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Aims: Despite clinical guideline recommendations for its use, the uptake of fractional flow reserve
(FFR) in borderline coronary artery lesions remains low. As a noninvasive and safe test for myocardial
ischemia, the validity of optical pumped magnetometer magnetocardiography (OPM-MCG) versus
invasive FFR has not been fully established. Methods and Results: A total of 141 stable patients with
borderline coronary artery lesions were prospectively enrolled from June 30 to November 30, 2023. All
of them underwent sequential OPM-MCG before invasive coronary angiography and FFR. Six
parameters were included in the final diagnostic model: MAg.x-TT, CAgax-TT, 0AZum-C, OPSsum-PP,
OATgn-N and RtoAr,,,-PN. 500 bootstrap replications showed that the area under the receiver operating
characteristic curve 95% confidence interval of the diagnostic model was 0.841 (0.804-0.844), with
sensitivity of 76.5%, specificity of 91.8%, positive predictive value of 89.7%, negative predictive value
of 80.7%. 1000 bootstrap replications showed that the model was well-calibrated. There is a net clinical
benefit of using the MCG ischemia diagnostic model for borderline coronary lesions if the threshold
probability of patients is greater than 12%. Conclusion: A nomogram based on 6 OPM parameters was
built to assess myocardial ischemia in borderline coronary artery lesions and can reduce unnecessary
invasive examination.

Keywords: borderline coronary artery lesions; optical pumped magnetometer magnetocardiography;

fractional flow reserve; myocardial ischemia

Introduction
Borderline coronary lesions have stenosis ranging from 40% to 90% as seen in invasive coronary
angiography. The FAME study [ found that over 80% of lesions fell into this category, with only 35%

of stenoses between 50-70% being hemodynamically significant. Predicting relevance was most
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accurate when estimating coronary artery diameter over 90%. The ongoing debate stems from the 2021
ACC/AHA/SCAI Guidelines for Coronary Artery Revascularization ?I indicating uncertainty
regarding the advantages of coronary interventions in patients with nonischemic borderline lesions.

T Fractional flow reserve (FFR) guided intervention in patients with borderline coronary artery
lesions (40-90% stenosis) has become a recommended treatment strategy in the 2018 ESC
Interventional Guidelines Bl The 2021 ACC/AHA/SCAI Guidelines for Coronary Artery
Revascularization also have clear recommendations for borderline lesions: FFR and instantaneous
wave-free ratio (iFR) are used to assess the need for percutaneous coronary intervention (PCI) in
patients without evidence of ischemia but with angina and other equivalent symptoms (Class I); PCl is
not recommended for stable patients with FFR >0.8 or iFR >0.89 (Class III). FFR is considered the
benchmark for detecting ischemia in such situations. However, its widespread adoption in coronary
catheter laboratories is hindered by its time-consuming nature, consumption of resources, and potential
adverse effects associated with adenosine application.

Optical pumped magnetometer magnetocardiography (OPM-MCG) measures tiny magnetic fields
(1015 Tesla) from the heart using atomic magnetometer technology, without radiation. It's quick,
contactless, and suitable for diverse populations. Clinical studies have shown that MCG is better than
electrocardiogram (ECG) at detecting early myocardial ischemia 3¢ and has similar diagnostic
effectiveness as SPECT for coronary artery disease (CAD) 78, MCG is precise in diagnosing non-ST-
segment elevation myocardial infarction, even in individuals who do not exhibit typical angina. 101,
However, the use of MCG for assessing myocardial ischemia in borderline coronary artery lesions still
needs to be established.

Hence, this study aims to investigate the accuracy of OPM-MCG in diagnosing myocardial
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ischemia in patients with borderline coronary lesions, with invasive FFR examination serving as the

reference standard.

Method

Study population

This study was a prospective, single-center, observational, cohort study which was reviewed by the

Ethics Committee of Beijing Anzhen Hospital, Capital Medical University, and registered with the

China Clinical Trial Registry (ChiCTR2300072382). All participants signed an informed consent. The

methods described in this article follow the STARD 2015 guidelines.

Participants aged 18-80 with typical angina symptoms (CCS class II or higher) or 40-90% stenosis

on CCTA were scheduled for hospitalization for invasive coronary angiography (ICA). Exclusion

criteria included: 1) Coronary artery stenosis outside of 40%-90% range on ICA; 2) Acute myocardial

infarction; 3) Previous myocardial infarction; 4) Complex arrhythmias; 5) Bundle-branch block; 6)

Pacemakers, metallic implants in trunk; 7) Claustrophobia.

Sample size was calculated by PASS 2021 software. This study was a prospective cohort study,

and the area under the ROC curve was used for sample size calculation, taking the significance level (a)

as 0.025 and the degree of certainty (1-f) as 0.90,combining the results of the literature review of related

studies as well as the statistics of the small sample in the previous period, and calculating according to

the FFR-positive (ischemic)/FFR-negative (non-ischemic)=2:3. The sample size was calculated as 138.

Between June 30 and November 30, 2023, patients who satisfied the inclusion criteria were

consecutively enrolled, resulting in a total of 163 participants being recruited for this study. 141 patients

with borderline coronary lesions underwent OPM-MCG and FFR assessments after excluding 22

4
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patients for different reasons (Figure 1). In this study, the cardiologists were not aware of the MCG

results at the time of the FFR examination, and the MCG parameters were determined before the FFR

examination.

MCG imaging

MCG recordings were conducted using a 36-channel OPM-MCG system with atomic

magnetometers (Miracle MCG, Beijing X-MAGTECH Technologies Ltd.). The sensitivity of the

magnetometers is below 30fT/Hz1/2, and the residual magnetic field is kept below 5nT. Each subject

had a 90-second continuous recording at 36 locations (6x6 grid) above the chest using an arrayed sensor

grid. Once MCG data collection is complete, the software automatically generates precise magnetic field

and current density maps and outputs their parameters (see Supplemental text for additional detail). The

parameters and cut-off values of MCG that indicate myocardial ischemia are presently undefined, thus

the current study is exploratory in its approach.

ICA and FFR procedures

Coronary angiography and FFR measurements were performed on the vessels according to the

2021 ACC/AHA/SCAI Guidelines for Coronary Artery Revascularization and Expert consensus on the

clinical pathway for FFR measurement in China. After administration of nitroglycerin, a pressure

monitoring guidewire was advanced through the stenosis. Hyperemia was attained by administration of

intravenous adenosine (140pg/kg/min). The FFR pressure wire was positioned a minimum of 20 mm

distal to the stenosis in vessel segments >2 mm. The presence of an FFR <0.80 was considered a positive

indicator of functional ischemia in patients and was defined as the FFR-positive group.
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Statistical Analysis

Data analysis was performed with SPSS 26.0 and R 4.3.2 (http //www.R-project.org/). Counting

data were presented as numbers and percentages, while normally distributed measurement data were

shown as mean =+ standard deviation. Continuous variables that were not normally distributed were

presented using median and quartile values. Statistical significance was determined for all analyses with

a P-value less than 0.05.

Development and internal validation of the diagnostic model

We used logistic regression and LASSO regression to select the most predictive variables from 65

pre-selected potential candidate variables obtained based on OPM-MCG (see Supplementary Text for

definitions and pre-selection of candidate variables). The optimal model was determined through cross-

validation. We considered the number and reasonableness and evaluated the parameters for the

regression model and used multivariate logistic regression with the backward method to incorporate

predictor variables. The model's predictive performance was assessed using the enhanced bootstrap

method and clinical benefit was evaluated using decision curve analysis. The MCG-FFR nomogram was

used to report scores for assessing myocardial ischemia with OPM-MCG parameters.

Result

Clinical characteristics

The study included 141 patients, mostly male (77.3%) with an average age of 60.64 + 9.70 years.

After MCG scans, all patients underwent ICA and FFR examination, with 48.2% having positive FFR
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(FFR < 0.8). A total of 157 vessels were examined, with 47.1% having FFR < 0.8. Interval between

MCG and FFR less than 30 days, median 2 days. Most patients had FFR measurements primarily done

on the LAD. See Table 1 for patient clinical characteristics.

Selection of parameters and development of the diagnostic model

Fifty variables that were statistically significant (P < 0.1) in univariable logistic regression were

included in the LASSO regression (Table 2 and Figure 2 in supplemental text), and eight variables were

selected based on the reasonableness of the parameters selected to reduce the model overfitting and

covariance through LASSO regression. By using the backward approach, six parameters were included

in the final diagnostic model: MAg,,.x-TT, CAgnax-TT, 8Agum-C, 0PSgum-PP, 8Arg,-N and RtoAr,.x-

PN. The model area under the receiver operating characteristic curve (AUC) obtained from multivariate

logistic regression analysis was 0.87, with sensitivity of 76.5%, specificity of 91.8%, positive predictive

value of 89.7%, negative predictive value of 80.7%. The nomogram (Figure 2) provides a graphical

overview of the diagnostic model using multivariate logistic regression analysis (Table 3 in

supplemental text).

Internal validation and net benefit of the model

The model performance for the diagnosis of myocardial ischemia in borderline coronary artery

lesions of the OPM-MCG was evaluated by bootstrap replications.500 bootstrap replications showed

that the model AUC and a 95% confidence interval (CI) of 0.87 (0.809-0.932) (Figure 3). 1000 bootstrap

replications showed that the model was well-calibrated. The mean absolute error was 0.032 (Figure 3).

The decision curve analysis (DCA) for the diagnostic model showed that if the threshold probability of

7
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patients is greater than 12% (Figure 3), screening strategies based on the OPM-MCG diagnostic model

resulted in superior net benefit than screen-none or screen-all strategies.

Discussion

The feasibility of diagnosing myocardial ischemia in patients with borderline lesions using OPM-
MCG was shown in our study, when compared to invasive FFR. The collective diagnostic potential of
MCG parameters in detecting myocardial ischemia in borderline coronary artery lesions resulted in an
AUC of 0.87 (95% CI 0.809 to 0.932), comparable to a prior investigation conducted by Park JW et al
(1T which found that ST-segment fluctuation scores had an AUC of 0.84. This study stands out as the
sole comparison between MCG and FFR for CAD utilizing a '64-channel axial gradiometer system.' In
the study by Park JW and colleagues, patients could only detect myocardial ischemia under stress
conditions, and the examination required a specialized shielded room. In contrast, OPM-MCG does not
require liquid helium cooling or a dedicated shielded room. It can accurately diagnose myocardial
ischemia caused by borderline coronary artery lesions even when the patient is at rest, presenting a
contrast to the previous study.

CAD is presently characterized by an epicardial vascular lesion with a stenosis exceeding 50% in
the ICA. Frequently, this description acts as a reference for heart muscle revascularization. Moreover,
FFR can be used to evaluate the existence of myocardial ischemia, with a threshold of 0.8. Numerous
studies ['213] have consistently demonstrated that FFR-guided stenting leads to superior immediate
outcomes and long-term prognosis. Therefore, FFR carries a Class 1a recommendation for guiding
revascularization in angiographically borderline coronary stenoses in patients with stable angina.

However, as illustrated in the Figure 4, the coronary stenosis identified in ICA may not precisely align
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with the invasive FFR results. This observation is in line with the conclusions drawn in the 2019 ESC
Guidelines for Chronic Coronary Syndromes 4151, emphasizing that the accuracy of determining CAD
solely based on angiographic stenosis was as low as 64% when compared to flow reserve fraction. The
positive mismatch rate, where lesions with less than 50% stenosis may demonstrate an FFR < 0.8, was
19%, while the negative mismatch rate, where lesions with over 50% stenosis may result in an FFR
value > 0.8, reached up to one-third. However, due to factors such as time consumption, costs, patient-
related discomfort, contraindications, and a lack of reimbursement, the current rate of FFR utilization in
catheterization laboratories in China is less than 6% [Error! Bookmark not defined.. OPM-MCG
allows ischemia assessment in patients with borderline coronary lesions prior to ICA and has a good
concordance with invasive FFR.As a result, OPM-MCG can provide a basis for precise diagnostic and
treatment strategies in patients with borderline coronary lesions before ICA, reducing unnecessary
invasive testing.

The current non-invasive methods with high accuracy for myocardial ischemia assessment are
SPECT, positron emission tomography/CT (PET/CT) and cardiac magnetic resonance imaging (CMR).
However, due to the use of radioactive substances, tedious operation, high price, long examination time
and waiting time for appointments, CMR (13.5%) and SPECT (12.9%) are not widely practiced ['®l. In
a prospective study done by Roel S. et al. [!71 2022, which included 189 patients in a head-to-head
comparison, it was found that using FFR as the gold standard, the sensitivity of SPECT, PET/CT, and
CMR was only 67%, 81%, and 66%, and the specificity was only 61%, 65%, and 62%. The diagnostic
accuracy of PET/CT (75%) was not statistically different from that of SPECT (65%, P=0.03) and MRI
(64%, P=0.052). In recent years, CT-derived fractional flow reserve (CT-FFR) has gradually developed

into a new noninvasive test for detecting myocardial ischemia. The results of a multicenter study showed
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that the sensitivity of CT-FFR in diagnosing coronary myocardial ischemia was 89%, the specificity
was 91%, and the diagnosis was in good concordance with FFR ['®. However, CT-FFR still has obvious
limitations. Good image quality is essential for CT-FFR, but in this research, 13.9% of instances (58 out
of 418) were unable to calculate CT-FFR due to inadequate image quality and the intricate nature of the
coronary artery system. Additionally, CT-FFR cannot currently assess microvascular lesions (<2 mm in
diameter) and diffuse lesions [°].

Similar to previous studies %2l a positive MCG scan was demonstrated by one or more
abnormalities in the TT segment, including changes in TT segment parameters and changes in image
dipoles (non-dipole phenomena and angular deflection of currents or magnetic fields). Different MCG
parameters and combinations of parameters can provide more incremental information on
cardiovascular disease. MCG is capable of accurately diagnosing myocardial ischemia resulting from
epicardial coronary artery disease as well as effectively detecting myocardial ischemia caused by
coronary microvascular dysfunction (CMD). The accuracy of MCG identification of CMD is 94.8%
(£6.4%), sensitivity of 100% (+0.0%), and specificity of 93.3% (£8.2%) 21, In our study, we also found
a small number of FFR-negative patients with positive MCG scans as described above 123, and
considered the possibility of CMD. In the future, we will summarize the characteristic images of patients

with CMD and further explore the incremental information provided by the MCGs for these patients.

OPM-MCGQ tackles the pain points of SQUID-based MCG and facilitates its promotion in the clinic.

MCG is mainly divided into two types: superconducting SQUID-based MCG and OPM-MCG. Although
the SQUID-based MCG was developed earlier, it requires liquid helium refrigeration to realize low-
temperature superconductivity and the construction of a large magnetic shielding room, which limits its
large-scale popularization and use. The OPM-MCG can operate at room temperature without liquid

10

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug


http://bmjopen.bmj.com/

oNOYTULT D WN =

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

BMJ Open

helium cooling 4. Moreover, the MCG is equipped with a lightweight magnetic shielding system,
which enables it to realize high-sensitivity magnetic measurements while significantly reducing
equipment maintenance costs and providing more flexible application scenarios.

MCG has been proved to be in good concordance with FFR in the preoperative assessment of
myocardial ischemia in patients with borderline coronary artery lesions, and more clinical information
can be provided to patients with cardiovascular disease through more studies in the future. MCG is
expected to be used for the preoperative assessment of lesion-specific ischemia in patients with
borderline coronary arteries, and to reduce the number of unnecessary invasive coronary arteriography
examinations. This will effectively reduce the pressure on national healthcare expenditures and reduce

the burden on patients with cardiovascular diseases.

Limitation

The study is a single-center registry study with some limitations. There is a need for a multicenter,
prospective study involving a larger patient population. There are many types of MCG, and the current
method of analyzing the cardiac magnetic field for the Miracle MCG was not compared head-to-head
with other equipment. This study was not further externally validated, and in the future we will further

refine and explore the feasibility of myocardial ischemia by MCG parameters.

Conclusion

MCG shows good sensitivity, specificity, and diagnostic accuracy in identifying significant
coronary artery disease when compared to FFR. More extensive future research is necessary to confirm
the effectiveness of MCG as a non-invasive approach for diagnosing and assessing the ischemic

11
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condition of borderline coronary artery blockages. Therefore, MCG can provide the evidence for a
precise diagnostic strategy for patients with borderline coronary lesions before ICA, reducing

unnecessary invasive examination.

Ethics approval and consent to participate
This study was performed in accordance with the principles of the Declaration of Helsinki. This study
was approved by the ethics committee of Beijing Anzhen Hospital, Capital Medical University

(KS2023008). Written informed consent was required for participation in the study.

Competing interests

The authors declare that they have no conflicts of interest.

Funding

This study was supported by Sponsored by Capital’s Funds for Health Improvement and Research
(2024-2-2066), Beijing Nova Program (20220484222), ‘ Deng Feng’ Training Program
(DFL20220603), Beijing Hospitals Authority °sailing’ Program (YGLX202323) and Project of The

Beijing Lab for Cardiovascular Precision Medicine (PXM2018 014226 _000013).

Author contribution

Xiantao Song, Chenchen Tu and Hongjia Zhang helped to conceive the topic and revised the article.
Shuwen Yang and Lanxin Feng wrote the manuscript. and finished the statistics, Mingduo Zhang, Min
Zhang, Jigiang He, Yanlong Ren, Yawei Luo and Feng Xu contributed to the data collection. Zhao Ma,

12

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug


http://bmjopen.bmj.com/

oNOYTULT D WN =

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

BMJ Open

Huan Zhang, Yazhe Zhang, Lingi Liu, Shu Zhou, Xin Zhao, and Xueyao Yang helped with data analysis.

All authors read and approved the final manuscript .

Acknowledgments

The authors thank Zhechun Zeng, Ming Ding, and Bin Cai for their help in data analysis, and Xin Chen,

Jinfan Tian, and Yulong Xue for their help in data collection.

Patient and Public Involvement

Patients make more people aware of the clinical role of the MCG and how it is examined by forwarding

news stories and sharing information about clinical studies with others

Abbreviations

AUC= area under the receiver operating characteristic curve

CCTA= coronary computed tomography angiography

CI= confidence intervals

FFR= fractional flow reserve

ICA= invasive coronary angiography

NPV= negative predictive value

OPM-MCG= optical pumped magnetometer magnetocardiography

OR= Odds ratio

PPV=positive predictive value

ROC= receiver-operating characteristic

13

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 14 of 35

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug

e


http://bmjopen.bmj.com/

Page 15 of 35

oNOYTULT D WN =

287

288

289

290

291

292

BMJ Open

Availability of data and materials

The data that support the findings of this study are available on request from the corresponding author,

Xiantao Song, upon reasonable request.

Reference

[1] van Nunen LX, Zimmermann FM, Tonino PA, et al. Fractional flow reserve versus angiography for
guidance of PCI in patients with multivessel coronary artery disease (FAME): 5-year follow-up of a
randomised controlled trial. Lancet. 2015;386(10006):1853-1860.

[2] Writing Committee Members, Lawton JS, Tamis-Holland JE, Bates ER, et al. 2021 ACC/AHA/SCAI
Guideline for Coronary Artery Revascularization: Executive Summary: A Report of the American College
of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines [published
correction appears in J Am Coll Cardiol. 2022 Apr 19;79(15):1547]. J Am Coll Cardiol. 2022;79(2):197-
215.

[3]Neumann FJ, Sousa-Uva M, Ahlsson A, et al. 2018 ESC/EACTS Guidelines on myocardial
revascularization [published correction appears in Eur Heart J. 2019 Oct 1;40(37):3096]. Eur Heart J.
2019;40(2):87-165.

[4] Nomura M, Nakaya Y, Fujino K, et al. Magnetocardiographic studies of ventricular repolarization in
old inferior myocardial infarction. Eur Heart J. 1989;10(1):8-15.

[5] Hénninen H, Takala P, Mikijarvi M, et al. Recording locations in multichannel magnetocardiography
and body surface potential mapping sensitive for regional exercise-induced myocardial ischemia. Basic Res
Cardiol. 2001;96(4):405-414.

[6] Kanzaki H, Nakatani S, Kandori A, et al. A new screening method to diagnose coronary artery disease
using multichannel magnetocardiogram and simple exercise. Basic Res Cardiol. 2003;98(2):124-132.

[7] Nakai K, Izumoto H, Kawazoe K, et al. Three-dimensional recovery time dispersion map by 64-channel

magnetocardiography may demonstrate the location of a myocardial injury and heterogeneity of
14

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug

e


http://bmjopen.bmj.com/

oNOYTULT D WN =

BMJ Open

repolarization. Int J Cardiovasc Imaging. 2006;22(3-4):573-580. doi:10.1007/s10554-005-9019-x.

[8] Tolstrup, Kirsten, Donatella Brisinda, Am Meloni, et al. Comparison of resting magnetocardiography
with stress single photon emission computed tomography in patients with stable and unstable angina. ] Am
Coll Cardiol 2006;47(4 Suppl 1):176A. Abstract 930-247.

[9] Lim HK, Kwon H, Chung N, et al. Usefulness of magnetocardiogram to detect unstable angina pectoris
and non-ST elevation myocardial infarction. Am J Cardiol. 2009;103(4):448-454.

[10] Shin ES, Lam YY, Her AY, et al. Incremental diagnostic value of combined quantitative and
qualitative parameters of MCG to detect coronary artery disease. Int J Cardiol. 2017;228:948-952.

[11] Park JW, Shin ES, Ann SH, et al. Validation of magnetocardiography versus fractional flow reserve
for detection of coronary artery disease. Clin Hemorheol Microcirc. 2015;59(3):267-281.

[12] Xaplanteris P, Fournier S, Pijls NHJ, et al. Five-Year Outcomes with PCI Guided by Fractional Flow
Reserve. N Engl J Med. 2018;379(3):250-259.

[13] Zimmermann FM, Ferrara A, Johnson NP, et al. Deferral vs. performance of percutaneous coronary
intervention of functionally non-significant coronary stenosis: 15-year follow-up of the DEFER trial. Eur
Heart J. 2015;36(45):3182-3188.

[14] Knuuti J, Wijns W, Saraste A, et al. 2019 ESC Guidelines for the diagnosis and management of
chronic coronary syndromes [published correction appears in Eur Heart J. 2020 Nov 21;41(44):4242]. Eur
Heart J. 2020;41(3):407-477.

[15] Derimay F, Finet G and Rioufol G. Coronary artery stenosis prediction does not mean coronary artery
stenosis obstruction. Eur Heart J. 2021;42(42):4401.

[16] Working Group of Cardiovascular Imaging of National Center for Medical Quality Control of
Cardiovascular Diseases Survey of the Application Status of Cardiovascular Imaging Modalities and
Medical Quality Report in China [J]. Chin circ J ,2020,35(7):625-633.

[17] Driessen RS, van Diemen PA, Raijmakers PG, et al. Functional stress imaging to predict abnormal
coronary fractional flow reserve: the PACIFIC 2 study. Eur Heart J. 2022;43(33):3118-3128.

[18] Tang CX, Liu CY, Lu MJ, et al. CT FFR for Ischemia-Specific CAD With a New Computational Fluid

Dynamics Algorithm: A Chinese Multicenter Study. JACC Cardiovasc Imaging. 2020;13(4):980-990.

15

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 16 of 35

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug

e


http://bmjopen.bmj.com/

Page 17 of 35

oNOYTULT D WN =

BMJ Open

[19]1Li Y, YuM, Dai X, et al. Detection of Hemodynamically Significant Coronary Stenosis: CT
Myocardial Perfusion versus Machine Learning CT Fractional Flow Reserve. Radiology. 2019;293(2):305-
314.

[20] Rong Tao, Shulin Zhang, Xiao Huang, et al. Magnetocardiography-Based Ischemic Heart Disease
Detection and Localization Using Machine Learning Methods. IEEE Trans Biomed Eng. 2019;66(6):1658-
1667.

[21]Xu F, Tu CC, Yang SW, et al. Clinical value of helium-free magnetocardiography in diagnosis of

coronary heart disease [J]. Chin. J. gen. pract. 2023,22(11):1159-1166.

[22] Rong Tao, Shulin Zhang, Xiao Huang, et al. Magnetocardiography-Based Ischemic Heart Disease
Detection and Localization Using Machine Learning Methods. IEEE Trans Biomed Eng. 2019;66(6):1658-
1667.

[23] Yang SW, Zhang H, Liu LQ, et al. Characteristic changes of magnetocardiogram in patients with
coronary microcirculation dysfunction: a report of two cases [J]. Chin. J. gen. pract. 2023,22(7):740-744.
[24] Tu CC, Ding M, Cai B, et al. magnetocardiography based on atomic magnetometer technology|[J].

Beijing Biomed. eng. 2023,42(3):298-304.

16

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug

e


http://bmjopen.bmj.com/

oNOYTULT D WN =

Table 1 Clinical characteristics (n = 141)

Characteristics Total(n=141)
Age (yrs) 60.64+9.70
Male, n (%) 109(77.3)
BMI # (Kg/m?) 26.15+£3.36
Diabetes, n (%) 47(33.3)
Hypercholesterolemia, n (%) 65(46.1)
Hypertension, n (%) 82(58.2)
Stroke, n (%) 9(6.4)
Smoke, n (%) 43(30.5)

Systolic blood pressure, mmHg

128.69+15.54

Diastolic blood pressure, mmHg 75.15+10.79
Heart rate 73.81+£10.38
Medication, n(%)

Aspirin 129(91.5)
Statin 137(97.2)
ACEI/ARB® 45(35.6)
SGLT? ¢ inhibitors 22(16.7)
Nicorandil 23(16.3)
Admission lab results

Low-density lipoprotein cholesterol (mmol/L) 1.82+0.69
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hs Tnl(pg/ml)

Brain natriuretic peptide (pg/ml)

3.5(2.5,5.8)

29.00(14.75,48.25)

Blood glucose (mmol/L) 5.52(4.82,7.33)
HbAlc 4%) 6.25(5.7,7.1)
ICA ¢ and FFR fcharacteristics

1-vessel disecase 50(35.5)
2-vessel disease 43(30.5)
3-vessel disease 48(34.0)
Number of patients with FFR<0.8 68(48.2)
Number of vessels with FFR 157

Number of vessels with FFR<0.8 74(47.1)
Left anterior descending artery with FFR 97(68.8)
Left circumflex artery with FFR 25(17.7)
Right coronary artery with FFR 35(24.8)
Interval between MCG and FFR 2(1,7)

Values are n (%) or mean + SD.;

18

a. BMI= Body Mass Index; b. ACEI= angiotensin converting enzyme inhibitor; ARB = angiotensin

receptor blocker; c. SGLT2 inhibitors = sodium-glucose cotransporter-2 inhibitors; d. HbAlc= glycated

hemoglobin; e. ICA = invasive coronary angiography; f. FFR = fractional flow reserve.
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Figure legend

Figure 1. Flowchart of the study design.

Figure legend : CCTA= coronary computed tomography angiography; MCG=magnetocardiography;

ICA= invasive coronary angiography; FFR=fractional flow reserve; PCI= percutaneous coronary

intervention.

Figure 2. Nomogram of the diagnostic model.

Figure legend: The nomogram graphically demonstrates the diagnostic model of OPM-MCG. Points for

MAg a0~ TT, CAgrax-TT, 0AZun-C, OPSgum-PP, 6 Argn-N and RtoAr,,,.-PN can be obtained using a point

caliper and then summed to obtain a total score that can be obtained using a point caliper and then

summed to obtain a total score that can be measured with diagnosing myocardial ischemia in patients

with borderline coronary lesions.

Figure 3 Accuracy and internal validation of the diagnostic model.

Figure legend: (A) ROC curves and 95% confidence intervals. After 500 bootstrap replications, the area

under the curve and 95% confidence interval for receiver operating characteristic is 0.87 (0.809-

0.932).(B) Calibration curve for the diagnostic model. Calibration curve for the borderline lesion

ischemia diagnostic model was established by comparing the observed and predicted probability of a

positive FFR in patients with borderline lesions of the coronary arteries. The smaller the distance of the

scatter from the dashed line, the better the calibration. (C) Decision curve analysis (DCA) for diagnostic

19
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models of ischemia in borderline coronary lesions. None: net benefit when it is assumed that no patients

with critical lesions of the coronary arteries would have the outcome (FFR-positive). All: net benefit

when all patients with critical coronary lesions are assumed to have an outcome (FFR-positive). model:

net benefit of managing critical coronary lesions with a diagnosis of myocardial ischemia based on the

diagnostic model estimate. The strategy with the highest net benefit at any given threshold is the

preferred strategy.

Figure 4 Normal, FFR-positive and FFR-negative MCG scan and ICA Images.

Figure legend: MCG scan showed no evidence of ischemia or obstructive coronary artery disease, as

demonstrated by the lack of significant current deviations within the myocardium and absence of angle

shift between the positive red pole and negative blue pole between T wave onset (T-onset) and T wave

peak (T-peak) ; (B) The MCG scan of a patient in their 70s showed magnetic field angular deflection ,

abnormal magnetic field distribution of the positive and multipolarisation of negative poles,

suggesting significant myocardial ischemia, and the ECG showed no significant abnormality. The ICA

showed two lesions: 60% stenosis of the D1, 50% stenosis of the R-PDA ,. The FFRs were 0.77 for

the R-PDA;(C) MCG scan of a patient in their 60s showed no myocardial ischemia, ECG showed no

significant abnormalities, echocardiography showed widening of the ascending aorta and aortic sinus.

ICA showed 75% stenosis of the LAD, 60% stenosis of the RCA, FFR value of the LAD was 0.88.

MCG= magnetocardiography; FFR= fractional flow reserve ; ICA= invasive coronary angiography;

D1= Diagonal branches ; R-PDA : Posterior descending artery ; LAD= Left Anterior descending

artery; RCA=right coronary artery.
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Figure 2. Nomogram of the diagnostic model.
Figure legend: The nomogram graphically demonstrates the diagnostic model of OPM-MCG. Points for
MAgmax-TT, CAgmax-TT, 8Agsum-C, dPssum-PP, 8Arsum-N and RtoArmax-PN can be obtained using a
point caliper and then summed to obtain a total score that can be obtained using a point caliper and then
summed to obtain a total score that can be measured with diagnosing myocardial ischemia in patients with

borderline coronary lesions.
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Figure 3 Accuracy and internal validation of the diagnostic model.

Figure legend: (A) ROC curves and 95% confidence intervals. After 500 bootstrap replications, the area
under the curve and 95% confidence interval for receiver operating characteristic is 0.87 (0.809-0.932).(B)
Calibration curve for the diagnostic model. Calibration curve for the borderline lesion ischemia diagnostic
model was established by comparing the observed and predicted probability of a positive FFR in patients
with borderline lesions of the coronary arteries. The smaller the distance of the scatter from the dashed line,
the better the calibration. (C) Decision curve analysis (DCA) for diagnostic models of ischemia in borderline
coronary lesions. None: net benefit when it is assumed that no patients with critical lesions of the coronary
arteries would have the outcome (FFR-positive). All: net benefit when all patients with critical coronary
lesions are assumed to have an outcome (FFR-positive). model: net benefit of managing critical coronary
lesions with a diagnosis of myocardial ischemia based on the diagnostic model estimate. The strategy with
the highest net benefit at any given threshold is the preferred strategy.
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(B) MCG scan and ICA (<70%) in FFR-positive (FFR < 0.8) 70-year-old male
TT-onset TT-onset T-peak T-peak

ICA and FFR

(C) MCG scan and ICA (>70%) in FFR-negative (FFR > 0.8) 67-year-old male
TT-onset TT-onset T-peak

ICA and FFR
-

Figure 4 Normal, FFR-positive and FFR-negative MCG scan and ICA Images.

Figure legend: MCG scan showed no evidence of ischemia or obstructive coronary artery disease, as
demonstrated by the lack of significant current deviations within the myocardium and absence of angle shift
between the positive red pole and negative blue pole between T wave onset (T-onset) and T wave peak (T-

peak) ; (B) The MCG scan of a patient in their 70s showed magnetic field angular deflection , abnormal
magnetic field distribution of the positive and multipolarisation of negative poles , suggesting significant
myocardial ischemia, and the ECG showed no significant abnormality. The ICA showed two lesions: 60%
stenosis of the D1, 50% stenosis of the R-PDA ,. The FFRs were 0.77 for the R-PDA;(C) MCG scan of a
patient in their 60s showed no myocardial ischemia, ECG showed no significant abnormalities,
echocardiography showed widening of the ascending aorta and aortic sinus. ICA showed 75% stenosis of the
LAD, 60% stenosis of the RCA, FFR value of the LAD was 0.88.
MCG= magnetocardiography; FFR= fractional flow reserve ; ICA= invasive coronary angiography; D1=
Diagonal branches ; R-PDA : Posterior descending artery ; LAD= Left Anterior descending artery; RCA=
right coronary artery.
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Figure 2 Least absolute shrinkage and selection operator (LASSO) regression

Figure legend :(A) LASSO model coefficient profiles of the 50 candidate parameters. As log A increases, the regres

converge, and there are fewer parameters with non-zero regression coefficients.
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(B) Tuning parameter selection by cross-validation in the LASSO model. The solid vertical lines represent the partial gkelihood deviance standard

)
error (SE). The red dotted line indicates the cross-validation curve. The vertical dashed lines are drawn at the optimal values on the basis of the

minimum criteria and 1-SE criteria. Considering the reasonableness of the variables included in this model, with the%» value of 0.02380779 was

chosen.
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2 g §
3 Table 1 OPM-MCG Parameters and Definitions ; §
g Parameters Definition z g
6 8 Agnax-M The maximum value of changes in magnetic field angle at intervals of a certain time T withig' TBsegment
7 8 Agnin-M The minimum value of changes in magnetic field angle at intervals of a certain time T withigT Tls)’segment
2 6 Agye-M The standard deviation of changes in magnetic field angle at intervals of a certain time T wnﬂ",upal SET segment
10 6 Agoum-M The sum of changes in magnetic field angle at intervals of a certain time T within TT segmeﬁt
1 8 Dtypay-PN The maximum value of changes in magnetic pole distance at intervals of a certain time T w@lm H?T segment
1; 6 Dtypin-PN The minimum value of changes in magnetic pole distance at intervals of a certain time Tt wnfha TT segment
14 6 Dtyy-PN The standard deviation of changes in magnetic pole distance at intervals of a certain time T wlg@l TT segment
15 6 Dtgyn-PN The sum of changes in magnetic pole distance at intervals of a certain time T within TT segrgegl‘ro
1? 8 Agnax-C The maximum value of changes in current angle at intervals of a certain time T within TT segmﬁlt
18 8 Agmin-C The minimum value of changes in current angle at intervals of a certain time T within TT seg»n;egt
19 8 Agya-C The standard deviation of changes in current angle at intervals of a certain time T within TT%,Q%lilent
20 8 Aggum-C The sum of changes in current angle at intervals of a certain time T within TT segment g_"é
;; 8 PSpax-C The maximum value of changes in the position of the current angle at intervals of a certain time 13§ within TT segment
23 8 Psgg-C The standard deviation of changes in the position of the current angle at intervals of a certain tgneg'T within TT segment
24 8 Psqum-C The sum of changes in the position of the current angle at intervals of a certain time T withi T Tegment
;2 8 Arpa-NP The maximum value of changes in negative pole point area at intervals of a certain time T wgthil_g_TT segment
27 8 Ary-NP The minimum value of changes in negative pole point area at intervals of a certain time T wghingl" T segment
28 8 Args-NP The standard deviation of changes in negative pole point area at intervals of a certain time Tt Zvitltin TT segment
gg 8 Arg,-NP The sum of changes in negative pole point area at intervals of a certain time T within TT seg;ﬁnenz;
31 6 Ar,,-NP The change in negative pole point area between T-begin and T-peak g a
32 Alpa-NP The maximum value of the negative pole point area at intervals of a certain time T within T"Esegiment
33 Arpyin-NP The minimum value of the negative pole point area at intervals of a certain time T within T"Iﬁse@lent
gg 5 Ps. NP The maximum value of changes in the position of the negative pole point at intervals of a cerialn time T within TT
36 segment &
;73 5 Ps....NP The standard deviation of changes in the negative of the positive pole point at intervals of a ceiﬂ;tain time Tt within TT
39 s segment o
40 8 PSgum-NP The sum of changes in the position of the negative pole point at intervals of a certain time T Wltlgn TT segment
2; 8 Arpa-N The maximum value of changes in negative pole area at intervals of a certain time T within TT sggment
44 @
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Parameters Definition -8
8 Agnax-M The maximum value of changes in magnetic field angle at intervals of a certain time T withig T"gsegment
Q.
8 Aryi-N The minimum value of changes in negative pole area at intervals of a certain time T within Br s&gment
N
8 Arge-N The standard deviation of changes in negative pole area at intervals of a certain time T withig T%s gment
8 Arg,-N The sum of changes in negative pole area at intervals of a certain time T within TT segmentg m 3
D>
6 Ary,-N The change in nagative pole area between T-begin and T-peak oa g
. . . o e Dq
Arpa-N The maximum value of the negative pole area at intervals of a certain time T within TT segrge%tg
(1%
Arpin-N The minimum value of the negative pole area at intervals of a certain time T within TT segn&ét-;
. . . .. . . o3 . e
The maximum value of changes in the ratio of positive and negative pole area at intervals ofzaz@tain time T within TT
8 ArRt0,,-PN XS
segment 23 S
.. 4 . .. . . 2 3. st
§ AR PN The minimum value of changes in the ratio of positive and negative pole area at intervals ofggﬁ‘tam time T within TT
r 0 T -
e segment 83
The standard deviation of changes in the ratio of positive and negative pole area at intervals oBgertain time T within TT
8 ArRtostd-PN =} k%) =
segment g 5

& ArRtog,-PN
8 Ar.-PP

8 Ar,,,-PP

8 Argy-PP

8 Arg,-PP

6 Ary,,-PP
Ar.-PP
Arpi-PP

8 PSyu-PP

8 Psyq-PP

8 Psqum-PP
8 Arpa-P
8 Ary-P
8 Argy-P

The sum of changes in the ratio of positive and negative pole area at intervals of a certain timep T Swithin TT segment

The maximum value of changes in positive pole point area at intervals of a certain time T WEhlnTT segment

The minimum value of changes in positive pole point area at intervals of a certain time Tt w1§11n g"T segment

The standard deviation of changes in positive pole point area at intervals of a certain time T gyltlrﬁn TT segment

The sum of changes in positive pole point area at intervals of a certain time T within TT segg'leng

The change in positive pole point area between T-begin and T-peak 3 2

The maximum value of the positive pole point area at intervals of a certain time T within T"[gesegment

The minimum value of the positive pole point area at intervals of a certain time T within TTgegﬁlent

The maximum value of changes in the position of the positive pole point at intervals of zgce@am time T within TT

216
Gc0¢

segment
The standard deviation of changes in the position of the positive pole point at intervals ofw a cg‘rtam time T within TT
segment

aby

The sum of changes in the position of the positive pole point at intervals of a certain time T Withz:lgl TT segment
The maximum value of changes in positive pole area at intervals of a certain time T within TT s@gment

The minimum value of changes in positive pole area at intervals of a certain time T within TT s%ment

The standard deviation of changes in positive pole area at intervals of a certain time T within T"[“Esegment
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2 Parameters Definition ;: §
5 8 Agnax-M The maximum value of changes in magnetic field angle at intervals of a certain time T withig T"gsegment
o
6 8 Arg,-P The sum of changes in positive pole area at intervals of a certain time T within TT segment 3 S
; 6 Ary,-P The change in positive pole area between T-begin and T-peak é“ g
9 Arp,,x-P The maximum value of the positive pole area at intervals of a certain time T within TT segn’%‘mjﬁg
10 Arpi-P The minimum value of the positive pole area at intervals of a certain time T within TT segm§ g
i
1 MAgqax-TT The maximum magnetic field angle at intervals of a certain time T within TT segment Q?Da §
(1%
g CAgmax-TT The maximum current angle at intervals of a certain time T within TT segment 23 -;
o>
14 MAgin-TT The minimum magnetic field angle at intervals of a certain time T within TT segment e
15 CAgnin-TT The minimum current angle at intervals of a certain time T within TT segment 5(‘% g%
1? MAg-Rp The magnetic field angle of the R-peak §§§
18 RtoAm-R,T,N The ratio of magnetic field amplitude at R-peak and the negative amplitude at T-peak %g 3
. . . .. . 3
;g RtoAm-R,T,P The ratio o magnetic field amplitude at R-peak and the positive amplitude at T-peak g: n=
21 RtoAm-R,T, The ratio of magnetic field amplitudes at R-peak and T-peak &- 2
. >
22 MAg-RpTp The magnetic field angle between R-peak and T-peak = z_Bj
;i MAg-Tp The magnetic field angle of the T-peak g: ?Z
25 CAgnax-Tp The maximum current angle at T-peak @ g
26 RtoAm-Tp The ratio of positive to negative magnetic field amplitude at T-peak ga’ P
;; TT The interval from the beginning of the T-wave to its peak within the cardiac cycle 2 3
29 Dt = Distance, Ps = Position, Ag = Angle, Am = Magnitude, Ar = Area, Rto = Ratio, P = Positive, Positive E‘ple:— PP, Negative = N, NP =
30 Negative Pole, M = Magnetic Field, C = Current, max = Maximum, min = Minimum, sum=Sum of all, std = Standgrd §6V1at10n 0 = Change value,
31 )
3 TT=TT segment 5 5
33 S B
34 & &
35 i
36 Q
37 z
38 &
us]
39 >
40 g
41 o
42 =
43 5
44 2
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Table 2 OPM-MCG parameters of the Participant and univariable logistic regression model

£877980-¢0z-uadolwg/9:

Parameters

ALL
N=141

FFR-Positive
N=68

FFR-Negative
N=73

rd Ratio
%CI)

6u&n oul ‘1ybliAdoo Aq pa1o
o
)

P value

6 Agumac-M
6 Agmin-M
6 Agy-M
8 Aggm-M
8 Dtyax-PN
8 Dtyyin-PN
8 Dty-PN
8 Dtgym-PN
6 Agmax-C
6 Agmin-C
6 Agys-C
§ Agam-C
8 PSpax-C
8 Psyq-C
8 Psgum-C
8 At -NP
8 Ar,-NP
8 Aryy-NP
8 Arg,-NP
6 Ar,,-NP
Arpa-NP
Arpi-NP
8 PSpax-NP
8 Psyq-NP
8 Psqum-NP
8 Arpa-N

0.62 (0.44,1.19)
-0.34 (-0.57,-0.18)
0.16 (0.11,0.68)
10.6 (6.18,26.2)
2.69 (1.97,4.12)
-2.20 (-3.27,-1.76)
0.74 (0.55,1.18)
46.6 (29.1,80.7)
1.70 (1.21,4.83)
-1.24 (-3.81,0.00)
0.54 (0.36,1.32)
15.6 (9.64,38.6)
33.0 (1.00,48.8)
3.35 (0.24,6.16)
39.1 (6.00,86.1)
136 (74.0,220)
-84.00 (-173.00,-54.00)
29.6 (20.0,56.7)
2469 (1443,4286)
944 (18.0,2830)
3873 (3001,5765)
2426 (1639,3326)
2.83 (2.24,4.12)
0.70 (0.57,1.00)
41.7 (22.2,79.9)
435 (243,750)

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

0.77 (0.47,5.76)
-0.42 (-0.82,-0.28)
0.28 (0.14,2.06)
20.2 (9.88,45.5)
3.51 (2.16,12.9)
-2.38 (-4.70,-1.91)
0.82 (0.63,3.45)
66.6 (42.0,110)
1.79 (1.27,9.10)
-1.70 (-8.89,-1.01)
0.80 (0.37,3.16)
29.8 (13.5,71.6)
33.0 (1.41,125)
3.57(0.29,11.7)
74.4 (8.31,161)
182 (102,314)
-99.00 (-187.50,-62.75)
31.7 (23.4,70.1)
3369 (2230,5728)
1168 (152,3066)
4269 (3260,6056)
2094 (1436,3245)
3.00 (2.24,5.28)
0.81 (0.65,1.20)
59.8 (39.8,104)
539 (269,990)

0.54 (0.43,0.72)
-0.26 (-0.42,-0.14)
0.14 (0.10,0.20)
8.28 (4.55,11.8)
2.22(1.89,3.16)
-2.00 (-2.80,-1.63)
0.63 (0.52,0.89)
33.3(25.7,48.6)
1.52 (1.16,2.98)
-0.91 (-1.75,0.00)
0.45 (0.34,0.70)
11.9(7.79,17.5)
31.0 (1.00,34.0)
3.20 (0.24,4.86)
33.4 (4.00,66.0)
105 (59.0,180)
-68.00 (-148.00,-46.00)
25.7(17.1,41.4)
1672 (1277,2987)
626 (-46.00,2383)
3828 (2894,5406)
2614 (2065,3360)
2.24 (2.00,3.00)
0.66 (0.51,0.85)
26.4(20.1,51.1)
404 (221,526)

<D Joy

01,1.15)
93,1.00)
16,2.19)
.03,1.10)
.00,1.03)
95,1.00)
02,1.31)
01,1.04)
g‘l 00,1.02)
é‘) 97,1.00)
1;_>12 9.01,1.23)
1181.00,1.02)
1201 &1.00,1.01)
107 8.01,1.13)
=) é’l.oo,l.ou

Ejoizedd o)

920139

%
S3ua3u

|u eep-pu
3\%&

0T PEPEBUARAYZIZ /0RO L U

—

1200 §.00,1.00)
H)OQ 00,1.00)
1;00 61 00,1.01)
1900(:1 00,1.00)
1@00 g 00,1.00)
100 §1.00,1.00)
1.00@.00,1.00)
1.01 81.00,1.01)
1.04 60.98,1.11)
1.01 El 01,1.02)
. oogl 00,1.00)

| @p anbiy

0.002
0.001
<0.001
<0.001
<0.001
0.003
0.001
<0.001
0.016
<0.001
0.003
<0.001
0.008
0.016
<0.001
<0.001
0.009
0.004
<0.001
0.238
0.160
0.036
0.005
0.005
<0.001
0.017
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28
e R
ALL FFR-Positive FFR-Negative Eﬂaz:oa'?rd Ratio
Parameters o B P value
N=141 N=68 N=73 g ($3%CI)
8 Arpin-N -170.00 (-369.00,-25.00)  -267.00 (-565.25,-108.75) -79.00 (-224.00,-15.00) ]EE_’QO (;}.00,1.00) <0.001
8 Argg-N 125 (80.2,225) 160 (90.5,273) 114 (74.6,158) IZ”OO €.00,1.01) 0.004
6 Argm-N 12585 (7372,23204) 19058 (10208,29054) 9520 (6202,15009) 1:¢0§§1.00,1.00) <0.001
8 Ary,-N 10445 (1116,25689) 11528 (588,28595) 8107 (2900,16796) 19&_}1@'&.00,1.00) 0.840
Alpa-N 53635 (43655,65410) 56546 (44597,77766) 51431 (38201,58878) 1209 _@.00,1.00) 0.032
Arpin-N 40985 (26175,53701) 39744 (24308,59155) 40985 (29379,49923) l?ﬁ §1.00,1.00) 0.644
8 ArRto,.-PN 0.01 (0.00,0.02) 0.01 (0.00,0.03) 0.00 (0.00,0.01) 241%23839610 <0.001
e ’ ’ ’ (5.89@%032,3.426868618)
8 ArRto,,-PN -0.02 (-0.05,-0.01) -0.02 (-0.07,-0.01) -0.02 (-0.04,-0.01) Oggi)g @.00,0.13) 0.134
6 ArRtogg-PN 0.01 (0.00,0.02) 0.01 (0.00,0.02) 0.01 (0.00,0.01) (1.75%5\%51?;1::310629) 0.114
8 ArRtog,,-PN 0.63 (0.32,1.72) 0.85(0.39,2.36) 0.58 (0.29,0.88) %4@.15,2.06) 0.014
8 Arpa-PP 195 (126,404) 281 (141,704) 153 (111,286) IEOOELOO,I.OO) 0.001
8 Arpy,-PP -171.00 (-295.00,-106.00)  -196.00 (-563.75,-109.50)  -153.00 (-226.00,-104.00) 1%(:)0'%1.00,1.00) 0.006
8 Argy-PP 54.3 (33.7,124) 77.3 (35.5,167) 43.7 (32.1,79.7) 1201 §1.00,1 01) 0.007
6 Argm-PP 4689 (2685,8783) 6608 (3410,14024) 3487 (2556,5786) 1%;001;1.00,1 00) <0.001
6 Ary,-PP 1058 (-869.00,5166) 1360 (-872.25,5756) 737 (-869.00,4601) lg‘-’OO é.OO,l 00) 0.872
ATpa-PP 8775 (6335,13548) 9178 (6485,14820) 8775 (6335,12776) 150 g1.00,1.00) 0.386
Atyin-PP 5151 (2774,7571) 4626 (2618,6928) 5754 (3719,8258) 100 El.OO,l 00) 0.054
8 PSpax-PP 3.16 (2.24,5.00) 3.61 (3.00,100) 3.00 (2.24,3.61) lo§)1 @.00,1 02) <0.001
8 Psyy-PP 0.82 (0.60,1.15) 0.98 (0.66,8.50) 0.75 (0.57,0.90) @2 §'04’1 20) <0.001
8 Psgum-PP 40.4 (23.1,88.6) 73.8(29.9,195) 32.8(21.7,54.2) 1801 §1.01,1.02) <0.001
8 Arpmay-P 244 (90.0,430) 312 (150,692) 172 (70.0,362) 1.00 (EI.OO,I.OO) 0.001
8 Arpin-P -348.00 (-592.00,-203.00)  -381.00 (-812.00,-188.75)  -311.00 (-497.00,-211.00) 1.00@1.00,1.00) 0.150
8 Argg-P 120 (80.2,203) 135 (82.3,267) 109 (75.7,159) 1.00 @.00,1.00) 0.105
8 Argm-P 11899 (6525,19157) 15787 (7938,28576) 9566 (5985,15629) 1.00 &.00,1.00) 0.002
5 Ary,-P -3600.00 -1456.00 (-14861.75,3900) -4007.00 1.00@1.00,1.00) 0.533
QD
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ALL FFR-Positive FFR-Negative Flazrd Ratio
Parameters o B P value
N=141 N=68 N=73 = (%0
(-12686.00,2509) (-10962.00,1528) <§ N
Alpa-P 97097 (33699) 95392 (37311) 98685 (30122) 1200 @.00,1.00) 0.567
Alpin-P 89822 (63201,104875) 83948 (55748,104204) 92433 (68813,105383) 1908'B1.00,1.00) 0.134
MAE - TT -62.32 (-70.64,-34.61) -48.00 (-66.89,15.5) -67.39 (-72.03,-53.13) 1208 7.01,1.03) <0.001
[ =]
CAgra-TT 45.0 (33.3,71.0) 58.2 (39.2,118) 43.1(32.0,51.1) 192 §.01,1.03) <0.001
MAE,i-TT -70.76 (-76.85,-56.92) -68.28 (-75.62,-41.24) ~71.98 (-77.61,-64.94) 1803 9.00,1.02) 0.050
CAZuin-TT 32.8 (5.36,45.9) 34.7 (-10.80,63.8) 32.0 (12.3,44.0) 1&@@ 00,1.01) 0.471
MAg-Rp -61.41 (-71.15,-42.88) -53.44 (-70.66,-38.24) -65.92 (-71.78,-50.54) 1202 §1.00,1.03) 0.021
@D
RtoAm-R,T,N 6.49 (4.32,9.57) 7.35 (4.92,10.4) 5.68 (3.71,8.14) 105 8.00,1.12) 0.025
RtoAm-R,T,P 7.97 (5.88,12.0) 8.66 (6.03,12.9) 7.69 (5.56,11.1) 1’1503681.00,1.13) 0.182
RtoAm-R,T, 3.64 (2.38,4.70) 4.13 (3.08,5.01) 3.28 (2.36,4.50) 1-19%9@ 04,1.43) 0.027
MAg-RpTp -0.67 (-24.77,19.5) 3.61 (-25.62,33.8) -2.72 (-22.99,13.2) 1300 §1.oo,1.01) 0.235
MAg-Tp -64.66 (-71.34,-45.44) -55.82 (-70.28,-12.79) -67.91 (-72.69,-53.13) 19278.01,1.03) 0.002
CAZa-Tp 43.1 (29.4,52.0) 45.0 (27.6,74.7) 42.2 (30.7,46.9) 1391 81.00,1.02) 0.039
«
RtoAm-Tp 0.76 (0.57,1.08) 0.81 (0.52,1.22) 0.75 (0.57,0.98) 1,52 8.93,2.48) 0.368

Dt = Distance, Ps = Position, Ag = Angle, Am = Magnitude, Ar = Area, Rto = Ratio, P = Positive, Positive }(':olegt PP, Negative = N, NP =

Negative Pole, M = Magnetic Field, C = Current, max = Maximum, min = Minimum, sum=Sum of all, std = Standdrd geviation, & = Change value,

TT=TT segment
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Abstract

Aims: Despite clinical guideline recommendations for its use, the uptake of fractional flow reserve

(FFR) in borderline coronary artery lesions remains low. As a noninvasive and safe test for myocardial

ischemia, the validity of optical pumped magnetometer magnetocardiography (OPM-MCG) versus FFR

has not been fully established. Methods and Results: A total of 141 stable patients with borderline

coronary artery lesions were prospectively enrolled from June 30 to November 30, 2023. All of them

underwent sequential OPM-MCG before coronary angiography (CAG) and FFR. 6 parameters were

included in the final diagnostic model: MAg.x-TT, CAZuax-TT, 0AZum-C, 0PSqum-PP, dArg,-N and

RtoAr,,x-PN. 500 bootstrap replications showed that the area under the receiver operating characteristic

curve 95% confidence interval of the diagnostic model was 0.87 (0.809-0.932), with sensitivity of 76.5%,

specificity of 91.8%, positive predictive value of 89.7%, negative predictive value of 80.7%. 1000

bootstrap replications showed that the model was well-calibrated. Decision curve analysis showed a net

benefit from the predictive model when the threshold probability of an ischemic patient was greater than

12%, suggesting the potential utility of the model in the real world. Conclusion: A nomogram based on

6 OPM-MCG parameters was built to assess myocardial ischemia in borderline coronary artery lesions

and can reduce unnecessary CAG.

Strengths and limitations of this study

1) This study is the first to demonstrate the importance of OPM-MCG in diagnosing myocardial

ischemia in patients with borderline coronary lesions.

2
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2) It creates a diagnostic model and nomogram for clinical use.

3) The conclusions of this study require further validation through multicenter studies.

Keywords: borderline coronary artery lesions; optical pumped magnetometer magnetocardiography;

fractional flow reserve; myocardial ischemia

Introduction

Borderline coronary lesions exhibit ranging from 40% to 90% as seen in invasive coronary
angiography (CAG). The FAME study [!! found that over 80% of lesions fell into this category, with
only 35% of stenoses between 50-70% being hemodynamically significant. Predicting relevance was
most accurate when estimating coronary artery diameter over 90%. Therefore, fractional flow reserve
(FFR) guided intervention in patients with borderline coronary artery lesions (40-90% stenosis) has
become a recommended treatment strategy in the 2018 ESC Interventional Guidelines 2l The 2021
ACC/AHA/SCAI Guidelines for Coronary Artery Revascularization B! also have clear
recommendations for borderline lesions: FFR and instantaneous wave-free ratio (iFR) are used to
assess the need for percutaneous coronary intervention (PCI) in patients without evidence of ischemia
but with angina and other equivalent symptoms (Class I); PCI is not recommended for stable patients
with FFR >0.8 or iFR >0.89 (Class III). However, its widespread adoption in coronary catheter
laboratories is hindered by its time-consuming nature, consumption of resources, and potential adverse
effects associated with adenosine application.

Optical pumped magnetometer magnetocardiography (OPM-MCG) measures tiny magnetic fields

3

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 4 of 40

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug

e


http://bmjopen.bmj.com/

Page 5 of 40

oNOYTULT D WN =

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

BMJ Open

(10" Tesla) from the heart using atomic magnetometer technology, without radiation. It's quick,
contactless, and suitable for diverse populations. Clinical studies have shown that MCG is better than
electrocardiogram (ECG) at detecting early myocardial ischemia 43671 and has similar diagnostic
effectiveness as SPECT for coronary artery disease (CAD) 9, MCG is precise in diagnosing non-ST-
segment elevation myocardial infarction, even in individuals who do not exhibit typical angina. [1%-11],
However, the parameters and cut-off values of OPM-MCG that indicate myocardial ischemia are
presently undefined in borderline coronary artery lesion.

Hence, this study aims to investigate the accuracy of OPM-MCG in diagnosing myocardial
ischemia in patients with borderline coronary lesions, with invasive FFR examination serving as the

reference standard.

Method
Study population

This study was a prospective, single-center, observational, cohort study which was reviewed by the
Ethics Committee of Beijing Anzhen Hospital, Capital Medical University, and registered with the
China Clinical Trial Registry (ChiCTR2300072382). All participants signed an informed consent. The
methods described in this article follow the STARD 2015 guidelines.

Participants aged 18-80 with typical angina symptoms (CCS class II or higher) or 40-90% stenosis
on CCTA were scheduled for hospitalization for CAG. Exclusion criteria included: 1) Coronary artery
stenosis outside of 40%-90% range on CAG; 2) Acute myocardial infarction; 3) Previous myocardial

infarction; 4) Complex arrhythmias; 5) Bundle-branch block; 6) Pacemakers, metallic implants in trunk;

4
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7) Claustrophobia.

This study was based on a prospective cohort design, the sample size of which was calculated by

PASS 2021 software using the area under the ROC curve. The significance level (o) was 0.025 and the

degree of certainty (1-f) was 0.90, combining the results of the literature review of related studies as

well as the statistics of the small sample in the previous period, and calculating according to the FFR-

positive (ischemic)/FFR-negative (non-ischemic) =2:3. The sample size was calculated as 138.

A total of 163 patients from June 30th to November 30th, 2023 were consecutively enrolled, and

22 patients were excluded, of which 11 patients with stenosis >90%, 7 patients underwent direct PCI

without FFR testing, and 4 patients with poor quality MCG imaging, and Finally 141 patients with

borderline coronary lesions underwent MCG and FFR sequentially (Figure 1). In this study, the

cardiologists were not aware of the MCG results at the time of the FFR examination, and the MCG

parameters were determined before the FFR examination (Supplementary Figure 1-Graphical Abstract).

CAG and FFR procedures

CAG and FFR measurements were performed on the vessels according to the 2021

ACC/AHA/SCAI Guidelines for Coronary Artery Revascularization and Expert consensus on the

clinical pathway for FFR measurement in China. After administration of nitroglycerin, a pressure

monitoring guidewire was advanced through the stenosis. Hyperemia was attained by administration of

intravenous adenosine (140pg/kg/min). The FFR pressure wire was positioned a minimum of 20 mm

distal to the stenosis in vessel segments >2 mm. The presence of an FFR <0.80 was considered a positive

indicator of functional ischemia in patients and was defined as the FFR-positive group.

5
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MCG imaging

The MCG recordings were conducted using a 36-channel OPM-MCG system (Miracle MCQG),
featuring OPM sensors sourced from Beijing X-Mag Technologies Limited's mature commercial
product. The OPM sensor is based on spin-exchange relaxation free (SERF) technology, with alkali
metal atoms as the core sensitive element. The OPM sensor has a sensitivity below 30 fT/Hz!?, a
recording bandwidth of 1 Hz to 40 Hz, a sampling frequency of 200 Hz, and a noise baseline with not
higher than 15 fT. The OPM-MCG residual magnetic field is kept below 1.5 nT, and the data acquisition
mode is analog signal acquisition (Supplementary Figure 2). Each subject had a 90-second continuous

recording at 36 locations (6x6 grid) above the chest using an arrayed sensor grid.

MCG Signal Analysis and Statistical Analysis

After MCG data acquisition, the software automatically post-processes the signals to generate
magnetic field and current density maps and output 65 parameters (Supplementary Table 1). The 65
parameters we output characterize the stability of the current dipole in the TT segment (the position
from one-third of the T max amplitude (T onset) to T max (T peak)) according to the previous studies
of Park et al. and Pena et al. Once OPM-MCG data collection is complete, the software automatically
generates precise magnetic field and current density maps and outputs their parameters (see
supplementary material for post-processing steps).

Data analysis was performed with SPSS 26.0 and R 4.3.2 (http //www.R-project.org/). Counting

data were presented as numbers and percentages, while normally distributed measurement data were

6
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shown as mean =+ standard deviation. Continuous variables that were not normally distributed were

presented using median and quartile values. Statistical significance was determined for all analyses with

a P-value less than 0.05. Based on this cohort and the principle of LEAST 10 events per variable (10

EPV), we considered the rationality of the parameters included in the diagnostic model and evaluated

the number of parameters. The predictive variables were selected from 65 preselected potential

candidates and included in the model by univariate logistic regression, LASSO regression, and

multivariate logistic regression with the backward method. The stability of the model was determined

by cross-validation. The model's predictive performance was assessed using the enhanced bootstrap

method and clinical benefit was evaluated using decision curve analysis. The MCG-FFR nomogram was

used to report scores for assessing myocardial ischemia with OPM-MCG parameters.

Patient and Public Involvement

Patients make more people aware of the clinical use of the OPM-MCG and how it is examined by

sharing news and information about clinical studies with others.

Result

Clinical characteristics

The study included 141 patients, mostly male (77.3%) with an average age of 60.64 + 9.70 years.

After MCG scans, all patients underwent CAG and FFR examination, with 48.2% having positive FFR

FFR < 0.8). A total of 157 vessels were examined, with 47.1% having FFR < 0.8. Interval between
g

MCG and FFR less than 30 days, median 2 days. Most patients had FFR measurements primarily done

7
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on the LAD. See Supplementary Table 2 for patient clinical characteristics.

Selection of parameters and development of the diagnostic model

50 variables that were statistically significant (P < 0.1) in univariable logistic regression were

included in the LASSO regression (Supplementary Table 3 and Supplementary Figure 3), and 8

variables were selected based on the reasonableness of the parameters selected to reduce the model

overfitting and covariance through LASSO regression. By using the backward approach, 6 parameters

were included in the final diagnostic model: MAg.x-TT, CAgnax-TT, 0Agqum-C, 6PSqum-PP, dArg,-N

and RtoAr,,,,-PN (Table 1, Figure 2). The model area under the receiver operating characteristic curve

(AUC) obtained from multivariate logistic regression analysis was 0.87, with sensitivity of 76.5%,

specificity of 91.8%, positive predictive value of 89.7%, negative predictive value of 80.7%. The

nomogram (Figure 3) provides a graphical overview of the diagnostic model using multivariate logistic

regression analysis (Supplementary Table 4).

Internal validation and net benefit of the model

The model performance for the diagnosis of myocardial ischemia in borderline coronary artery

lesions of the OPM-MCG was evaluated by bootstrap replications.500 bootstrap replications showed

that the model AUC and a 95% confidence interval (CI) of 0.87 (0.809-0.932) (Figure 4). 1000 bootstrap

replications showed that the model was well-calibrated. The mean absolute error was 0.032 (Figure 4).

The decision curve analysis (DCA) for the diagnostic model showed that if the threshold probability of

patients is greater than 12% (Figure 4), screening strategies based on the OPM-MCG diagnostic model

8
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resulted in superior net benefit than screen-none or screen-all strategies.

Discussion

CAD is presently characterized by an epicardial vascular lesion with a stenosis exceeding 50% in
the CAG. Frequently, this description acts as a reference for heart muscle revascularization. Moreover,
FFR can be used to evaluate the existence of myocardial ischemia, with a threshold of 0.8. However, as
illustrated in the Figure 2, the coronary stenosis identified in CAG may not precisely align with the
invasive FFR results. This observation is in line with the conclusions drawn in the 2019 ESC Guidelines
for Chronic Coronary Syndromes [!213], emphasizing that the accuracy of determining CAD solely based
on angiographic stenosis was as low as 64% when compared to flow reserve fraction. The positive
mismatch rate, where lesions with less than 50% stenosis may demonstrate an FFR < 0.8, was 19%,
while the negative mismatch rate, where lesions with over 50% stenosis may result in an FFR value >
0.8, reached up to one-third. Numerous studies [14!5] have consistently demonstrated that FFR-guided
stenting leads to superior immediate outcomes and long-term prognosis. Therefore, FFR carries a Class
la recommendation for guiding revascularization in angiographically borderline coronary stenoses in
patients with stable angina. The feasibility of diagnosing myocardial ischemia in patients with borderline
lesions using OPM-MCG was shown in our study, when compared to invasive FFR. The collective
diagnostic potential of MCG parameters in detecting myocardial ischemia in borderline coronary artery
lesions resulted in an AUC of 0.87 (95% CI 0.809 to 0.932). Due to factors such as time consumption,
costs, patient-related discomfort, contraindications, and a lack of reimbursement, the current rate of FFR

utilization in catheterization laboratories in China is less than 6% [l. OPM-MCG allows ischemia

9
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assessment in patients with borderline coronary lesions prior to CAG and has a good concordance with
invasive FFR.

In comparing our MCG results with those reported by Park JW et al. [l it is clear that FFR, serving
as the reference standard, evaluates ischemia through direct measurement of pressure beyond the
coronary lesion. In contrast, the six parameters of our OPM-MCQG, along with the ST-segment
fluctuation scores (AUC=0.835) and Bull's eye analysis (AUC=0.914) employed by Park, offer a non-
invasive alternative. According to Park JW et al, the TT segment, defined as the position from one-third
of the T max amplitude (T onset) to T max (T peak), is a more effective parameter for analyzing MCG
signals due to its superior signal-to-noise ratio in reflecting ventricular repolarization electrical activity
(17, In terms of the selected parameters, consistent with earlier literature ['®], we focused on assessing
the overall homogeneity of the repolarization process, including spatial structural similarity and
smoothing of current changes. Park et al. utilized ST-segment fluctuation scores and Bull's eye analysis
to evaluate the uniformity of the repolarization process in relation to current variations and spatial
distribution variances for ischemia assessment. In our study, we further characterized the images by
incorporating the dAgg,,-C, 0PSgm-PP, dAryn-N and RtoAr,,,-PN parameters of the model to analyze
changes in currents, pole locations, and areas. Additionally, describing the images using the parameters
of the 6 different angular points provided a comprehensive description and response to the images. In
terms of practical clinical application, Park JW et al. used a 64-channel axial gradiometer system with
greater channel capacity and higher sensitivity for positional discrimination, but required patients to
complete two MCG tests in stress and rest states in a shielded room. Conversely, OPM-MCG does not

mandate a shielded room and can effectively diagnose myocardial ischemia resulting from coronary
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artery borderline lesions in the rest state, which improves the generalizability in clinical application.
Non-invasive methods like PET/CT, SPECT and CMR are accurate for assessing myocardial
ischemia, but their use is limited due to cost, long wait times and radioactive substances!!”). In a
prospective study done by Roel S. et al. 2%, which included 189 patients in a head-to-head comparison,
it was found that using FFR as the gold standard, the sensitivity of SPECT, PET/CT, and CMR was only
67%, 81%, and 66%, and the specificity was only 61%, 65%, and 62%. The diagnostic accuracy of
PET/CT was not statistically different from that of SPECT and CMR. Recently CT-derived fractional
flow reserve (CT-FFR) has emerged as a noninvasive test for detecting myocardial ischemia, with a
sensitivity of 89% and specificity of 91% according to a multicenter study [?!. The widespread use of
CT-FFR has limitations including the need for good image quality and inability to assess microvascular
and diffuse lesions ?21. ECG is widely used in the clinic as the fastest and low-cost test. ECG uses a two-
dimensional linear approach to record cardiac radial currents to detect ischemia, but it can be affected
by body tissues or fluids and has low spatial resolution. MCG detects and measures weak magnetic
fields generated by the electrical activity of the heart, and the waveform of the MCG wavefrom is similar
to that of the ECG signal. However, MCG is less affected by changes in conductivity and does not suffer
from skin electrode contact problems. In addition, MCG is more sensitive to magnetic fields generated
by tangential currents that are more affected by myocardial ischemia, and MCG detects eddy currents
that are not apparent with ECG [?3l. Thus, previous studies have demonstrated that MCG has a higher
sensitivity to early myocardial ischemia [?42%], In most studies of MCG detection of myocardial ischemia,
researchers have categorized the analysis of MCG into morphological and quantitative data analyses [?6].

Morphological analysis often focuses on amplitude, nondipole phenomena, and current or magnetic field
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angle. Quantitative data analysis is mostly based on changes in the magnetic field during ventricular
repolarization, usually at the end of the ST segment (before the T wave) and/or during the T wave, and
partially measured during the QT and QRS segment. These parameters describe the poles, the angles of
the magnetic and current fields, and the waveform amplitude by extrema, dynamics, and ratios. Current
studies analyzing MCG at rest for the detection of myocardial ischemia use a variety of methods,
including dichotomous classification methods based on MCG parameters, quantification of abnormal
MCG parameters, creation of composite indices using MCG parameters, and the application of machine-
learning methods 71,

This is similar to our finding that a positive OPM-MCG scan was demonstrated by one or more
abnormalities in the TT segment, including changes in TT segment parameters and changes in image
(non-dipole phenomena and angular deflection of currents or magnetic fields). Different MCG
parameters and combinations of parameters can provide more incremental information on
cardiovascular disease. In addition, studies have shown that MCG is capable of accurately diagnosing
myocardial ischemia resulting from epicardial coronary artery disease as well as effectively detecting
myocardial ischemia caused by coronary microvascular dysfunction (CMD). The accuracy of MCG
identification of CMD is 94.8%, sensitivity of 100%, and specificity of 93.3% 1. In our study, we also
found a small number of FFR-negative patients with positive MCG scans as described above, and
considered the possibility of CMD. In the future, we will summarize the characteristic images of patients
with CMD and further explore the incremental information provided by the MCGs for these patients.

The difference between SQUID-based and OPM-based MCG systems depends on their sensor

technology. SQUID-based MCGs were developed earlier and offer high sensitivity. But their reliance
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on liquid helium refrigeration for achieving low-temperature superconductivity, as well as the high
maintenance costs associated with them, have hindered their widespread adoption and utilization. In
contrast, the OPM-MCG operates at room temperature without liquid helium cooling and offers
comparable sensitivity, is easier to use and less expensive to operate 2%3%. However, the OPM-MCG
also suffers from the problem of being unsuitable for claustrophobic patients. Furthermore, the
development of OPM-MCQ is late, resulting in a lack of established guidelines for analyzing MCG
parameters. As such, we intend to conduct further exploratory studies on OPM-MCG in various clinical
settings.

MCG has been proved to be in good concordance with FFR in the preoperative assessment of
myocardial ischemia in patients with borderline coronary artery lesions, and more clinical information
can be provided to patients with cardiovascular disease through more studies in the future. MCG is
expected to be used for the preoperative assessment of lesion-specific ischemia in patients with
borderline coronary arteries, and to reduce the number of unnecessary invasive coronary arteriography
examinations. This will effectively reduce the pressure on national healthcare expenditures and reduce

the burden on patients with cardiovascular diseases.

Limitation

The study is a single-center registry study with some limitations. We are aware that the current
diagnostic model may suffer from overfitting and therefore the conclusions of this study await further
validation in multicenter studies. In addition, the color coding we are currently using differs from the

Rome Biomag Conference in 1981 standard, whereas there are currently multiple types of MCGs
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globally, and the current methodology for analyzing myocardial ischemia has not been compared head-

to-head with other MCG devices.

Conclusion

MCG shows excellent sensitivity, specificity, and diagnostic accuracy in identifying significant
coronary artery disease when compared to FFR. MCG can provide the evidence for a precise diagnostic
strategy for patients with borderline coronary lesions before CAG, reducing unnecessary invasive

examination.
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Table 1 The definitions of the MCG parameters

MCG Parameters Definitions

The maximum magnetic field angle at intervals of a certain time T within TT

MAgmax-TT

segment
CAgmax-TT The maximum current angle at intervals of a certain time T within TT segment
dAgsum-C The sum of changes in current angle at intervals of a certain time t within TT
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segment

The sum of changes in the position of the positive pole point at intervals of a

OPssum-PP

certain time T within TT segment

The sum of changes in negative pole area at intervals of a certain time T within
SArsum-N

TT segment

The maximum value of changes in the ratio of positive to negative area at intervals
ORtoArmax

of a certain time t within TT segment

TT= from T onset to T peak; C= current; PP= positive pole point; P= positive pole; N= negative pole;

Ag=angle; Ar= area; Rto=ratio; = Change value. 7= one tenth of the time interval between TT segment.

Figure legend

Figure 1. Flowchart of the study design.

Figure legend: CCTA= coronary computed tomography angiography; MCG=magnetocardiography;

ICA= invasive coronary angiography; FFR=fractional flow reserve; PCI= percutaneous coronary

intervention.

Figure 2 Schematic diagram of OPM-MCG scan.

Figure legend: (A) Schematic diagram of MAg.x-TT and CAg,,..-TT In magnetic field distribution

maps and current density maps, the definition rule for angle values is based on the horizontal axis,
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with counterclockwise angles being negative and clockwise angles being positive. MAg,,-TT is the

maximum angle between the line connecting the maximum positive and negative magnetic poles and

the horizontal axis. in the TT segment. CAg,,.,-T T is the maximum value of the angle between the

current vector and the horizontal axis. in the TT segment. (B)Normal OPM-MCG scan The OPM-

MCG scan showed no evidence of ischemia or obstructive coronary artery disease, as demonstrated by

the lack of significant current deviations within the myocardium and absence of angle shift between

the positive red pole and negative blue pole between T wave onset (T-onset) and T wave peak (T-

peak) , FFR-positive and FFR-negative OPM-MCG scan and ICA Images. (C) The OPM-MCG scan

of a patient in his 70s showed magnetic field angular deflection , abnormal magnetic field distribution

of the positive and multipolarisation of negative poles , suggesting significant myocardial ischemia,

and the ECG showed no significant abnormality. The ICA showed two lesions: 60% stenosis of the

D1, 50% stenosis of the R-PDA ,. The FFRs were 0.77 for the R-PDA. (D) The OPM-MCG scan of a

patient in their 60s showed no myocardial ischemia, ECG showed no significant abnormalities,

echocardiography showed widening of the ascending aorta and aortic sinus. ICA showed 75% stenosis

of the LAD, 60% stenosis of the RCA, FFR value of the LAD was 0.88.

MCG= magnetocardiography; FFR= fractional flow reserve ; ICA= invasive coronary angiography;

D1= Diagonal branches ; R-PDA : Posterior descending artery ; LAD= Left Anterior descending

artery; RCA=right coronary artery.

Figure 3. Nomogram of the diagnostic model.

21

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 22 of 40

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug


http://bmjopen.bmj.com/

Page 23 of 40

oNOYTULT D WN =

BMJ Open

Figure legend: The nomogram graphically demonstrates the diagnostic model of OPM-MCG. Points for

MAgax-TT, CAZax-TT, 0AZun-C, OPSgum-PP, 6 Arg,-N and RtoAr,,,.-PN can be obtained using a point

caliper and then summed to obtain a total score that can be obtained using a point caliper and then

summed to obtain a total score that can be measured with diagnosing myocardial ischemia in patients

with borderline coronary lesions.

Figure 4 Accuracy and internal validation of the diagnostic model.

Figure legend: (A) ROC curves and 95% confidence intervals. After 500 bootstrap replications, the area

under the curve and 95% confidence interval for receiver operating characteristic is 0.87 (0.809-0.932).

(B) Calibration curve for the diagnostic model. Calibration curve for the borderline lesion ischemia

diagnostic model was established by comparing the observed and predicted probability of a positive

FFR in patients with borderline lesions of the coronary arteries. The smaller the distance of the scatter

from the dashed line, the better the calibration. (C) Decision curve analysis (DCA) for diagnostic models

of ischemia in borderline coronary lesions. None: net benefit when it is assumed that no patients with

critical lesions of the coronary arteries would have the outcome (FFR-positive). All: net benefit when

all patients with critical coronary lesions are assumed to have an outcome (FFR-positive). model: net

benefit of managing critical coronary lesions with a diagnosis of myocardial ischemia based on the

diagnostic model estimate. The strategy with the highest net benefit at any given threshold is the

preferred strategy.
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(A) Schematic diagram of MAg,.,-TT and CAg,,,.-TT  (B) A normal OPM-MCG scan
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(C) OPM-MCG scan and ICA (<70%) in FFR-positive (FFR < 0.8) 70-year-old male

(D) OPM-MCG scan and ICA (>70%) in FFR-negative (FFR > 0.8) 67-year-old male
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Figure 2 Schematic diagram of OPM-MCG scan
Figure legend: (A) Schematic diagram of MAgmax-TT and CAgmax-TT In magnetic field distribution maps
and current density maps, the definition rule for angle values is based on the horizontal axis, with
counterclockwise angles being negative and clockwise angles being positive. MAgmax-TT is the maximum
angle between the line connecting the maximum positive and negative magnetic poles and the horizontal
axis. in the TT segment. CAgmax-TT is the maximum value of the angle between the current vector and the
horizontal axis. in the TT segment. (B)Normal OPM-MCG scan The OPM-MCG scan showed no evidence of
ischemia or obstructive coronary artery disease, as demonstrated by the lack of significant current
deviations within the myocardium and absence of angle shift between the positive red pole and negative
blue pole between T wave onset (T-onset) and T wave peak (T-peak) , FFR-positive and FFR-negative OPM-
MCG scan and ICA Images. (C) The OPM-MCG scan of a patient in his 70s showed magnetic field angular
deflection , abnormal magnetic field distribution of the positive and multipolarisation of negative poles ,
suggesting significant myocardial ischemia, and the ECG showed no significant abnormality. The ICA showed
two lesions: 60% stenosis of the D1, 50% stenosis of the R-PDA ,. The FFRs were 0.77 for the R-PDA. (D)
The OPM-MCG scan of a patient in their 60s showed no myocardial ischemia, ECG showed no significant
abnormalities, echocardiography showed widening of the ascending aorta and aortic sinus. ICA showed 75%
stenosis of the LAD, 60% stenosis of the RCA, FFR value of the LAD was 0.88.
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Figure 3. Nomogram of the diagnostic model.

Figure legend: The nomogram graphically demonstrates the diagnostic model of OPM-MCG. Points for
MAgmax-TT, CAgmax-TT, 8Agsum-C, dPssum-PP, dArsum-N and RtoArmax-PN can be obtained using a
point caliper and then summed to obtain a total score that can be obtained using a point caliper and then
summed to obtain a total score that can be measured with diagnosing myocardial ischemia in patients with

borderline coronary lesions.

1322x711mm (96 x 96 DPI)

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 28 of 40

'salIfojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn Joj Buipnjoul ‘1ybliAdod Aq paloalold

* (s3gv) Jnauadns juswaublasug
| 8p anbiyde.bollqig sousby 1e GZ0z ‘0T aunr uo jwod [wg uadolwa//:dny woiy pspeojumoq 20z 1890100 9Z U0 ££¥980-7202-uadolwa/9eTT 0T Se paysiignd isiiy :usdO (NG


http://bmjopen.bmj.com/

Page 29 of 40

oNOYTULT D WN =

BMJ Open
o LLRRLULL L RRL  RLLEUN BELIRN) Ll T TTIT I m T
1.004 g -
f— -
iy w |
I—' =]
0.75 T
-
Z o |
8c
o
z [
£ 0.504 o
3 AUC:0.87 95%CI (0.809-0.932 334
3 0. (0. .932) 2o
<
o~
0.25 o
--- ldeal
S
P —— Apparent
g i Bias-corrected
T T T T T r
0.00 0.0 0.2 04 0.6 0.8 1.0
0.00 025 0.50 0.75 1.00 Predicted Probability
1 - Specificity B= 1000 repetitions, boot Mean absolute error=0.032 n=141
— Nomo
o Al
o —— None
-
3 ]
m
@
]
@
2
@
8
2 o
s
S .
e
=
r T T T 1
0.0 0.2 04 0.6 08
Threshold probability
T T T T T 1
1:100 15 12 9:10 5:3 41

Cost:Benefit Ratio

Figure 4 Accuracy and internal validation of the diagnostic model.

Figure legend: (A) ROC curves and 95% confidence intervals. After 500 bootstrap replications, the area
under the curve and 95% confidence interval for receiver operating characteristic is 0.87 (0.809-0.932). (B)
Calibration curve for the diagnostic model. Calibration curve for the borderline lesion ischemia diagnostic
model was established by comparing the observed and predicted probability of a positive FFR in patients
with borderline lesions of the coronary arteries. The smaller the distance of the scatter from the dashed line,
the better the calibration. (C) Decision curve analysis (DCA) for diagnostic models of ischemia in borderline
coronary lesions. None: net benefit when it is assumed that no patients with critical lesions of the coronary
arteries would have the outcome (FFR-positive). All: net benefit when all patients with critical coronary
lesions are assumed to have an outcome (FFR-positive). model: net benefit of managing critical coronary
lesions with a diagnosis of myocardial ischemia based on the diagnostic model estimate. The strategy with
the highest net benefit at any given threshold is the preferred strategy.
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The post-processing process of MCG signals is as follows. Firstly, a composite gradient magnetometer arra%is Sonstructed using a separate
environmental monitoring channel, and the common mode projection components of the monitoring channel are su@ra%ed from the MCG detection
array channels, effectively suppressing environmental magnetic field drift and power frequency interference. "%leng notching the 50Hz power
frequency and its harmonic components of the data, and performing a 1-40Hz bandpass filter to further remove pg,weg—-frequency interference and
limit the bandpass frequency to the main frequency range of the MCG. Finally, the denoised data is subjected to R%pe% detection and recognition,
with an average heartbeat cycle of 90 seconds as the length of the slice time, and the identified R-peak point is us% aﬁthe time alignment point to

0

slice the data and overlay it for average. D
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Supplementary Figure 3 Least absolute shrinkage and selection operator (LASSO) regression

S

Figure legend :(A) LASSO model coefficient profiles of the 50 candidate parameters. As log A increases, the regression coefficients continue to

—

By

converge, and there are fewer parameters with non-zero regression coefficients.
(B) Tuning parameter selection by cross-validation in the LASSO model. The solid vertical lines represent the partial ﬁkelihood deviance standard
error (SE). The red dotted line indicates the cross-validation curve. The vertical dashed lines are drawn at the optim(a_Di_ values on the basis of the
minimum criteria and 1-SE criteria. Considering the reasonableness of the variables included in this model, with thegx value of 0.02380779 was
chosen.
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Supplementary Table 1 OPM-MCG Parameters and Definitions ; §
Parameters Definition % &
8 AQmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T Wlth?n T segment
8 Agmin-M The minimum value of changes in magnetic field angle at intervals of a certain time = Wlthm i segment
8 Agsi-M The standard deviation of changes in magnetic field angle at intervals of a certain time = h,l,rgTT segment
6 Agsum-M The sum of changes in magnetic field angle at intervals of a certain time T within TT sengrjg @
8 Dtmax-PN The maximum value of changes in magnetic pole distance at intervals of a certain time < V\%tﬁlﬁéTT segment
8 Dtmin-PN The minimum value of changes in magnetic pole distance at intervals of a certain time T Wﬁlﬁrﬁ'T segment
6 Dtsig-PN The standard deviation of changes in magnetic pole distance at intervals of a certain time = w@tgln TT segment
6 Dtaum-PN The sum of changes in magnetic pole distance at intervals of a certain time t© within TT seq[rglai
8 AQmax-C The maximum value of changes in current angle at intervals of a certain time t within TT segn%nt
& Agmin-C The minimum value of changes in current angle at intervals of a certaintime t within TT sggglgnt
8 Agsi-C The standard deviation of changes in current angle at intervals of a certain time T within TE, %@nent
8 Agsum-C The sum of changes in current angle at intervals of a certain time Tt within TT segment Lg_v{;_*
8 PSmax-C The maximum value of changes in the position of the current angle at intervals of a certain tirge § within TT segment
8 Pssi-C The standard deviation of changes in the position of the current angle at intervals of a certain $|me> T within TT segment
8 Pssum-C The sum of changes in the position of the current angle at intervals of a certain time = Wlthm T? segment
8 Armax-NP The maximum value of changes in negative pole point area at intervals of a certain time = wlthm TT segment
& Armin-NP The minimum value of changes in negative pole point area at intervals of a certaintime = \Mth& TT segment
8 Arsg-NP The standard deviation of changes in negative pole point area at intervals of a certain time 13 3 wighin TT segment
8 Arsum-NP The sum of changes in negative pole point area at intervals of a certain time t within TT sei%gme_nt
& Arpp-NP The change in negative pole point area between T-begin and T-peak g 8
Armax-NP The maximum value of the negative pole point area at intervals of a certain time t within 'I<'2T segment
Armin-NP The minimum value of the negative pole point area at intervals of a certain time t within 'I‘g' sq@ment
8 PSmax-NP The maximum value of changes in the position of the negative pole point at intervals of a certain tusne T within TT segment
8 Pssa-NP The standard deviation of changes in the negative of the positive pole point at intervals of a certain @ne T within TT segment
8 PSsum-NP The sum of changes in the position of the negative pole point at intervals of a certain time W|ﬂnn TT segment
8 Armax-N The maximum value of changes in negative pole area at intervals of a certain time T within TTcsegment
8 Armin-N The minimum value of changes in negative pole area at intervals of a certain time t within TT gegment
8 Arsg-N The standard deviation of changes in negative pole area at intervals of a certain time T within T%T segment
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2 Parameters Definition - 2
5 8 Agmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T Wltfgﬂ '@' segment
6 8 Argum-N The sum of changes in negative pole area at intervals of a certaintime t within TT segmeng S
; 6 Arpp-N The change in nagative pole area between T-begin and T-peak S §
9 Armax-N The maximum value of the negative pole area at intervals of a certain time © within TT sedinerg

[ =]
10 Armin-N The minimum value of the negative pole area at intervals of a certain time t within TT segthg®

. . . . . . o . . C-
n 8 ArRtO~.-PN The maximum value of changes in the ratio of positive and negative pole area at intervals @f‘% gertaln time t within TT
- [¢°]
1; mex segment 2322
=
14 5 ArRto-PN The minimum value of changes in the ratio of positive and negative pole area at intervals Q:Ef@%ertain time t within TT
15 " segment 235
16 The standard deviation of changes in the ratio of positive and negative pole area at intervals efz Pertain time T within TT
17 8 ArRtos-PN 552
18 segment 2oz
19 8 ArRtosum-PN  The sum of changes in the ratio of positive and negative pole area at intervals of a certain timg. = within TT segment
;‘1) 8 Armax-PP The maximum value of changes in positive pole point area at intervals of a certain time = \@ISHIB TT segment
2 & Armin-PP The minimum value of changes in positive pole point area at intervals of a certain time = WgthmrTT segment
23 8 Arg-PP The standard deviation of changes in positive pole point area at intervals of a certain time = ;Wiﬁiin TT segment
24 & Argym-PP The sum of changes in positive pole point area at intervals of a certain time t© within TT segme%t
;Z 8 Arpp-PP The change in positive pole point area between T-begin and T-peak },, §
27 Arnax-PP The maximum value of the positive pole point area at intervals of a certain time 7t within TCF segment
28 Arnin-PP The minimum value of the positive pole point area at intervals of a certain time T within T'B segment
gg 8 PSmax-PP The maximum value of changes in the position of the positive pole point at intervals of a certé%n the T within TT segment
31 8 Pssig-PP The standard deviation of changes in the position of the positive pole point at intervals of a ce@lnilme T within TT segment
32 8 Pssum-PP The sum of changes in the position of the positive pole point at intervals of a certain time Q\Nlthm TT segment
gi 8 Armax-P The maximum value of changes in positive pole area at intervals of a certain time 1 Wlthln‘gT %gment
35 8 Armin-P The minimum value of changes in positive pole area at intervals of a certain time T within 1T e segment
36 8 Argq-P The standard deviation of changes in positive pole area at intervals of a certain time t within T3 segment
37 8 Arsum-P The sum of changes in positive pole area at intervals of a certain time Tt within TT segment §
gg 8 Arpp-P The change in positive pole area between T-begin and T-peak @
O

40 Armax-P The maximum value of the positive pole area at intervals of a certain time t within TT segmeng
41 Armin-P The minimum value of the positive pole area at intervals of a certain time t within TT segmeng
42 =
43 2
44 2
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Parameters Definition C 8
8 Agmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T witt#n '@' segment
MAQGmax-TT The maximum magnetic field angle at intervals of a certain time Tt within TT segment
CAQmax-TT The maximum current angle at intervals of a certain time T within TT segment
MAQGmin-TT The minimum magnetic field angle at intervals of a certain time t within TT segment
CAQmin-TT The minimum current angle at intervals of a certain time Tt within TT segment
MAg-Rp The magnetic field angle of the R-peak

RtoAm-R,T,N
RtoAm-R,T,P

The ratio of magnetic field amplitude at R-peak and the negative amplitude at T-peak
The ratio o magnetic field amplitude at R-peak and the positive amplitude at T-peak
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Pole, M = Magnetic Field, C = Current, max = Maximum, min = Minimum, sum=Sum of all, std = Standard devigfﬁ
segment (the position from one-third of the T max amplitude (T onset) to T max (T peak)), R;=R peak, T,=T peak 5
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RtoAm-R,T, The ratio of magnetic field amplitudes at R-peak and T-peak
MAg-RpTp The magnetic field angle between R-peak and T-peak
MAg-Tp The magnetic field angle of the T-peak
CAgmax-Tp The maximum current angle at T-peak
RtoAm-Tp The ratio of positive to negative magnetic field amplitude at T-peak @
TT The interval from the beginning of the T-wave to its peak within the cardiac cycle E 3
Dt = Distance, Ps = Position, Ag = Angle, Am = Magnitude, Ar = Area, Rto = Ratio, P = Positive, Positive Pole = l%’, 1‘2:= Negative, NP = Negative

d = Change value, TT=TT
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Supplementary Table 2 Clinical characteristics (n = 141) g
c
Characteristics Total(n=141) g
Age (yrs) 60.6449.70 S
Male, n (%) 109(77.3) S
BMI (Kg/m2) 26.1543.36 8
Diabetes, n (%) 47(33.3) 5
Hypercholesterolemia, n (%) 65(46.1) %
Hypertension, n (%) 82(58.2) ;
Stroke, n (%) 9(6.4) =
Smoke, n (%) 43(30.5) g
Systolic blood pressure, mmHg 128.69+15.54 s
Diastolic blood pressure, mmHg 75.15#10.79 g
Heart rate 73.81+10.38 2
Medication, n(%) >
Aspirin 129(91.5) s
Statin 137(97.2) E
ACEI/ARB 45(35.6) %
SGLT2 inhibitors 22(16.7) o
Nicorandil 23(16.3) 3
Admission lab results 9::,
Low-density lipoprotein cholesterol (mmol/L) 1.82+40.69 5
hs Tnl(pg/ml) 3.5(2.5,5.8) S
Brain natriuretic peptide (pg/ml) 29.00(14.75,48.25) -
Blood glucose (mmol/L) 5.52(4.82,7.33) i
HbA1c(%) 6.25(5.7,7.1)
ICA and FFR characteristics
1-vessel disease 50(35.5)
2-vessel disease 43(30.5)
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3-vessel disease
Number of patients with FFR<0.8
Number of vessels with FFR
Number of vessels with FFR<0.8
Left anterior descending artery with FFR
Left circumflex artery with FFR
Right coronary artery with FFR
Interval between MCG and FFR

48(34.0)
68(48.2)
157
74(47.1)
97(68.8)
25(17.7)
35(24.8)
2(1,7)

Values are n (%) or mean + SD

BMI= Body Mass Index, ACEI= angiotensin converting enzyme inhibitor, ARB = angiotensin receptor blocker, S
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cotransporter-2 inhibitors, HbAlc= glycated hemoglobin, ICA = invasive coronary angiography, FFR = fractional
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Supplementary Table 3 OPM-MCG parameters of the Participant and univariable logistic regression model % %
— ALL FFR-Positive FFR-Negative E‘}Hac:zard Ratio o vale
N=141 N=68 N=73 5 @5%(:1)
8 AQmax-M 0.62 (0.44,1.19) 0.77 (0.47,5.76) 0.54 (0.43,0.72) § @83(1 01,1.15) 0.002
8 Agmin-M -0.34 (-0.57,-0.18) -0.42 (-0.82,-0.28) -0.26 (-0.42,-0.14) 0.965(0.93,1.00) 0.001
8 Agsu-M 0.16 (0.11,0.68) 0.28 (0.14,2.06) 0.14 (0.10,0.20) &%%1 16,2.19) <0.001
6 Agsum-M 10.6 (6.18,26.2) 20.2 (9.88,45.5) 8.28 (4.55,11.8) %EG;(l 03,1.10) <0.001
6 Dtmax-PN 2.69 (1.97,4.12) 3.51(2.16,12.9) 2.22 (1.89,3.16) %ﬁg(l 00,1.03) <0.001
8 Dtmin-PN -2.20 (-3.27,-1.76) -2.38 (-4.70,-1.91) -2.00 (-2.80,-1.63) §‘§7§(0 95,1.00) 0.003
8 Dtsig-PN 0.74 (0.55,1.18) 0.82 (0.63,3.45) 0.63(0.52,0.89) %g@_(l 02,1.31) 0.001
6 Dtsum-PN 46.6 (29.1,80.7) 66.6 (42.0,110) 33.3(25.7,48.6) %Q%‘(l 01,1.04) <0.001
8 AQmax-C 1.70 (1.21,4.83) 1.79 (1.27,9.10) 1.52 (1.16,2.98) gg@g(l 00,1.02) 0.016
8 Agmin-C -1.24 (-3.81,0.00) -1.70 (-8.89,-1.01) -0.91 (-1.75,0.00) gﬁ%‘(O 97,1.00) <0.001
8 Agsu-C 0.54 (0.36,1.32) 0.80 (0.37,3.16) 0.45 (0.34,0.70) 3. 12?(1 01,1.23) 0.003
6 Agsum-C 15.6 (9.64,38.6) 29.8 (13.5,71.6) 11.9 (7.79,17.5) 3. OE(l 00,1.02) <0.001
8 PSmax-C 33.0(1.00,48.8) 33.0(1.41,125) 31.0 (1.00,34.0) 3 Oﬁ(l 00,1.01) 0.008
6 Pssi-C 3.35(0.24,6.16) 3.57(0.29,11.7) 3.20 (0.24,4.86) ;;L OE(l 01,1.13) 0.016
8 Pssum-C 39.1 (6.00,86.1) 74.4 (8.31,161) 33.4 (4.00,66.0) % OB(l 00,1.01) <0.001
6 Armax-NP 136 (74.0,220) 182 (102,314) 105 (59.0,180) 3. 005(1.00,1.00) <0.001
8 Armin-NP -84.00 (-173.00,-54.00) -99.00 (-187.50,-62.75) -68.00 (-148.00,-46.00) % O(f(l 00,1.00) 0.009
8 Arsa-NP 29.6 (20.0,56.7) 31.7 (23.4,70.1) 25.7 (17.1,41.4) 50@(1 00,1.01) 0.004
6 Arsum-NP 2469 (1443,4286) 3369 (2230,5728) 1672 (1277,2987) 9. 00(1.00,1.00) <0.001
6 Arpp-NP 944 (18.0,2830) 1168 (152,3066) 626 (-46.00,2383) ‘g 0(%:(1 00,1.00) 0.238
Armax-NP 3873 (3001,5765) 4269 (3260,6056) 3828 (2894,5406) 9. 00»(1 00,1.00) 0.160
Armin-NP 2426 (1639,3326) 2094 (1436,3245) 2614 (2065,3360) l.O%(l.OO,l.OO) 0.036
6 PSmax-NP 2.83(2.24,4.12) 3.00 (2.24,5.28) 2.24 (2.00,3.00) l.OZE(l.OO,l.Ol) 0.005
6 Pssta-NP 0.70 (0.57,1.00) 0.81 (0.65,1.20) 0.66 (0.51,0.85) 1.0440.98,1.11) 0.005
8 Pssum-NP 41.7 (22.2,79.9) 59.8 (39.8,104) 26.4 (20.1,51.1) 1.0§(1.01,1.02) <0.001
6 Armax-N 435 (243,750) 539 (269,990) 404 (221,526) l.O@(l.OO,l.OO) 0.017
%
@
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Parameters ALL FFR-Positive FFR-Negative "gHa%ard Ratio 5 value
N=141 N=68 N=73 g é 5%CI)
& Armin-N -170.00 (-369.00,-25.00) -267.00 (-565.25,-108.75) -79.00 (-224.00,-15.00) ‘i O(g’_(l 00,1.00) <0.001
8 Ars-N 125 (80.2,225) 160 (90.5,273) 114 (74.6,158) i 003(1 00,1.01) 0.004
8 Arsum-N 12585 (7372,23204) 19058 (10208,29054) 9520 (6202,15009) é S $(1.00,1. 00) <0.001
8 Arpp-N 10445 (1116,25689) 11528 (588,28595) 8107 (2900,16796) i@(ﬁ(l 00,1.00) 0.840
Armax-N 53635 (43655,65410) 56546 (44597,77766) 51431 (38201,58878) §§(§(1 00,1.00) 0.032
Armin-N 40985 (26175,53701) 39744 (24308,59155) 40985 (29379,49923) 5 Q(gl 00,1.00) 0.644
o 10

6 ArRtoma-PN 0.01 (0.00,0.02) 0.01 (0.00,0.03) 0.00 (0.00,0.01) %%523226868&8) <0.001

& ArRtOmin-PN -0.02 (-0.05,-0.01) -0.02 (-0.07,-0.01) -0.02 (-0.04,-0.01) §§C§(O 00,0.13) 0.134

6 ArRtosg-PN 0.01 (0.00,0.02) 0.01 (0.00,0.02) 0.01 (0.00,0.01) g & 377054&‘16 0.114

Co ’ ’ (1.7588Dge® 5.740310¢%)

8 ArRtosum-PN 0.63(0.32,1.72) 0.85 (0.39,2.36) 0.58 (0.29,0.88) @ 5@(1 15,2.06) 0.014
8 Armax-PP 195 (126,404) 281 (141,704) 153 (111,286) E 0(§(1 00,1.00) 0.001
& Armin-PP -171.00 (-295.00,-106.00)  -196.00 (-563.75,-109.50)  -153.00 (-226.00,-104.00) g OCE(l 00,1.00) 0.006
6 Argg-PP 54.3 (33.7,124) 77.3 (35.5,167) 43.7 (32.1,79.7) 53.01;(1.00,1.01) 0.007
8 Arsum-PP 4689 (2685,8783) 6608 (3410,14024) 3487 (2556,5786) 3. Oé(l 00,1.00) <0.001
& Arpp-PP 1058 (-869.00,5166) 1360 (-872.25,5756) 737 (-869.00,4601) 21 0@(1 00,1.00) 0.872
Arlmax-PP 8775 (6335,13548) 9178 (6485,14820) 8775 (6335,12776) g 0((1.00,1.00) 0.386
Armin-PP 5151 (2774,7571) 4626 (2618,6928) 5754 (3719,8258) a 0(53?(1 00,1.00) 0.054
& PSmax-PP 3.16 (2.24,5.00) 3.61 (3.00,100) 3.00 (2.24,3.61) i Of(l 00,1.02) <0.001
& Pssg-PP 0.82 (0.60,1.15) 0.98 (0.66,8.50) 0.75 (0.57,0.90) g 12\(1 04,1.20) <0.001
& Psqum-PP 40.4 (23.1,88.6) 73.8 (29.9,195) 32.8 (21.7,54.2) 3. Ol\r’(l 01,1.02) <0.001
& Armax-P 244 (90.0,430) 312 (150,692) 172 (70.0,362) 1.0@(1.00,1.00) 0.001
8 Arpin-P -348.00 (-592.00,-203.00)  -381.00 (-812.00,-188.75)  -311.00 (-497.00,-211.00) 1.0@(1.00,1.00) 0.150

6 Argg-P 120 (80.2,203) 135 (82.3,267) 109 (75.7,159) 1.0(53(1.00,1.00) 0.105
& Araum-P 11899 (6525,19157) 15787 (7938,28576) 9566 (5985,15629) 1.0(‘3(1.00,1.00) 0.002

g
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Darameters ALL FFR-Positive FFR-Negative "gHa%ard Ratio b valle

N=141 N=68 N=73 S ®s%CI)
= >
- - - - «
8 Arpp-P 12638660.8.0(?(2)5(09) -1456.00 (-14861.75,3900) 10;6020.360,25(28) g O(g(l .00,1.00) 0.533
Armax-P 97097 (33699) 95392 (37311) 98685 (30122) ém $(1.00,1.00) 0.567
Armin-P 89822 (63201,104875) 83948 (55748,104204) 92433 (68813,105383) i@(ﬁ(l 00,1.00) 0.134
MAGmax-TT -62.32 (-70.64,-34.61) -48.00 (-66.89,15.5) -67.39 (-72.03,-53.13) i@&l 01,1.03) <0.001
CAOmax-TT 45.0 (33.3,71.0) 58.2 (39.2,118) 43.1(32.0,51.1) a.gzg(1.01,1 03) <0.001
MAQGmin-TT -70.76 (-76.85,-56.92) -68.28 (-75.62,-41.24) -71.98 (-77.61,-64.94) 595(1.00,1 02) 0.050
CAQmin-TT 32.8 (5.36,45.9) 34.7 (-10.80,63.8) 32.0 (12.3,44.0) %.@@(1.00,1 01) 0.471
MAg-R, -61.41 (-71.15,-42.88) -53.44 (-70.66,-38.24) -65.92 (-71.78,-50.54) gﬁﬁ(l.oo,l 03) 0.021
RtoAm-R,TpN 6.49 (4.32,9.57) 7.35(4.92,10.4) 5.68 (3.71,8.14) g@(l 00,1.12) 0.025
RtoAm-R,T,P 7.97 (5.88,12.0) 8.66 (6.03,12.9) 7.69 (5.56,11.1) gﬂéa 00,1.13) 0.182
RtoAmM-R,Tp 3.64 (2.38,4.70) 4.13(3.08,5.01) 3.28 (2.36,4.50) ;; 2%(1 04,1.43) 0.027
MAg-R, T, -0.67 (-24.77,19.5) 3.61 (-25.62,33.8) -2.72 (-22.99,13.2) g_.0§(1.00,1.01) 0.235
MAg-T, -64.66 (-71.34,-45.44) -55.82 (-70.28,-12.79) -67.91 (-72.69,-53.13) 3.025(1.01,1.03) 0.002
CAOmax-Tp 43.1 (29.4,52.0) 45.0 (27.6,74.7) 42.2 (30.7,46.9) ﬁ.OE_(l.OO,l.OZ) 0.039
RtoAm-T, 0.76 (0.57,1.08) 0.81 (0.52,1.22) 0.75(0.57,0.98) %.52(0.93,2.48) 0.368
Dt = Distance, Ps = Position, Ag = Angle, Am = Magnitude, Ar = Area, Rto = Ratio, P = Positive, Positive Pole = B I\i*— Negative, NP = Negative

Pole, M = Magnetic Field, C = Current, max = Maximum, min = Minimum, sum=Sum of all, std = Standard devuﬁlon,,ﬁ Change value, TT=TT

segment (the position from one-third of the T max amplitude (T onset) to T max (T peak)), R,=R peak, T,=T peak S 3
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Supplementary Table 4 Diagnostic model for assessment of myocardial ischemia in borderline coronary artery lesi(gls g
S
Parameters Diagnostic model 5 S
B OR 95%Cl Rivakie
MAGmac-TT 0.011 1.011 (1.000-1.021) B I
CAGmax-TT 0.008 1.008 (0.998-1.018) 0p&
3
8Agsum-C 0.008 1.009 (1.000-1.019) oD
(1%
3Pssum-PP 0.007 1.007 (1.001-1.013) @.5202
[e]i=)
dArsum-N 0.001 1.001 (1.000-1.001) H0®@
x
RtoArmax-PN 17.324 33409.498 (0.694-50738) Q%@

M = Magnetic Field, Ag = Angle, max = Maximum, TT= TT segment (the position from one-third of the T max
peak)) , sum=Sum of all, C = Current, 6 = Change value, PP= Positive Pole, Ps = Position, Ar = Area, N = Negativ
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Abstract

Objectives: To develop and validate a clinical diagnostic model based on optical pumped

magnetometer magnetocardiography (OPM-MCG) for the detection of myocardial ischemia in

patients with borderline coronary lesions prior to invasive coronary angiography (CAG).

Design: Prospective observational cohort study.

Setting: Single center of the China National Clinical Research Center for Cardiovascular

Disease (NCCMRC).

Participants: Adults with borderline coronary lesions on CAG (N=141).

Interventions: Underwent OPM-MCG before CAG and fractional flow reserve

measurement.

Results: Five parameters were included in the final diagnostic model: MAg.-TT, 8Dty -PN,

O0AZum-C, 0Arg-N and dAr,;,-N. 1000 bootstrap replications showed that the area under the

receiver operating characteristic curve (AUC) and 95% confidence interval (CI) of the

diagnostic model were 0.864 (0.803-0.925), with sensitivity of 79.4%, specificity of 80.8%,

positive predictive value of 79.4%, negative predictive value of 80.8%. 1000 bootstrap

replications showed that the model was well-calibrated. Decision curve analysis showed a net

benefit from the predictive model when the threshold probability of an ischemic patient was

greater than 12%, suggesting the potential utility of the model in the real world.

Conclusions: A nomogram based on five OPM-MCG parameters was developed to assess

myocardial ischemia in patients with borderline coronary lesions and has the potential to reduce

the need for unnecessary CAG.

Trial registration number: ChiCTR2300072382.
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Strengths and limitations of this study

1) As a prospective observational cohort study, this study provides real-world evidence of the

diagnostic performance of OPM-MCG for myocardial ischemia, enhancing the generalization

of the findings.

2) The study was a single-center study, which may affect its adaptability to different settings.

3) The clinical diagnostic model did not account for myocardial ischemia due to coronary

microcirculatory dysfunction and did not include evaluations performed with other MCG

devices.

Introduction

Borderline coronary lesions exhibit ranging from 40% to 90% as seen in invasive coronary

angiography (CAG). The FAME study ! found that over 80% of lesions fell into this category,

with only 35% of stenoses between 50-70% being hemodynamically significant. Predicting

relevance was most accurate when estimating coronary artery diameter over 90%. Therefore,

fractional flow reserve (FFR) guided intervention in patients with borderline coronary lesions

(40-90% stenosis) has become a recommended treatment strategy in the 2018 ESC

Interventional Guidelines 2 The 2021 ACC/AHA/SCAI Guidelines for Coronary Artery

Revascularization 131 also provide clear recommendations for managing borderline coronary

lesions: FFR and instantaneous wave-free ratio (iFR) are used to assess the need for
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percutaneous coronary intervention (PCI) in patients without evidence of ischemia but with

angina and other equivalent symptoms (Class I); PCI is not recommended for stable patients

with FFR >0.8 or iFR >0.89 (Class III). However, its widespread adoption in coronary catheter

laboratories is hindered by its time-consuming nature, resource consumption, and potential

adverse effects associated with adenosine application.

Optical pumped magnetometer magnetocardiography (OPM-MCG) measures tiny

magnetic fields (10-'° Tesla) from the heart using atomic magnetometer technology, without

radiation. It is quick, contactless, and suitable for diverse populations. Clinical studies have

demonstrated that magnetocardiography (MCG) is superior to electrocardiogram (ECG) in

detecting early myocardial ischemia [4>¢7] and has similar diagnostic effectiveness as SPECT

for coronary artery disease (CAD) 9. MCG was proven to be precise in diagnosing non-ST-

segment elevation myocardial infarction, even in individuals who do not exhibit typical angina

symptoms. [, However, the parameters and cut-off values of OPM-MCG that indicate

myocardial ischemia in borderline coronary lesion are presently undefined.

Hence, this study aims to investigate the accuracy of OPM-MCG in diagnosing myocardial

ischemia in patients with borderline coronary lesions, with invasive FFR examination serving

as the reference standard.

Method

Study population

This study was a prospective, single-center, observational, cohort study which was

reviewed by the Ethics Committee of Beijing Anzhen Hospital, Capital Medical University,
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and registered with the China Clinical Trial Registry (ChiCTR2300072382). All participants

signed an informed consent. The methods described in this article follow the STARD 2015

guidelines.

Participants aged 18-80 with typical angina symptoms (CCS class II or higher) or 40-90%

stenosis on CCTA were scheduled for hospitalization for CAG. Exclusion criteria included: 1)

Coronary artery stenosis outside of 40%-90% range on CAG; 2) Acute myocardial infarction;

3) Previous myocardial infarction; 4) Complex arrhythmias; 5) Bundle-branch block; 6)

Pacemakers, metallic implants in trunk; 7) Claustrophobia.

This study was based on a prospective cohort design, the sample size of which was

calculated by PASS 2021 software using the area under the receiver-operating characteristic

(ROC) curve. The significance level (o) was 0.025 and the degree of certainty (1-) was 0.90,

combining the results of the literature review of related studies as well as the statistics of the

small sample in the previous period, and calculating according to the FFR-positive

(ischemic)/FFR-negative (non-ischemic) =2:3. The sample size was calculated as 138.

A total of 163 patients from June 30th to November 30th, 2023 were consecutively

enrolled, and 22 patients were excluded, of which 11 patients with stenosis >90%, 7 patients

underwent direct PCI without FFR testing, and 4 patients with poor quality MCG imaging, and

Finally 141 patients with borderline coronary lesions underwent MCG and FFR sequentially

(Figure 1). In this study, the cardiologists were not aware of the MCG results at the time of the

FFR examination, and the MCG parameters were determined before the FFR examination

(Supplementary Figure 1-Graphical Abstract).
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CAG and FFR procedures

CAG and FFR measurements were performed on the vessels according to the 2021
ACC/AHA/SCALI Guidelines for Coronary Artery Revascularization and Expert consensus on
the clinical pathway for FFR measurement in China. After administration of nitroglycerin, a
pressure monitoring guidewire was advanced through the stenosis. Hyperemia was attained by
administration of intravenous adenosine (140pg/kg/min). The FFR pressure wire was
positioned a minimum of 20 mm distal to the stenosis in vessel segments >2 mm. The presence
of an FFR <0.80 was considered a positive indicator of functional ischemia in patients and was

defined as the FFR-positive group.

MCG imaging

The MCG recordings were conducted using a 36-channel OPM-MCG system (Miracle
MCQG), featuring OPM sensors sourced from Beijing X-Mag Technologies Limited's mature
commercial product. The OPM sensor is based on spin-exchange relaxation free (SERF)
technology, with alkali metal atoms as the core sensitive element. The OPM sensor has a
sensitivity below 30 fT/Hz'"2, a recording bandwidth of 1 Hz to 40 Hz, a sampling frequency
of 200 Hz, and a noise baseline with not higher than 15 fT. The OPM-MCG residual magnetic
field is kept below 1.5 nT, and the data acquisition mode is analog signal acquisition
(Supplementary Figure 2). Each subject had a 90-second continuous recording at 36 locations

(6x6 grid) above the chest using an arrayed sensor grid.

MCG Signal Analysis and Statistical Analysis
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After MCG data acquisition, the software automatically post-processes the signals to

generate magnetic field and current density maps and output sixty-five parameters

(Supplementary Table 1). The sixty-five parameters we output characterize the stability of the

current dipole in the TT segment (the position from one-third of the T max amplitude (T onset)

to T max (T peak)) according to the previous studies of Park et al. and Pena et al. (see

supplementary material for post-processing steps).

Statistical analysis was performed with SPSS 25.0 and R 4.3.2 (http //www.R-project.org/).

Counting data were presented as numbers and percentages, while normally distributed

measurement data were shown as mean + standard deviation. Continuous variables that were

not normally distributed were presented using median and quartile values. Statistical

significance was determined for all analyses with a P-value less than 0.05. Based on this cohort

and the principle of at least 10 events per variable (10 EPV), we considered the rationality of

the parameters included in the diagnostic model and evaluated the number of parameters. sixty-

five potential predictor variables were evaluated using univariable logistic regression, selecting

those with p-values < 0.1. These variables were then subjected to Least Absolute Shrinkage and

Selection Operator (LASSO) regression, ultimately identifying the most impactful predictors.

Continuous variables representing the amount of change were transformed into ordered

categorical variables based on interquartile range. Continuous variables representing absolute

values were converted into dichotomous variables by grouping their upper and lower quartile

values into extreme categories, while middle-range values were grouped and incorporated into

the model. The final model was developed using multivariate logistic regression with a

backward selection approach. The model's predictive performance was assessed using the
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enhanced bootstrap method and clinical benefit was evaluated using decision curve analysis.

The MCG-FFR nomogram was used to report scores for assessing myocardial ischemia with

OPM-MCG parameters.

Patient and Public Involvement

Patients make more people aware of the clinical use of the OPM-MCG and how it is

examined by sharing news and information about clinical studies with others.

Result

Clinical characteristics

The study included 141 patients, mostly male (77.3%) with an average age of 60.64 +9.70

years. After MCG scans, all patients underwent CAG and FFR examination, with 48.2% having

positive FFR (FFR < 0.8). A total of 157 vessels were examined, with 47.1% having FFR <0.8.

Interval between MCG and FFR less than 30 days, median 2 days. Most patients had FFR

measurements primarily done on the LAD. See Table 1 for patient clinical characteristics.

Selection of parameters and development of the diagnostic model

Fifty variables that were statistically significant (P < 0.1) in univariable logistic regression

were included in the LASSO regression (Supplementary Table 2 and Supplementary Figure 3),

and 8 variables were selected based on the reasonableness of the parameters selected to reduce

the model overfitting and covariance through LASSO regression. By using the backward

approach, 5 parameters were included in the final diagnostic model: MAg,.x-TT, 8Dtgn-PN,
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O Agum-C, OArg,-N and & Ar,;,-N (Table 2, Figure 2). The model area under the receiver

operating characteristic curve (AUC) obtained from multivariate logistic regression analysis

was 0.864, with sensitivity of 79.4%, specificity of 80.8%, positive predictive value of 79.4%,

negative predictive value of 80.8%. The nomogram (Figure 3) provides a graphical overview

of the diagnostic model using multivariate logistic regression analysis (Supplementary Table

3).

Internal validation and net benefit of the model

The model performance for the diagnosis of myocardial ischemia in borderline coronary

lesions of the OPM-MCG was evaluated by bootstrap replications. 1000 bootstrap replications

showed that the model AUC and a 95% confidence interval (CI) of 0.864(0.803-0.925) (Figure

4). 1000 bootstrap replications showed that the model was well-calibrated. The mean absolute

error was 0.017 (Figure 4). The decision curve analysis (DCA) for the diagnostic model showed

that if the threshold probability of patients is greater than 12% (Figure 4), screening strategies

based on the OPM-MCG diagnostic model resulted in superior net benefit than screen-none or

screen-all strategies.

Discussion

CAD is presently characterized by an epicardial vascular lesion with a stenosis exceeding

50% in the CAG. Frequently, the degree of stenosis indicated by CAG is used as a reference

standard for myocardial revascularization. Moreover, FFR can be used to evaluate the existence

of myocardial ischemia, with a threshold of 0.8. However, as illustrated in Figure 2, the
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coronary stenosis identified in CAG may not precisely align with the FFR results. This

observation is in line with the conclusions drawn in the 2019 ESC Guidelines for Chronic

Coronary Syndromes ['213], emphasizing that the accuracy of determining CAD solely based on

angiographic stenosis was as low as 64% when compared to flow reserve fraction. The positive

mismatch rate, where lesions with less than 50% stenosis may demonstrate an FFR < 0.8, was

19%, while the negative mismatch rate, where lesions with over 50% stenosis may result in an

FFR value > 0.8, reached up to one-third. Numerous studies '4!3] have consistently

demonstrated that FFR-guided stenting leads to superior immediate outcomes and long-term

prognosis. Therefore, FFR carries a Class 1a recommendation for guiding revascularization in

angiographically borderline coronary stenoses in patients with stable angina. The feasibility of

diagnosing myocardial ischemia in patients with borderline coronary lesions using OPM-MCG

was shown in our study, when compared to invasive FFR. The collective diagnostic potential

of MCG parameters in detecting myocardial ischemia in borderline coronary lesions resulted

in an AUC of 0.864 (95% CI 0.803 to 0.925). Due to factors such as time consumption, costs,

patient-related discomfort, contraindications, and a lack of reimbursement, the current rate of

FFR utilization in catheterization laboratories in China is less than 6% Bl. OPM-MCG allows

ischemia assessment in patients with borderline coronary lesions prior to CAG and has a good

concordance with FFR.

In comparing our MCG results with those reported by Park JW et al. [, it is clear that

FFR, serving as the reference standard, evaluates ischemia through direct measurement of

pressure beyond the coronary lesion. In contrast, the Five parameters of our OPM-MCQG, along

with the ST-segment fluctuation scores (AUC=0.835) and Bull's eye analysis (AUC=0.914)
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employed by Park, offer a non-invasive alternative. According to Park JW et al, the TT segment,

defined as the interval from T onset to T peak, is a more effective parameter for analyzing MCG

signals due to its superior signal-to-noise ratio for reflecting ventricular repolarization electrical

activity [']. In terms of the selected parameters, consistent with earlier literature ['®], we focused

on assessing the overall homogeneity of the repolarization process, including spatial structural

similarity and smoothing of current changes. Park et al. utilized ST-segment fluctuation scores

and Bull's eye analysis to evaluate the uniformity of the repolarization process in relation to

current variations and spatial distribution variances for ischemia assessment. In our study, we

further characterized the images by incorporating the 8Dty,,-PN, 8Aggym-C, OArg,-N and &

Arnin-N parameters of the model to analyze changes in currents, pole areas, and distances.

Additionally, describing the images using the parameters of the 3 different angular points

provided a comprehensive description and response to the images. In terms of image feature

discrimination, the ischemia-positive features of the OPM-MCG (pole multipolarization and

magnetic field angle deflection) initially are consistent with the FFR (Figure 2). For practical

clinical application, Park JW et al. used a 64-channel axial gradiometer system, which offers

greater channel capacity and higher sensitivity for positional discrimination. However, this

approach required patients to complete two MCG tests—one during stress and one at rest—in

a shielded room. Comparatively, OPM-MCG is equipped with a shielding barrel that can

effectively diagnose myocardial ischemia caused by borderline coronary lesions at rest, without

the need for a specially constructed shielding room. This enhances the practicality and

universality of its clinical application.

Non-invasive methods like PET/CT, SPECT and CMR are accurate for assessing
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myocardial ischemia, but their use is limited due to cost, long wait times and radioactive

substances ['°]. In a prospective study done by Roel S. et al. 2%, which included 189 patients in

a head-to-head comparison, it was found that using FFR as the gold standard, the sensitivity of

SPECT, PET/CT, and CMR was only 67%, 81%, and 66%, and the specificity was only 61%,

65%, and 62%. The diagnostic accuracy of PET/CT was not statistically different from that of

SPECT and CMR. Recently, CT-derived fractional flow reserve (CT-FFR) has emerged as a

noninvasive test for detecting myocardial ischemia, with a sensitivity of 89% and specificity of

91% according to a multicenter study [?!l. The widespread use of CT-FFR has limitations

including the need for good image quality and inability to assess microvascular and diffuse

lesions 221, ECG is widely used in the clinic as the fastest and low-cost test. ECG uses a two-

dimensional linear approach to record cardiac radial currents to detect ischemia, but it can be

affected by body tissues or fluids and has low spatial resolution. MCG detects and measures

weak magnetic fields generated by the electrical activity of the heart, and the waveform of the

MCG waveform is similar to that of the ECG signal. However, MCG is less affected by changes

in conductivity and does not suffer from skin electrode contact problems. In addition, MCG is

more sensitive to magnetic fields generated by tangential currents that are more affected by

myocardial ischemia, and MCG detects eddy currents that are not apparent with ECG (23], Thus,

previous studies have demonstrated that MCG has a higher sensitivity to early myocardial

ischemia 4231, In most studies of MCG detection of myocardial ischemia, researchers have

categorized the analysis of MCG into morphological and quantitative data analyses [29],

Morphological analysis often focuses on amplitude, nondipole phenomena, and current or

magnetic field angle. Quantitative data analysis is mostly based on changes in the magnetic
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field during ventricular repolarization, usually at the end of the ST segment (before the T wave)

and/or during the T wave, and partially measured during the QT and QRS segment. These

parameters describe the poles, the angles of the magnetic and current fields, and the waveform

amplitude by extrema, dynamics, and ratios. Current studies analyzing MCG at rest for the

detection of myocardial ischemia use a variety of methods, including dichotomous

classification methods based on MCG parameters, quantification of abnormal MCG parameters,

creation of composite indices using MCG parameters, and the application of machine-learning

methods 271,

This is similar to our finding that a positive OPM-MCG scan was demonstrated by one or

more abnormalities in the TT segment, including changes in TT segment parameters and the

changes in image (non-dipole phenomena and angular deflection of currents or magnetic fields).

Different MCG parameters and their combinations can provide more incremental information

on cardiovascular disease. In addition, studies have shown that MCG is capable of accurately

diagnosing myocardial ischemia resulting from epicardial coronary artery disease as well as

effectively detecting myocardial ischemia caused by coronary microvascular dysfunction

. € accuracy o 1dentification o 18 94.8%, sensitivity o 0, an
(CMD). Th f MCG identificati f CMD is 94.8% itivity of 100%, and

specificity of 93.3% [28]. In our study, we also found a small number of FFR-negative patients

with positive MCG scans as described above, and considered the possibility of CMD. In the

future, we will summarize the characteristic images of patients with CMD and further explore

the incremental information provided by the MCGs for these patients.

The difference between SQUID-based and OPM-based MCG systems lies on their sensor

technology. SQUID-based MCGs were developed earlier and offer high sensitivity. But their

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug

e


http://bmjopen.bmj.com/

oNOYTULT D WN =

BMJ Open

reliance on liquid helium refrigeration for achieving low-temperature superconductivity, as

well as the high maintenance costs associated with them, have hindered their widespread

adoption and utilization. In contrast, the OPM-MCG operates at room temperature without

liquid helium cooling and offers comparable sensitivity, as it is easier to use and less expensive

to operate 2230 However, OPM-MCG is also unsuitable for claustrophobic patients.

Furthermore, as a result of its late development, there is a lack of established guidelines for

analyzing MCG parameters. As such, we intend to conduct further exploratory studies on OPM-

MCQG in various clinical settings.

Limitation

The study is a single-center registry study with some limitations. We are aware that the

current diagnostic model may suffer from potential overfitting and therefore the conclusions of

this study require further validation in multicenter studies. In addition, the definition of positive

and negative poles we currently use differs from the Rome Biomag Conference in 1981

standard, and there are currently multiple types of MCGs globally, and the current methodology

for analyzing myocardial ischemia has not been compared head-to-head with other MCG

devices.

Conclusion

MCG shows excellent sensitivity, specificity, and diagnostic accuracy in identifying

significant myocardial ischemia when compared to FFR. MCG can provide the evidence of a

precise diagnostic strategy in patients with borderline coronary lesions before CAG, reducing
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unnecessary invasive examination.
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Table 1 Clinical characteristics (n = 141)

Characteristics Total(n=141)
Age (yrs) 60.64+9.70
Male, n (%) 109(77.3)
BMI (Kg/m2) 26.15+3.36
Diabetes, n (%) 47(33.3)
Hypercholesterolemia, n (%) 65(46.1)
Hypertension, n (%) 82(58.2)
Stroke, n (%) 9(6.4)
Smoke, n (%) 43(30.5)

Systolic blood pressure, mmHg

128.69+15.54

Diastolic blood pressure, mmHg 75.15+10.79
Heart rate 73.81+10.38
Medication, n(%)

Aspirin 129(91.5)
Statin 137(97.2)
ACEI/ARB 45(35.6)
SGLT? inhibitors 22(16.7)
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Nicorandil 23(16.3)
Admission lab results

Low-density lipoprotein cholesterol (mmol/L) 1.82+0.69

hs Tnl(pg/ml) 3.5(2.5,5.8)
Brain natriuretic peptide (pg/ml) 29.00(14.75,48.25)

Blood glucose (mmol/L) 5.52(4.82,7.33)
HbA1c(%) 6.25(5.7,7.1)
ICA and FFR characteristics

1-vessel disecase 50(35.5)
2-vessel disease 43(30.5)
3-vessel discase 48(34.0)
Number of patients with FFR<<0.8 68(48.2)
Number of vessels with FFR 157
Number of vessels with FFR<:0.8 74(47.1)
Left anterior descending artery with FFR 97(68.8)
Left circumflex artery with FFR 25(17.7)
Right coronary artery with FFR 35(24.8)
Interval between MCG and FFR 2(1,7)

Values are n (%) or mean + SD

BMI= Body Mass Index, ACEI= angiotensin converting enzyme inhibitor, ARB = angiotensin

receptor blocker, SGLT2 inhibitors = sodium-glucose cotransporter-2 inhibitors, HbAlc=
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glycated hemoglobin, ICA = invasive coronary angiography, FFR = fractional flow reserve.

Table 2 The definitions of the MCG parameters

MCG Parameters Definitions

The maximum magnetic field angle at intervals of a certain time t

MAgax-TT

within TT segment

The sum of changes in magnetic pole distance at intervals of a
6 Dtsum'PN

certain time T within TT segment

The sum of changes in current angle at intervals of a certain time t
8IAgsum'C

within TT segment

The sum of changes in negative pole area at intervals of a certain
0ATrgm-N

time t within TT segment

The minimum value of changes in negative pole area at intervals of
8Armin—N

a certain time t within TT segment

M= Magnetic Field; Ag= Angle; TT= from T onset to T peak; 6= Change value; DT= Distance;

PN= Positive Pole to Negative Pole; C=Current; Ar= Area; N= Negative Pole; ; 7= one tenth

of the time interval between TT segment.

Figure legend

Figure 1. Flowchart of the study design.

Figure legend: CCTA= coronary computed tomography angiography;
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MCG=magnetocardiography; ICA= invasive coronary angiography; FFR=fractional flow

reserve; PCI= percutaneous coronary intervention.

Figure 2 Schematic diagram of OPM-MCG scan.

Figure legend: (A) Schematic diagram of MAg,,.,-TT and current angle. In magnetic field

distribution maps and current density maps, the definition rule for angle values is based on the

horizontal axis, with counterclockwise angles being negative and clockwise angles being

positive. MAg..x-TT is the maximum angle between the line connecting the maximum

positive and negative magnetic poles and the horizontal axis. in the TT segment. 8Agg,,-C is

the sum of changes in current angle at intervals of a certain time t within TT segment

(B)Normal OPM-MCG scan. The OPM-MCG scan showed no evidence of ischemia or

obstructive coronary artery disease, as demonstrated by the lack of significant current

deviations within the myocardium and absence of angle shift between the positive red pole

and negative blue pole between T-onset and T-peak. (C) The OPM-MCG scan of a patient in

his 70s showed magnetic field angular deflection, abnormal magnetic field distribution of the

positive and multipolarisation of negative poles, suggesting significant myocardial ischemia,

and the ECG showed no significant abnormality. The CAG showed two lesions: 60% stenosis

of the D1, 50% stenosis of the R-PDA. The FFRs were 0.77 for the R-PDA. (D) The OPM-

MCG scan of a patient in his 60s showed no myocardial ischemia, ECG showed no

significant abnormalities, echocardiography showed widening of the ascending aorta and

aortic sinus. CAG showed 75% stenosis of the LAD, 60% stenosis of the RCA, FFR value of

the LAD was 0.88.
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MCG= magnetocardiography; FFR= fractional flow reserve; ICA= invasive coronary

angiography; D1= Diagonal branches; R-PDA= Posterior descending artery; LAD= Left

Anterior descending artery; RCA= right coronary artery.

Figure 3. Nomogram of the diagnostic model.

Figure legend: The nomogram graphically demonstrates the diagnostic model of OPM-MCG.

Points for MAgax-TT, 8Dtgum-PN, 8Aggum-C, dArg,-N and OAr,;,-N can be obtained using a

point caliper and then summed to obtain a total score that can be measured with diagnosing

myocardial ischemia in patients with borderline coronary lesions.

Figure 4 Accuracy and internal validation of the diagnostic model.

Figure legend: (A) ROC curves for the diagnostic model. After 1000 bootstrap replications, the

area under the curve and 95% confidence interval for receiver operating characteristic is 0.864

(0.803-0.925). (B) Calibration curve for the diagnostic model. Calibration curve for the

borderline lesion ischemia diagnostic model was established by comparing the actual and

predicted probability of a positive FFR in patients with borderline lesions of the coronary

arteries. The smaller the distance of the scatter from the dashed line, the better the calibration.

(C) Decision curve analysis (DCA) for diagnostic models of ischemia in borderline coronary

lesions. Treat none: net benefit when it is assumed that no patients with borderline lesions of

the coronary arteries would have the outcome (FFR-positive). Treat all: net benefit when all

patients with borderline coronary lesions are assumed to have an outcome (FFR-positive).

Diagnostic model: net benefit of managing borderline coronary lesions with a diagnosis of
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myocardial ischemia based on the diagnostic model estimate. The strategy with the highest net

benefit at any given threshold is the preferred strategy.
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Patient with angina or 40-90% stenosis on CCTA
from June 30 to November 30,2023

N=163
Excluded: poor quality of
> MCG imaging
\ N=4
Patients completed OPM-MCG
N=159
Excluded: patients with
P stenosis >90%
v N=11

Patients with ICA show
40-90% of the heaviest stenosis N=148

>

Y

Patients completed FFR evaluation N=141

Excluded: Patients who did not
complete FFR evaluation prior to PCI
N=7

Y

FFR-positive
(FFR<0.8)
N=68

Figure legend: CCTA= coronary computed tomography angiography; MCG=magnetocardiography; ICA=
invasive coronary angiography; FFR=fractional flow reserve; PCI= percutaneous coronary intervention.

v

FFR-negative
(FFR > 0.8)
N=73

Figure 1. Flowchart of the study design.
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(A) Schematic diagram of MAg,,.,-TT and Current Angle (B) A normal OPM-MCG scan

TTonsetﬁ -~ il

T peak

o 100 200 300 400 500 600 700 800 900 1000
Milliseconds (ms)

(C) OPM-MCG scan and ICA (<70%) in FFR-positive (FFR < 0.8) 70-year-old male

FFR=0.77
¥ 4

Figure 2 Schematic diagram of OPM-MCG scan.

Figure legend: (A) Schematic diagram of MAgmax-TT and current angle. In magnetic field distribution maps
and current density maps, the definition rule for angle values is based on the horizontal axis, with
counterclockwise angles being negative and clockwise angles being positive. MAgmax-TT is the maximum
angle between the line connecting the maximum positive and negative magnetic poles and the horizontal
axis. in the TT segment. 6Agsum-C is the sum of changes in current angle at intervals of a certain time T
within TT segment (B)Normal OPM-MCG scan. The OPM-MCG scan showed no evidence of ischemia or
obstructive coronary artery disease, as demonstrated by the lack of significant current deviations within the
myocardium and absence of angle shift between the positive red pole and negative blue pole between T-
onset and T-peak. (C) The OPM-MCG scan of a patient in his 70s showed magnetic field angular deflection,
abnormal magnetic field distribution of the positive and multipolarisation of negative poles, suggesting
significant myocardial ischemia, and the ECG showed no significant abnormality. The CAG showed two
lesions: 60% stenosis of the D1, 50% stenosis of the R-PDA. The FFRs were 0.77 for the R-PDA. (D) The
OPM-MCG scan of a patient in his 60s showed no myocardial ischemia, ECG showed no significant
abnormalities, echocardiography showed widening of the ascending aorta and aortic sinus. CAG showed
75% stenosis of the LAD, 60% stenosis of the RCA, FFR value of the LAD was 0.88.

MCG= magnetocardiography; FFR= fractional flow reserve; ICA= invasive coronary angiography; D1=
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Diagonal branches; R-PDA= Posterior descending artery; LAD= Left Anterior descending artery; RCA= right
coronary artery.
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Figure 4 Accuracy and internal validation of the diagnostic model.

Figure legend: (A) ROC curves for the diagnostic model. After 1000 bootstrap replications, the area under
the curve and 95% confidence interval for receiver operating characteristic is 0.864 (0.803-0.925). (B)
Calibration curve for the diagnostic model. Calibration curve for the borderline lesion ischemia diagnostic
model was established by comparing the actual and predicted probability of a positive FFR in patients with
borderline lesions of the coronary arteries. The smaller the distance of the scatter from the dashed line, the
better the calibration. (C) Decision curve analysis (DCA) for diagnostic models of ischemia in borderline
coronary lesions. Treat none: net benefit when it is assumed that no patients with borderline lesions of the
coronary arteries would have the outcome (FFR-positive). Treat all: net benefit when all patients with
borderline coronary lesions are assumed to have an outcome (FFR-positive). Diagnostic model: net benefit
of managing borderline coronary lesions with a diagnosis of myocardial ischemia based on the diagnostic
model estimate. The strategy with the highest net benefit at any given threshold is the preferred strategy.
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OPM-MCG post-processing steps
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The post-processing process of MCG signals is as follows. Firstly, a composite gradient magnetometer arrag is Eonstructed using a separate
environmental monitoring channel, and the common mode projection components of the monitoring channelaareovsubtracted from the MCG
detection array channels, effectively suppressing environmental magnetic field drift and power frequency mterfe&qade Then, notching the S0Hz
power frequency and its harmonic components of the data, and performing a 1-40Hz bandpass filter to fu@tﬁeg remove power frequency
interference and limit the bandpass frequency to the main frequency range of the MCG. Finally, the denoised datamw@oj ected to R-peak detection
and recognition, with an average heartbeat cycle of 90 seconds as the length of the slice time, and the identified &%éﬁk point is used as the time
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u

alignment point to slice the data and overlay it for average
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Supplementary Figure 1 Graphical Abstracts: Diagnostic Model of Myocardial Ischemia in Borderline Coronagy Artery Lesions Based on
Optical Pumped Magnetometer Magnetocardiography
CCTA= coronary computed tomography angiography; MCG=magnetocardiography; CAG= invasive coronary anglogaphy, FFR=fractional flow
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Supplementary Table 1 OPM-MCG Parameters and Definitions ; §
Parameters Definition % g
8 Agmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T Wlthln TBEsegment
6 Agmin-M The minimum value of changes in magnetic field angle at intervals of a certain time T Wlthlﬁa’T "Ilo\‘)segment
6 Agsa-M The standard deviation of changes in magnetic field angle at intervals of a certain time T w1ﬂ§uga, $T segment
8 Agam-M The sum of changes in magnetic field angle at intervals of a certain time T within TT segmeﬁt
6 Dtmax-PN The maximum value of changes in magnetic pole distance at intervals of a certain time T W@lm HTT segment
8 Dtmin-PN The minimum value of changes in magnetic pole distance at intervals of a certain time Tt W1t‘1’r1§ 'TT segment
6 Dtga-PN The standard deviation of changes in magnetic pole distance at intervals of a certain time 1 yglg@ TT segment
8 Dtoum-PN The sum of changes in magnetic pole distance at intervals of a certain time T within TT segrgs(gl‘ro
8 Agmax-C The maximum value of changes in current angle at intervals of a certain time 1 within TT segm&lt
8 Agmin-C The minimum value of changes in current angle at intervals of a certain time T within TT seg»n;egt
6 Agaa-C The standard deviation of changes in current angle at intervals of a certain time T within TT%@%@en‘c
8 Agaum-C The sum of changes in current angle at intervals of a certain time t within TT segment gvé
6 PSmax-C The maximum value of changes in the position of the current angle at intervals of a certain time T§ within TT segment
6 Pssa-C The standard deviation of changes in the position of the current angle at intervals of a certain tg_neg'T within TT segment
8 Psqum-C The sum of changes in the position of the current angle at intervals of a certain time T withig T TSsegment
8 Armax-NP The maximum value of changes in negative pole point area at intervals of a certain time T wf;hirg_TT segment
8 Armin-NP The minimum value of changes in negative pole point area at intervals of a certain time T WiEhiIST T segment
8 Arga-NP The standard deviation of changes in negative pole point area at intervals of a certain time T 3witlin TT segment
8 Arsum-NP The sum of changes in negative pole point area at intervals of a certain time v within TT seggnen‘.:t
8 Arpp-NP The change in negative pole point area between T-begin and T-peak g a
Armax-NP The maximum value of the negative pole point area at intervals of a certain time T within T"Esegfnent
Armin-NP The minimum value of the negative pole point area at intervals of a certain time T within T"Iﬁse@ent
§ Ps,r.-NP The maximum value of changes in the position of the negative pole point at intervals of a ce%am time T within TT
segment @
§ P,y NP The standard deviation of changes in the negative of the positive pole point at intervals of a ce%tain time T within TT
segment m
8 Psqum-NP The sum of changes in the position of the negative pole point at intervals of a certain time T w1tlgn TT segment
8 Armax-N The maximum value of changes in negative pole area at intervals of a certain time T within TT sEgment
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Parameters Definition -8
8 Agmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T W1th1g T"gsegment
8 Armin-N The minimum value of changes in negative pole area at intervals of a certain time T within BT s&gment
8 Arga-N The standard deviation of changes in negative pole area at intervals of a certain time T withig T”Bsegment
8 Arqum-N The sum of changes in negative pole area at intervals of a certain time T within TT segmentg rn%
D>
8 Arpp-N The change in nagative pole area between T-begin and T-peak oa g
o
Armax-N The maximum value of the negative pole area at intervals of a certain time T within TT seg@%tg
(1%
Armin-N The minimum value of the negative pole area at intervals of a certain time T within TT segnﬁ@g
. . . i . . o3 . oy
The maximum value of changes in the ratio of positive and negative pole area at intervals ofzaz@tain time T within TT
8 ArRtomax-PN Xc3
segment 2588
.. 4 . . . . S =, c
The minimum value of changes in the ratio of positive and negative pole area at intervals offa@@tain time T within TT
) ArRtOmin‘PN 8. E o
segment 553
The standard deviation of changes in the ratio of positive and negative pole area at intervals oBgertain time T within TT
6 ArRtosa-PN ERZEY
segment a- =]

8 ArRtosum-PN

8 Armax-PP
8 Armin-PP
8 Arga-PP
6 Arqum-PP
5 Arpy-PP
Armax-PP

Armin-PP

6 P Smax‘PP

8 Pssa-PP

8 Pssum-PP
8 Armax-P
8 Armin-P
8 Arga-P

The sum of changes in the ratio of positive and negative pole area at intervals of a certain timep T Swithin TT segment
The maximum value of changes in positive pole point area at intervals of a certain time T wEhm“TT segment

The minimum value of changes in positive pole point area at intervals of a certain time T W@nn %T segment

The standard deviation of changes in positive pole point area at intervals of a certain time 1 gwltlﬁn TT segment

The sum of changes in positive pole point area at intervals of a certain time T within TT seg&eng

The change in positive pole point area between T-begin and T-peak 3 g
The maximum value of the positive pole point area at intervals of a certain time T within T"[Esegment
The minimum value of the positive pole point area at intervals of a certain time T within TTgegﬁlent

The maximum value of changes in the position of the positive pole point at intervals of %ceﬁpam time T within TT

@ N

segment =3 3
The standard deviation of changes in the position of the positive pole point at intervals ofm a @rtam time T within TT

>

segment Q

The sum of changes in the position of the positive pole point at intervals of a certain time T with%n TT segment
The maximum value of changes in positive pole area at intervals of a certain time T within TT s@gment

The minimum value of changes in positive pole area at intervals of a certain time T within TT s%ment

The standard deviation of changes in positive pole area at intervals of a certain time T within Tﬁsegment
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RtoAm-R,TyN
RtoAm-R, TP

The ratio of magnetic field amplitude at R-peak and the negative amplitude at T-peak
The ratio o magnetic field amplitude at R-peak and the positive amplitude at T-peak

o o
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g 3

g 8

S 8
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Parameters Definition -8
8 Agmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T withig T"gsegment

8 Argum-P The sum of changes in positive pole area at intervals of a certain time T within TT segment(c% %

& Arpp-P The change in positive pole area between T-begin and T-peak S 8

Armax-P The maximum value of the positive pole area at intervals of a certain time T within TT segn&m:ﬁg

Armin-P The minimum value of the positive pole area at intervals of a certain time T within TT segm@ri§ g

MAgmax-TT The maximum magnetic field angle at intervals of a certain time T within TT segment L:SD §

CAgmax-TT The maximum current angle at intervals of a certain time T within TT segment ‘E -;

MAgmin-TT The minimum magnetic field angle at intervals of a certain time T within TT segment ne

CAgmin-TT The minimum current angle at intervals of a certain time T within TT segment % §

MAg-Rp The magnetic field angle of the R-peak §§

a2

&z

RtoAm-R,Tp
MAg-RpTp
MAg-Tp
CAgmax-Tp
RtoAm-Tp
TT

The ratio of magnetic field amplitudes at R-peak and T-peak

The magnetic field angle between R-peak and T-peak

The magnetic field angle of the T-peak

The maximum current angle at T-peak

The ratio of positive to negative magnetic field amplitude at T-peak

The interval from the beginning of the T-wave to its peak within the cardiac cycle

wis pue ‘Buiures) |v ‘Buiuiw eep pue 1xa) 0} pama?@a

Dt = Distance, Ps = Position, Ag = Angle, Am = Magnitude, Ar = Area, Rto = Ratio, P = Positive, Positive Pole = BP,
Pole, M = Magnetic Field, C = Current, max = Maximum, min = Minimum, sum=Sum of all, std = Standard devidio
segment (the position from one-third of the T max amplitude (T onset) to T max (T peak)), R,=R peak, T,=T peak
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= Negative, NP = Negative

0 = Change value, TT=TT
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Supplementary Table 2 OPM-MCG parameters of univariable logistic regression model P < 0.1 ; §
ALL FFR-Positive FFR-Negative = gbdds Ratio
Parameters S o P value
N=141 N=68 N=73 é If) (95%CT)
8 Agmax-M 0.62 (0.44,1.19) 0.77 (0.47,5.76) 0.54 (0.43,0.72) E 097(1.023-1.163) 0.021
8 Agmin-M -0.34 (-0.57,-0.18) -0.42 (-0.82,-0.28) -0.26 (-0.42,-0.14) m()%g4(0 924-0.992) 0.034
8 Agsa-M 0.16 (0.11,0.68) 0.28 (0.14,2.06) 0.14 (0.10,0.20) m]@%(l 213-2.313) 0.004
8 Agaum-M 10.6 (6.18,26.2) 20.2 (9.88,45.5) 8.28 (4.55,11.8) §64(1 037-1.1) <0.001
8 Dtmax-PN 2.69(1.97,4.12) 3.51(2.16,12.9) 2.22(1.89,3.16) ”’13)?4(1 001-1.032) 0.063
8 Dtmin-PN -2.20 (-3.27,-1.76) -2.38 (-4.70,-1.91) -2.00 (-2.80,-1.63) “’(%’%71(0 94-0.991) 0.023
8 Dtya-PN 0.74 (0.55,1.18) 0.82 (0.63,3.45) 0.63 (0.52,0.89) %ggﬁ(l 031-1.332) 0.024
8 Dteum-PN 46.6 (29.1,80.7) 66.6 (42.0,110) 33.3(25.7,48.6) g—lEO%é(l 015-1.039) <0.001
8 Agmax-C 1.70 (1.21,4.83) 1.79 (1.27,9.10) 1.52 (1.16,2.98) g g)09(1 1.022) 0.089
8 Agmin-C -1.24 (-3.81,0.00) -1.70 (-8.89,-1.01) -0.91 (-1.75,0.00) 20%83(0 962-0.997) 0.051
6 Agaa-C 0.54 (0.36,1.32) 0.80(0.37,3.16) 0.45 (0.34,0.70) ‘gl 117(1 026-1.252) 0.025
8 Agaum-C 15.6 (9.64,38.6) 29.8 (13.5,71.6) 11.9 (7.79,17.5) j;1.0@,4(1.006—1.025) 0.003
8 PSmax-C 33.0(1.00,48.8) 33.0(1.41,125) 31.0(1.00,34.0) gl 0§8(1 003-1.015) 0.004
8 Psga-C 3.35(0.24,6.16) 3.57(0.29,11.7) 3.20 (0.24,4.86) 8 1. (?;73(1 019-1.14) 0.013
8 Pssum-C 39.1 (6.00,86.1) 74.4 (8.31,161) 33.4 (4.00,66.0) 1 Q;l(l 005-1.015) <0.001
8 Armax-NP 136 (74.0,220) 182 (102,314) 105 (59.0,180) ‘-‘B O(R (1.0002,1.003) 0.027
8 Arga-NP 29.6 (20.0,56.7) 31.7 (23.4,70.1) 25.7(17.1,41.4) 51 0@4 (1.000,1.010) 0.067
8 Arsum-NP 2469 (1443,4286) 3369 (2230,5728) 1672 (1277,2987) 1. 0302(%(1 00006, 1.00034) 0.005
ATmax-NP 3873 (3001,5765) 4269 (3260,6056) 3828 (2894,5406) 1.00@01._(0 999989, 1.000213) 0.077
8 PSqum-NP 41.7 (22.2,79.9) 59.8 (39.8,104) 26.4 (20.1,51.1) 01 0;133(1 006-1.021) 0.001
8 Armax-N 435 (243,750) 539 (269,990) 404 (221,526) @I 13001(1 1.002) 0.022
8 Armin-N -170.00 (-369.00,-25.00) -267.00 (-565.25,-108.75) -79.00 (-224.00,-15.00) 0.9§8(O.996—0.999) 0.002
§ Arga-N 125 (80.2,225) 160 (90.5,273) 114 (74.6,158) 1.0@5(1.002—1.008) 0.003
8 Araum-N 12585 (7372,23204) 19058 (10208,29054) 9520 (6202,15009) 1.00008431.000046, 1.000122)  <0.001
Armax-N 53635 (43655,65410) 56546 (44597,77766) 51431 (38201,58878) 1.00001421.000002, 1.000026) 0.025
8 ArRtomax-PN 0.01 (0.00,0.02) 0.01 (0.00,0.03) 0.00 (0.00,0.01) 4.494e+1§(5.890e+2,3.427+29) 0.008
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ALL FFR-Positive FFR-Negative ; 8090dds Ratio
Parameters N=141 N=68 N=T3 o g P value
s $(95%CI)
8 ArRtomin-PN -0.02 (-0.05,-0.01) -0.02 (-0.07,-0.01) -0.02 (-0.04,-0.01) é <@001 (0,0.062) 0.014
8 ArRtoq-PN 0.01 (0.00,0.02) 0.01 (0.00,0.02) 0.01 (0.00,0.01) 3.177%1@1 758e+3,5.740e+29)  0.015
8 ArRtosum-PN 0.63 (0.32,1.72) 0.85(0.39,2.36) 0.58 (0.29,0.88) o §§9 (1.175,2.117) 0.004
8 Armax-PP 195 (126,404) 281 (141,704) 153 (111,286) 813)&,1 (1.001,1.003) 0.001
8 Armin-PP -171.00 (-295.00,-106.00)  -196.00 (-563.75,-109.50)  -153.00 (-226.00,-104.00) DD §8 (0.996,0.999) 0.003
8 Argqg-PP 54.3 (33.7,124) 77.3 (35.5,167) 43.7 (32.1,79.7) ”'13)@7 (1.003,1.012) 0.004
8 Arqum-PP 4689 (2685,8783) 6608 (3410,14024) 3487 (2556,5786) 1. 00@9@ 000053, 1.000187) <0.001
Armin-PP 5151 (2774,7571) 4626 (2618,6928) 5754 (3719,8258) 0. 99@?&3%{0 999933, 1.000003) 0.06
8 PSmax-PP 3.16 (2.24,5.00) 3.61 (3.00,100) 3.00 (2.24,3.61) E—lfﬁ\)%l(l.OOS—l.Ow) 0.002
8 Pssia-PP 0.82 (0.60,1.15) 0.98 (0.66,8.50) 0.75 (0.57,0.90) g g§17(1.05—1.221) 0.003
8 Psqum-PP 40.4 (23.1,88.6) 73.8 (29.9,195) 32.8(21.7,54.2) §1@£2(1.006—1 019) <0.001
8 Armax-P 244 (90.0,430) 312 (150,692) 172 (70.0,362) a- @01(1—1.002) 0.007
8 Argq-P 120 (80.2,203) 135 (82.3,267) 109 (75.7,159) E 1%)02(1—1.005) 0.07
8 Arsum-P 11899 (6525,19157) 15787 (7938,28576) 9566 (5985,15629) 1.00@46%1 000017, 1.000074) 0.001
MAgmax-TT -62.32 (-70.64,-34.61) -48.00 (-66.89,15.5) -67.39 (-72.03,-53.13) al. 0&;9(1 009-1.029) <0.001
CAguax-TT 45.0 (33.3,71.0) 58.2(39.2,118) 43.1(32.0,51.1) :1 018(1 009-1.028) <0.001
MAgunin-TT -70.76 (-76.85,-56.92) -68.28 (-75.62,-41.24) -71.98 (-77.61,-64.94) "’1 039(1 000-1.018) 0.052
MAg-R, -61.41 (-71.15,-42.88) -53.44 (-70.66,-38.24) -65.92 (-71.78,-50.54) g 0%5(1 003-1.028) 0.017
RtoAm-R,TpN 6.49 (4.32,9.57) 7.35(4.92,10.4) 5.68 (3.71,8.14) @] 055(1 005-1.126) 0.064
RtoAm-R,T,P 7.97 (5.88,12.0) 8.66 (6.03,12.9) 7.69 (5.56,11.1) ol @(1 004-1.133) 0.061
RtoAm-R, T, 3.64 (2.38,4.70) 4.13 (3.08,5.01) 3.28 (2.36,4.50) @1 2%7(1 047-1.445) 0.016
MAg-T, -64.66 (-71.34,-45.44) -55.82 (-70.28,-12.79) -67.91 (-72.69,-53.13) 1. 0$5(1 006-1.026) 0.002
CAgmax-Tp 43.1(29.4,52.0) 45.0 (27.6,74.7) 42.2 (30.7,46.9) 1.089(1.001-1.017) 0.037
RtoAm-T,, 0.76 (0.57,1.08) 0.81(0.52,1.22) 0.75 (0.57,0.98) 1.5%9(0.978—2.618) 0.095

Dt = Distance, Ps = Position, Ag = Angle, Am = Magnitude, Ar = Area, Rto = Ratio, P = Positive, Positive Pole = PP, Tiﬂ; Negative, NP = Negative
O
Pole, M = Magnetic Field, C = Current, max = Maximum, min = Minimum, sum=Sum of all, std = Standard deviatiorgé = Change value, TT=TT

segment (the position from one-third of the T max amplitude (T onset) to T max (T peak)), R,=R peak, T,=T peak
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5 Diagnostic model s g
Parameters o
6 B OR 95%CI Bvalie
; MAgmax-TT 1.385 3.995 (1.592-10.023) Q.OGZS
9 ODtum-PN 0.671 1.956 (1.270-3.012) ?
=}
10 OAZsum-C 0.411 1.508 (0.989-2.298) g@ﬁ
1 OATsum-N 0.641 1.899 (1.251-2.883) Q@(E
[¢°]
o S ALmin-N 0.515 1.674 (1.121-2.500) GFL)
14 M= Magnetic Field; Ag= Angle; TT= from T onset to T peak; 6= Change value; DT= Distance; PN= Positive P@e@% Negative Pole; C=Current;
15 Ar= Area; N= Negative Pole; ; 7= one tenth of the time interval between TT segment. 220
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Abstract

Objectives: To develop and validate a clinical diagnostic model based on optical pumped

magnetometer magnetocardiography (OPM-MCG) for the detection of myocardial ischemia in

patients with borderline coronary lesions prior to invasive coronary angiography (CAG).

Design: Prospective observational cohort study.

Setting: Single center of the China National Clinical Research Center for Cardiovascular

Disease (NCCMRC).

Participants: Adults with borderline coronary lesions on CAG (N=141).

Interventions: Underwent OPM-MCG before CAG and fractional flow reserve (FFR)

measurement.

Results: Five parameters were included in the final diagnostic model: MAg.-TT, 8Dty -PN,

O0AZum-C, 0Arg-N and dAr,;,-N. 1000 bootstrap replications showed that the area under the

receiver operating characteristic curve (AUC) and 95% confidence interval (CI) of the

diagnostic model were 0.864 (0.803-0.925), with sensitivity of 79.4%, specificity of 80.8%,

positive predictive value of 79.4%, negative predictive value of 80.8%. Decision curve

analysis showed a net benefit from the predictive model when the threshold probability of an

ischemic patient was greater than 12%, suggesting the potential utility of the model in the real

world.

Conclusions: A nomogram based on five OPM-MCG parameters was developed to assess

myocardial ischemia in patients with borderline coronary lesions and has the potential to reduce

the need for unnecessary CAG.

Trial registration number: ChiCTR2300072382.
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Strengths and limitations of this study

1) As a prospective observational cohort study, this study provides real-world evidence of the

diagnostic performance of OPM-MCG for myocardial ischemia, enhancing the generalization

of the findings.

2) The study was a single-center study, which may affect its adaptability to different settings.

3) The clinical diagnostic model did not account for myocardial ischemia due to coronary

microcirculatory dysfunction and did not include evaluations performed with other

magnetocardiography devices.

Introduction

Borderline coronary lesions exhibit ranging from 40% to 90% as seen in invasive coronary

angiography (CAG). The FAME study ! found that over 80% of lesions fell into this category,

with only 35% of stenoses between 50-70% being hemodynamically significant. Predicting

relevance was most accurate when estimating coronary artery diameter over 90%. Therefore,

fractional flow reserve (FFR) guided intervention in patients with borderline coronary lesions

(40-90% stenosis) has become a recommended treatment strategy in the 2018 ESC

Interventional Guidelines 2 The 2021 ACC/AHA/SCAI Guidelines for Coronary Artery

Revascularization 131 also provide clear recommendations for managing borderline coronary

lesions: FFR and instantaneous wave-free ratio (iFR) are used to assess the need for
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percutaneous coronary intervention (PCI) in patients without evidence of ischemia but with

angina and other equivalent symptoms (Class I); PCI is not recommended for stable patients

with FFR >0.8 or iFR >0.89 (Class III). However, its widespread adoption in coronary catheter

laboratories is hindered by its time-consuming nature, resource consumption, and potential

adverse effects associated with adenosine application.

Optical pumped magnetometer magnetocardiography (OPM-MCG) measures tiny

magnetic fields (10-'° Tesla) from the heart using atomic magnetometer technology, without

radiation. It is quick, contactless, and suitable for diverse populations. Clinical studies have

demonstrated that magnetocardiography (MCG) is superior to electrocardiogram (ECG) in

detecting early myocardial ischemia [4>¢7] and has similar diagnostic effectiveness as SPECT

for coronary artery disease (CAD) 9. MCG was proven to be precise in diagnosing non-ST-

segment elevation myocardial infarction, even in individuals who do not exhibit typical angina

symptoms. [, However, the parameters and cut-off values of OPM-MCG that indicate

myocardial ischemia in borderline coronary lesion are presently undefined.

Hence, this study aims to investigate the accuracy of OPM-MCG in diagnosing myocardial

ischemia in patients with borderline coronary lesions, with invasive FFR measurement serving

as the reference standard.

Method

Study population

This study was a prospective, single-center, observational, cohort study which was

reviewed by the Ethics Committee of Beijing Anzhen Hospital, Capital Medical University,
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and registered with the China Clinical Trial Registry (ChiCTR2300072382). All participants

signed an informed consent. The methods described in this article follow the STARD 2015

guidelines.

Participants aged 18-80 with typical angina symptoms (CCS class II or higher) or 40-90%

stenosis on CCTA were scheduled for hospitalization for CAG. Exclusion criteria included: 1)

Coronary artery stenosis outside of 40%-90% range on CAG; 2) Acute myocardial infarction;

3) Previous myocardial infarction; 4) Complex arrhythmias; 5) Bundle-branch block; 6)

Pacemakers, metallic implants in trunk; 7) Claustrophobia.

This study was based on a prospective cohort design, the sample size of which was

calculated by PASS 2021 software using the area under the receiver-operating characteristic

(ROC) curve. The significance level (o) was 0.025 and the degree of certainty (1-) was 0.90,

combining the results of the literature review of related studies as well as the statistics of the

small sample in the previous period, and calculating according to the FFR-positive

(ischemic)/FFR-negative (non-ischemic) =2:3. The sample size was calculated as 138.

A total of 163 patients from June 30th to November 30th, 2023 were consecutively

enrolled, and 22 patients were excluded, of which 11 patients with stenosis >90%, 7 patients

underwent direct PCI without FFR testing, and 4 patients with poor quality MCG imaging, and

Finally 141 patients with borderline coronary lesions underwent MCG and FFR sequentially

(Figure 1). In this study, the cardiologists were not aware of the MCG results at the time of the

FFR examination, and the MCG parameters were determined before the FFR examination

(Supplementary Figure 1-Graphical Abstract).
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CAG and FFR procedures

CAG and FFR measurements were performed on the vessels according to the 2021
ACC/AHA/SCALI Guidelines for Coronary Artery Revascularization and Expert consensus on
the clinical pathway for FFR measurement in China. After administration of nitroglycerin, a
pressure monitoring guidewire was advanced through the stenosis. Hyperemia was attained by
administration of intravenous adenosine (140pg/kg/min). The FFR pressure wire was
positioned a minimum of 20 mm distal to the stenosis in vessel segments >2 mm. The presence
of an FFR <0.80 was considered a positive indicator of functional ischemia in patients and was

defined as the FFR-positive group.

MCG imaging

The MCG recordings were conducted using a 36-channel OPM-MCG system (Miracle
MCQG), featuring OPM sensors sourced from Beijing X-Mag Technologies Limited's mature
commercial product. The OPM sensor is based on spin-exchange relaxation free (SERF)
technology, with alkali metal atoms as the core sensitive element. The OPM sensor has a
sensitivity below 30 fT/Hz'"2, a recording bandwidth of 1 Hz to 40 Hz, a sampling frequency
of 200 Hz, and a noise baseline with not higher than 15 fT. The OPM-MCG residual magnetic
field is kept below 1.5 nT, and the data acquisition mode is analog signal acquisition
(Supplementary Figure 2). Each subject had a 90-second continuous recording at 36 locations

(6x6 grid) above the chest using an arrayed sensor grid.

MCG Signal Analysis and Statistical Analysis
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After MCG data acquisition, the software automatically post-processes the signals to

generate magnetic field and current density maps and output sixty-five parameters

(Supplementary Table 1). The sixty-five parameters we output characterize the stability of the

current dipole in the TT segment (the position from one-third of the T max amplitude (T onset)

to T max (T peak)) according to the previous studies of Park et al. and Pena et al. (see

supplementary material for post-processing steps).

Statistical analysis was performed with SPSS 25.0 and R 4.3.2 (http //www.R-project.org/).

Counting data were presented as numbers and percentages, while normally distributed

measurement data were shown as mean + standard deviation. Continuous variables that were

not normally distributed were presented using median and quartile values. Statistical

significance was determined for all analyses with a P-value less than 0.05. Based on this cohort

and the principle of at least 10 events per variable (10 EPV), we considered the rationality of

the parameters included in the diagnostic model and evaluated the number of parameters. sixty-

five potential predictor variables were evaluated using univariable logistic regression, selecting

those with p-values < 0.1. These variables were then subjected to Least Absolute Shrinkage and

Selection Operator (LASSO) regression, ultimately identifying the most impactful predictors.

Continuous variables representing the amount of change were transformed into ordered

categorical variables based on interquartile range. Continuous variables representing absolute

values were converted into dichotomous variables by grouping their upper and lower quartile

values into extreme categories, while middle-range values were grouped and incorporated into

the model. The final model was developed using multivariate logistic regression with a

backward selection approach. The model's predictive performance was assessed using the
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enhanced bootstrap method and clinical benefit was evaluated using decision curve analysis.

The nomogram was used to report scores for assessing myocardial ischemia with OPM-MCG

parameters.

Patient and Public Involvement

Patients make more people aware of the clinical use of the OPM-MCG and how it is

examined by sharing news and information about clinical studies with others.

Result

Clinical characteristics

The study included 141 patients, mostly male (77.3%) with an average age of 60.64 +9.70

years. After MCG scans, all patients underwent CAG and FFR examination, with 48.2% having

positive FFR (FFR < 0.8). A total of 157 vessels were examined, with 47.1% having FFR <0.8.

Interval between MCG and FFR less than 30 days, median 2 days. Most patients had FFR

measurements primarily done on the left anterior descending artery. See Table 1 for patient

clinical characteristics.

Selection of parameters and development of the diagnostic model

Fifty variables that were statistically significant (P < 0.1) in univariable logistic regression

were included in the LASSO regression (Supplementary Table 2 and Supplementary Figure 3),

and 8 variables were selected based on the reasonableness of the parameters selected to reduce

the model overfitting and covariance through LASSO regression. By using the backward
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approach, 5 parameters were included in the final diagnostic model: MAg,.x-TT, 8Dtgn-PN,

O Agum-C, OArg,-N and & Ar,;,-N (Table 2, Figure 2). The model area under the receiver

operating characteristic curve (AUC) obtained from multivariate logistic regression analysis

was 0.864, with sensitivity of 79.4%, specificity of 80.8%, positive predictive value of 79.4%,

negative predictive value of 80.8% (See Supplementary Figure 4 for the confusion matrix of

the diagnostic model). The nomogram (Figure 3) provides a graphical overview of the

diagnostic model using multivariate logistic regression analysis (Supplementary Table 3).

Internal validation and net benefit of the model

The model performance for the diagnosis of myocardial ischemia in borderline coronary

lesions of the OPM-MCG was evaluated by bootstrap replications. 1000 bootstrap replications

showed that the model AUC and a 95% confidence interval (CI) of 0.864(0.803-0.925) (Figure

4). 1000 bootstrap replications showed that the mean absolute error was 0.017 (Figure 4). The

decision curve analysis (DCA) for the diagnostic model showed that if the threshold probability

of patients is greater than 12% (Figure 4), screening strategies based on the OPM-MCG

diagnostic model resulted in superior net benefit than screen-none or screen-all strategies.

Discussion

CAD is presently characterized by an epicardial vascular lesion with a stenosis exceeding

50% in the CAG. Frequently, the degree of stenosis indicated by CAG is used as a reference

standard for myocardial revascularization. Moreover, FFR can be used to evaluate the existence

of myocardial ischemia, with a threshold of 0.8. However, as illustrated in Figure 2, the
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coronary stenosis identified in CAG may not precisely align with the FFR results. This

observation is in line with the conclusions drawn in the 2019 ESC Guidelines for Chronic

Coronary Syndromes ['213], emphasizing that the accuracy of determining CAD solely based on

angiographic stenosis was as low as 64% when compared to flow reserve fraction. The positive

mismatch rate, where lesions with less than 50% stenosis may demonstrate an FFR < 0.8, was

19%, while the negative mismatch rate, where lesions with over 50% stenosis may result in an

FFR value > 0.8, reached up to one-third. Numerous studies '4!3] have consistently

demonstrated that FFR-guided stenting leads to superior immediate outcomes and long-term

prognosis. Therefore, FFR carries a Class 1a recommendation for guiding revascularization in

angiographically borderline coronary stenoses in patients with stable angina. The feasibility of

diagnosing myocardial ischemia in patients with borderline coronary lesions using OPM-MCG

was shown in our study, when compared to invasive FFR. The collective diagnostic potential

of MCG parameters in detecting myocardial ischemia in borderline coronary lesions resulted

in an AUC of 0.864 (95% CI 0.803 to 0.925). Due to factors such as time consumption, costs,

patient-related discomfort, contraindications, and a lack of reimbursement, the current rate of

FFR utilization in catheterization laboratories in China is less than 6% Bl. OPM-MCG allows

ischemia assessment in patients with borderline coronary lesions prior to CAG and has a good

concordance with FFR.

In comparing our MCG results with those reported by Park JW et al. [, it is clear that

FFR, serving as the reference standard, evaluates ischemia through direct measurement of

pressure beyond the coronary lesion. In contrast, the Five parameters of our OPM-MCQG, along

with the ST-segment fluctuation scores (AUC=0.835) and Bull's eye analysis (AUC=0.914)
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employed by Park, offer a non-invasive alternative. According to Park JW et al, the TT segment,

defined as the interval from T onset to T peak, is a more effective parameter for analyzing MCG

signals due to its superior signal-to-noise ratio for reflecting ventricular repolarization electrical

activity [']. In terms of the selected parameters, consistent with earlier literature ['®], we focused

on assessing the overall homogeneity of the repolarization process, including spatial structural

similarity and smoothing of current changes. Park et al. utilized ST-segment fluctuation scores

and Bull's eye analysis to evaluate the uniformity of the repolarization process in relation to

current variations and spatial distribution variances for ischemia assessment. In our study, we

further characterized the images by incorporating the 8Dty,,-PN, 8Aggym-C, OArg,-N and &

Arnin-N parameters of the model to analyze changes in currents, pole areas, and distances.

Additionally, describing the images using the parameters of the 3 different angular points

provided a comprehensive description and response to the images. In terms of image feature

discrimination, the ischemia-positive features of the OPM-MCG (pole multipolarization and

magnetic field angle deflection) initially are consistent with the FFR (Figure 2). For practical

clinical application, Park JW et al. used a 64-channel axial gradiometer system, which offers

greater channel capacity and higher sensitivity for positional discrimination. However, this

approach required patients to complete two MCG tests—one during stress and one at rest—in

a shielded room. Comparatively, OPM-MCG is equipped with a shielding barrel that can

effectively diagnose myocardial ischemia caused by borderline coronary lesions at rest, without

the need for a specially constructed shielding room. This enhances the practicality and

universality of its clinical application.

Non-invasive methods like positron emission tomography / computed tomography

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* (s3gv) Inaladns juswaublasug

e


http://bmjopen.bmj.com/

oNOYTULT D WN =

BMJ Open

(PET/CT), single-photon emission computed tomography (SPECT) and cardiovascular

magnetic resonance (CMR) are accurate for assessing myocardial ischemia, but their use is

limited due to cost, long wait times and radioactive substances ['°]. In a prospective study done

by Roel S. et al. %, which included 189 patients in a head-to-head comparison, it was found

that using FFR as the gold standard, the sensitivity of SPECT, PET/CT, and CMR was only

67%, 81%, and 66%, and the specificity was only 61%, 65%, and 62%. The diagnostic accuracy

of PET/CT was not statistically different from that of SPECT and CMR. Recently, CT-derived

fractional flow reserve (CT-FFR) has emerged as a noninvasive test for detecting myocardial

ischemia, with a sensitivity of 89% and specificity of 91% according to a multicenter study 2!

The widespread use of CT-FFR has limitations including the need for good image quality and

inability to assess microvascular and diffuse lesions [?21. ECG is widely used in the clinic as the

fastest and low-cost test. ECG uses a two-dimensional linear approach to record cardiac radial

currents to detect ischemia, but it can be affected by body tissues or fluids and has low spatial

resolution. MCG detects and measures weak magnetic fields generated by the electrical activity

of the heart, and the waveform of the MCG waveform is similar to that of the ECG signal.

However, MCG is less affected by changes in conductivity and does not suffer from skin

electrode contact problems. In addition, MCG is more sensitive to magnetic fields generated by

tangential currents that are more affected by myocardial ischemia, and MCG detects eddy

currents that are not apparent with ECG 23, Thus, previous studies have demonstrated that

MCG has a higher sensitivity to early myocardial ischemia 24?3, In most studies of MCG

detection of myocardial ischemia, researchers have categorized the analysis of MCG into

morphological and quantitative data analyses [?°l. Morphological analysis often focuses on
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amplitude, nondipole phenomena, and current or magnetic field angle. Quantitative data

analysis is mostly based on changes in the magnetic field during ventricular repolarization,

usually at the end of the ST segment (before the T wave) and/or during the T wave, and partially

measured during the QT and QRS segment. These parameters describe the poles, the angles of

the magnetic and current fields, and the waveform amplitude by extrema, dynamics, and ratios.

Current studies analyzing MCG at rest for the detection of myocardial ischemia use a variety

of methods, including dichotomous classification methods based on MCG parameters,

quantification of abnormal MCG parameters, creation of composite indices using MCG

parameters, and the application of machine-learning methods 271,

This is similar to our finding that a positive OPM-MCG scan was demonstrated by one or

more abnormalities in the TT segment, including changes in TT segment parameters and the

changes in image (non-dipole phenomena and angular deflection of currents or magnetic fields).

Different MCG parameters and their combinations can provide more incremental information

on cardiovascular disease. In addition, studies have shown that MCG is capable of accurately

diagnosing myocardial ischemia resulting from epicardial coronary artery disease as well as

effectively detecting myocardial ischemia caused by coronary microvascular dysfunction

. € accuracy o 1dentification o 18 94.8%, sensitivity o 0, an
(CMD). Th f MCG identificati f CMD is 94.8% itivity of 100%, and

specificity of 93.3% [28]. In our study, we also found a small number of FFR-negative patients

with positive MCG scans as described above, and considered the possibility of CMD. In the

future, we will summarize the characteristic images of patients with CMD and further explore

the incremental information provided by the MCGs for these patients.

The difference between SQUID-based and OPM-based MCG systems lies on their sensor
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technology. SQUID-based MCGs were developed earlier and offer high sensitivity. But their

reliance on liquid helium refrigeration for achieving low-temperature superconductivity, as

well as the high maintenance costs associated with them, have hindered their widespread

adoption and utilization. In contrast, the OPM-MCG operates at room temperature without

liquid helium cooling and offers comparable sensitivity, as it is easier to use and less expensive

to operate 2230 However, OPM-MCG is also unsuitable for claustrophobic patients.

Furthermore, as a result of its late development, there is a lack of established guidelines for

analyzing MCG parameters. As such, we intend to conduct further exploratory studies on OPM-

MCQG in various clinical settings.

Limitation

The study is a single-center registry study with some limitations. We are aware that the

current diagnostic model may suffer from potential overfitting and therefore the conclusions of

this study require further validation in multicenter studies. In addition, the definition of positive

and negative poles we currently use differs from the Rome Biomag Conference in 1981

standard, and there are currently multiple types of MCGs globally, and the current methodology

for analyzing myocardial ischemia has not been compared head-to-head with other MCG

devices.

Conclusion

MCG shows excellent sensitivity, specificity, and diagnostic accuracy in identifying

significant myocardial ischemia when compared to FFR. MCG can provide the evidence of a
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precise diagnostic strategy in patients with borderline coronary lesions before CAG, reducing

unnecessary invasive examination.
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PCI= percutaneous coronary intervention
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ROC-= receiver-operating characteristic

SPECT= single-photon emission computed tomography
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Table 1 Clinical characteristics (n = 141)

Characteristics Total(n=141)
Age (yrs) 60.64+9.70
Male, n (%) 109(77.3)
BMI (Kg/m2) 26.15+3.36
Diabetes, n (%) 47(33.3)
Hypercholesterolemia, n (%) 65(46.1)
Hypertension, n (%) 82(58.2)
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Stroke, n (%)

Smoke, n (%)

Systolic blood pressure, mmHg

9(6.4)

43(30.5)

128.69+15.54

Diastolic blood pressure, mmHg 75.15+€10.79
Heart rate 73.81+10.38
Medication, n(%)

Aspirin 129(91.5)
Statin 137(97.2)
ACEI/ARB 45(35.6)
SGLT2 inhibitors 22(16.7)
Nicorandil 23(16.3)
Admission lab results

Low-density lipoprotein cholesterol (mmol/L) 1.82+0.69
hs Tnl(pg/ml) 3.5(2.5,5.8)
Brain natriuretic peptide (pg/ml) 29.00(14.75,48.25)

Blood glucose (mmol/L) 5.52(4.82,7.33)
HbAlc(%) 6.25(5.7,7.1)
ICA and FFR characteristics

1-vessel discase 50(35.5)
2-vessel disease 43(30.5)
3-vessel disease 48(34.0)
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Number of patients with FFR<<0.8 68(48.2)
Number of vessels with FFR 157
Number of vessels with FFR<<0.8 74(47.1)
Left anterior descending artery with FFR 97(68.8)
Left circumflex artery with FFR 25(17.7)
Right coronary artery with FFR 35(24.8)
Interval between MCG and FFR 2(1,7)

Values are n (%) or mean + SD

BMI= Body Mass Index, ACEI= angiotensin converting enzyme inhibitor, ARB = angiotensin

receptor blocker, SGLT2 inhibitors = sodium-glucose cotransporter-2 inhibitors, HbAlc=

glycated hemoglobin, ICA = invasive coronary angiography, FFR = fractional flow reserve.

Table 2 The definitions of the MCG parameters

MCG Parameters Definitions

The maximum magnetic field angle at intervals of a certain time t

MAgax-TT

within TT segment

The sum of changes in magnetic pole distance at intervals of a
8 Dtgym-PN

certain time T within TT segment

The sum of changes in current angle at intervals of a certain time t
8lggsum'c

within TT segment
OATrgm-N The sum of changes in negative pole area at intervals of a certain
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time T within TT segment

The minimum value of changes in negative pole area at intervals of
SAI'min-N
a certain time T within TT segment

M= Magnetic Field; Ag= Angle; TT= from T onset to T peak; 6= Change value; DT= Distance;

PN= Positive Pole to Negative Pole; C=Current; Ar= Area; N= Negative Pole; ; 7= one tenth

of the time interval between TT segment.

Figure legend

Figure 1. Flowchart of the study design.

Figure legend: CCTA= coronary computed tomography angiography;

MCG=magnetocardiography; ICA= invasive coronary angiography; FFR=fractional flow

reserve; PCI= percutaneous coronary intervention.

Figure 2 Schematic diagram of OPM-MCG scan.

Figure legend: (A) Schematic diagram of MAg,,.x-TT and current angle. In magnetic field

distribution maps and current density maps, the definition rule for angle values is based on the

horizontal axis, with counterclockwise angles being negative and clockwise angles being

positive. MAg.x-TT is the maximum angle between the line connecting the maximum

positive and negative magnetic poles and the horizontal axis. in the TT segment. dAgy,,-C is

the sum of changes in current angle at intervals of a certain time t within TT segment

(B)Normal OPM-MCG scan. The OPM-MCG scan showed no evidence of ischemia or

obstructive coronary artery disease, as demonstrated by the lack of significant current
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deviations within the myocardium and absence of angle shift between the positive red pole

and negative blue pole between T-onset and T-peak. (C) The OPM-MCG scan of a patient in

his 70s showed magnetic field angular deflection, abnormal magnetic field distribution of the

positive and multipolarisation of negative poles, suggesting significant myocardial ischemia,

and the ECG showed no significant abnormality. The CAG showed two lesions: 60% stenosis

of the D1, 50% stenosis of the R-PDA. The FFRs were 0.77 for the R-PDA. (D) The OPM-

MCG scan of a patient in his 60s showed no myocardial ischemia, ECG showed no

significant abnormalities, echocardiography showed widening of the ascending aorta and

aortic sinus. CAG showed 75% stenosis of the LAD, 60% stenosis of the RCA, FFR value of

the LAD was 0.88.

MCG= magnetocardiography; FFR= fractional flow reserve; ICA= invasive coronary

angiography; D1= diagonal branches; R-PDA= posterior descending artery; LAD= left

anterior descending artery; RCA= right coronary artery.

Figure 3. Nomogram of the diagnostic model.

Figure legend: The nomogram graphically demonstrates the diagnostic model of OPM-MCG.

Points for MAgax-TT, 8Dtyum-PN, 8Aggm-C, dArg,-N and OAr,;,-N can be obtained using a

point caliper and then summed to obtain a total score that can be measured with diagnosing

myocardial ischemia in patients with borderline coronary lesions.

Figure 4 Accuracy and internal validation of the diagnostic model.

Figure legend: (A) ROC curves for the diagnostic model. After 1000 bootstrap replications, the
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area under the curve and 95% confidence interval for receiver operating characteristic is 0.864

(0.803-0.925). (B) Calibration curve for the diagnostic model. Calibration curve for the

borderline lesion ischemia diagnostic model was established by comparing the actual and

predicted probability of a positive FFR in patients with borderline lesions of the coronary

arteries. The smaller the distance of the scatter from the dashed line, the better the calibration.

(C) Decision curve analysis (DCA) for diagnostic models of ischemia in borderline coronary

lesions. Treat none: net benefit when it is assumed that no patients with borderline lesions of

the coronary arteries would have the outcome (FFR-positive). Treat all: net benefit when all

patients with borderline coronary lesions are assumed to have an outcome (FFR-positive).

Diagnostic model: net benefit of managing borderline coronary lesions with a diagnosis of

myocardial ischemia based on the diagnostic model estimate. The strategy with the highest net

benefit at any given threshold is the preferred strategy.
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Patient with angina or 40-90% stenosis on CCTA
from June 30 to November 30,2023

N=163
Excluded: poor quality of
> MCG imaging
\ N=4
Patients completed OPM-MCG
N=159
Excluded: patients with
P stenosis >90%
v N=11

Patients with ICA show
40-90% of the heaviest stenosis N=148

>

Y

Patients completed FFR evaluation N=141

Excluded: Patients who did not
complete FFR evaluation prior to PCI
N=7

Y

FFR-positive
(FFR<0.8)
N=68

Figure legend: CCTA= coronary computed tomography angiography; MCG=magnetocardiography; ICA=
invasive coronary angiography; FFR=fractional flow reserve; PCI= percutaneous coronary intervention.

v

FFR-negative
(FFR > 0.8)
N=73

Figure 1. Flowchart of the study design.
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(A) Schematic diagram of MAg,,.,-TT and Current Angle (B) A normal OPM-MCG scan

TTonsetﬁ -~ il

T peak

o 100 200 300 400 500 600 700 800 900 1000
Milliseconds (ms)

(C) OPM-MCG scan and ICA (<70%) in FFR-positive (FFR < 0.8) 70-year-old male

FFR=0.77
¥ 4

Figure 2 Schematic diagram of OPM-MCG scan.

Figure legend: (A) Schematic diagram of MAgmax-TT and current angle. In magnetic field distribution maps
and current density maps, the definition rule for angle values is based on the horizontal axis, with
counterclockwise angles being negative and clockwise angles being positive. MAgmax-TT is the maximum
angle between the line connecting the maximum positive and negative magnetic poles and the horizontal
axis. in the TT segment. 6Agsum-C is the sum of changes in current angle at intervals of a certain time T
within TT segment (B)Normal OPM-MCG scan. The OPM-MCG scan showed no evidence of ischemia or
obstructive coronary artery disease, as demonstrated by the lack of significant current deviations within the
myocardium and absence of angle shift between the positive red pole and negative blue pole between T-
onset and T-peak. (C) The OPM-MCG scan of a patient in his 70s showed magnetic field angular deflection,
abnormal magnetic field distribution of the positive and multipolarisation of negative poles, suggesting
significant myocardial ischemia, and the ECG showed no significant abnormality. The CAG showed two
lesions: 60% stenosis of the D1, 50% stenosis of the R-PDA. The FFRs were 0.77 for the R-PDA. (D) The
OPM-MCG scan of a patient in his 60s showed no myocardial ischemia, ECG showed no significant
abnormalities, echocardiography showed widening of the ascending aorta and aortic sinus. CAG showed
75% stenosis of the LAD, 60% stenosis of the RCA, FFR value of the LAD was 0.88.

MCG= magnetocardiography; FFR= fractional flow reserve; ICA= invasive coronary angiography; D1=
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Diagonal branches; R-PDA= Posterior descending artery; LAD= Left Anterior descending artery; RCA= right
coronary artery.
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Figure 4 Accuracy and internal validation of the diagnostic model.

Figure legend: (A) ROC curves for the diagnostic model. After 1000 bootstrap replications, the area under
the curve and 95% confidence interval for receiver operating characteristic is 0.864 (0.803-0.925). (B)
Calibration curve for the diagnostic model. Calibration curve for the borderline lesion ischemia diagnostic
model was established by comparing the actual and predicted probability of a positive FFR in patients with
borderline lesions of the coronary arteries. The smaller the distance of the scatter from the dashed line, the
better the calibration. (C) Decision curve analysis (DCA) for diagnostic models of ischemia in borderline
coronary lesions. Treat none: net benefit when it is assumed that no patients with borderline lesions of the
coronary arteries would have the outcome (FFR-positive). Treat all: net benefit when all patients with
borderline coronary lesions are assumed to have an outcome (FFR-positive). Diagnostic model: net benefit
of managing borderline coronary lesions with a diagnosis of myocardial ischemia based on the diagnostic
model estimate. The strategy with the highest net benefit at any given threshold is the preferred strategy.
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The post-processing process of OPM-MCG signals is as follows. Firstly, a composite gradient magnetomaer 8rray is constructed using a
separate environmental monitoring channel, and the common mode projection components of the monitoring e,harmel are subtracted from the
OPM-MCQG detection array channels, effectively suppressing environmental magnetic field drift and power frequeﬁq.}{ %terference Then, notching
the 5S0Hz power frequency and its harmonic components of the data, and performing a 1-40Hz bandpass filter to ﬁlgt]%r remove power frequency
interference and limit the bandpass frequency to the main frequency range of the MCG. Finally, the denoised datamw@oj ected to R-peak detection
and recognition, with an average heartbeat cycle of 90 seconds as the length of the slice time, and the identified &%éﬁk point is used as the time

0]
u

alignment point to slice the data and overlay it for average
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Diagnostic Model of Myocardial Ischemia in Borderline Coronary Arteiv Lesions

Based on Optical Pumped Magnetometer Magnetocardiography
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Supplementary Figure 1 Graphical Abstracts: Diagnostic Model of Myocardial Ischemia in Borderline Coronagy Artery Lesions Based on

OPM-MCG

CCTA= coronary computed tomography angiography; OPM-MCG=optical pumped magnetometer magnetocardiograp

angiography; FFR=fractional flow reserve; PCI= percutaneous coronary intervention; DCA=decision curve analysis.
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Supplementary Figure 4 Confusion Matrix for the Diagnostic Model
Figure Legend: The confusion matrix compares the FFR diagnostic results with those from the predictive model.
frequency of occurrences, with darker shades indicating higher frequencies.
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Supplementary Table 1 OPM-MCG Parameters and Definitions ; §
Parameters Definition % g
8 Agmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T Wlthln TBEsegment
6 Agmin-M The minimum value of changes in magnetic field angle at intervals of a certain time T Wlthlﬁa’T "Ilo\‘)segment
6 Agsa-M The standard deviation of changes in magnetic field angle at intervals of a certain time T w1ﬂ§uga, $T segment
8 Agam-M The sum of changes in magnetic field angle at intervals of a certain time T within TT segmeﬁt
6 Dtmax-PN The maximum value of changes in magnetic pole distance at intervals of a certain time T W@lm HTT segment
8 Dtmin-PN The minimum value of changes in magnetic pole distance at intervals of a certain time Tt W1t‘1’r1§ 'TT segment
6 Dtga-PN The standard deviation of changes in magnetic pole distance at intervals of a certain time 1 yglg@ TT segment
8 Dtoum-PN The sum of changes in magnetic pole distance at intervals of a certain time T within TT segrgs(gl‘ro
8 Agmax-C The maximum value of changes in current angle at intervals of a certain time 1 within TT segm&lt
8 Agmin-C The minimum value of changes in current angle at intervals of a certain time T within TT seg»n;egt
6 Agaa-C The standard deviation of changes in current angle at intervals of a certain time T within TT%@%@en‘c
8 Agaum-C The sum of changes in current angle at intervals of a certain time t within TT segment gvé
6 PSmax-C The maximum value of changes in the position of the current angle at intervals of a certain time T§ within TT segment
6 Pssa-C The standard deviation of changes in the position of the current angle at intervals of a certain tg_neg'T within TT segment
8 Psqum-C The sum of changes in the position of the current angle at intervals of a certain time T withig T TSsegment
8 Armax-NP The maximum value of changes in negative pole point area at intervals of a certain time T wf;hirg_TT segment
8 Armin-NP The minimum value of changes in negative pole point area at intervals of a certain time T WiEhiIST T segment
8 Arga-NP The standard deviation of changes in negative pole point area at intervals of a certain time T 3witlin TT segment
8 Arsum-NP The sum of changes in negative pole point area at intervals of a certain time v within TT seggnen‘.:t
8 Arpp-NP The change in negative pole point area between T-begin and T-peak g a
Armax-NP The maximum value of the negative pole point area at intervals of a certain time T within T"Esegfnent
Armin-NP The minimum value of the negative pole point area at intervals of a certain time T within T"Iﬁse@ent
§ Ps,r.-NP The maximum value of changes in the position of the negative pole point at intervals of a ce%am time T within TT
segment @
§ P,y NP The standard deviation of changes in the negative of the positive pole point at intervals of a ce%tain time T within TT
segment m
8 Psqum-NP The sum of changes in the position of the negative pole point at intervals of a certain time T w1tlgn TT segment
8 Armax-N The maximum value of changes in negative pole area at intervals of a certain time T within TT sEgment
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Parameters Definition -8
8 Agmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T W1th1g T"gsegment
8 Armin-N The minimum value of changes in negative pole area at intervals of a certain time T within BT s&gment
8 Arga-N The standard deviation of changes in negative pole area at intervals of a certain time T withig T”Bsegment
8 Arqum-N The sum of changes in negative pole area at intervals of a certain time T within TT segmentg rn%
D>
8 Arpp-N The change in nagative pole area between T-begin and T-peak oa g
o
Armax-N The maximum value of the negative pole area at intervals of a certain time T within TT seg@%tg
(1%
Armin-N The minimum value of the negative pole area at intervals of a certain time T within TT segnﬁ@g
. . . i . . o3 . oy
The maximum value of changes in the ratio of positive and negative pole area at intervals ofzaz@tain time T within TT
8 ArRtomax-PN Xc3
segment 2588
.. 4 . . . . S =, c
The minimum value of changes in the ratio of positive and negative pole area at intervals offa@@tain time T within TT
) ArRtOmin‘PN 8. E o
segment 553
The standard deviation of changes in the ratio of positive and negative pole area at intervals oBgertain time T within TT
6 ArRtosa-PN ERZEY
segment a- =]

8 ArRtosum-PN

8 Armax-PP
8 Armin-PP
8 Arga-PP
6 Arqum-PP
5 Arpy-PP
Armax-PP

Armin-PP

6 P Smax‘PP

8 Pssa-PP

8 Pssum-PP
8 Armax-P
8 Armin-P
8 Arga-P

The sum of changes in the ratio of positive and negative pole area at intervals of a certain timep T Swithin TT segment
The maximum value of changes in positive pole point area at intervals of a certain time T wEhm“TT segment

The minimum value of changes in positive pole point area at intervals of a certain time T W@nn %T segment

The standard deviation of changes in positive pole point area at intervals of a certain time 1 gwltlﬁn TT segment

The sum of changes in positive pole point area at intervals of a certain time T within TT seg&eng

The change in positive pole point area between T-begin and T-peak 3 g
The maximum value of the positive pole point area at intervals of a certain time T within T"[Esegment
The minimum value of the positive pole point area at intervals of a certain time T within TTgegﬁlent

The maximum value of changes in the position of the positive pole point at intervals of %ceﬁpam time T within TT

@ N

segment =3 3
The standard deviation of changes in the position of the positive pole point at intervals ofm a @rtam time T within TT

>

segment Q

The sum of changes in the position of the positive pole point at intervals of a certain time T with%n TT segment
The maximum value of changes in positive pole area at intervals of a certain time T within TT s@gment

The minimum value of changes in positive pole area at intervals of a certain time T within TT s%ment

The standard deviation of changes in positive pole area at intervals of a certain time T within Tﬁsegment
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RtoAm-R,TyN
RtoAm-R, TP

The ratio of magnetic field amplitude at R-peak and the negative amplitude at T-peak
The ratio o magnetic field amplitude at R-peak and the positive amplitude at T-peak

o o
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Parameters Definition -8
8 Agmax-M The maximum value of changes in magnetic field angle at intervals of a certain time T withig T"gsegment

8 Argum-P The sum of changes in positive pole area at intervals of a certain time T within TT segment(c% %

& Arpp-P The change in positive pole area between T-begin and T-peak S 8

Armax-P The maximum value of the positive pole area at intervals of a certain time T within TT segn&m:ﬁg

Armin-P The minimum value of the positive pole area at intervals of a certain time T within TT segm@ri§ g

MAgmax-TT The maximum magnetic field angle at intervals of a certain time T within TT segment L:SD §

CAgmax-TT The maximum current angle at intervals of a certain time T within TT segment ‘E -;

MAgmin-TT The minimum magnetic field angle at intervals of a certain time T within TT segment ne

CAgmin-TT The minimum current angle at intervals of a certain time T within TT segment % §

MAg-Rp The magnetic field angle of the R-peak §§

a2

&z

RtoAm-R,Tp
MAg-RpTp
MAg-Tp
CAgmax-Tp
RtoAm-Tp
TT

The ratio of magnetic field amplitudes at R-peak and T-peak

The magnetic field angle between R-peak and T-peak

The magnetic field angle of the T-peak

The maximum current angle at T-peak

The ratio of positive to negative magnetic field amplitude at T-peak

The interval from the beginning of the T-wave to its peak within the cardiac cycle

wis pue ‘Buiures) |v ‘Buiuiw eep pue 1xa) 0} pama?@a

Dt = Distance, Ps = Position, Ag = Angle, Am = Magnitude, Ar = Area, Rto = Ratio, P = Positive, Positive Pole = BP,
Pole, M = Magnetic Field, C = Current, max = Maximum, min = Minimum, sum=Sum of all, std = Standard devidio
segment (the position from one-third of the T max amplitude (T onset) to T max (T peak)), R,=R peak, T,=T peak
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0 = Change value, TT=TT
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Supplementary Table 2 OPM-MCG Parameters of Univariable Logistic Regression Model P < (.1 ; §
ALL FFR-Positive FFR-Negative = gbdds Ratio
Parameters S o P value
N=141 N=68 N=73 é Ii (95%CT)
8 Agmax-M 0.62 (0.44,1.19) 0.77 (0.47,5.76) 0.54 (0.43,0.72) E 097(1.023-1.163) 0.021
8 Agmin-M -0.34 (-0.57,-0.18) -0.42 (-0.82,-0.28) -0.26 (-0.42,-0.14) m()%g4(0 924-0.992) 0.034
8 Agsa-M 0.16 (0.11,0.68) 0.28 (0.14,2.06) 0.14 (0.10,0.20) m]@%(l 213-2.313) 0.004
8 Agaum-M 10.6 (6.18,26.2) 20.2 (9.88,45.5) 8.28 (4.55,11.8) §64(1 037-1.1) <0.001
8 Dtmax-PN 2.69(1.97,4.12) 3.51(2.16,12.9) 2.22(1.89,3.16) ”’13)?4(1 001-1.032) 0.063
8 Dtmin-PN -2.20 (-3.27,-1.76) -2.38 (-4.70,-1.91) -2.00 (-2.80,-1.63) "’(%’%71(0 94-0.991) 0.023
8 Dtya-PN 0.74 (0.55,1.18) 0.82 (0.63,3.45) 0.63 (0.52,0.89) §g§_8(1 031-1.332) 0.024
8 Dtsum-PN 46.6 (29.1,80.7) 66.6 (42.0,110) 33.3(25.7,48.6) g—lf()aé(l 015-1.039) <0.001
8 Agmax-C 1.70 (1.21,4.83) 1.79 (1.27,9.10) 1.52 (1.16,2.98) g 3)09(1 1.022) 0.089
8 Agmin-C -1.24 (-3.81,0.00) -1.70 (-8.89,-1.01) -0.91 (-1.75,0.00) 20%83(0 962-0.997) 0.051
6 Agaa-C 0.54 (0.36,1.32) 0.80(0.37,3.16) 0.45 (0.34,0.70) 81 117(1 026-1.252) 0.025
8 Agaum-C 15.6 (9.64,38.6) 29.8 (13.5,71.6) 11.9 (7.79,17.5) ::J.O§4(1.006—1.025) 0.003
8 PSmax-C 33.0(1.00,48.8) 33.0(1.41,125) 31.0(1.00,34.0) 21 0§8(1 003-1.015) 0.004
8 Psga-C 3.35(0.24,6.16) 3.57(0.29,11.7) 3.20 (0.24,4.86) 8 1. (?;73(1 019-1.14) 0.013
8 Pssum-C 39.1 (6.00,86.1) 74.4 (8.31,161) 33.4 (4.00,66.0) 1 Q;l(l 005-1.015) <0.001
8 Armax-NP 136 (74.0,220) 182 (102,314) 105 (59.0,180) ‘-‘B O(Q (1.0002,1.003) 0.027
8 Arga-NP 29.6 (20.0,56.7) 31.7(23.4,70.1) 25.7(17.1,41.4) 51 0@4 (1.000,1.010) 0.067
8 Arsum-NP 2469 (1443,4286) 3369 (2230,5728) 1672 (1277,2987) 1. 0802(%(1 00006, 1.00034) 0.005
ATmax-NP 3873 (3001,5765) 4269 (3260,6056) 3828 (2894,5406) l.OO(ﬁOl._(O 999989, 1.000213) 0.077
8 PSqum-NP 41.7 (22.2,79.9) 59.8 (39.8,104) 26.4 (20.1,51.1) 01 0;133(1 006-1.021) 0.001
8 Armax-N 435 (243,750) 539 (269,990) 404 (221,526) @I 15001(1 1.002) 0.022
8 Armin-N -170.00 (-369.00,-25.00) -267.00 (-565.25,-108.75) -79.00 (-224.00,-15.00) 0.9§8(O.996—0.999) 0.002
§ Arga-N 125 (80.2,225) 160 (90.5,273) 114 (74.6,158) 1.0@5(1.002—1.008) 0.003
8 Araum-N 12585 (7372,23204) 19058 (10208,29054) 9520 (6202,15009) 1.00008431.000046, 1.000122)  <0.001
Almax-N 53635 (43655,65410) 56546 (44597,77766) 51431 (38201,58878) 1.00001421.000002, 1.000026) 0.025
8 ArRtomax-PN 0.01 (0.00,0.02) 0.01 (0.00,0.03) 0.00 (0.00,0.01) 4.494e+1§(5.890e+2,3.427+29) 0.008
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ALL FFR-Positive FFR-Negative ; 8090dds Ratio
Parameters N=141 N=68 N=T3 o g P value
s $(95%CI)
8 ArRtomin-PN -0.02 (-0.05,-0.01) -0.02 (-0.07,-0.01) -0.02 (-0.04,-0.01) é <@001 (0,0.062) 0.014
8 ArRtoq-PN 0.01 (0.00,0.02) 0.01 (0.00,0.02) 0.01 (0.00,0.01) 3.177%1@1 758e+3,5.740e+29)  0.015
8 ArRtosum-PN 0.63 (0.32,1.72) 0.85(0.39,2.36) 0.58 (0.29,0.88) o §§9 (1.175,2.117) 0.004
8 Armax-PP 195 (126,404) 281 (141,704) 153 (111,286) 313)&,1 (1.001,1.003) 0.001
8 Armin-PP -171.00 (-295.00,-106.00)  -196.00 (-563.75,-109.50)  -153.00 (-226.00,-104.00) DD §8 (0.996,0.999) 0.003
8 Argg-PP 54.3 (33.7,124) 77.3 (35.5,167) 43.7 (32.1,79.7) ”'13)@7 (1.003,1.012) 0.004
8 Arqum-PP 4689 (2685,8783) 6608 (3410,14024) 3487 (2556,5786) 1. 00@9@ 000053, 1.000187) <0.001
Armin-PP 5151 (2774,7571) 4626 (2618,6928) 5754 (3719,8258) 0. 99@?&32{0 999933, 1.000003) 0.06
8 PSmax-PP 3.16 (2.24,5.00) 3.61 (3.00,100) 3.00 (2.24,3.61) g—l%)%—l(l.OOS—l 019) 0.002
8 Pssia-PP 0.82 (0.60,1.15) 0.98 (0.66,8.50) 0.75 (0.57,0.90) g ggﬁ(l.OS—l 221) 0.003
8 Psqum-PP 40.4 (23.1,88.6) 73.8 (29.9,195) 32.8(21.7,54.2) 51@22(1.006—1 019) <0.001
8 Armax-P 244 (90.0,430) 312 (150,692) 172 (70.0,362) a- @01(1—1.002) 0.007
8 Argq-P 120 (80.2,203) 135 (82.3,267) 109 (75.7,159) E 1%)02(1—1.005) 0.07
8 Arsum-P 11899 (6525,19157) 15787 (7938,28576) 9566 (5985,15629) 1.00@46%1 000017, 1.000074) 0.001
MAgmax-TT -62.32 (-70.64,-34.61) -48.00 (-66.89,15.5) -67.39 (-72.03,-53.13) al. 0&;9(1 009-1.029) <0.001
CAguax-TT 45.0 (33.3,71.0) 58.2(39.2,118) 43.1(32.0,51.1) :1 018(1 009-1.028) <0.001
MAgunin-TT -70.76 (-76.85,-56.92) -68.28 (-75.62,-41.24) -71.98 (-77.61,-64.94) "’l 039(1 000-1.018) 0.052
MAg-R, -61.41 (-71.15,-42.88) -53.44 (-70.66,-38.24) -65.92 (-71.78,-50.54) g 0%5(1 003-1.028) 0.017
RtoAm-R,TpN 6.49 (4.32,9.57) 7.35(4.92,10.4) 5.68 (3.71,8.14) @] 055(1 005-1.126) 0.064
RtoAm-R,T,P 7.97 (5.88,12.0) 8.66 (6.03,12.9) 7.69 (5.56,11.1) 01 @(1 004-1.133) 0.061
RtoAm-R, T, 3.64 (2.38,4.70) 4.13 (3.08,5.01) 3.28 (2.36,4.50) @1 2%7(1 047-1.445) 0.016
MAg-T, -64.66 (-71.34,-45.44) -55.82 (-70.28,-12.79) -67.91 (-72.69,-53.13) 1. 03:5(1 006-1.026) 0.002
CAgmax-Tp 43.1(29.4,52.0) 45.0 (27.6,74.7) 42.2 (30.7,46.9) 1.089(1.001-1.017) 0.037
RtoAm-T,, 0.76 (0.57,1.08) 0.81(0.52,1.22) 0.75 (0.57,0.98) 1.5%9(0.978—2.618) 0.095
Dt = Distance, Ps = Position, Ag = Angle, Am = Magnitude, Ar = Area, Rto = Ratio, P = Positive, Positive Pole = PP, Tiﬂ; Negative, NP = Negative

Pole, M = Magnetic Field, C = Current, max = Maximum, min = Minimum, sum=Sum of all, std = Standard deviatior%éi = Change value, TT=TT

segment (the position from one-third of the T max amplitude (T onset) to T max (T peak)), R,=R peak, T,=T peak
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Supplementary Table 3 Diagnostic Model for Assessment of Myocardial Ischemia in Borderline Coronary Al:iter@Lesions
Diagnostic model Z g
Parameters o
B OR 95%CI Bvalie
MAgmax-TT 1.385 3.995 (1.592-10.023) Q.OGZB
ODtsum-PN 0.671 1.956 (1.270-3.012) ?
=]
0Agsum-C 0.411 1.508 (0.989-2.298) 09
3.
OArsum-N 0.641 1.899 (1.251-2.883) Q@(g
[¢°]
8 Almin-N 0.515 1.674 (1.121-2.500) BER

M= Magnetic Field; Ag= Angle; TT= from T onset to T peak; 6= Change value; DT= Distance; PN= Positive Pade

Ar= Area; N= Negative Pole; ; 7= one tenth of the time interval between TT segment.
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Negative Pole; C=Current;

Roq
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