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-------------------------- 

Summary of the manuscript: 

-------------------------- 

This manuscript describes the design and development of a low-field (0.055T) permanent magnet 

MRI scanner for brain imaging. The scanner is described as a low-cost, low-maintenance system 

that runs via a regular AC power socket, due to its permanent magnet design does not require 

liquid helium, weighs 750kg and does not require a dedicated shielded room for operation. 

A particular focus of the described methodological novelty is on a procedure to remove external 

electromagnetic interference (EMI) during a scan, which is a prerequisite to operate the scanner 

without an RF-shield. The approach is based on the addition of 10 EMI sensing coils that are added 

to the system in addition to the usual RF transmit and receive coils. These coils have the purpose 

to pick up the electromagnetic interference during a scan, and a deep learning model is then used 

to predict the interference signal that is generated in the MRI receive coil based on these 

measurements. This predicted interference signal is then subtracted from the actual MRI signal, 

which performs a correction of the external interference. It is demonstrated in phantom and in-

vivo-scans of healthy volunteers that this procedure leads to a substantial improvement of image 

quality when scans are performed without an RF-shield. 

The manuscript then demonstrates the acquisition of four image contrasts that are important for 

clinical brain scans (T1w, T2w, FLAIR and DWI). An imaging protocol based on these contrasts is 

tested in a clinical study with 25 patients with a range of pathology, which were scanned both on a 

conventional 3T clinical MRI scanner, and the developed 0.055T scanner. 

Finally, the manuscript provides an outlook towards potential benefits of the 0.055T scanner, in 

particular a phantom scan of metal implants that demonstrates the reduced susceptibility artifacts 

at this field strength, the reduced acoustic noise during data acquisition, and the ability to acquire 

an additional image contrast (TrueFISP). 

--------- 

Critique: 

--------- 

This is an excellent manuscript, and the result of a tremendous research effort by the authors. Low 

field MRI is an upcoming research area in the community because the limited availability of MRI 

outside of specialized radiology departments in high-income countries is a big challenges in the 

field. While this is not the first low-field permanent magnet design that is proposed in the 

literature, the scanner design is convinving. The proposed EMI cancellation approach is novel, the 

corresponding results look convincing and the possibility to operate the scanner outside a 

dedicated RF-shield is an important step towards scanner deployment in low-resource settings. 

The clinical demonstration of the most important brain image contrasts is a strong feature of a 

manuscript where the core effort was a new methodological hardware development. The resulting 

images are of course not of a quality that we tend to expect to see from clinical systems, but as 

the authors point out, the goal of this 0.055T system is not to replace current state-of-the-art 

high-field scanners. It is rather to provide a new diagnostic tool that is used at a different stage in 

the diagnostic chain, or in situations where no images would otherwise be available at all. 

Therefore the image quality has to be judged in such context. 

My main critique is that given there is a strong focus towards the methodological development for 

EMI removal, I found that the manuscript was lacking background and literature discussion of this 

jpo2298
Text Box
Editorial Note: Parts of this Peer Review File have been redacted as indicated to maintain theconfidentiality of unpublished data.



area, to motivate the importance of this development. The ability to perform scans without an RF-

shield is a strong asset, but to my knowledge other low-field scanners (e.g. the commercial 

scanner from the company hyperfine that the authors mention briefly in the introduction) also 

operate without an RF-shield. It would be interesting to provide context how the proposed 

approach is either different or similar to existing approaches for EMI artifact removal that have 

been presented in the field. 

In addition to this main comment, I have several other comments that I believe will further 

improve the manuscript. 

------------------ 

Specific Comments: 

------------------ 

1) The description of the proposed EMI cancellation approach would benefit from some additional 

details. In particular: 

1a) It is claimed that "the deep learning EMI cancellation procedure is able to eliminate the 

undesirable EMI signals in a highly reliable and robust manner even when environmental EMI 

sources and their spectral characteristics changed dynamically during scanning". This is a strong 

claim and indeed essential for real-world deployment of the scanner. However, I did not see any 

experiments and results that specifically tested the impact of EMI that changed dynamically during 

a scan. This could be done either with a simulation, where EMI is introduced only during short 

randomly selected periods during the scan, and/or with an experiment with an EMI source that can 

be turned on and off during the scan. 

1b) Since periods need to be interleaved in the pulse sequence where the EMI signal is detected, 

which additional constraints does this impose on the design of the pulse sequence? Can you 

discuss the time-overhead that is introduced by this? I'm not sure if the time-axis in Figure 2 is 

scaled consistently, but it looks like half of the time during each TR is essentially wasted for data 

acquisition because it is used for EMI detection. In particular in the context of low field imaging, 

with the substantially shorter T1 times mentioned by the authors, I expect that sequences will 

benefit from much shorter TRs in comparison to current clinical protocols, and the time-window to 

detect the EMI will essentially double the minimal TR that can be achieved. 

1c) Please provide more details about the training of the neural network, and the exact 

architecture of the convolutional neural network. Regarding the training, was each frequency 

encoding line considered to be a data sample, and do I understand it correctly that an individual 

neural network was trained for each MRI scan? In that case, how was the split into training, 

validation and test data performed? How were hyper parameters selected? Which optimization 

algorithm was used for training and which convergence criterium was used? 

1d) It is claimed that the EMI cancellation procedure "obtained phantom and brain image SNRs 

Since no comparison to an acquisition with an RF-shield was performed, this statement should be 

removed. 

2) The brain image results appear to have almost no contrast between gray and white matter. I 

understand that the results cannot be compared to what we are used to seeing from current 

clinical systems, but given that the superior soft-tissue contrast is one of the main assets of MRI 

over modalities like CT, I feel this should be addressed. Is this an inherent limitation at this field 

strength because the T1 and T2 values are much closer together, or is it just a matter of lower 

contrast to noise ratio? If the reason is contrast to noise ratio, this could be tested in an 

experiment with a higher number of averages to boost SNR. 

3) It is stated that "Scanning was acoustically much quieter when compared to high-field MRI, with 

dBA at 3T." I do not doubt that the scanner creates less acoustic noise, but the statement 

suggests that the an actual measurement of the noise level was performed at 3T as well, with 



matched experimental settings and pulse sequences. Unless the noise measurement was done 

exactly in the same way and with the same sequences as in (30), I suggest tone down this 

statement. 

4) Sequence parameters: 

4a) Please provide the the echo train length of the 3D fast spin echo acquisitions. 

4b) Please clarify how the reconstructed image resolution of 1x1x5 mm3 was achieved and why 

this step was performed. Was this done with k-space zero padding, and was the reason to make 

the images more comparable to 3T for the clinical study? 

4c) Please report sequence parameters for the standard clinical 3T protocols as well. 

5) Please provide more details about the clinical study. Was the radiologist fully blinded to the 

corresponding 3T images and the clinical presentation of the patients, or did he/she read those as 

well at a different point in time, or was this done by a different radiologist? Was the only criterium 

presence/absence of pathology? Were there cases where the diagnosis on 3T and 0.0055T did not 

match, and in that case would that have lead to a different therapeutic decision? 

6) Please indicate the direction of the B0 field in Figure 8. 

7) p11: To some degree, the section "Promises of imaging at ultra-low-field (p11)" is redundant to 

the introduction. This should be streamlined. 

8) It is mentioned that at ULF, the noise in MRI signals is dominated by the RF receiver coil noise, 

while the sample noise is negligible. Did that influence the design of the RF coil that was built for 

the scanner? 

9) I assume that a total of 34 patients were recruited for the study, since 6+3 ended up not being 

included, and the total for the study was still 25 (page 20 lines 472 to 475). 

10) I appreciate that data will be made available publicly and custom computer codes will be made 

available from the corresponding author upon request. In the spirit of reproducible research, I 

would appreciate it even more if those were included in the public repository as well. The strongest 

impact would of course be achieved if the authors also shared hardware plans and component 

lists, which would allow other research groups to reproduce the authors' design. 

Reviewer #2 (Remarks to the Author): 

This paper is well-written and presents the highest quality low-field MR images that I have seen. 

Certainly they are a massive improvement on the highly distorted images shown in a previous 

publication in Nature Communications. An impressive degree of EMI reduction is shown with the 

neural network, and images using highly B0-sensitive sequences such as EPI and TrueFISP are 

presented for the first time. 

In terms of science the main novelty is the means of EMI reduction. Certainly the ability to operate 

such a system in an RF noisy environment is critical, but several other groups have shown that 

very simple shielding can probably suffice, so it is unclear whether this is a true breakthrough. For 

example, O'Reilly et al. have shown that a simple conductive cloth eliminates the vast majority of 

EMI, and the Hyperfine unit also incorporates a (commercially proprietary) highly effective EMI 

reduction scheme. 

There are a few references that should be added, for example the issue of reduced artifacts from 

metallic implants has been covered by van Speybroeck et al in 2021. 
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REVIEWERS' COMMENTS 

Reviewer #1 (Remarks to the Author): 

Review for the revised version of NCOMMS-21-28454: "A Low-cost and Shielding-free Brain MRI 

Scanner for Accessible Healthcare" 

In line with Nature Communications transparent peer review, I agree to these reviewer comments 

being published along with the paper. 

Signed: Florian Knoll, September 28th 2021, Erlangen, Germany 

The authors have performed a most comprehensive revision that addressed all my questions, and 

the new material has improved the manuscript even further. I have no more comments and 

recommend to accept the manuscript at this stage. Congratulations on your great work. 

Reviewer #2 (Remarks to the Author): 

The authors have done an excellent job responding to my comments on their initial submission. I 

have a few minor additional requests for information, see below. 

1. On line 106 the authors state that the use of conductive cloth is “sub-optimal”. Was this the 

conclusion of the original paper, or is this the current authors’ interpretation? 

2. Line 213: please make it clear that reconstructed data size is only for visualization purposes 

(one can reconstruct to any given size and report it), and that the actual spatial resolution is quite 

coarse compared to other studies. 

3. References 24 and 55 have now been published as full papers in Magnetic Resonance in 

Medicine and so should be updated accordingly 

4. There are 10 sensing coils reported: schematically in the supplementary material there are only 

six shown. Can the authors: (a) report on the size of each sensing coil (I presume they are tuned 

to the Larmor frequency, otherwise please state this, and (b) how many of each were positioned in 

which locations. 

5. Can the authors briefly report on the RF coil that they used. They mention a solenoid geometry, 

but please give length, diameter, number of turns, conductor geometry and Q factor (loaded with 

the human head and unloaded). 







Ì¸» ¿«¬¸±® ©±«´¼ ´·µ» ¬± ¬¿µ» ¬¸· ±°°±®¬«²·¬§ ¬± ¬¸¿²µ ¬¸» ¬©± ®»ª·»©»® º±® ¬¸»·® ª¿´«¿¾´» ½®·¬·¯«» ¿²¼ 

«¹¹»¬·±² ¼«®·²¹ ¬¸» ®»ª·»© ±º ±«® ±®·¹·²¿´ «¾³··±² ¿²¼ «¾»¯«»²¬ ®»ª··±²ô ©¸·½¸ ©» ¾»´·»ª» ¸¿ª» 

«¾¬¿²¬·¿´´§ ¬®»²¹¬¸»²»¼ ¬¸· ³¿²«½®·°¬ò 






