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Abstract
The aimof this paper is to present the use of a portable, unshieldedmagnetocardiograph (MCG) and
identify key characteristics ofMCG scans that could be used in future studies to identify parameters
that are sensitive to cardiac pathology.We recruited 50 patients with confirmedmyocardial infarction
(MI)within the past 12weeks and 46 volunteers with no history of cardiac disease. A set of 38
parameters were extracted fromMCG features including both signals from the sensor array and from
magnetic images obtained from the device and principal component analysis was used to concentrate
the information contained in these parameters into uncorrelated predictors. Linearfits of these
parameters were then used to examine the ability ofMCG to distinguish between sub-groups of
patients. In the first instance, the primary aimof this studywas to ensure thatMCGhas a basic ability
to separate a highly polarised patient group (young controls frompost infarction patients) and to
identify parameters that could be used in future studies to build a formal diagnostic tool kit.
Parameters that parameterised left ventricular ejection fraction (LVEF)were identified and an
example is presented to showdifferential low and high ejection fractions.

1. Introduction

Magnetocardiography (MCG) uses an array of non-
invasive magnetometers to measure and map the
magnetic fields generated by the electrical activity in the
heart [1–5]. MCG is non-contact, field free and
emission-free, andworks through clothing.MCGoffers
the clinician an alternative view of the heart to conven-
tional ECG [6], which has already led to MCG being
useful in the detection of acute coronary ischaemia [7],
especially in cases of non-ST segment elevationmyocar-
dial infarction (NSTEMI), where MCG has been
demonstrated tohave a diagnostic advantage.

There are a number of pathways that can lead to
heart failure [8] and one of our aims is to develop a
diagnostic that would be sensitive to these pathways.
Recently we demonstrated that a novel magnetometer
array was capable of detecting the cardiac magnetic
field in an unshielded clinical setting [9, 10]. An array
of 15 room temperature induction magnetometers
was used to detect the cardiac magnetic field with a
sensitivity of m -pT V0.813 1 at 10 Hz and fT Hz104 /

noise floor at 10 Hz. In this study we used a prototype

device with 37 channels comprised of 19 active sensors
and 18 channels used for noise reduction.

As the sensors are inductive, the frequency of the
signal is important and for this reason the QRS region
has become the main focus of diagnostic development
for this device [10]. This is a departure from previous
MCG studies which have focused on the S-T and T
region (see for example) [10–14]. However, that is not
to say that the QRS region has no diagnostic value as a
number of papers have also demonstrated a good diag-
nostic performance extracting parameters from the
QRS region [15–23].

The primary aim of the current study however, has
a somewhat more modest goal; namely to ensure that
we were able to distinguish signals from a small polar-
ised sample of patients. In this case the aim is to sepa-
rate young controls and post infarction patients as the
first step in the development of a tool kit of diagnostic
parameters. A secondary aim was to find signals that
would indicate declining cardiac function, expected in
a population followingmyocardial infarction (MI).

With such a small sample of patients we are faced
with the difficulty of having insufficient numbers of
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patients to allow the development and testing of a
model, hence we restricted our search to identifying
indicators that were correlated to the conditions of
interest. The analysis of the data presented in this
paper uses tools and principal components developed
during a recent 700 patient multicentre clinical
trial [24].

2.Method

This study explored the MCG findings in participants
who had had a confirmedmyocardial infarction (MI) in
theprior 12weeks and compared thesefindings to scans
acquired separately from a population of young volun-
teers with no history of heart disease. Patients (n= 50)
were consecutively recruited from the SouthWarwick-
shire NHS Foundation Trust wards and cardiac rehabi-
litation programme. All patients had been diagnosed as
having had an MI based on clinical assessment and
biochemical markers in accordance with European
Society of Cardiology Guidance [25]. To be included in
the study the patientmust have beenwithin 12 weeks of
the initial event and willing to give consent. Patients
with atrial fibrillation, thoracic metal implants, pace-
makers or implantable cardioverter defibrillators were
excluded. Patients also needed to be able to lay flat for
the examination. Pregnant or peripartum patients were
also excluded. Patient’s medical records were reviewed
to help better define the population characteristics. The
young healthy control (YHC) population was used
because of the low prevalence of heart disease in a
population below the age of 35. No cardiac tests were
performed on the YHC population. All participants
provided written informed consent, and research was
performed in accordance with the Declaration of
Helsinki and BS EN ISO 14155:2011, Clinical Invest-
igation ofMedical Devices forHuman Subjects—Good
Clinical Practice. The study was approved by the South
WestResearchEthicsCommittee (17/SW/0293).

The MCG was performed by a trained and experi-
enced operator in accordance with the manufacturer’s
instructions for use (Vitalscan device, Creavo Medical
Technologies). Each scan took approximately 5minutes
to acquire. Other than for removing bulky clothing or
clothing containing metal, patients remained fully
clothed with ECG electrodes placed on the patient’s
wrists and left ankle during the scan.

The sensor head uses 37 sensors in a hexagonal
array (figure 1). Nineteen (19) inner coils are used to
sample the magnetic field of the patient and the outer
ring of 18 coils are used for noise reduction. Figure 2
shows the traces obtained from each location. At a sin-
gle point in time (a position along the x-axis of
figure 2) the field intensity can be represented as a two
dimensional magnetic field map (the red and blue
regions in figure 1). The field map allows us to add
another dimension to the data by looking at the spatial
correlations between the signals.

The detectors measure the rate of change of the
magnetic field, therefore, lower frequency signals tend
to be suppressed and the signal is a ‘performance mea-
sure’ of the depolarisation taking into account both
the duration and amplitude of the depolarisation
signal.

3. Results and discussion

Fifty (50) patients (39male, 11 female)with amean age
of 63.51 years were consented and enrolled into the
study from the cardiology wards and rehabilitation
classes, following admission to the cardiology wards at
the South Warwickshire NHS Foundation Trust
(Warwick hospital). All patients had a confirmed MI
(13 STEMI, 37 NSTEMI) within the 12 weeks prior to
consent (range 1 day to 10.57 weeks). The majority of
patients were white caucasian with an anterior MI
being the most prevalent region of MI. Eighteen (18)
patients (36%) received medical management only
whilst all other patients underwent percutaneous
coronary intervention (PCI)with 1 patient undergoing
2 procedures. MCG scans were taken on 45 patients
(2.29 to 12.14 weeks postMI) as 5 patients were unable
to be scanned (3 died between time of consent and date
of the scan (1 before discharge) and 2 patients with-
drew from the study before the scan was taken due to
increasing illness. These data were compared to that of
a young healthy group of volunteers (30 male, 16
female) with a mean age of 22.48 and no history of
heart disease. Further details on participant demo-
graphics and diagnosis and treatment of the post MI
group can be seen in tables 1 and 2 respectively.

Several variables that are potentially of interest
were identified and extracted from theMCG scan data
and image data. The parameters that were extracted
are presented in table 3 and details the 38 parameters
extracted from the MCG data. Tables 4 and 5 present
the outcomes of measurements of the MCG para-
meters for all 38 parameters and the p-value compar-
ing post MI and YHC volunteer data. From here, we
find that ten parameters show a significant difference
(p< 0.05) between the post MI and YHC populations
(parameters highlighted in bold).

Model building on ten parameters would require
around 150 participants, however given the descrip-
tions of these parameters (table 3) it is highly likely that
these parameters are correlatedwith each other. For this
reason, PrincipalComponentAnalysis (PCA)was selec-
ted as a stratagem that could produce a set of uncorre-
lated predictors. PCA is a method of reducing the
dimensionality of a dataset while minimising informa-
tion loss. It does so by creating a new set of uncorrelated
variables called principal components (PCs).

Before generating the principal components,
MCG predictors are passed through a regularisation
proceedure to produce a set of values with consistent
gaussian distributions. The parameters were derived
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using the methods outlined in [24]. Principal comp-
onent analysis is often used in machine learning, how-
ever, in the current work this was a device to
determine which of the MCG parameters were uncor-
related indicators.

For example in tables 4 and 5 there are 10 variables
that all show a statistically significant difference
between the postMI patients andYHCpopulations. In
examining PCA analysis we find that a single variable,
PC1 (the first principal component), contains all 10 of

Figure 1.The colourmap is a representation of themagnetic field detected by the sensors in the array. The outer ring of sensors is
disabled for this view. A vector is drawn between themaximumandminimummagneticfield Zmax andZmin respectively. Grey dots
in in the center of the image show the position of sensor. Grey dots in the outer boundary represent part of the image reconstruction
map.

Figure 2.The individual traces from the 19 sensor coils in the array overlaidwith a concurrent ECG (black). The central region
highlights the focal region for parameter extraction.
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these variables. The components RS_max, QR_max,
QR_min, RS_min, QR_PKMn, RS_PKMn, QR_PK,
QR_PKMx, RS_PK, and RS_PKMx along with two
additional components, RS_PKD and QR_PKD,
represent the 12most significant elements of PC1 [26].
Therefore we used PC1 as an Ersatz variable for this
collection of variables.

Two risks that can adversely influence this choice
are (1) that the coefficients are proportional to the
mean of the variable set and (2) that the correlation
present in the data are purely coincidental. To circum-
vent these risks the Ps were created using the data set
presented in [24], and therefore the association
between the prominance of these elements with high
levels of correlation in the current experiment indicate
that this is real.

A predictive model was therefore created based
solely on PC1.No ‘machine learning’ or curve fitting is
required for this as it is a single parameter. However,
we converted the parameter to a probability score
using the formula 1/(1+Exp(M)), and therefore we
scaled the principal component to give a range of
probabilities from zero to one using the following
scaling,

= - +M PC0.85 0.4 1 1( )

The results for the scaling in equation (1) are pre-
sented in figure 3, which illustrates the model out-
comes and an ROC curve for predictions based on the
single parameter model. The AUC is 95% and for a cut
point of 0.57 gives a sensitivity and specificity of 100%
(95% CI: 92.89% to 100.00%) and 76% (95% CI:
58.87% to 85.73%) respectively. This is a remarkable
result as it could be read as a predictive indication.
However, given that the two populations were already

highly polarised it is not immediately clear what the
reason for this difference is.

There are many reasons why cardiac function
would decline with age, however, the most obvious
difference that we see in the data would be a reduction
in left ventricular ejection fraction (LVEF) in the post
MI group relative to the young control group. As a
summary measure of cardiac function, LVEF also has
the benefit of being a useful indicator for comparison.

Moreover, there must be a reason in the electro-
physiology of the heart. That is, there must be signals
that are detectable with an MCG that can explain the
difference observed in figure 3. Indeed the feature that
we would expect to be different between the YHC and
Post MI group is the LVEF and while we do not have
LVEF data from the young control group, we do have
data from the postMI group.

The link between LVEF and the most important
components of PC1 would most likely come through
heart muscle volume. The MCG QRS signal would
most likley be larger when there is more muscle
involved in generating the signal. This would also fit
with observations made in refs. [15, 21, 23, 27–30] in
which it was observed that changing the blood flow to
the heart results in changes to the QR and RS slopes.
These slopes correspond to the QR and RSMCGpara-
meters present in PC1.

A limitation of LVEF is that it contains a significant
element of operator judgment with a 95% confidence
interval of at least ±10% [31] depending on the
method used. Nevertheless, this parameter is fre-
quently used to determine downstream risk to the
patient [31, 32]. A second limitation is the way the data
for LVEF was recorded within the database obtained
from source data. The tendency is to simply note that
the LVEF was greater than 55% as this indicates low
cardiac risk.

Returning to data analysis, based on refs [21–23,
30, 33–36] we anticipate that PC1 contains some ele-
ments that are related to LVEF [21–23, 30, 33–36]. In
that case we would assume that a model can be con-
structed that would be able to discriminate LVEF in
the post MI group. As a check, we anticipate that the
YHC group would have higher, average LVEF than the
post MI group and the MCG should agree with that
prediction.

PC2 and PC33 were selected to work adjunctively
with PC1 for the LVEF model. The variance of PC2 is

Table 1. Subject Demographics.

Description Category

PostMI Study

Group (n= 50)
PostMIAnalysis

Group (n= 45)
YHCAnalysis

Group (n= 46)

Gender Male 39 (78%) 38 (84.44%) 30 (32.62%)
Female 11 (22%) 7 (15.56%) 16 (34.78%)

Age Age range (yrs) 37.41–89.03 37.41–85.90 18–29

Mean age (yrs) 63.51 61.30 22.48

Ethnicity White Caucasian 47 (94%) 42 (93.33%) —

Asian/Asian British 3 (6%) 3 (6.67%) —

Table 2.PostMIGroupDiagnosis andTreatment.

Location ofMI Number

Vessel (those patients
undergoing PCI) Number

Anterior 17 Circumflex 3

Inferior 14 Left Anterior

Descending

17*

Lateral 2 Right Coronary Artery 12*

Posterior 1 Other 1

Undiagnosed 16 *1 patient underwent 2

PCI procedures
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Table 3.Magnetocardiography parameters and definitions.

Full name (unit) Definition Related parameters

Fieldmap angle (degree) Angle between negative and positive pole. QR_MA, RS_MA

PoleDistance (mm) Distance between negative and positive pole. QR_PD, RS_PD,

Maximum tominimum ratio Amplitude ratio between the negative and the positive pole. QR_MMR,RS_MMR,

(no unit)
Peak to peak amplitude difference Amplitude difference between the positive and negative pole. QR_PK, RS_PK,

Map angle vector statistics (degrees) Maximumof fieldmap angles within an interval. QR_MAMx, RS_MAMx,

Minimumoffieldmap angles within an interval. QR_MAMn, RS_MAMn

Pole distance vector statistics (mm) Maximumof pole distanceswithin an interval. QR_PDMx, RS_PDMx,

Minimumof pole distanceswithin an interval. QR_PDMn, RS_PDMn

Ratio vector statistics (nounit) MaximumofMMRwithin an interval. QR_RMx, RS_RMx,

MinimumofMMRwithin an interval. QR_RMn, RS_RMn

Peak vector statistics (mV) Maximumof peak to peak differences within an interval. QR_PKMx, RS_PKMx,

Minimumof peak to peak differences within an interval. QR_PKMn, RS_PKMn,

Map angle dynamics (degree) Maximumchange of themap anglewithin 10 taps/samples. QR_MAD, RS_MAD,

Distance dynamics (mm) Maximumpole distance changewithin 10 taps/samples. QR_PDD, RS_PDD,

Ratio dynamics Maximum ratio changewithin 10 taps/samples. QR_RD, RS_RD

(no unit)
Peak dynamics (mV) Maximumpole distance changewithin 10 taps/samples. QR_PKD, RS_PKD

Fieldmap angle (degree) Angle between negative and positive pole. QR_MA, RS_MA

PoleDistance (mm) Distance between negative and positive pole. QR_PD, RS_PD,

Maximum tominimum ratio Amplitude ratio between the negative and the positive pole. QR_MMR,RS_MMR,

(no unit)

Table 4. Summary statistics of the data collected for parameters relating to the R-S transition in themagneticfield analysis. Five parameters
show a potentially significant change between the two populations.
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mostly accounted for by six parameters QR_MMR,
QR_RMn, QR_RMx, RS_MMR, RS_RMn, and
RS_RMx. These are ratio parameters that indicate dist-
ortion of one side of the cardiac signal. They are present
with approximately equal weight, but opposite sign for
the QR and RS transitions. This indicates that all three
QR and RS indicators are actually only measuring a

single value. Similar parameters have been used in the
past for the detection of ACS [4, 37, 38]. The variance of
PC33 is mostly accounted for by four parameters
QR_PKMn, QR_PKMx, RS_PKMn and RS_PKMx
(the most significant predictors in tables 4 and 5, with
the split 3:1 between the RS and QR components [RS
components dominating]). This parameter is therefore

Table 5. Summary statistics of the data collected for parameters relating to theQ-R transition in themagnetic field analysis. Five parameters
show a potentially significant change between the two populations.
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closely related to the parameters used in [33]which has
previously demonstrated a link between depolarization
and LVEF. The use of such a high valued PC would not
be normal if we were performing machine learning for
example. However, in the present experiment, we are
seeking to optimise for parameters that are known to be
sensitive to LVEF, hence the choice of an otherwise
unusually high valuedPC.

A linear regression curve fit to LVEF data taken
from the postMI patient group produces the equation:

= - - - +M PC PC PC1.7 0.85 1 0.58 2 27 33. 2( )

Based on this curve fit, we can assess the perfor-
mance of the model against the LVEF data that we
hold for the patients. The outcome of this comparison
is presented in figure 4. Horizontal error bars assume a
10% error in measurements of LVEF (see ref [30]) and
vertical error bars represent the average standard

deviation of MCG results as a percentage error from
the fit. For the purpose of this comparison the model
output data is remapped onto the line y = x using the
transformation = - +Y X0.6 1.8 in order to assess
the clinical prediction capability of themodel.

Limitations of the curve fit: The model is based on
three parameters which for 36 patients gives 12
patients per predictor. This means that we cannot per-
form a conventional train-test split and the only test-
ing group is the YHC cohort. Also, as noted above,
there are substantial errors associated with the collec-
tion of LVEF data, due to operator variability, the tim-
ing of data collection and the variable methods of
determining the LVEF. The clinical data becomes less
accurate above 55% because of changes in reporting.
Both of these limiations mean that ‘ground truth’ is
not well defined.

Figure 3.The figure on the left shows the distribution of the PC1based probability score versus patient number for postMI andYHC
patients. The figure on the right shows the ROC curve obtained for this distribution. TheAUC is 95% and for a cut point of 0.57 the
Sensitivity and Specificity of 100% (95%CI: 92.89% to 100.00%) and 76% (95%CI: 58.87% to 85.73%) respectively.

Figure 4.MCGmodel of LVEF versus clinical determination. The four regions are: (1) in Red,Mischaracterisation error, reducing
patient risk; (2), and (3), inGreen, patient accurately characterised; (4) in Blue, Patientmischaracterised as higher risk. The dotted line
indicates the curve y=x. Error bars for clinical evaluation are±10%and the statistical standard deviation of theMCGmeasurement.
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Nevertheless, the results are in line with previous
investigations that used parameters based on dynami-
cal changes during depolarisation as a measure of left
ventricular function. Moreover, we can assign three
basic clinical outcomes that would result from an
MCG determination of the LVEF. These are indicated
as the four quadrants (labelled, 1,2,3,4) in figure 4. In
quadrants labelled 1,2 the clinical outcome would
have been altered; patients in quadrant 1 are given a
higher value of LVEF with MCG than the clinical
assessment; patients in quadrant 2 are given a lower
value of LVEF than clinically assesed. Patients in quad-
rants 3,4 are unchanged.

The MCG prediction departs significantly from
the clinical outcome for measurements above 55%.
This is a result of the reporting limitations that scores
of simply ‘>55%’ are indicated in patient medical
notes. Where this occurs the patient score has been
entered as 70% for the purpose of this graph. A second
limitation of reporting is the tendancy to report a
range of possible values (e.g. 55%–60%) and where
this occurs the patient has been assigned themid point
of the range for the graph.

Assessing the patients in a binary outcome against
the score of 55% gives the outcomes presented in
table 6. A note of caution here is that the outcome is
not binary and ground truth is not well defined, hence
this is only a measure of the ability of MCG to repro-
duce the reported outcomes. The error of the predic-
tion is therefore limited by the LVEF reporting. There
are many reasons that there would be a difference
between the two groups The most likely difference
however, is ejection fraction and it is worth noting that
the YHC group have a higher average ‘prediction’ than
the postMI group.

Despite the limitations, these results are never-
theless sufficently interesting that they warrant further
investigation and would suggest that a formal clincial
investigation is warranted.

4. Summary

In summary, we have developed a set of predictors that
have captured a large range of diversity of cardiac
signals.We have applied these parameters to assess the
ability of MCG to recover an important factor in
monitoring cardiac health. This is interesting because

LVEF is a measure of the performance of the heart in
pumping blood and prior to this observation one may
have said that the two are unrelated. However, the
volume and activity of heart muscle will contribute
more to the MCG signal than other more subtle
changes would. Hence the connection is probably
more fundamental than it would otherwise appear,
with younger healthier hearts with more active muscle
contributing to the magnetic signal more than post-
infarction hearts.

That being said, we must also note that the LVEF
input data is noisy and the current outcome therefore
has only a limited application at this stage. However, as
mentioned above, the measurement of LVEF is an
important, and relatively expensive [39], parameter to
acquire. It is a key element in assessing cardiac func-
tion, revealing information that is almost inaccessible
to any other measurement. For this reason looking for
a method that could rapidly assess a patient would be
worth while. A future study with a larger patient group
and more accurate data (for example using SPECT)
would be recommended.
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