1.0). The mean overall image quality score averaged over the three
readers was significantly higher for 1.5 T when compared to LF-High (95% CI 0.47 to 0.86;
p=0.004) as well as LF-Adjusted (95% CI 0.56 to 0.84; p=0.002). However, it is important
to note that in 100% of cases, the overall image quality scores on LF-High and LF-Adjusted
were no more than one unit lower than the corresponding rating on the 1.5 T exam. When
averaged over three readers, each subject had an image quality score = 3 on LF-High and
LF-Adjusted (Fig. 3).

Inter-reader agreement

The percentage (fraction) of times two readers provided concordant results for overall image
quality when assessing the same image was 55.2% with linear weighted kappa coefficient of
0.242.

Liver-to-muscle contrast ratio

Liver-to-muscle contrast signal intensity ratios (Lc/Mc) for T2WI, DWI, and T1FS are as
shown in Table 4.

T2WI: The difference in Lc/Mc between LF-High and LF-Adjusted did not reach
statistical significance (p = 0.055). However, Lc/Mc at 1.5 T was significantly higher
than at LF-High and LF-Adjusted (0 < 0.001).

DWI: LF-High and LF-Adjusted had significantly higher Lc/Mc when compared to
1.5 T (p<0.001). Furthermore, LF-Adjusted had higher Lc/Mc when compared to
LF-High (p=0.01).

T1FS. LF-High and LF-Adjusted had significantly higher Lc/Mc when compared
to 1.5 T (p< 0.001). Furthermore, LF-High had higher Lc/Mc when compared to
LF-Adjusted but this did not reach statistical significance (o= 0.07).

Discussion

Our initial experience demonstrates that, for imaging performed with LF-High and LF-
Adjusted configurations, T2WI, DWI, and T1WI in all ten subjects received overall image
quality score of = 3 when averaged over three readers, consistent with diagnostic or better
overall image quality. Hence, conventional sequences can be modified to provide diagnostic
abdominal imaging on a 0.55 T scanner with regular strength gradients as well as with
lower-performance adjusted gradients within an acquisition time that is clinically acceptable
(non-contrast sequences with a total scan time of less than 10 min).

MRI has limited accessibility worldwide due to the high cost of the scanner as well as
associated sitting costs and power requirements (initial capital cost and TCO). To achieve
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the value proposition of MRI as a first-line imaging modality for various applications such
as oncologic imaging, the MRI exam and the scanner need to be cheaper and have a lower
TCO. To address this need and investigate various potential solutions, we have recently
installed a new prototype scanner operating at a lower field strength (0.55 T) in a dedicated
test bay at our institution. Unlike traditional low-field systems, the scanner features two
sets of gradients (higher/regular and lower/adjusted) and state-of-the-art programming
capabilities. Such a scanner design incorporating a lower field magnet and gradients with
adjusted performance can potentially achieve 40 to 50% reduction in the hardware cost

as well as TCO when compared to a conventional 1.5 T scanner, which could translate

into lower examination cost. These benefits would result from (1) a cheaper magnet, RF
amplifier and gradient system, (2) decreased siting cost due to a lighter weight and smaller
footprint, and (3) decreased power and cooling requirements. In addition, a lower field
strength may potentially improve robustness due to decreased susceptibility and artifacts
and improved patient compliance due to lower acoustic noise and reduced vestibular upset.
Recently a low-field scanner operating at 0.55 T received an FDA approval. Such a scanner
is expected to have lower capital and operation costs and would be easier to site and thus
may provide an opportunity to image patients that may otherwise be difficult to image.

The purpose of our study was to test if diagnostic imaging can be performed reliably on such
a system. We performed T2WI on the LF scanner with a free-breathing BLADE acquisition
in 3 min and 14 s, which was longer than the acquisition time of approximately 1 min and
19 s on the conventional 1.5 T scanner. To maintain the acquisition time, of approximately

3 min, we increased the slice thickness from 4 to 6 mm on LF while maintaining in-plane
resolution. Overall image quality scores on the 1.5 T scanner were higher compared to LF.
However, all LF images were scored as diagnostic irrespective of the gradient strength (score
> 3). Similar to T2WI, the overall image quality of free-breathing DWI on LF was not
significantly different between LF-High and LF-Adjusted, and it was scored as diagnostic
(or better) for all subjects. DWI was performed within an acquisition time of 5 min and 9

s. T1W Dixon imaging was performed in a 16-s breath-hold acquisition on LF. As the in-
and out-of-phase echo times are much longer at lower field, this was only possible with

the use of a parallel-imaging factor of 4. The overall image quality was not significantly
different between LF-High and LF-Adjusted for in- and out-of-phase, as well as for T1FS.

It is important to note that in all cases, images were diagnostic and no more than one unit
lower than at 1.5 T.

Imaging at low field strength requires a balance between acquisition time, image quality, and
resolution. In this study, our goal was to modify conventional sequences so that abdominal
imaging can be performed on a LF scanner at two different gradient strengths. In order

to maintain a clinically acceptable acquisition time of 10 min or less for the non-contrast
component of the abdominal exams, we modified various sequence parameters and reduced
the slice resolution. However, these changes are still within the expected range for liver/
abdominal MRI protocols (as per ACR practice guidelines).

As a next step, there is a need to perform a head-to-head comparison between LF and 1.5
T imaging hardware for lesion detection and characterization. Furthermore, there is a need
to modify the conventional acquisition and reconstruction schemes to take advantage of the
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longer T2* at LF and to utilize advances in compressed sensing and machine learning to
reconstruct diagnostic images from highly undersampled data [3, 4, 16].

In conclusion, this study showed that using a prototype scanner operating at 0.55 T is
feasible for diagnostic abdominal imaging at 0.55 T within an examination time that is
clinically acceptable. Clinical implementation of such low-field scanners will decrease the
hardware cost as well as siting cost, hence lowering the capital and overall cost of MRI
exams and potentially improving accessibility of MRI for abdominal imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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15T LF-High LF-Adjusted

Fig. 1.
Representative axial T2WI slice in the same volunteer imaged in 1.5 T, LF-High, and

LF-Adjusted scanner configurations
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15T LF-High LF-Adjusted

Fig. 2.
Representative axial high &-value image from DW acquisition in the same volunteer imaged

in 1.5 T, LF-High, and LF-Adjusted scanner configurations
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1.5T LF-High LF-Adjusted

Fig. 3.
Representative axial T1FS (water only) image from Dixon T1W acquisition in the same

volunteer imaged on 1.5 T, LF-High, and LF-Adjusted scanner configurations
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Table 4
Liver-to-muscle contrast ratio (Lc/Mc) for T2WI, DWI, and T1FS for LF-High, LF-Adjusted, and 1.5 T

L/M contrast ratio (Lc/Mc) LF-high LF-adjusted 15T

T2WI 1.73+0.26 1.89+0.32 2.7+0.44
DwWI 230+0.30 2.69+0.53 1.45+0.29
TiwI 192+0.21 1.81+0.25 146 +0.15
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