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Introduction: Sudden cardiac arrest is a major cause of morbidity and mortality
worldwide and remains a major public health problem for which better non-
invasive prediction tools are needed. Primary preventive therapies, such as
implantable cardioverter defibrillators, are not personalized and not predictive.
Most of these devices do not deliver life-saving therapy during their lifetime.
The individual relationship between fatal arrhythmias and cardiac function
abnormalities in predicting cardiac death risk has rarely been explored.
Methods: We retrospectively analyzed the measurements at rest for 191 patients
with acute chest pain (ACP) magnetocardiographically. Our recently introduced
analyses are able to detect inhomogeneities of the depolarization and
repolarization. Moreover, electrically silent phenomena—intracellular ionic
currents as well as vortex currents—can be measured and quantified. All
included ACP patients were recruited in 2009 at Yonsei University Hospital
and were followed up until 2022.
Results: During half of the follow-up period (6.5 years), 11 patients died. Out of
all the included nine clinical, eight magnetocardiographical, and nine newly
introduced magnetoionographical parameters we tested in this study, three
parameters revealed themselves to be outstanding at predicting death: heart
rate-corrected QT (QTc) prolongation, depression of repolarization current
IKr + IKs, and serum creatinine (all significant in Cox regression, p < 0.05). They
clearly predicted cardiac death over the 6.5 years duration (sensitivity 90.9%,
specificity 85.6%, negative predictive accuracy 99.4%). Cardiac death risk was
more than ninefold higher in patients with low repolarization reserve and QTc
prolongation in comparison with the remaining patients with ACP (p < 0.001).
The non-parametric Kaplan–Meier statistics estimated significantly lower
survival functions from their lifetime data (p < 0.001).
Discussion: To the best of our knowledge, these are the first data linking
magnetocardiographical and magnetoionographical parameters and subsequent
significant fatal events in people, suggesting structural and functional
components to clinical life-threatening ventricular arrhythmogenesis. The
findings support investigation of new prevention strategies and herald those
new non-invasive techniques as complementary risk stratification tools.
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Introduction

Acute chest pain (ACP) and acute coronary syndrome (ACS)

refer to a number of cardiac conditions associated with an

unmediated reduction in blood flow to the heart (1). One such

condition may be a heart attack, in which there is pathological

change in the heart tissue. ACS is a medical emergency that

requires rapid diagnosis and treatment; the patients recruited in

this study at Yonsei University Hospital received personalized

therapy—hence the mortality of such patients is low in

comparison with other investigations (2).

Coronary artery disease (CAD) is an inflammatory process that

initially leads to non-obstructive and eventually obstructive

atherosclerotic plaques. As CAD is characterized by atherosclerosis

and may be asymptomatic, ACP in nearly all cases is associated

with symptoms, such as unstable angina, regardless of the

presence of CAD (3). A life-threatening ischemia occurs when

these atherosclerotic plaques of the coronary arteries become

severely obstructive. Both obstructive and non-obstructive stenoses

can lead to acute circulatory disturbances of the heart. Hence, they

can cause myocardial infarction, acute plaque rupture, and

thrombosis. Clinical scores such as age, gender, cardiovascular risk

factors, electrocardiogram (ECG) changes, or enzymes can be used

to determine statistically (but not individually) whether patients

have a low, intermediate, or high pre-test probability of CAD (1).

Individually, chest pain, angina-like symptoms, shortness of breath

on exertion, and left arm pain are indicative of potential

circulatory problems. In patients with known coronary syndromes

or a high pre-test probability of CAD, invasive coronary

angiography is performed. Electrocardiographic exercise stress

testing followed by potential non-invasive imaging [coronary

computed tomography angiography (CTA)] is warranted in

patients with clinical symptoms and suspected cardiac cause (4).

Stress electrocardiography is the standard examination

procedure in community practices and hospitals and the first

functional test in suspected CAD (5). However, the test protocol

can be interrupted or extended based on the fatigue level or, if the

patient develops cardiac symptoms, significant ECG changes, or

other risk features. However, a meta-analysis of 24,074 patients in

147 studies found that the ECG stress test for the detection of

CAD had a sensitivity of only 68% and a specificity of 77% (6).

Nearly 850,000 patients underwent diagnostic cardiac

catheterization in Germany in 2019, but only about 50% required

interventional or cardiac surgery consequences (7). Whether a

non-invasive diagnostic test is appropriate is determined by the

CAD pre-test probability. Statistically, these tests are only

meaningful in patients with values between 15% and 85%.

Despite widespread availability, decades of experience, no

radiation exposure, low financial expense, and demonstrated

clinical usefulness of exercise ECG, the disadvantages are serious.

The 2019 German national guideline on chronic CAD (8)

classifies stress ECG only as a second-line diagnostic method,

when imaging modalities are not available locally and the

pre-test probability is between 15% and 30%. By contrast,

diagnostic imaging such as CTA, stress echocardiography,
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myocardial perfusion SPECT, or stress MRI are now

recommended by national as well as international guidelines

when chronic stable CAD is suspected. This is because these

methods not only have a higher diagnostic sensitivity but are

also possible to use in non-ergometric patients.

CTA is recommended for pre-test probability between 15% and

50% and allows anatomically accurate morphological visualization

of the coronary arteries. The sensitivity is 95%–99%, which is

significantly better than its specificity (64%–83%). Some

disadvantages are possible contrast agent allergy (iodine), limited

contrast agent amount, and radiation exposure. In addition, CTA

is not covered by the statutory health insurance, and must be

paid by the patients themselves.

Sudden cardiac death (SCD) is defined as an unexpected death

or cardiac arrest that occurs rapidly, usually because of fatal

ventricular arrhythmias in the setting of underlying CAD (9).

Despite major advances in CAD treatment and the use of

implantable cardioverter defibrillators (ICDs) to prevent SCD,

SCD remains a major public health problem, estimated to

account for up to 20% of all deaths. Approximately 80% of

individuals who suffer SCD have CAD (10). Another group of

high-risk patients for SCD includes those with hereditary ion

channel or myocardial defects, such as a long QT syndrome

(LQTS) or short QT syndrome (SQTS), hypertrophic

cardiomyopathy (HCM), and arrhythmogenic right ventricular

dysplasia (ARVD) (11). All risk groups for SCD most likely share

a common feature of impaired intracellular calcium homeostasis

(12). The main causes of death in heart failure patients, declining

cardiac pump function and arrhythmias, have both been linked

to the disrupted Ca2+ homeostasis in cardiac muscle cells (13).

Non-invasive magnetography is widely used in the field of

medicine, in particular for the diagnosis of a dysfunction of the

brain or heart tissue (14). Magnetocardiography (MCG) is a non-

contact, non-invasive, radiation-free, and non-contrast method

that allows the recording of magnetic fields generated by the

electrical activity of the heart (15). Although electrocardiography

(ECG) and MCG provide information about the same electrical

activity of the heart, MCG offers significant advantages. The

magnetic fields of the heart remain unaffected by variations in the

conductivity of body tissues or fluids, showing no attenuation or

distortion (16). Several clinical studies have already shown the

superiority of MCG over ECG in detecting myocardial infarction

both at rest and during exercise [(15) and references therein].

MCG is useful in the examination of heart dysfunction,

particularly for CAD (17, 18). The aim of this study was to prove

that MCG together with recently developed magnetoionographical

features is able to detect the individual risk for cardiac death.
Methods

Patients

A total of 245 patients who came to Yonsei University Hospital

and had undertaken MCGs for acute chest pain between November
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2008 and July 2009 were included in this study. We retrospectively

analyzed the measurements of 191 of these patients, where MCG

recordings and coronary angiography or stress test were available.

All patients were recruited in 2009 at Yonsei University Hospital

and were followed up until 2022. The patients were followed up

at 1-month, 3-month, and 6-month intervals life long after

discharge from the clinic. All long-term clinical data were

derived from the Severance Hospital Information System. This

study was approved by the local ethics committee and informed

consent was obtained from each subject.
Magnetocardiography

In cardiac diseases, the inflammation of damaged areas and the

disruption of the orderly physiological sequence of electrical

excitation processes lead to a change in the electrochemical

properties of the heart muscle cells (electrical remodeling). This

leads to an inhomogeneity of the depolarization and

repolarization processes, which can be detected with an MCG

(19, 20). An MCG can measure tangential currents that occur at

the boundary between damaged and healthy tissue, which the

ECG cannot detect. In addition, an MCG is able to measure

electrically silent phenomena—intracellular ionic currents as well

as vortex currents. The recently introduced methodology for the

detection and characterization of individual ionic currents on a

cellular level is called magnetoionography [MIG (21)]. With

MIG, pathologies are inferred from a generalized human muscle

cell physiology, considering medical knowledge, in particular

knowledge about ion fluxes. MCG is an effective tool for

detecting electrical restructuring, as has been demonstrated in

various animal experiments and clinical studies (17, 22).

The MCG and MIG parameters were calculated for different

cardiocycle intervals: 1: QRS, 2: QRSend–Tbeg, 3: Tbeg–Tend, 4:

QRSend–Tend. For example, RMS1 means average root mean

square (RMS) of all 64 channels during QRS. With regard to the

MIG parameters, MI stands for “monopolarity index” and DI for

“dipolarity index”, both quantifying the topologic polarity of the

cardiac magnetic field maps. Furthermore, the MI and DI

parameters are weighted by RMS in the respective intervals to

quantify the influence of field strength. Summarizing, these

algorithms are derived from combined time-specific (1-QRS to 4-

QRSend-Tend) information of cardiac magnetic field maps

concerning polarity (MI, DI, and the logarithm of MI for

calculation purposes), current density flow, and strength (RMS).

Ca2+ uptake velocity is defined as the maximum Ca2+ transient

curve decrease velocity (pT/sec) in the time period Tmax–Tend.

The MCG recordings were performed at high resolution using

a 64-channel biomagnetometer from KRISS in a magnetically

shielded room at the Severance Hospital (Bio-Signal Research

Center, KRISS, Daejeon, Korea). This MCG system uses

superconducting quantum interference sensors with double

relaxation oscillation. The average noise spectral density of the

whole system in the magnetically shielded room was 10 fT/Hz at

1 Hz and 5 fT/Hz above 100 Hz. The system is equipped with

planar first-order superconducting gradiometers that measure the
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tangential components of the cardiomagnetic fields. A high-pass

filter of 0.5 Hz, a low-pass filter of 1.6 kHz, and a 60 Hz notch

filter were used for recording. The magnetocardiographic

recordings were performed under resting conditions (30 s

recording, 500 Hz) after the patient had rested on the bed for at

least 2 min. After recording, the signals were baseline corrected,

digitally filtered, and averaged to increase the signal-to-noise

ratio. Finally, the data were averaged and centered on the peak of

the R-wave.
Statistical analysis

Stepwise Cox regression analysis was performed in SPSS (v.27).

It allows us to adjust for several variables. A p-value below 0.05 was

considered as significant. Linear discriminant analysis (LDA) (23)

was used to obtain a classification rule to separate the survivors

from the deceased. The robustness of the resulting classification

was checked by means of a leave-one-out cross-validation, which

has been proved to minimize bias and mean squared error in an

LDA (24). The non-parametric Mann–Whitney U test was

deployed to assess if there is a significant difference in the

clinical characteristics between the two groups (25). And the

Kaplan–Meier analysis was used to assess the relation between

the different predicted group memberships and survival

(years) (26).
Results

A total of 191 patients with ACP [age 62.1 ± 10.9 years; 114

men (59.7%); 77 women (40.3%)] were recruited between

November 2008 and July 2009 at Yonsei University Severance

Hospital. The patients were admitted to the hospital with chest

pain without ST segment elevation in electrocardiography. The

clinical diagnosis was based on typical chest pain, cardiac

enzyme [plasma creatine kinase (CK) cardiac isoenzyme level],

and echocardiographic findings. Coronary angiography was

performed and left ventricular ejection fraction (LVEF) with

echocardiography was obtained in 176 patients and lead to CAD

diagnosis in 121 patients (single vessel disease n = 39, two-vessel

disease n = 42, three-vessel disease n = 40), whereas in 55 patients

with ACP, no CAD was diagnosed.

All patients were followed up until 2022. During half of the

follow-up period (6.5 years), 11 patients died. The clinical

characteristics of the survivors vs. the deceased at 6.5 years are

provided in Table 1.

Out of all the included nine clinical, eight

magnetocardiographical (cf. Table 2), and nine newly introduced

magnetoionographical (cf. Table 3) parameters we tested in this

study, three parameters revealed themselves to be outstanding at

predicting death: heart rate-corrected QT (QTc) prolongation,

depression of repolarization current IKr + IKs, and serum

creatinine (all significant in Cox regression, Table 4, p < 0.05).

The best two parameters, QTc prolongation and the

repolarization reserve LogMI3, demonstrate the classification
frontiersin.org
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TABLE 2 Results of the MCG parameters in patients who survived the 6.5
years follow-up vs. the 11 deceased (LogRMS3 is the logarithm of RMS3).

Survivors
(n = 180)

Cardiac death
(n = 11)

p-value

Heart Rate (bpm) 64.0 ± 11.5 75.7 ± 17.7 0.014

QRS (ms) 96.2 ± 19.6 99.6 ± 11.7 n.s.

T-Dispersion
(ms)

9.3 ± 2.5 11.3 ± 2.5 0.014

QTc (ms) 391.2 ± 40.0 445.2 ± 55.8 0.001

RMS1 (pT) 3.4 ± 1.8 2.7 ± 1.2 n.s.

RMS2 (pT) 0.72 ± 0.67 0.51 ± 0.2 n.s.

RMS3 (pT) 1.3 ± 0.9 0.84 ± 0.3 0.037

RMS4 (pT) 1.02 ± 0.76 0.70 ± 0.2 n.s.

LogRMS3 0.05 ± 0.25 −0.11 ± 0.2 0.037

TABLE 1 Clinical characteristics of the 180 patients with ACP who
survived the 6.5 years follow-up vs. the 11 deceased.

Parameter Survivors
(n = 180)

Cardiac death
(n = 11)

p-value

Age 62.0 ± 11.1 64.4 ± 10.2 n.s.

Gender 110 (F) 4 (F) n.s.

BMI 24.8 ± 3.2 22.2 ± 4.7 n.s.

Smoking 48 2 n.s.

Dyslipidemia 40 4 n.s.

Diabetes 54 5 n.s.

MI 6 2 n.s.

Revascularization 102 6 n.s.

Creatinine (mg/dl) 1.0 ± 0.3 1.3 ± 0.6 p < 0.01

TABLE 4 Significant parameters in the Cox regression model.

B SE Wald Df Sig. Exp(B)
Smoking 0.065 0.957 0.005 1 0.9459 0.937

Dyslipidemia 0.809 0.700 1.334 1 0.2480 0.445

DM 0.053 0.709 0.006 1 0.9404 0.948

Cr 1.265 0.613 4.263 1 0.0390 3.543

QTc 0.023 0.007 12.800 1 0.0003 1.024

LOGMI3 −3.757 1.262 8.868 1 0.0029 .023

Age 0.014 0.041 0.119 1 0.7296 1.014

Sex −0.503 0.829 0.368 1 0.5442 1.654

Bold values represent p < 0.05.
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potential in Figure 1. Almost all deceased (red) have higher

QTc values and a decreased repolarization reserve (LogMI3).

The negative predictive value is about 99% (the following cf.

values).

QTc, repolarization reserve, and creatinine clearly predicted

cardiac death over the 6.5 years duration (Figure 2, sensitivity

90.9%, specificity 85.6%, negative predictive value 99.4%).

Cardiac death risk was more than ninefold higher in patients

with low repolarization reserve and QTc prolongation

in comparison with the remaining ACP patients (Figure 3,

p < 0.001). The non-parametric Kaplan–Meier statistics estimated

significantly lower survival functions from their lifetime data

(p < 0.001).
TABLE 3 Results of the MIG parameters in patients who survived the 6.5
years follow-up vs. the 11 deceased (LogMI3 is the logarithm of MI3).

Survivors
(n = 180)

Cardiac death
(n = 11)

p-value

MI1 (pT) 1.76 ± 1.1 1.56 ± 0.91 n.s.

DI1 (pT) 1.7 ± 1.2 1.14 ± 0.46 n.s.

MI2 (pT) 0.37 ± 0.41 0.28 ± 0.17 n.s.

DI2 (pT) 0.34 ± 0.4 0.23 ± 0.17 n.s.

MI3 (pT) 0.53 ± 0.56 0.17 ± 0.11 0.001

DI3 (pT) 0.8 ± 0.66 0.67 ± 0.24 n.s.

MI4 (pT) 0.45 ± 0.44 0.23 ± 0.12 0.014

DI4 (pT) 0.57 ± 0.53 0.46 ± 0.2 n.s.

LogMI3 −0.43 ± 0.37 −0.84 ± 0.27 0.001

Ca uptake velocity (pT/s) (−28.2) ± 24.2 (−20.1) ± 7.7 n.s.
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In a validation statistics, all nine newly introduced

magnetoionographical parameters were left out of consideration.

From the residual set of parameters, again QTc and Cr were

automatically selected, instead of logMI3, logRMS3 was included.

The discriminant function analysis led to a cross-validated

sensitivity of 86.7%, a specificity of 81.1%, and a negative

predictive value of 98.7% (the percentage of correctly classified

persons is 86.4% and is similar to the previous discrimination).
Discussion

This study investigated the potential of magnetocardiography

at rest to predict mortality in patients with ACP. The main

finding of our analysis was that QTc prolongation, increased

serum creatinine, and a decreased repolarization reserve from

MCG at rest are very sensitive and specific to predict mid-to-

long-term mortality of ACP patients. The sensitivity of 90.9% for

cardiac death, its specificity of 85.6%, and its outstanding

negative predictive value of 99.4% offer new possibilities in

clinical diagnostics. Our findings support the investigation of

new prevention strategies and herald those new non-invasive

techniques as complementary risk stratification tools—not just

for patients with ACP.
FIGURE 1

Scatter plot of QTc vs. repolarization reserve LogMI3 clearly separates
the survivors and the cardiac deaths.
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FIGURE 2

Classification results of linear discriminant function analysis using
QTc, LogMI3, and Cr for the separation of the survivors (Group 0)
and the patients who died of cardiac death (Group 1). Cross-
validated sensitivity is 90.9% and specificity is 85.6%.

Wessel et al. 10.3389/fcvm.2023.1258890
It is well known that a prolongation of the QTc interval is a

risk factor for cardiac death in the general population. Straus

et al. investigated prospectively a population-based cohort of

nearly 8,000 aging subjects (27). During the follow-up period

of 6.7 years, 125 patients died because of sudden cardiac death.

An abnormally prolonged QTc interval was associated with a

threefold increased risk of sudden cardiac death (hazard ratio,

2.5; 95% confidence interval, 1.3–4.7), after adjustment for age,
FIGURE 3

Cumulative survival functions of the Kaplan–Meier analysis using the three
group memberships from Figure 2.
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gender, body mass index, hypertension, cholesterol/high-

density lipoprotein ratio, diabetes mellitus, myocardial

infarction, heart failure, and heart rate. In patients with an age

below the median of 68 years, the corresponding relative risk

was 8.0 (95% confidence interval 2.1–31.3). Unfortunately,

computer algorithms are unreliable in identifying prolonged

QT, particularly in abnormal or poor-quality ECGs (28).

Therefore, multichannel MCG measurements as used in this

study should be favored as clinician screening tools owing to

MCG’s ease of use and high accuracy. Accurately identifying

patients with dangerously prolonged QT intervals allows

clinicians to intervene on patients who are at acute risk of

Torsade de Pointes and to avoid discharging patients at risk of

sudden death.

Creatinine is a chemical compound left over from energy-

producing processes. Healthy kidneys filter creatinine out of the

blood. Possible causes of low creatinine levels are low muscle

mass, liver problems, dietary factors, pregnancy, or a health

condition. It is well known that low baseline serum creatinine

concentrations increase the risk of mortality in critically ill

patients (29). In patients with ACP, creatinine clearance is an

important independent predictor of hospital death and major

bleeding (30).

A decreased repolarization reserve (LogMI3) or T-wave

amplitude (LogRMS) is known as a sensitive marker of SCD in

high-risk hypertrophic cardiomyopathy and may provide

incremental predictive value to established risk factors (31).

Moreover, it was shown that low amplitude T-waves also are

associated with SCD risk in the general population (32): Both

negative T-waves and low amplitude T-waves are associated
significant parameters from the Cox regression (Table 1) and predicted
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with cardiac death (HR 2.34; 95% CI 1.75–3.13 and HR 1.49; 95%

CI 1.17–1.91, respectively) and death from any cause (HR 1.85;

95% CI 1.50–2.27 and HR 1.45; 95% CI 1.24–1.70,

respectively). In the validation statistics of this investigation,

the newly introduced MIG parameters were left out of

consideration. Nevertheless, discriminant function analysis led

to a cross-validated sensitivity of 86.7%, a specificity of 81.1%,

and a negative predictive value of 98.7%, which is similar to

the previous discrimination and underpins the stability of the

results obtained. Our study supports the value of the concept

of repolarization reserve that impairment of one type of

transmembrane ion channel does not necessarily result in

excessive repolarization changes because other repolarizing

currents can take over and compensate. Patients with

diminished repolarization reserve, however, are under increased

risk of SCD (33). Therefore, reliably predictive non-invasive

tests in clinical setting are sorely needed (33). The novel

method of MIG as demonstrated in this study is capable of

going beyond the assessment of QT interval alterations.

Roden proposed the widely accepted concept of “repolarization

reserve,” the idea that the complexity of repolarization includes

some redundancy (34). As a consequence, loss of one component

(such as IKr) ordinarily will not lead to failure of repolarization

(i.e., marked QT prolongation); as a corollary, individuals with

subclinical lesions in other components of the system, say IKs or

calcium current, may display no QT change until IKr block is

superimposed. Our recently developed MIG seems to characterize

and quantify single membranous current as well as intracellular

Ca2+ transient. Repolarization reserve would be, therefore, the

sum of instantaneous total currents minus depolarization

currents (ICa2+L, ICa2+T) and minus ICa2+transient in the

time period of repolarization (QRSend–Tend). Interestingly,

repolarization currents flowing in the time period Tbeg–Tend

(parameter MI3) were even more predictive than repolarization

currents flowing in the time period QRSend–Tend. This may be

due to simultaneous flow of the early repolarization current Ito,

the transient outflow current.

MCG offers important practical advantages compared with

other diagnostic methods: First, within 60 s measurement time

it can detect the magnetic field of the heart in a contactless

manner without exposing the patient to radiation. Second, it is

less affected by conductivity variations caused by lungs, skin,

and muscles compared with ECG. Technical and

computational advances of MCG enable a fast and accessible

screening with no negative effects for patients. However, the

amplitude of the cardiac magnetic field decreases quadratically,

and at greater distances cubically, with the distance of the

sensor. It is therefore important to ensure that the distance

between the sensor and the thorax is as small as possible and

that this distance is recorded for later analysis (35). With the

help of multichannel systems, the entire thoracic magnetic

field can be assessed in one measurement (36). The

retrospective nature of this investigation introduces some

limitations: We cannot be sure that the results we obtained

are too optimistic. Moreover, we need to prospectively show in

situ that our MIG parameters actually represent the
Frontiers in Cardiovascular Medicine 06
transmembrane ionic currents mentioned previously.

Furthermore, we need to prospectively compare QTc and QT

dispersion parameters calculated from both ECG and MCG.

At this stage, we cannot prove that MCG provides additional

information compared with ECG. However, we have backward

compatibility for more than two decades in multicenter

studies. Therefore, the application of innovative new

algorithms to previous MCG records is prospective in nature.

Moreover, a prospective validation study is ongoing: Survival

data are currently being collected for approximately 2,000

MCG measurements from cardiac patients admitted to Yonsei

University Hospital in the last decade.

Our data suggest structural and functional components to

clinical life-threatening ventricular arrhythmogenesis. This

approach will lead to a renaissance of MCG, which is a non-

invasive, radiation-free tool for cardiac risk assessment and

individualized treatment surveillance. Due to its high diagnostic

accuracy and lack of any side-effects, MCG, in general, has the

potential to become an ideal first-line diagnostics for all heart

diseases.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by the Yonsei

Institutional Review Board. The studies were conducted in

accordance with the local legislation and institutional

requirements. Written informed consent for participation was

not required from the participants or the participants’ legal

guardians/next of kin in accordance with the national legislation

and institutional requirements.
Author contributions

NW: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Project administration, Writing –

original draft. JK: Data curation, Investigation, Supervision,

Writing – review & editing. BJ: Data curation, Investigation,

Supervision, Validation, Writing – review & editing. YK:

Conceptualization, Data curation, Project administration,

Supervision, Writing – review & editing. DD: Investigation,

Methodology, Supervision, Writing – review & editing. AG: Data

curation, Formal analysis, Methodology, Validation, Writing –

review & editing. YL: Conceptualization, Data curation,

Methodology, Writing – review & editing. KK:

Conceptualization, Data curation, Methodology, Writing – review

& editing. JP: Conceptualization, Data curation, Methodology,

Writing – review & editing. UL: Supervision, Writing – review &

editing.
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1258890
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Wessel et al. 10.3389/fcvm.2023.1258890
Funding

The authors declare that no financial support was received for

the research, authorship, and/or publication of this article.
Conflict of interest

Author NW was employed by MSB Medical School Berlin

GmbH.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Frontiers in Cardiovascular Medicine 07
The authors declared that they were an editorial board member

of Frontiers, at the time of submission. This had no impact on the

peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Amsterdam EA, Wenger NK, Brindis RG, Casey DE, Ganiats TG, Holmes DR,
et al. 2014 AHA/ACC guideline for the management of patients with non–ST-
elevation acute coronary syndromes. Circulation. (2014) 130:e344–426. doi: 10.1161/
CIR.0000000000000134

2. Kolansky DM. Acute coronary syndromes: morbidity, mortality, and
pharmacoeconomic burden. Am J Manag Care. (2009) 15(2 Suppl):S36–41. PMID:
19355807.

3. Lippi G, Sanchis-Gomar F, Cervellin G. Chest pain, dyspnea and other symptoms
in patients with type 1 and 2 myocardial infarction. A literature review. Int J Cardiol.
(2016) 215:20–2. doi: 10.1016/j.ijcard.2016.04.045

4. Matta M, Harb SC, Cremer P, Hachamovitch R, Ayoub C. Stress testing and
noninvasive coronary imaging: What’s the best test for my patient? Cleve Clin
J Med. (2021) 88:502–15. doi: 10.3949/ccjm.88a.20068

5. Dowsley T, Al-Mallah M, Ananthasubramaniam K, Dwivedi G, McArdle B, Chow
BJW. The role of noninvasive imaging in coronary artery disease detection, prognosis,
and clinical decision making. Can J Cardiol. (2013) 29:285–96. doi: 10.1016/j.cjca.
2012.10.022

6. Detrano R, Gianrossi R, Froelicher V. The diagnostic accuracy of the exercise
electrocardiogram: a meta-analysis of 22 years of research. Prog Cardiovasc Dis.
(1989) 32:173–206. doi: 10.1016/0033-0620(89)90025-X

7. Beckmann A, Meyer R, Lewandowski J, Markewitz A, Gummert J. German Heart
Surgery Report 2020: the annual updated registry of the German Society for Thoracic
and Cardiovascular Surgery. Thorac Cardiovasc Surg. (2021) 69:294–307. doi: 10.1055/
s-0041-1730374

8. Chronische Koronare Herzkrankheit: KHK. Patientenleitlinie zur Nationalen
VersorgungsLeitlinie, 3. Auflage. Version 1. (2019).

9. Hayashi M, Shimizu W, Albert CM. The spectrum of epidemiology underlying
sudden cardiac death. Circ Res. (2015) 116:1887–906. doi: 10.1161/CIRCRESAHA.
116.304521

10. Aziz EF, Javed F, Pratap B, Herzog E. Strategies for the prevention and treatment
of sudden cardiac death. Open Access Emerg Med. (2010) 2010:99–114. doi: 10.2147/
OAEM.S6869

11. Friedlander Y, Siscovick DS, Weinmann S, Austin MA, Psaty BM, Lemaitre RN,
et al. Family history as a risk factor for primary cardiac arrest. Circulation. (1998)
97:155–60. doi: 10.1161/01.cir.97.2.155

12. Roe AT, Frisk M, Louch WE. Targeting cardiomyocyte Ca2+homeostasis
in heart failure. Curr Pharm Des. (2015) 21:431–48. doi: 10.2174/
138161282104141204124129

13. Bers DM. Altered cardiac myocyte ca regulation in heart failure. Physiol
(Bethesda). (2006) 21:380–7. doi: 10.1152/physiol.00019.2006

14. Llinás RR, Ustinin M, Rykunov S, Walton KD, Rabello GM, Garcia J, et al.
Noninvasive muscle activity imaging using magnetography. Proc Natl Acad Sci U
S A. (2020) 117:4942–7. doi: 10.1073/pnas.1913135117

15. Her AY, Dischl D, Kim YH, Kim SW, Shin ES. Magnetocardiography for the
detection of myocardial ischemia. Front Cardiovasc Med. (2023) 10:1242215.
doi: 10.3389/fcvm.2023.1242215

16. Fenici R, Brisinda D, Meloni AM. Clinical application of magnetocardiography.
Expert Rev Mol Diagn. (2005) 5:291–313. doi: 10.1586/14737159.5.3.291

17. Gapelyuk A, Schirdewan A, Fischer R, Wessel N. Cardiac magnetic field
mapping quantified by Kullback-Leibler entropy detects patients with coronary
artery disease. Physiol Meas. (2010) 31:1345–54. doi: 10.1088/0967-3334/31/10/004
18. Shin E-S, Lam Y-Y, Her A-Y, Brachmann J, Jung F, Park J-W. Incremental
diagnostic value of combined quantitative and qualitative parameters of
magnetocardiography to detect coronary artery disease. Int J Cardiol. (2017)
228:948–52. doi: 10.1016/j.ijcard.2016.11.165

19. Dartsch T, Fischer R, Gapelyuk A, Weiergraeber M, Ladage D, Schneider T, et al.
Aldosterone induces electrical remodeling independent of hypertension. Int J Cardiol.
(2013) 164:170–8. doi: 10.1016/j.ijcard.2011.06.100

20. Fischer R, Dechend R, Gapelyuk A, Shagdarsuren E, Gruner K, Gruner A, et al.
Angiotensin II-induced sudden arrhythmic death and electrical remodeling. Am
J Physiol Heart Circ Physiol. (2007) 293:H1242–53. doi: 10.1152/ajpheart.01400.2006

21. Park J-W. Magnetography for the detection and characterization of individual
cellular or sub-cellular ion currents. Patent pending (n.d.).

22. Schirdewan A, Gapelyuk A, Fischer R, Koch L, Schütt H, Zacharzowsky U, et al.
Cardiac magnetic field map topology quantified by Kullback-Leibler entropy identifies
patients with hypertrophic cardiomyopathy. Chaos. (2007) 17:015118. doi: 10.1063/1.
2432059

23. Fisher RA. The use of multiple measurements in taxonomic problems. Ann
Eugen. (1936) 7:179–88. doi: 10.1111/j.1469-1809.1936.tb02137.x

24. Molinaro AM, Simon R, Pfeiffer RM. Prediction error estimation: a comparison
of resampling methods. Bioinformatics. (2005) 21:3301–7. doi: 10.1093/
bioinformatics/bti499

25. Fay MP, Proschan MA. Wilcoxon-Mann-Whitney or t-test? On assumptions for
hypothesis tests and multiple interpretations of decision rules. Stat Surv. (2010)
4:1–39. doi: 10.1214/09-SS051

26. Bewick V, Cheek L, Ball J. Statistics review 12: survival analysis. Crit Care. (2004)
8:389–94. doi: 10.1186/cc2955

27. Straus SMJM, Kors JA, De Bruin ML, van der Hooft CS, Hofman A, Heeringa J,
et al. Prolonged QTc interval and risk of sudden cardiac death in a population of older
adults. J Am Coll Cardiol. (2006) 47:362–7. doi: 10.1016/j.jacc.2005.08.067

28. Rischall ML, Smith SW, Friedman AB. Screening for QT prolongation in the
emergency department: is there a better “rule of thumb?”. West J Emerg Med.
(2020) 21:226–32. doi: 10.5811/westjem.2019.10.40381

29. Cartin-Ceba R, Afessa B, Gajic O. Low baseline serum creatinine concentration
predicts mortality in critically ill patients independent of body mass index. Crit Care
Med. (2007) 35:2420–3. doi: 10.1097/01.ccm.0000281856.78526.f4

30. Santopinto JJ, Fox KAA, Goldberg RJ, Budaj A, Piñero G, Avezum A, et al.
Creatinine clearance and adverse hospital outcomes in patients with acute coronary
syndromes: findings from the global registry of acute coronary events (GRACE).
Heart Br Card Soc. (2003) 89:1003–8. doi: 10.1136/heart.89.9.1003

31. Sugrue A, Killu AM, DeSimone CV, Chahal AA, Vogt JC, Kremen V, et al. Utility
of T-wave amplitude as a non-invasive risk marker of sudden cardiac death in
hypertrophic cardiomyopathy. Open Heart. (2017) 4:e000561. doi: 10.1136/openhrt-
2016-000561

32. Holkeri A, Eranti A, Haukilahti MAE, Kerola T, Kentta TV, Noponen K, et al.
Prognostic significance of negative T-waves and low amplitude T-waves in the general
population. Eur Heart J. (2020) 41:ehaa946.0746. doi: 10.1093/ehjci/ehaa946.0746

33. Varro A, Baczko I. Cardiac ventricular repolarization reserve: a principle for
understanding drug-related proarrhythmic risk. Br J Pharmacol. (2011) 164:14–36.
doi: 10.1111/j.1476-5381.2011.01367.x

34. Roden DM. Repolarization reserve: a moving target. Circulation. (2008) 118
(10):981–2. doi: 10.1161/CIRCULATIONAHA.108.798918
frontiersin.org

https://doi.org/10.1161/CIR.0000000000000134
https://doi.org/10.1161/CIR.0000000000000134
https://pubmed.ncbi.nlm.nih.gov/PMID: 19355807
https://pubmed.ncbi.nlm.nih.gov/PMID: 19355807
https://doi.org/10.1016/j.ijcard.2016.04.045
https://doi.org/10.3949/ccjm.88a.20068
https://doi.org/10.1016/j.cjca.2012.10.022
https://doi.org/10.1016/j.cjca.2012.10.022
https://doi.org/10.1016/0033-0620(89)90025-X
https://doi.org/10.1055/s-0041-1730374
https://doi.org/10.1055/s-0041-1730374
https://doi.org/10.1161/CIRCRESAHA.116.304521
https://doi.org/10.1161/CIRCRESAHA.116.304521
https://doi.org/10.2147/OAEM.S6869
https://doi.org/10.2147/OAEM.S6869
https://doi.org/10.1161/01.cir.97.2.155
https://doi.org/10.2174/138161282104141204124129
https://doi.org/10.2174/138161282104141204124129
https://doi.org/10.1152/physiol.00019.2006
https://doi.org/10.1073/pnas.1913135117
https://doi.org/10.3389/fcvm.2023.1242215
https://doi.org/10.1586/14737159.5.3.291
https://doi.org/10.1088/0967-3334/31/10/004
https://doi.org/10.1016/j.ijcard.2016.11.165
https://doi.org/10.1016/j.ijcard.2011.06.100
https://doi.org/10.1152/ajpheart.01400.2006
https://doi.org/10.1063/1.2432059
https://doi.org/10.1063/1.2432059
https://doi.org/10.1111/j.1469-1809.1936.tb02137.x
https://doi.org/10.1093/bioinformatics/bti499
https://doi.org/10.1093/bioinformatics/bti499
https://doi.org/10.1214/09-SS051
https://doi.org/10.1186/cc2955
https://doi.org/10.1016/j.jacc.2005.08.067
https://doi.org/10.5811/westjem.2019.10.40381
https://doi.org/10.1097/01.ccm.0000281856.78526.f4
https://doi.org/10.1136/heart.89.9.1003
https://doi.org/10.1136/openhrt-2016-000561
https://doi.org/10.1136/openhrt-2016-000561
https://doi.org/10.1093/ehjci/ehaa946.0746
https://doi.org/10.1111/j.1476-5381.2011.01367.x
https://doi.org/10.1161/CIRCULATIONAHA.108.798918
https://doi.org/10.3389/fcvm.2023.1258890
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Wessel et al. 10.3389/fcvm.2023.1258890
35. Bald C, Elzenheimer E, Reermann J, Sander-Thömmes T, Schmidt G.
Amplitudenverlauf des Herzmagnetfelds als Funktion des Abstands. In: Workshop
Biosignalverarbeitung 2018: Innovative Verarbeitung bioelektrischer und biomagnetischer
Signale. Evangelischen Augustinerkloster zu Erfurt: TU Ilmenau (2018). pp. 40–1.
Frontiers in Cardiovascular Medicine 08
36. Brala D, Thevathasan T, Grahl S, Barrow S, Violano M, Bergs H, et al.
Application of magnetocardiography to screen for inflammatory cardiomyopathy
and monitor treatment response. J Am Heart Assoc. (2023) 12:e027619. doi: 10.
1161/JAHA.122.027619
frontiersin.org

https://doi.org/10.1161/JAHA.122.027619
https://doi.org/10.1161/JAHA.122.027619
https://doi.org/10.3389/fcvm.2023.1258890
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Magnetocardiography at rest predicts cardiac death in patients with acute chest pain
	Introduction
	Methods
	Patients
	Magnetocardiography
	Statistical analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


