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[ Abstract] Objective To investigate the effectiveness of a movable (with the distance between the temporal
scalp and the detector being adjustable) array of optically pumped magnetometers for magnetoencephalography (OPM-
MEQG) in capturing auditory evoked response signals in healthy subjects living at low altitudes, and to provide a useful
technical reference for subsequent exploration of the changes in brain functions in populations living at high altitudes on
a long-term basis. Methods Forty healthy subjects living at a low altitude (470 m above sea level) were recruited. The
distance between the scalp and the bilateral temporal lobe detector was adjusted, and the subjects’ auditory responses in
the temporal lobes were recorded at the distances of 0 mm, 5 mm, 10 mm, and 15 mm. For the different distances, the
MI100 peak signal strength, noise, signal-to-noise ratio (SNR), and latency were analyzed along with the corresponding
auditory source localization maps. A single-factor analysis of variance was conducted to compare the differences in
response signals at varying distances. Results ~ As the distance between the scalp and the detector increased, the noise, the
signal, and the SNR gradually weakened (P<0.001). The noise and signal showed a tendency of linear decline. On the other
hand, the SNR reached its maximum at 5 mm and did not show a tendency of linear decline. Latency was not affected
by the distance (P=0.72). The results of the auditory stimulus source reconstruction were generally consistent.
Conclusion When the distance between the detector and the scalp is 5 mm, the SNR value is the highest, resulting in
high sensitivity and high signal strength. On the other hand, even when the distance between the detector and the scalp
reaches 15 mm, the SNR of the OPM-MEG is still higher than 16 dB, which meets the clinical signal acquisition
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requirements. Furthermore, the auditory stimulus source reconstruction results were generally consistent. Changing the

scalp-to-detector distance does not affect the applicability of the source localization results, validating the device's

effectiveness in signal acquisition.
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Fig 1 The OPM-MEG device
A, The OPM-MEG device of the Clinical Magnetic Resonance Research

Center, Department of Radiology, West China Hospital, Sichuan University. B,
The subject was lying on the acquisition bed in a supine position. The detector
was positioned close to the scalp and covered the temporal lobe in the initial state.
C, The modulation knobs of the detector were located on the left and right sides

of the helmet to adjust the distance between the detector and the scalp.
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Fig 2 Flow chart of MEG data analysis
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Table 1 Metrics at different distances between the detector and the scalp

Detector-to-scalp distance (X + s)

Index 0 mm 5mm 10 mm 15 mm F P T]PZ
Noise/fT 30.56+9.45 26.80+10.91 25.23+£9.57 20.68+8.46 8.51 <0.001 0.41
Signal/fT 302.86+121.69 261.73+£80.53 183.45+£63.23 143.18+60.24 92.62 <0.001 0.88
Signal-to-noise ratio/dB 19.61+3.66 19.98+3.21 17.30£3.52 16.66+3.93 15.96 <0.001 0.56
Latency/ms 100.63£16.52 108.25+21.88 113.95£35.69 111.48+31.81 2.53 0.072 0.17

1, ranges from 0 to 1 and is used to represent the effect size in ANOVA, with a larger value indicating a larger difference. n=40.
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Fig 3 The noise, signal strength, signal-to-noise ratio, and latency at different distances

A, Noise gradually weakens with the increase in distance, and no statistically significant difference was found between any neighboring conditions. B, Signal strength

gradually weakens with the increase in distance, showing statistically significant differences between 5 and 10 mm and between 10 and 15 mm. C, Signal-to-noise ratio

begins to gradually weaken at 10 mm, showing statistically significant differences between 5 and 10 mm. D, Latency is relatively stable at all distances, showing no statistical

difference between neighboring conditions. ~~ P<0.008 3. n=40.
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Fig 4 Evoked responses of electromagnetic brain signals acquired from one subject at different distances

M100 evoked response at 0 mm (A), 5 mm (B), 10 mm (C), and 15 mm (D) detector-to-scalp distance, respectively.
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Fig 5 Source reconstruction of brain magnetic signals acquired at different distances in one subject

Auditory stimulus source reconstruction results at 0 mm (A), 5 mm (B), 10 mm (C), and 15 mm (D) detector-to-scalp distance, respectively.

TS5, 5 BE 8 B 7E 50 ~ 500 fTYE N1, OPM-MEGHES £
BN EAF S, I B G RI 28 5 =k K AR s hn, 155
SR 3 S BRI AR ST R, AR kA LA
WY —3% . (RIS, Bl PR B O, MRS o AF N s /b, AT
fiE A2 F T B 1 KAl A5 R AR B 5 5 LA A M ik 2 Y 2%
W, Z5HSEH, 765 mmAbSNRIRFE, SNRiliw, £ 2%
PP FHLRE SR, DL RS RAIR, ZEIG RN FH 45
28 5 3k e 8] 0T S0 (0 mm ) BV AT 345 R 4 (RG24
R, X —E5 A B T ORI RERAE R P

TELAFE AR5 o, 380 P 3000 5 3k B A B B 0
hps B AR W S J P, B2 [ AR AR PR S,
5 mm®™, 6.5 mm"5E . R, TEIm PRI SE BRI, o T
PR S BRI — | A 2T 15845 57, TC i S AR
i 532 K K R B G —, DR R A IR X HE S

AR o AT EE R R, R AR RIE T {5 5
JEA P s, SNRULZY B, (HRIETELS mmEFES T, SNR
5] 35(16.66+3.93) dB, i T'URBANZEIHSE 1111 dB.,
13X 7% W RV A AR A O B S, OPMER I # th RE A {4
P 5 5 048, dE—E 0 T HGE IR TR AT 1
AT, ABIFSE & PR [ S T M 100 (& Y v (R 391 0
B EES, HSHIESCIRIRGE g — 80 >, R TR
B AEAN ) BE S T 5 (55 Wi 1o B 8] (1) — Bk . %FM100
WAL B SAT B0, AN T) B I R 0 SR AR — B, 3 hy
OPM-MEGTH 5 R A M 25 [A] — Bt 4 T i — 2 ik 4,
TEB T HAE SRR P R e vk . B, AR 5T 4
SFAEW] T OPM-MEG RS WF 5 175 & R I3 15 5 B A 55k,
A A PG R R AR A T B —.
ABIFEET T AN A1 5 5 3k 1 18] fr) E 8 %ot -y



6 3 =

U4 PR R I 5 4 SRS PSS HE TR0 88 1 2 W 5 5

1401

Vo NAS SR E L MR | SNRFIVE IR DI 52, 45 93
B, 785 mmiF B A, SNRIA B0 (35 B fe e e 1, B
ffi7E15 mmBE Ak, SNRIBIRIFTELS dBLL L, 16 JE I R 2L
K, EB T OPM-MEGHI A R . (HAHE G I AR 4R A
BT 57 1) A B 5 S, AR (R ATF 2K X0 25 B A s
AR [ R, 6 UE 24 A A ERLE AR 5 R 5 R A A R
PEo IEAh, WFFEA BT REA Y KB =i ik ARE, B
EGTK I ] 2 Vg 4 2 R A 22 D R IX Sk A SRR 5
M), 33X 26 S B AT RS2 RERINZE R GRS W AN TS

* * *

BTSN RIEGSTE SO TEMT . SR ESHR IR S 1,
WRIE2E S TTESCHIIE | TS BP0 R IR 51, IME R PR 5E
STHREI H A B, SN AR S ST B T g IE AT L e A AT
AL, B LRI SY 51 5T 2 SR AR IOAIBIT FE T H G B, R AP 7
S EHE A S AR SR, PrA (R Q&R ER SRR AT,
X B R R RIA AT IR SE R, IR REX AR R BT Dy i 573
Author Contribution YUAN Yuan is responsible for conceptualization,
formal analysis, resources, and writing--original draft. CHEN Zhengju is
responsible for conceptualization, investigation, methodology, and writing--
original draft. SUN Wei and FU Shiqin are responsible for project
administration. JIN Lin and MENG Qiujian are responsible for data
curation, formal analysis, validation, and visualization. SHENG Jingwei and
WU Jiangfen are responsible for funding acquisition and project
administration. CHEN Lei and XING Haoyang are responsible for
supervision and writing--review and editing. All authors consented to the
submission of the article to the Journal. All authors approved the final
version to be published and agreed to take responsibility for all aspects of
the work.

FlIZEWIE  ASHEH B A A R BB BT R IR m By, 43tk
A A Z AT 0T, BRI AR IR A R S e di it AR
VR EA TSR E TR Z, % SCTESR B P AT B o A OB A 4
WIS T, EREHANGTAB . R Ah, Bra e s A
FAER R ISR

Declaration of Conflicting Interests SHENG Jingwei holds shares of
Beijing Quanmag Healthcare, and JIN Lin and MENG Qiujian are
employees of the company. However, none of the equipment and computer
programs used in the study were provided free of charge by the company.
CHEN Lei is a member of the Junior Editorial Board of the journal. All
processes involved in the editing and reviewing of this article were carried
out in strict compliance with the journal's policies and there was no
inappropriate personal involvement by the author. Other than this, all

authors declare no competing interests.

2 % x #

[1] CHENXM, ZHANG Q, WANG ] Y, et al. Cognitive and neuroimaging
changes in healthy immigrants upon relocation to a high altitude: a panel
study. Hum Brain Mapp, 2017, 38(8): 3865-3877. doi: 10.1002/hbm.
23635.

[2] MAHL WANGY, WU J H, et al. Long-term exposure to high altitude

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

affects response inhibition in the conflictmoni toring stage. Sci Rep, 2015,
5:13701. doi: 10.1038/srep13701.

fi g, B, 0505, A5, ARIEHAE MRS JE g eI IX 2 47 Y
&N PEAR . AR PR 2, 2017, 57(38): 92-94. doi: 10.3969/j.issn.1002-
266X.2017.38.030.

HE Y, BAO H H, WANG F F. Adaptive changes in the brain of normal
adults at low altitude after a 2-year move to high altitude. Shandong Med
J, 2017, 57(38): 92-94. doi: 10.3969/j.issn.1002-266X.2017.38.030.
BARRATT E L, FRANCIS S T, MORRIS P G, et al. Mapping the
topological organisation of beta oscillations in motor cortex using MEG.
Neuro Image, 2018, 181: 831-844. doi: 10.1016/j.neuroimage.2018.06.041.
UHLHAAS P J, LIDDLE P, LINDEN D E J, et al. Gross
Magnetoencephalography as a tool in psychiatric research: current status
and perspective. Biol Psychiatry Cogn Neurosci Neuroimaging, 2017, 2:
235-244. doi: 10.1016/j.bpsc.2017.01.005.

MRS, KT, SRI 6L, 4F. 25T IS0 i B0 o S i 1] sh 2 ik
BFFT. iR, 2022, 39(3): 337-344. doi: 10.11938/cjmr20222975.
CHEN C Q, ZHANG X, GUO Q Q, et al. Moving wearable
magnetoencephalography measurement study based on optically-pumped
magnetometer. Chin ] Magn Reson, 2022, 39(3): 337-344. doi: 10.11938/
¢jmr20222975.

VRBA J. Magnetoencephalography: the art of finding a needle in a
haystack. ] Psychophysiol, 2003, 17(4): 237-237. doi: 10.1016/S0921-4534
(01)01131-5.

MUKAMEL R, GELBARD H, ARIELI A, et al. Coupling between
neuronal firing, field potentials, and FMRI in human auditory cortex.
Science, 2005, 309(5736): 951-954. doi: 10.1126/science.1110913.

SHAH V K, WAKAI R T. A compact, high performance atomic
magnetometer for biomedical applications. Phys Med Biol, 2013, 58:
8153-8161. doi: 10.1088/0031-9155/58/22/8153.

BOTO E, HOLMES N, LEGGETT J, et al. Moving
magnetoencephalography towards real-world applications with a
wearable system. Nature, 2018, 555: 657-661. doi: 10.1038/nature26147.
DANG H B, MALOOF, ROMALIS M V. Ultra-high sensitivity magnetic
field and magnetization measurements with an atomic magnetometer.
Appl Phys Lett, 2010, 97(15): 151110. doi: 10.1063/1.3491215.

SHENG J, WAN S, SUN'Y, et al. Magnetoencephalography with a Cs-
based high-sensitivity compact atomic magnetometer. Rev Sci Instrum,
2017, 88(9): 094304. doi: 10.1063/1.5001730.

BOTO E, MEYER S S, SHAH V, et al. A new generation of
magnetoencephalography: room temperature measurements using
optically-pumped magnetometers. Neuro Image, 2017, 149: 404-414. doi:
10.1016/j.neuroimage.2017.01.034.

HILL R M, DEVASAGAYAM J, HOLMES N, et al. Using OPM-MEG in
contrasting magnetic environments. Neuro Image, 2022, 253: 119084. doi:
10.1016/j.neuroimage.2022.119084.

URBAN M, ANNA J, RVDIGER B, et al. Transforming and comparing


https://doi.org/10.1002/hbm.23635
https://doi.org/10.1002/hbm.23635
https://doi.org/10.1002/hbm.23635
https://doi.org/10.1038/srep13701
https://doi.org/10.1038/srep13701
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.3969/j.issn.1002-266X.2017.38.030
https://doi.org/10.1016/j.neuroimage.2018.06.041
https://doi.org/10.1016/j.neuroimage.2018.06.041
https://doi.org/10.1016/j.bpsc.2017.01.005
https://doi.org/10.1016/j.bpsc.2017.01.005
https://doi.org/10.11938/cjmr20222975
https://doi.org/10.11938/cjmr20222975
https://doi.org/10.11938/cjmr20222975
https://doi.org/10.11938/cjmr20222975
https://doi.org/10.11938/cjmr20222975
https://doi.org/10.1016/S0921-4534(01)01131-5
https://doi.org/10.1016/S0921-4534(01)01131-5
https://doi.org/10.1016/S0921-4534(01)01131-5
https://doi.org/10.1016/S0921-4534(01)01131-5
https://doi.org/10.1016/S0921-4534(01)01131-5
https://doi.org/10.1016/S0921-4534(01)01131-5
https://doi.org/10.1016/S0921-4534(01)01131-5
https://doi.org/10.1126/science.1110913
https://doi.org/10.1126/science.1110913
https://doi.org/10.1088/0031-9155/58/22/8153
https://doi.org/10.1088/0031-9155/58/22/8153
https://doi.org/10.1088/0031-9155/58/22/8153
https://doi.org/10.1088/0031-9155/58/22/8153
https://doi.org/10.1038/nature26147
https://doi.org/10.1038/nature26147
https://doi.org/10.1063/1.3491215
https://doi.org/10.1063/1.3491215
https://doi.org/10.1063/1.5001730
https://doi.org/10.1063/1.5001730
https://doi.org/10.1016/j.neuroimage.2017.01.034
https://doi.org/10.1016/j.neuroimage.2017.01.034
https://doi.org/10.1016/j.neuroimage.2022.119084
https://doi.org/10.1016/j.neuroimage.2022.119084

1402

PRS2 (B 2R

5 554

[16]

[17]

[18]

[19]

[20]

[21]

[22]

data between standard SQUID and OPM-MEG systems. PLoS One, 2022,
17(1): €0262669. doi: 10.1371/journal.pone.0262669.

BORNA A, CARTER T R, COLOMBO A P, et al. Non-invasive
functional-brain-imaging with an OPM-based magnetoencephalography
system. PLoS One, 2020, 24;15(1): €0227684. doi: 10.1371/journal.pone.
0227684.

YUN S D, SHAH N J. Whole-brain high in-plane resolution fMRI using
accelerated EPIK for enhanced characterisation of functional areas at 3T.
PLoS One, 2017, 12(9): €0184759. doi: 10.1371/journal.pone.0184759.
ZHAO ], TANG C, NIE J. Functional parcellation of individual cerebral
cortex based on functional MRI. Neuroinformatics, 2020, 18(2): 295-306.
doi: 10.1007/s12021-019-09445-8.

COHEN D. Magnetoencephalography: detection of the brain's electrical
activity with a superconducting magnetometer. Science, 1972, 175(4022):
664-666. doi: 10.1126/science.175.4022.664.

HAMALAINEN M, HARI R, ILMONIEMI R J, et al.
Magnetoencephalography-theory, instrumentation, and applications to
noninvasive studies of the working human brain. Rev Mod Phys, 1993,
65(2): 413. doi: 10.1103/RevModPhys.65.413.

AT BOHE ARG | S S S HEBRR). b R
HiRRAL, 2012,

HU G S. Digital signal processing - Theory, algorithms and
implementation (3rd Edition). Beijing: Tsinghua University Press, 2012.

ALEM O, HUGHES K J, BUARD [, et al. An integrated full-head OPM-

MEG system based on 128 zero-field sensors. Front Neurosci, 2023, 17:
1190310. doi: 10.3389/fnins.2023.1190310.
[23] AN KM, SHIM J H, KWON H, et al. Detection of the 40 Hz auditory
steady-state response with optically pumped magnetometers. Sci Rep,
2022, 12(1): 17993. doi: 10.1038/s41598-022-21870-5.
[24] PAMTEY C, EULITZ C, ELBERT T, et al. The auditory evoked sustained
field: origin and frequency dependence. Electroencephalogr Clin
Neurophysiol, 1994, 90(1): 82-90. doi: 10.1016/0013-4694(94)90115-5.
FFE, WRERE, ARPCIC, A W2 KT G B U D RE DXk P

A ER. AR S L FUAMRL A, 2006, 41(5): 346-350. doi: 10.

[25]

3760/j.issn:1673-0860.2006.05.008.
WANG B S, MIAO Y Z, ZHU Q W, et al. Preliminary study on the
functional localization of auditory cortex in auditory pathyology patients
using magnetoencepahalography. Chin J Otorhinolaryngol Head Neck
Surg, 2006, 41(5): 346-350. doi: 10.3760/j.issn:1673-0860.2006.05.008.
(2024 — 04 — 23Uk, 2024 - 10 - 114& 1))
Gt B MR
FEBERI  ASCH R AU B A —lE Rl G
4.0 bR AT PML(CC BY-NC 4.0), PEAI{E BT

https://creativecommons.org/licenses/by/4.0/

OPEN ACCESS This article is licensed for use under Creative Commons
Attribution-NonCommercial 4.0 International license (CC BY-NC 4.0). For more
information, visit https://creativecommons.0rg/licenses/by/4.0/ .

© 2024 (U R2F2ER (BE2ERR) Y4 iEs

Editorial Office of Journal of Sichuan University (Medical Sciences)


https://doi.org/10.1371/journal.pone.0262669
https://doi.org/10.1371/journal.pone.0262669
https://doi.org/10.1371/journal.pone.0227684
https://doi.org/10.1371/journal.pone.0227684
https://doi.org/10.1371/journal.pone.0227684
https://doi.org/10.1371/journal.pone.0184759
https://doi.org/10.1371/journal.pone.0184759
https://doi.org/10.1007/s12021-019-09445-8
https://doi.org/10.1007/s12021-019-09445-8
https://doi.org/10.1007/s12021-019-09445-8
https://doi.org/10.1007/s12021-019-09445-8
https://doi.org/10.1007/s12021-019-09445-8
https://doi.org/10.1007/s12021-019-09445-8
https://doi.org/10.1007/s12021-019-09445-8
https://doi.org/10.1007/s12021-019-09445-8
https://doi.org/10.1126/science.175.4022.664
https://doi.org/10.1126/science.175.4022.664
https://doi.org/10.1103/RevModPhys.65.413
https://doi.org/10.1103/RevModPhys.65.413
https://doi.org/10.3389/fnins.2023.1190310
https://doi.org/10.3389/fnins.2023.1190310
https://doi.org/10.1038/s41598-022-21870-5
https://doi.org/10.1038/s41598-022-21870-5
https://doi.org/10.1038/s41598-022-21870-5
https://doi.org/10.1038/s41598-022-21870-5
https://doi.org/10.1038/s41598-022-21870-5
https://doi.org/10.1038/s41598-022-21870-5
https://doi.org/10.1038/s41598-022-21870-5
https://doi.org/10.1038/s41598-022-21870-5
https://doi.org/10.1016/0013-4694(94)90115-5
https://doi.org/10.1016/0013-4694(94)90115-5
https://doi.org/10.1016/0013-4694(94)90115-5
https://doi.org/10.1016/0013-4694(94)90115-5
https://doi.org/10.1016/0013-4694(94)90115-5
https://doi.org/10.1016/0013-4694(94)90115-5
https://doi.org/10.1016/0013-4694(94)90115-5
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://doi.org/10.3760/j.issn:1673-0860.2006.05.008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	1 资料与方法
	1.1 主要仪器
	1.2 研究对象
	1.3 研究方法
	1.4 信号采集
	1.5 数据分析
	1.6 统计学方法

	2 结果
	2.1 基本人口统计学信息
	2.2 听觉响应信号统计结果
	2.3 脑磁信号响应结果
	2.4 脑磁信号溯源结果

	3 讨论
	参考文献

