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INSTRUMENTATION AND MEASUREMENT

Measurement of T wave in magnetocardiography using tunnel
magnetoresistance sensor
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Several critical clinical applications of magnetocardiography (MCG) involve its T wave. The T wave’s accuracy
directly affects the diagnostic accuracy of MCG for ischemic heart disease and arrhythmogenic. Tunnel magnetoresistance
(TMR) attracts attention as a new MCG measurement technique. However, the T waves measured by TMR are often
drowned in noise. The accuracy of T waves needs to be discussed to determine the clinical value of MCG measured by
TMR. This study uses an improved empirical mode decomposition (EMD) algorithm and averaging to eliminate the noise
in the MCG measured by TMR. The MCG signals measured by TMR are compared with MCG measured by the optically
pumped magnetometer (OPM) to judge its accuracy. Using the MCG measured by OPM as a reference, the relative errors
in time and amplitude of the T wave measured by TMR are 3.4% and 1.8%, respectively. This is the first demonstration
that TMR can accurately measure the time and amplitude of MCG T waves. The ability to provide reliable T wave data
illustrates the significant clinical application value of TMR in MCG measurement.
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1. Introduction

Magnetocardiography (MCG) measures the magnetic
field produced by the electrical activity of the human heart
near the torso.l'! MCG is a promising technique for clinical
application since it provides more accurate information for
cardiac diagnosis than electrocardiogram (ECG).!”! The ma-
jor clinical applications of MCG include myocardial ischemia
detection, arrhythmogenic risk assessment, and fetal MCG. !

Accurate measurement of MCG is a prerequisite for its
application. Typically, the maximum amplitude of MCG sig-
nals is about 100 pT. Only magnetic sensing techniques with
high sensitivity and low noise can detect MCG. A supercon-
ducting quantum interference device (SQUID) is generally
used for MCG measurement. Nevertheless, SQUID is an ex-
pensive and bulky equipment with high running costs due to
the use of liquid helium. The optically pumped magnetome-
ter (OPM) has also been widely noticed because of its ex-
cellent performance similar to SQUID. Several OPMs capa-
ble of MCG measurements have been reported./*! In recent
years, tunnel magnetoresistance (TMR) sensors have become
a new technique to measure MCG due to their low power
consumption and the ability to measure MCG in unshielded
environments. !’ The study of Kosuke Fujiwara et al. achieved
the detection of MCG R wave,[®! and the study of Meiling
Wang et al. acquired triaxial MCG signals.[°! Real-time mea-
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surements of MCG QRS components were also achieved using
new low-noise TMR sensors.[1%!

The T waves of MCG are the peaks corresponding
to ventricular repolarization.!'!] Repolarization is an impor-
tant physiological process in the heart, so the T wave con-
MCG provides better-

recognizable T waves than ECG, which is an important rea-
[12]

tains essential clinical information.

son why MCG can achieve higher diagnostic sensitivity.
The time differences between T wave and P wave, T wave and
Q wave are named PT interval'¥ and QT interval, respec-
tively. The PT interval provides the information to diagnose
ischemic heart disease (IHD).!'* The QT dispersion which
measures the difference between the maximum and minimum
QT intervals is a crucial MCG feature for arrhythmogenic risk
evaluation.!'>1®) SQUID, OPM and spin exchange relaxation
free (SERF) magnetometers are able to clearly measure the T
waves of MCG.!"2] However, the T waves of MCG measured
by TMR were drowned by noise in most previous study and
the accuracy of T waves measured by TMR has not been stud-
ied. As a new method, the clinical value of TMR for MCG
measurement is profoundly affected by the T wave accuracy.
Achieving accurate T wave measurements will allow TMR-
based MCG measurements to provide an essential basis for
cardiac medical diagnosis.

This study measures MCG by a low-noise TMR sensor,
and the T wave is clearly presented after baseline drift sup-
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pression and averaging. MCG measured by TMR is compared
with the MCG measured by OPM at the same position. This
is the first comparison of MCG measured by TMR with MCG
measured by the higher precision OPM.!!”! The time and am-
plitude of the T wave are used as parameters for its accuracy
and our experiments demonstrate that the TMR can accurately
measure the two parameters.

2. Experimental setup
2.1. TMR sensor

TMR consists of magnetic tunnel junctions (MTJs) which
are structures stacked by pinned layers, tunnel layers, and free
layers. The resistance of MTJ is determined by the differ-
ence in magnetization orientation of the pinned layer and the
free layer. The greater the difference, the greater the MTJ re-
sistance. The external magnetic field changes the resistance
of MTJ by affecting the magnetization orientation of the free
layer.

The TMR sensor used in this paper is a push—pull struc-
ture consisting of four resistors Ry, Ry, R3, and R4. The mag-
netization orientation of the pinned layers of MTJ in the four
resistors is shown in Fig. 1(a). The R and R4 are magnetized
in the same direction, while R, and R3 are both in the opposite
direction. Thus, the output voltage of TMR can be calculated
according to the following equation:

Vour=Vi—W,
_ Ry +AR; _ Ry — ARy v
Ri—AR{+Ry+ AR, R3+AR3+R4s— ARy S

ey

where AR|, AR,, AR3, AR, are the absolute resistance change
of Ry, Ry, R3, and R4 under an external magnetic field, respec-
tively. Vs is the bias voltage applied to the bridge.

(a) +V w—

Pinned layer
Tunnel barrier|
Free layer

Fig. 1. (a) TMR Wheatstone bridge and structure schematic of MTJ
components. Four resistors Ry, Ry, R3, and R4 form the bridge. MTJs
in each resistor are stacked by pinned layers, tunnel barriers, and free
layers. The direction of the arrow in the pinned layer indicates the mag-
netization direction. The double arrow in the free layer indicates that its
magnetization direction is variable. Vs is the bias voltage, while V| and
V; are the outputs of TMR. (b) A photo of the TMR sensor, the direction
of the double arrow is the direction of the sensitive axis.

The size of the integrated TMR sensor is

29.0 mmx11.8 mmx2.5 mm, and the sensitive axis is along

the line direction shown in Fig. 1(b). The main performance
parameters of the TMR sensor are listed in Table 1. The bias
voltage applied is 5 V, and the fit range for calculating sensi-
tivity and linearity is —0.3 Gs to 0.3 Gs. The resistance of the
TMR sensor is 2057.2 Q, and the sensitivity is 3.1 uV/nT.
The definitions of TMR sensors’ linearity and hysteresis are
consistent with the previous study.!”! The linearity and hys-
teresis of the TMR sensor are 0.7% and 0.14 Gs, respectively.

Table 1. Performance parameters of the TMR sensor measured in the
range of —0.3 Gs to 0.3 Gs.

Resistance (Q)  Sensitivity (uV/nT) Linearity (%) Hysteresis (Gs)
2057.2 3.1 0.7 0.14

2.2. Signal conditioning circuit

The schematic diagram of the signal conditioning circuit
of the TMR sensor is shown in Fig. 2. The output of the TMR
sensor is first amplified 100 times by the instrumentation am-
plifier AD8429. The DC bias, mainly caused by the asymme-
try of the TMR bridge, is then removed by a differential ampli-
fier circuit with gain 5. An adjustable DC voltage in the range
of —3 V to 5 V is input at Vpj,g to offset the DC bias. Next,
the signals pass through a second-order low-pass filter with a
cut-off frequency of about 150 Hz and gain 25. The low-pass
filter will effectively suppress high-frequency noise. Finally,
another differential amplifier circuit with gain 18 eliminates
the newly introduced DC bias. Vpj,s is connected to another
adjustable DC voltage varying from —3 Vto 5 V.

Vin
o,
60(1{ +
° _ 2 kQ[2 kQ
ADS8429
OP37 | 200 20
Viiast nF nF

Vout

VBias2

1k 18 kQ

Fig. 2. Signal conditioning circuit schematic.

To test the noise of the TMR magnetometer, the TMR
sensor was connected to the signal conditioning circuit in a
magnetically shielded environment. The output of the TMR
magnetometer will be acquired by a 24-bit analog-to-digital
converter, and the sampling frequency is 1 kHz. The mag-
netically shielded environment is provided by a magnetically
shielded cylinder (MSC) used for MCG measurements. The
noise power spectral density of the TMR magnetometer is
shown in Fig. 3. The noise density is 20.4 pT/v/Hz@1 Hz
and 6.6 pT/+/Hz@10 Hz.
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Fig. 3. Noise density spectrum of the TMR magnetometer in the mag-
netically shielded environment.

2.3. MCG measurement

MCG measurement experiments were performed in a
large four-layer MSC. The outermost layer of MSC is alu-
minum alloy, and the inner three layers are permalloy layers.
The residual magnetic field in the direction of MCG measure-
ment is less than 5 nT.

The OPM used to measure the MCG is a commercial
single-channel OPM produced by QuSpin, Inc. The probe has
a reasonably small size of 12.4 mm x 16.6 mm x 24.4 mm.
The typical noise level of this OPM is 10 fT/Hz!/2, which is
much smaller than the noise of TMR. The noise performances
of the OPM, TMR used in this paper and other MCG mea-
surement methods are listed in Table 2. The performance of
OPM reaches the highest echelon. The performance of TMR
is relatively low but better than induction coil gradiometers.

Table 2. Performance comparison of TMR, OPM and several other MCG
measurement methods.

Measurement techniques Noise (fT/ VHz@10 Hz)
TMR 6600
OPM 10
High-T, SQUID!3! 40
Induction coil gradiometers!'?] 70000
SERF[? 10

The measurement is performed in two steps. The first step
is the measurement of MCG by TMR and OPM at different po-
sitions. The OPM acquires the reference signal for averaging
MCG measured by the TMR. The OPM is 40 mm to the right
of the center of the chest. The TMR is 40 mm to the left of
the center of the chest and 30 mm downward. A diagram of
the experimental setup for the first step is shown in Fig. 4(a).
The second step is that the OPM measures MCG at the same
position as the TMR, as shown in Fig. 4(b). The two-step ex-
periment was performed consecutively, with the MCG being
measured for approximately 5 min in each step. The sensors’
sensitive axis is oriented in the direction of the arrow in Fig. 4.

The MCG of a 24-year-old male subject in the supine po-
sition was measured. The distance from the center of the TMR

sensor and the OPM sensor to the body surface is 2 mm and
8 mm, respectively. The sampling frequency for both TMR
and OPM is 1 kHz.

(a) Shield tube
Amplifier
of OPM
Amplifier
of TMR DAQ
Amplifier
of OPM || PAQ
PC

Fig. 4. Experimental setup for MCG measurement using TMR and OPM:
(a) the first step, (b) the second step. The source of the picture of the human
body in the figure is https://www.vcg.com/creative/1142486167.

3. Results
3.1. Baseline drift removal

The TMR sensor is close to the body and the heart when
measuring MCG. Significant baseline drift is mixed in MCG
due to respiration, heartbeat, and other disturbances. Low-
frequency drift is processed first.

1211 decom-

The empirical mode decomposition (EMD)
poses a signal into several simple oscillatory modes called
intrinsic mode functions (IMFs). To improve the stability of
decomposition and the accuracy of the reconstruction, new

[22-24] The version of

versions of EMD have been proposed.
EMD used in this work is the improved complete ensemble
empirical mode decomposition with adaptive noise (improved
CEEMDAN).[24]

To remove the baseline drift, the original MCG data x
is first decomposed into IMFs and residue, and it can be ex-

pressed as

1
x=Y. d+r, )

where d; is the i-th IMF, I is the number of IMFs, and r is the
residue which can also be regarded as a special IMF.

These IMFs and the original data are shown in Fig. 5.
The IMFs occupy successive frequency bands. The smaller
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the order of the IMF, the faster the oscillatory. As a result, the
low-frequency baseline drift concentrates in the last few IMFs.
The frequency of baseline drift does not exceed the heart rate.
In contrast, the frequency components of MCG waves are gen-

erally higher than the heart rate. Since the heartbeat also in-
troduces interference, we consider IMFs with oscillation fre-
quencies not exceeding the heart rate as the baseline drift. The
baseline drift is then obtained by summing these IMFs.

Amplitude (V)
‘O j=]
= o
s O

3 4 5 6

Time (s)

Fig. 5. IMFs of the MCG data measured by TMR after improved CEEMDAN. From top to bottom: MCG raw data and its IMF1-12.

To measure the effect of the improved CEEMDAN on the
MCG signal, a simulation experiment is conducted. Synthetic
baseline drifts are added to MCG signals and then the noisy
MCG signals are processed by the improved CEEMDAN. A
low frequency (0.3 Hz) sinusoidal signal is used to simulate
the baseline drift.[>>! The MCG signal is a synthetic signal, (]
which does not contain noise. Baseline drift u[n] of differ-
ent amplitudes is added to the MCG signal s[n], and the input
signal-to-noise ratio (SNR) is used to measure the magnitude
of the baseline drift relative to the MCG signal. The input SNR
is calculated as

Loy (s[n))?

Yoo (“["])2.

The MCG with additive baseline drift is processed by the im-
proved CEEMDAN and noted as y[n]. The output SNR is used

to measure the change of the processed signal relative to the
original MCG. The output SNR is calculated as

N 2
Output SNR = 10log;(—="=" (sln]) -
Yo=1 (s[n] = y[n])
Table 3 shows the output SNR results when the input SNR is
from —7 dB to —15 dB. It can be seen that the output SNR has
a significant improvement concerning the input SNR, which

Input SNR = 10log,

means that the improved CEEMDAN effectively removes the
baseline drift. The output SNR values exceed 8.5 dB at differ-
ent input SNR, demonstrating that th eimproved CEEMDAN
processing does not have a destructive effect on the MCG sig-
nal.

Here we return to the MCG signal measured by the TMR
sensor. Figure 6 shows the original MCG signal and the base-

line drift extracted using the improved CEEMDAN. The base-
line drift exactly fits low-frequency oscillations in the raw data

and is removed by subtracting it from the original signal.

Table 3. Output SNR of improved CEEMDAN with different amplitude
noise inputs.

Input SNR —7dB —11dB —15dB
Output SNR 8.94 dB 8.74 dB 8.60 dB
2.07 ——Original signal

——Baseline drift

Voltage (V)

0 ‘ 4 ‘ 8 ‘ 1é ‘ 16 ‘ 20
Time (s)

Fig. 6. Comparison of the baseline drift extracted by the improved
CEEMDAN and original MCG data.

3.2. MCG measured by TMR

Figure 7 shows the MCG signal measured by TMR af-
ter removing the baseline drift. Apparent noise can be ob-
served in the MCG signal. The MCG measured by TMR is
averaged triggering on the R peak to handle the noise, and the
R peak identification is made with the reference MCG signal
measured synchronously by OPM.
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— — —Reference MCG measured by OPM
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Fig. 7. Real-time MCG measured by TMR after removal of baseline
drift and reference MCG measured by OPM.

The single-cycle MCG signals measured by TMR and
OPM at the same position are shown in Fig. 8. The MCG
raw data measured by TMR is shown in Fig. 8(a). The noise
in MCG raw data is apparent, but waveform features can be
observed. Averaging the MCG measured by TMR was per-
formed using the R peak of the synchronous MCG recorded
by the OPM to improve the SNR. The average number of
MCG measured by TMR is chosen to start from 16 and in-
creased by 16 each time until the noise superimposed on the
T wave is no longer significant. The average number of MCG
measured by OPM is selected based on the absence of visi-
ble power line interference after averaging. Figures 8(b) and
8(c) show the MCG signals when the averaging is performed
16 and 32 times, respectively. Noise decreases significantly in
both graphs. The R wave, S wave, and T wave of MCG are
clearly visible in Fig. 8(c). Figure 8(d) shows the MCG sig-
nal averaging 40 times and measured by the OPM at the same
position as the TMR. The magnetic field amplitudes related to
the R peaks measured by TMR and OPM are approximately
220 pT and 120 pT, respectively. The difference in R peaks
amplitude is due to the different distance between the centers
of the two sensors and the body surface. The MCG for both
measurements shows a T wave at about 0.4 s to 0.5 s. To our
best knowledge, this is the first time that the T wave of MCG
measured by TMR is compared to another measurement tech-
nique.

A comparison of the T wave of MCG measured by TMR
and OPM in terms of relative magnitude and time is presented
in Table 4. The MCG signals measured by TMR and OPM
are the data illustrated in Figs. 8(c) and 8(d), respectively. The
T wave relative amplitude is calculated as the ratio of T wave
amplitude to R wave amplitude. The T wave relative time or
the RT time interval is calculated as the time difference be-
tween the R wave and T wave peaks. The results show that
the relative error of the relative amplitude of T wave measured
by TMR and OPM is 1.8%, and the relative error of RT time
interval is 3.6%. Such errors are within acceptable limits and

represent a high medical value of the T wave of the MCG mea-
sured by TMR.
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Fig. 8. (a) MCG signal measured by the TMR without averaging. (b)
MCG signal measured by the TMR averaged 16 times. (¢) MCG signal
measured by the TMR averaged 32 times. (d) MCG signal measured by
the OPM at the same position of TMR averaged 40 times.

However, the waveforms of the MCG signals measured
by TMR have distortion compared to that measured by OPM.
The distortion of the waveforms is mainly concentrated in the
front and back of the R wave, and the falling part of the T
wave. It is speculated that the distortion is related to the char-
acteristics of the TMR such as hysteresis and we will further
clarify the causes of the distortion.

Table 4. Quantitative comparison of T wave amplitudes and RT time
intervals measured by TMR and OPM.

Measurement T wave relative RT time
techniques amplitude intervals (ms)
TMR 0.397 199
OPM 0.390 206

4. Conclusion

In this paper, we have built a low-noise TMR magnetome-
ter for MCG measurements. After suppressing baseline drift
by the improved CEEMDAN and averaging, the T wave of
MCG measured by TMR is clearly visible. Using the T wave
measured by OPM at the same position as a reference, the rel-
ative errors of amplitude and time of the T wave measured by
TMR are 1.8% and 3.4%, respectively. Our study confirms the
ability of TMR to accurately measure the amplitude and time
of the T wave in MCG by comparing it with OPM. This fur-
ther demonstrates the value and potential of TMR to measure
MCG as a sensor that works at room temperature.
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