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INTRODUCTION
Wrist motion is facilitated by a complex interplay 
between carpal bones and carpal ligaments, with the latter 
constraining range of motion and providing stability.1 A 
detailed understanding of the functional kinematics of 
wrist tissues necessary to carry out activities of daily living2 
is essential to effectively diagnose and treat wrist dysfunc-
tion. To facilitate such an understanding, there is a need 
for techniques that enable the direct visualization of wrist 
tissues during active motion or loading.3

Magnetic Resonance Imaging (MRI) is commonly 
employed to evaluate wrist pathology. Standard MRI acqui-
sition, however, is slow and precludes the capture of wrist 
motion and dynamic pathologies of interest in assessing 
dynamic instability.4 To address this shortcoming, real-
time MRI (RT-MRI) protocols, typically using 1.5T and 3T 

MRI scanners, have been developed.5–7 These protocols, 
however, have suffered from a relatively slow image acqui-
sition rate that is inadequate for tracking wrist motion at 
natural speeds, and image artifacts that frequently obscure 
critical wrist structures.

The trend in modern MRI systems has been to reach for 
higher field strengths (e.g., 3T, 7T), which has served static 
wrist imaging well. However, these field strengths corre-
spond to increased distortion and signal loss for RT-MRI 
of the moving joints, such as those of the wrist.4,6 Recently, 
high-performance 0.55T MRI scanners have shown unique 
characteristics that are beneficial for wrist RT imaging.8 
In particular, the high-performance 0.55T systems offer a 
high acquisition duty cycle, typically achieved using effi-
cient k-space trajectories, not possible or practical at higher 
field strengths and resulting in the mitigation of image 
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Objectives: Magnetic resonance imaging (MRI) using 
1.5T or 3.0T systems is routinely employed for assessing 
wrist pathology; however, due to off-resonance artifacts 
and high power deposition, these high-field systems 
have drawbacks for real-time (RT) imaging of the moving 
wrist. Recently, high-performance 0.55T MRI systems 
have become available. In this proof-of-concept study, 
we tested the hypothesis that RT-MRI during continuous, 
active, and uninterrupted wrist motion is feasible with a 
high-performance 0.55T system at temporal resolutions 
below 100 ms and that the resulting images provide visu-
alization of tissues commonly interrogated for assessing 
dynamic wrist instability.
Methods: Participants were scanned during unin-
terrupted wrist radial-ulnar deviation and clenched 
fist maneuvers. Resulting images (nominal temporal 

resolution of 12.7–164.6 ms per image) were assessed 
for image quality. Feasibility of static MRI to supplement 
RT-MRI acquisition was also tested.
Results: The RT images with temporal resolutions < 100 
ms demonstrated low distortion and image artifacts, 
and higher reader assessment scores. Static MRI scans 
showed the ability to assess anatomical structures of 
interest in the wrist.
Conclusion: RT-MRI of the wrist at a high temporal reso-
lution, coupled with static MRI, is feasible with a high-
performance 0.55T system, and may enable improved 
assessment of wrist dynamic dysfunction and instability.
Advances in knowledge: Real-time MRI of the moving 
wrist is feasible with high-performance 0.55T and may 
improve the evaluation of dynamic dysfunction of the 
wrist.
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artifacts.9 These systems can further utilize pulse sequences, such 
as balanced steady-state press precession (bSSFP), that provide 
superior signal-to-noise ratio and efficiency enabling a vast 
increase in imaging speed compared to higher field system.10 The 
feasibility of high-performance 0.55T for dynamic wrist imaging 
has not been evaluated to date and is the purpose of this work.

We conducted a first-in-human study utilizing a high-
performance 0.55T system and RT-MRI acquisition to assess 
tissues of the actively moving wrist during uninterrupted 
radial-ulnar deviation (RUD) and clenched fist maneuvers. 
These maneuvers were chosen because of their significance in 
evaluating dynamic carpal instability.11 We assessed the impact 
of increasing the temporal resolution on imaging metrics 
pertaining to the assessment of the wrist’s functional kinematics. 
Further, we tested the feasibility of a static wrist MRI protocol at 
high-performance 0.55T to supplement the RT-MRI acquisition.

METHODS
Study participants
This prospective study received institutional review board 
approval and informed consent was obtained from all 
particicpants. The study cohort consisted of five participants, 
three men and two women, with age [median (range)] of 46 
(31–59) years. No prospective sample size calculation was 
performed given the pilot nature of the study. Three partici-
pants underwent RT-MRI and static MRI, while two partici-
pants underwent only static MRI. Inclusion criteria were healthy, 
asymptomatic subjects between the ages of 18–70 years without 
a history of wrist trauma, wrist pain, or prior wrist surgery. 
Subjects were excluded if they had a contraindication to MRI or 
could not complete the wrist MRI examination.

MRI protocol
Participants underwent wrist scanning on a whole body 
0.55T MRI system (prototype MAGNETOM Aera XQ, 
Siemens Healthineers, Erlangen, Germany) equipped with 

contemporary high-performance hardware and software capa-
bilities (hence termed high-performance 0.55T8). The system 
is equipped with high-performance shielded Aera XQ gradi-
ents (Siemens Healthineers, Erlangen, Germany), providing 
45 mT/m amplitude, and 200 T/m/s slew rate.8 The right wrist 
was scanned. The participants lay prone on the scanner bed 
with one arm placed on the integrated spine RF coil (below) 
and a 6-channel surface body coil (above), in a configuration 
that did not restrict wrist range of motion (Figure  1). For 
RT-MRI acquisition, a coronal slice showing the scapholunate 
(SL) interval was prescribed based on the localizer scan. Each 
participant performed two wrist maneuvers (RUD and the 
clenched fist maneuver) during RT-MRI acquisition utilizing 
their full, active range-of-motion at their natural speed (i.e., 
completing at least two cycles of each maneuver in under 5 s). 
The RT-MRI acquisition consisted of a 2D spiral balanced-
steady-state-free-precession (bSSFP) pulse sequence (in-plane 
resolution: =1.38×1.38 mm2, slice thickness = 6 or 8 mm). 
Data were reconstructed with nominal temporal resolutions 
of 164.6 ms (full sampling), and 12.7, 25.3, 38.0, 63.3, and 
101.3 ms per slice, representing undersampling by factors 
of 92%, 85%, 77%, 62 and 38%, respectively. Other details of 
the image acquisition and reconstruction are provided in the 
Supplemental Section S.1.

For static imaging of the immobilized wrist in the neutral 
position, the acquisition involved a T1-weighted (T1w) 
gradient-recalled-echo-based 3D pulse sequence with voxel 
size of 0.61 × 0.61×0.60 mm3, and 2D proton-density weighted 
(PDw, coronal) and T1w (coronal and axial) turbo spin echo 
(TSE) acquisitions with in-plane resolutions of 0.31 × 0.31 and 
0.25 × 0.25 mm2, and slice thicknesses of 2.5 and 3.0 mm, 
respectively. Detailed sequence parameters are summarized 
in Supplemental Section S.2. Static MR images were recon-
structed using the standard method provided by the system 
manufacturer.

Figure 1. Photographs showing the positioning of a study participant on the scanner bed of the high-performance 0.55T system.
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Image reconstruction and analysis
The RT-MR images underwent two types of evaluation by inde-
pendent experienced readers, the first evaluating overall image 
quality and the second assessing specific imaging features. First, 
two readers, a fellowship-trained musculoskeletal radiologist 
with 24 years of post-training experience, and a PhD scien-
tist with expertise in musculoskeletal and wrist imaging for 15 
years, scored the images (scoring scale is in Table  1). Second, 
two imaging features, the SL interval and the capitate-triquetral 
(CT) interval, were evaluated from the images (scoring scale is 
in Table 2).

The static MRI scans were also assessed based on the scales in 
Tables  1 and 2. Further, visualization of the sharpness of joint 
borders, contrast between intraarticular fluid and surrounding 
structures, and the ability to assess the triangular fibrocartilage 
complex (TFCC) was evaluated. Each of these factors was graded 
poor, fair, or good.

Statistical analysis
The median and interquartile range of the pooled reader scores 
were calculated. These values were compared across temporal 
resolutions and slice thickness using the Mann-Whitney U-test 
in the R Statistical Software (v4.1.0; 2021). Results were consid-
ered significant at p < 0.05. Intraclass correlation coefficient (ICC) 
estimates were also calculated in R, based on a mean-rating, 
absolute-agreement, two-way mixed-effects model. Reader 
scores, unless otherwise specified, are provided as median (inter-
quartile range).

RESULTS
Imaging of the wrist at high-performance 0.55T
Representative static MR images of the wrist are shown in 
Figure  2. Representative high-performance 0.55T images of 
the wrist during the active RUD maneuver at different nominal 
temporal resolutions are shown in Figure  3. Representative 
images at different reader score levels are shown in Supplemental 
Figure 1. Videos are provided as Supplemental Videos 1–3. There 
was good inter-rater reliability (ICC = 0.77).

Temporal resolutions under 100 ms provided 
improved reader assessment scores than those 
greater than 100 ms for RUD but not for the 
clenched fist maneuver
The evaluated images had temporal resolutions ranging from 
12.7 ms (79.4 frames per sec, highest temporal resolution) to 
164.6 ms (6.1 frames per sec, lowest temporal resolution), the 
latter involving full k-space sampling. The overall reader assess-
ment scores for images collected during the RUD maneuver were 
unchanged for scans with temporal resolutions of <100 ms and 
were higher than those with temporal resolutions of >100 ms 
(p < 0.05) (Table 3). For temporal resolutions < 100 ms, images 
of all study participants for the RUD maneuver had a median 
overall score of ≥3 (Table 3). While not directly impacting scores, 
the readers noted that despite minor artifacts such as streaking, 
images at increased temporal resolutions show reduced motion 
blurring and a sharper boundary between the scaphoid and 
lunate or between the capitate and triquetrum (Figure 3). This 
impact was pronounced for scans performed during RUD 
compared to the clenched fist maneuver, given the larger overall 
tissue displacement in the former. Furthermore, visualization 
of the changes in the SL and CT interval with temporal resolu-
tion down to 12.7 ms was possible with minimal degradation in 
image quality during the RUD and the clenched fist maneuvers. 
For the clenched fist maneuver, however, there was no difference 
in reader scores at the different temporal resolutions (p > 0.05) 
(Table 3). RT-MRI scans at any temporal resolution were deemed 
suboptimal for assessing the contrast between intraarticular fluid 
and surrounding structures, including the TFCC.

Slice thickness of 6 mm for RT-MRI corresponded 
to improved reader scores compared to 8 mm
Reader assessments showed significantly improved scores for 
images with a slice thickness of 6 mm (3.00 (1.00)) compared 
to those with 8 mm (2.00 (0.25)), p < 0.05. This was in spite of 
a higher signal-to-noise ratio exhibited by the latter than the 
former. The higher reader scores for the 6-mm-slice thickness 
images were attributed to the improved visualization of wrist 
structures due to lesser in-plane averaging.

Static MRI enabled visualization of wrist structures 
of interest
The wrist bones were visualized clearly in the T1w gradient-
recalled-echo acquisitions with an average reader score of 4.0 
(overall), 2.9 (SL interval), and 2.9 (CT interval). This acqui-
sition, however, did not provide adequate visualization of the 
anatomy of the TFCC or ligaments. On the other hand, the 

Table 1. Reader scoring of overall image quality

Score Description
1 Extremely poor, defined as ‘major artifacts exist, and the images are not analyzable.’

2 Poor, defined as ‘major artifacts exist, and use is, therefore, analysis is not advised’

3 Average, defined as ‘borderline analyzable due to the image quality’

4 Good, defined as ‘containing minor artifacts which do not adversely affect analysis’

5 Excellent, defined as ‘no artifacts’

Table 2. Reader scoring of the SL and CT interval

Score Description
1 Not visualized

2 Visualized but not well-defined

3 Well defined
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PDw TSE acquisition demonstrated TFCC anatomy (including 
the potential to identify a laminar tear) and the SL ligament. All 
scans were rated good to very good and diagnostic.

DISCUSSION
The results of this first evaluation of a high-performance 0.55T 
MRI system for wrist imaging show that RT acquisition during 
continuous, active, and uninterrupted wrist motion is feasible at 
a high temporal resolution (<100 ms per image, down to 12.7 
ms per image). The resulting images, alongside static wrist MRI 
scans, present anatomical information relevant to assessing 
dynamic wrist dysfunction. The availability of this technique 
could provide means to address critical questions pertinent to 
wrist kinematics and dysfunction. For example, several theories 

have been proposed to summarize complex wrist kinematics, 
such as the column, row, intercalated segment, and oval ring 
concepts. Evidence could be generated regarding these theories 
via in vivo, non-invasive studies using the proposed method thus 
improve the accuracy of biomechanical analysis, as opposed 
to cadaver studies. Furthermore, the proposed method could 
improve our understanding of the kinematics alterations under-
lying dynamic carpal instability in vivo and provide a tool for 
tracking outcomes of treatments.

High-performance 0.55T systems could provide other advantages 
for wrist imaging over high-field MRI. These include the ability 
to image immediately adjacent to metallic implants, improved 
safety profile in patients with implantable devices, such as 

Figure 2. Static imaging of the wrist at 0.55T in the coronal plane; (a) proton-density weighted 2D fat-suppressed, TSE image 
showing the visualization of the SL ligament (orange arrow) and the TFCC (green arrow); (b) T1w 2D TSE image demonstrating the 
anatomical structures of the wrist; and (c) 3D T1w gradient recalled echo pulse sequence with Dixon-based water reconstruction, 
illustrating the anatomical template to segment the bones.

Figure 3. Wrist RT-MRI at 0.55T during the performance of the RUD maneuver with varying temporal resolution, with a spiral 
bSSFP sequence. Snapshots of the wrist in the neutral position with full sampling (164.6 ms per image), and with acceleration by 
factors of 92%, 85 and 77%. Temporal blurring is induced by lower temporal resolution and obscures the visualization of the wrist 
joints (red arrow shows the SL interval). Slice thickness is 6 mm.
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pacemakers or defibrillators, substantially lower acoustic noise, 
easier system installation, and maintenance due to substantially 
reduced weight, footprint, and liquid helium requirement that 
result in lower operating costs.8,10 Unlike Computed Tomog-
raphy (CT), MRI does not involve ionizing radiation; there-
fore, there are clear advantages for repeat scanning (such as for 
frequent monitoring of response to treatment) or for imaging 
pediatric subjects and pregnant females.

We describe an evaluation of a static wrist MRI protocol with the 
high-performance 0.55T system. Given our promising results, we 
could consider a clinical scenario where static and RT-MRI could 
be performed in the same session, thus providing a comprehen-
sive evaluation of wrist dysfunction. Cineradiography or dynamic 
CT have been proposed for assessing wrist instability12,13 as addi-
tional tests beyond MRI; however, these methods are currently 
not part of the standard clinical assessment and require a sepa-
rate exam that involves ionizing radiation.

Our study had limitations. First, it was a proof-of-concept study 
in a small number of asymptomatic participants with no known 
wrist pathology. Future studies are needed in more subjects with 
and without wrist pathology to substantiate our findings and 
to develop rigorous image scoring or grading systems. Second, 
study participants were instructed to move their wrists in an 
unassisted manner. The wrist was unconstrained with the aim 

of having more natural wrist motion. As a result, comparison 
between participants, who may have different ranges of motion 
or mechanics, could be difficult. We may have to adapt methods 
developed previously to address this problem.14 Lastly, high-
performance 0.55T technology is in its nascent stage. Efforts to 
develop novel acquisition and image reconstruction for the high-
performance 0.55T platform are underway,15 and these efforts 
could directly benefit wrist imaging.

CONCLUSION
We demonstrated the feasibility of a high-performance 0.55T 
MRI system for imaging tissues of the moving wrist in real 
time. These early results suggest that high-performance 0.55T 
MRI could be a promising technology to evaluate further for 
improving the assessment of wrist biomechanics and dynamic 
dysfunction.
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Table 3. Reader scores (median (interquartile range)) for RT-MRI scans during the performance of the RUD and the clenched-fist 
maneuver at the different temporal resolutions

Temporal resolution (ms) Overall score SL interval CT interval
Radial-ulnar deviation

 � 12.7 3.50 (1.00) 3.00 (1.00) 2.50 (1.00)

 � 25.3 3.50 (1.00) 3.00 (1.00) 2.50 (1.00)

 � 38.0 3.50 (1.00) 3.00 (1.00) 2.50 (1.00)

 � 63.3 3.50 (1.00) 2.50 (1.00) 2.50 (1.00)

 � 101.3 2.50 (1.00) 2.00 (0.00) 2.00 (0.25)

 � 164.6 2.00 (0.25) 1.00 (0.00) 1.50 (1.00)

Clenched fist

 � 12.7 3.00 (0.00) 2.50 (0.50) 2.50 (0.50)

 � 25.3 2.50 (0.50) 2.00 (0.00) 2.50 (0.50)

 � 38.0 2.50 (0.50) 2.00 (0.00) 2.50 (0.50)

 � 63.3 2.50 (0.50) 2.00 (0.00) 2.00 (0.00)

 � 101.3 2.50 (0.50) 2.00 (0.00) 2.00 (0.00)

 � 164.6 2.00 (0.00) 2.00 (0.00) 2.00 (0.00)
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