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Statistical Validation of Heart Rate Measurement Using
Modulated Magnetic Signature of Blood with Respect to
Electrocardiogram
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Abstract—Heart rate (HR) is an important human
physiological marker commonly used for the understanding of
an individual’s physical health. This paper adopts and outlines
the magnetic method of non-invasive acquisition of blood pulse
using the disturbance created by blood flowing through a
localized magnetic field (i.e. Modulated Magnetic Signature of
Blood - MMSB). The measurement setup is designed to acquire
the MMSB and a gold standard instrumentation,
Electrocardiogram (ECG) for 20 healthy subjects (10 males and
10 females, aged 18-22). Two independent measurements were
conducted for each subject resulting in 40 HR measurements
collected. Four statistical tests were applied to validate the
instantaneous HR measured from MMSB waveform with
respect to the ECG waveform. First, the Pearson Correlation
and Coefficient of Determination was applied on the measured
HR and both MMSB and ECG methods of measurements were
positively correlated (R=0.99) with perfectly linear relationship
(< 1% scores in the data due to error). Secondly, the Paired
Student’s t-test and the Wilcoxon Signed-Rank Test were
applied on the measured HR and they showed no significant
difference (at 95% limits of agreement) for the mean and
median calculated from HR measured from the two methods.
Lastly, the Bland and Altman Test is applied on the measured
HR and the #2*Standard Deviation (SD) is derived as 0.48
blood pulse per minute (bpm). This is not significant for
measurement of resting HR for healthy individual, who has a
typical resting HR of +1 bpm. The result obtained from the
Bland and Altman Test affirms accuracy of MMSB to be used
as an alternative to ECG system for HR measurements. Results
obtained from all the four statistical tests are coherent and
supports the use of MMSB as a viable alternative to ECG for
measuring resting HR for healthy individuals.

Index Terms —Electrocardiogram, magnetic blood pulse,
modulated magnetic signature of blood, statistical validation for
heart rate measurement

I. INTRODUCTION

With the advancement of bioelectronics, portable health
monitoring devices are able to provide continuous
monitoring of physiological signs to assess the health of an
individual. One such physiological sign is the heart rate (HR),
which is commonly used by hospitals and elderly care centers
to monitor the health conditions of their patients.
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Current methods of heart or pulse rate acquisition can be
classified into electrical [1], optical [2], microwave [3],
acoustic [4], mechanical [5] or magnetic [6-7] means.
Amongst these methods, the Electrocardiogram (ECG),
which records the electrical conductivity of the heart, serves
as the gold standard for the non-invasive HR measurement [8]
and diagnosis of arrhythmias and conduction disturbances.

This paper will review the recent work on magnetic blood
pulse sensing [7] and adopt this measurement approach to
measure the magnetic disturbance created by pulsatile flow
of blood (i.e. Modulated magnetic signature of blood -
MMSB) through an applied constant magnetic flux. The use
of magnetic flux in MMSB enables the acquisition of blood
pulse for HR measurement without the need for a good
electrical or optical contact.

In medical measurement, statistical methods are applied to
compare a new method for HR measurement (i.e. the MMSB
method) with an established one (i.e. ECG). The objective of
these comparisons is to determine whether these two methods
can be used interchangeably or the new method can replace
the established one [9]-[14].

In this paper, the instantaneous HR measured using
MMSB will be statistically validated with respect to ECG, a
gold standard instrumentation. In this validation, four
statistical tests will be applied on the instantaneous HR
measured. These statistical tests are Pearson Correlation and
Coefficient of Determination [15], Paired Student’s t-test
[16], Wilcoxon Signed-rank Test [17] and Bland and Altman
Test [18]-[19].

The results obtained from these each of these statistical
tests aims to validate the use of MMSB as a viable alternative
for measuring HR in resting condition for healthy individuals.
More importantly, the combine effects of the four statistical
tests will provide the affirmation that MMSB can be used in
place of ECG for resting HR measurements for healthy
adults.

Il. MODULATED MAGNETIC SIGNATURE OF BLOOD

The concept of magnetic blood pulse measurement [7]
applies a uniform magnetic field in the vicinity of the major
artery as shown in Fig. 1. As the heart pumps, blood flows
through the applied magnetic field in a pulsatile nature that
will disturb the magnetic field. The creation of the unique
magnetic disturbance is dependent on the volumetric changes
in blood and can be acquired using a Giant
Magnetoresistance (GMR) based magnetic sensor operating
at room temperature as shown in Fig. 1.

Magnetic flux is able to propagate through a layer of
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material such as fabric, body-fluids and environmental
contaminants. As such, the use of magnetic flux in MMSB
supports the acquisition of blood pulse without the need for
an electrical or optical contact with the skin.

The placement of the sensor and magnet on the wrist and
heel are illustrated as shown in Fig. 2 [7]. A typical MMSB
waveform captured by the sensor on these placements is
shown in Fig. 3.

Using Fig. 2 (a), a button magnet of magnetic field strength
0.1 Tesla is placed on the wrist with a GMR sensor from
NVE (e.g. AAH-004). Such a placement will produce a
typical MMSB waveform (refer to Fig. 3) that shows a well
defined signal that is highly correlated to the activities of the
heart [7].

Through the extraction of the time difference between two
peaks, instantaneous HR can be easily measured from the
MMSB waveform based on the time difference between the
two consecutive peaks. This is the approach for HR
measurements was reported in [7] and will be used in this

paper.
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Fig. 1. Cross-sectional view of the experimental setup to acquire MMSB
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Fig. 2. Examples of MMSB acquisition based on the anatomy of human

and the relative positioning of the magnet (1), sensor(2) and a major blood
vessel [7]

111

Fig. 3. Waveform captured from the sensor output using oscilloscope [7]

I1l. SETUP FOR HEART RATE MEASUREMENTS

The setup for concurrent heart wave acquisition using
ECG and MMSB is shown in Fig. 4.

For the ECG measurements, three electrodes were placed
on each subject. These electrodes form the Eithoven triangle
[20] as shown in Fig. 4. The electrode placed below the heart
serves as the reference for the zero potential of the electrodes
placed on the right and left shoulder. Using the difference
between the electrodes placed on the right and left shoulder,
the bipolar ECG waveform (i.e. Lead | equivalent) is
obtained as shown in Fig. 5 (a).

MMSB data is concurrently acquired from the wrist of the
subject using the placement of sensor and magnet as shown in
shown in Fig. 2 (a). The MMSB waveform obtained from the
wrist is shown in Fig. 5 (b).

ECG and MMSB waveform were concurrently obtained
using g.USBamp, (from g.tec Medical Engineering GMBH,
Austria) at a sampling rate of 1 KHz and amplitude resolution
of 24 bits over +250mV. The use of 1 KHz sampling rate is
used to provide good time resolution for statistical validation
of HR measurement.

Using the measurement setup in Fig. 4, measurements
were conducted on 20 healthy subjects (i.e. 10 males and 10
females, aged 18-22) with no known medical history or
cardiovascular disorder.

Before the start of each measurement, each subject was
given a 5-minute rest interval. During this period, the subject
will be seated with minimum physical activity.

After which, ECG electrodes and MMSB sensor and
magnet were placed on the subject while he was in a resting
state. Measurement was commenced after the waveforms for
both ECG and MMSB are stabilized (typically 1-2 minutes
upon the placement of ECG electrodes and MMSB sensor).

For each measurement, 2 minutes of MMSB and ECG
waveform was recorded for HR extraction. The ECG and
MMSB waveform are automatically saved into the computer
harddisk through the MATLAB interface.

Upon the completion of each measurement, the MMSB
and ECG waveforms for the subject were plotted using the
MATLAB build-in graph function.

The instantaneous HR for ECG measurement was obtained
from the time difference measured between two consecutive
R peaks of ECG waveform (refer to Fig. 5(a)). Using the
marker and peak search functions from MATLAB, HR for
each subject was manually extracted by subtracting the time
difference between two consecutive R peaks.
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Similarly, instantaneous HR was measured from the
MMSB waveform by locating the corresponding peaks (with
respect to the R peaks in the ECG waveform) of two
consecutive MMSB waveforms as shown in Fig. 5 (b).

Two measurements were conducted on each subject on
separate days. Therefore, each measurement was taken to be
independent and the waveform collected will result in a total
of 40 resting ECG and MMSB HR measurements.

The instantaneous HR in blood pulse per minute (bpm),
calculated from the ECG and MMSB waveform (refer to Fig.
5), were tabulated as shown in Table 1. In order to compute
the differences between instantaneous HR measured from the
ECG and MMSB waveform, the time resolution based on the
sampling rate of 1 KHz (i.e. 3 decimal places) is recorded to
provide the accuracy needed for statistical validation.
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Fig. 5. Extraction of instantaneous HR from ECG and MMSB waveforms

TABLE I: HEART RATE DATA COLLECTED FOR 40 MEASUREMENTS

0,

Gold Standard MMSB . % of
Measurement (ECG) bpm Sensor bom difference
p p w.r.t. ECG

1 78.174 78.271 -0.12

2 77.857 77.994 -0.18

3 78.174 78.694 -0.67

4 75.084 74.912 0.23

5 78.976 79.033 -0.07

6 78.094 78.311 -0.28

7 89.238 89.706 -0.52

112

0,
Measurement G(oécéét)a ng:d SenMsg/tl'Sb?)m diff/eorgace
w.r.t. ECG
8 95.557 95.654 -0.10
9 70.475 70.734 -0.37
10 76.540 76.747 -0.27
11 58.945 58.712 0.40
12 56.148 56.659 -0.91
13 83.160 82.810 0.42
14 93.071 92.973 011
15 77.426 77.251 0.23
16 73.121 73.253 -0.18
17 80.003 79.906 0.12
18 80.802 80.619 0.23
19 80.548 80.548 0.00
20 89.759 89.445 0.35
21 80.170 80.674 -0.63
22 88.417 88.113 0.34
23 87.264 87.363 -0.11
24 92.918 92.838 0.09
25 84.998 84.783 0.25
26 100.553 100.160 0.39
27 75.047 74.966 0.11
28 80.911 80.911 0.00
29 80.488 80.488 0.00
30 71.390 71.390 0.00
31 91.888 92.215 -0.36
32 97.680 97.583 0.10
33 57.107 57.128 -0.04
34 57.982 58.055 -0.13
35 99.738 100.063 -0.33
36 93.809 94.038 -0.24
37 94.268 94.096 0.18
38 88.367 88.774 -0.46
39 65.746 65.793 -0.07
40 69.851 69.930 -0.11

IV. STATISTICAL VALIDATION FOR ASSESSING AGREEMENT
BETWEEN TwO METHODS OF CLINICAL MEASUREMENT

A. Pearson Correlation and Coefficient of Determination

Pearson correlation coefficient (direction of relationship)
and the Coefficient of Determination tests (strength of
relationship) is used in the validation of the measurement
outputs (i.e. instantaneous HR) of an alternative instrument
(i.e. MMSB) against a “gold standard” (i.e. ECG) to ascertain
the nature of relationship between two sets of scores [21].
The expression for Pearson’s Correlation Coefficient is



International Journal of Bioscience, Biochemistry and Bioinformatics, Vol. 2, No. 2, March 2012

shown in (1).
ry = (5XY = (E0EN)/1))/(VESIES)) (@)
where

rvy = Pearson correlation coefficient
X = instantaneous HR for MMSB

Y = instantaneous HR for ECG

n = number of pairs of data (i.e. 40)
S§Sy = 2X% — ((ZX)?/n)

S8y = 2¥Y? — ((ZY)?/n)

Using the formula for Pearson’s Correlation Coefficient
(1), the Pearson correlation coefficient (rxy) and the
Coefficient of Determination (rxy?) were calculated as shown
in Table II.

From the results shown in Table 11, it can be observed that
the HR data between MMSB and ECG was positively
correlated (i.e. ryy = +0.9998). The corresponding coefficient
of determination (rxy?) is 0.9996.

These results (i.e. rxy=0.9998 and Iy’ = 0.9998) indicate
that the relationship between the HR measured by both the
MMSB and ECG methods was almost perfectly linear". More
importantly, the results show that < 1% of scores in the HR
data from MMSB and ECG is due to error between the two
measurements.

Using Table I, the instantaneous HR for MMSB and ECG
measurements were plotted as shown in Fig. 6.

To understand the direction of relationship, a linear
regression approach was adopted to approximate the linear
equation to describe the two measurements. The linear
equation obtained is shown in equation (2) with regression

value R? = 0.9996 obtained between equation (2) and the data.

The R? value being almost 1 indicates an almost perfect
positive relationship between the measured data and the
linear equation (2).

Y =0.9971X + 0.2845

where
X = instantaneous HR for MMSB
Y = instantaneous HR for ECG

Based on the results obtained from this correlation study, it
was concluded that the reproducibility of the HR
measurement between the 2 devices is almost 1:1. The
minute differences observable in this test was made possible
through the resolution (i.e. up to 3 decimal places) provided
by the sampling frequency of 1 KHz.

The reproducibility of measurement results is an important
step forward as it forms the basis for any scientific validation
to be meaningful.

)

TABLE II: CORRELATION TEST BETWEEN GOLD REFERENCE AND MMSB

SENSOR
Regression Statistics
Multiple rxy 0.9998
Ixy Square 0.9996
Standard Deviation (SD) 0.2440
2xSD 0.4880

“If r = 1.00 there is a perfect positive relationship between the HR
obtained from MMSB and ECG waveform (i.e. perfect match).

113

y=0.9971x +0.2845
R?=0.9996

ECG - HR (min)

0 L 50 100

RARACD _ LD frmind

Fig. 6. Plot of HR measured from MMSB and ECG

B. Paired Student’s t-test

The Paired Student’s t-test is used as part of the scientific
validation on the measurement outputs (refer to Table I) to
establish the statistical significance of the differences in the
means between the two sets of scores [22].

From the HR obtained in Table I, the paired t-test
determines whether HR measured from MMSB and ECG
differ from each other in a significant way under the
assumptions that the paired differences are independent and
follows a normal distribution (i.e. PT < 0.05).

The equation for obtaining the probability of obtaining the
test statistic for the Paired Student t-test is shown in (3).

P=(X-Y)/(s:2/n + 5,2 /1) 3
where
P = probability of obtaining a test statistic
X = instantaneous HR obtained from MMSB
Y = instantaneous HR obtained from ECG

X = mean of instantaneous HR obtained from MMSB

Y = mean of instantaneous HR obtained from ECG

n; = n, = number of paired HR obtained from MMSB and
ECG

5,2 = variance of instantaneous HR obtained from MMSB =

—\2

(X - X) /ny

5,2 = variance of instantaneous HR obtained from MMSB =
—\ 2

2(, - )" /s

The mean (i.e. X and Y) and standard deviation (i.e. s; and
S,) were calculated and plotted as shown in Fig. 4. Using (3),
the equation for Paired Student t-test, P was calculated as
0.24. This result shows that there was no significant
difference between the means of the HR measured by both
devices (Fig. 7).

In addition, this result of the statistical test suggested the
difference between the two sets of measurement is
statistically not significant.

Therefore, the results obtained from the Paired Student
t-test supports the use of MMSB as a viable alternative to
ECG for HR measurement.

T P-value is the probability of obtaining a test statistic at least as extreme
as the one that was actually observed, assuming that the null hypothesis is
true. In this case a P-value less than 0.05 would result in the rejection of the
null hypothesis at the 5% (significance) level. It means that if the HR is
sampled on numerous occasions and interval estimates are made on each
occasion, the resulting intervals would bracket the true HR parameter in
approximately 95% of the cases. This is sufficient for typical clinical
validation.
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To test for the Level of Significance, the table of critical
values of Z, (i.e. Table Ill [17]) was used and it can be
observed that the value of Z,, = 2.148, 2.141 was significant
just a shade beyond the 0.025 level for a directional test. For a
two-tailed non-directional test, it would be significant just
beyond the 0.05 level (i.e. 95% limits of agreement).

TABLE IlI: CRITICAL VALUES OF #Z,, [17]

Level of Significance for
Directional Test
0.025 | 0.01 |
Non-Directional Test

0.05 | 0.005 | 0.0005

Method of HR Measurement

Fig. 7. Mean and standard deviation of HR measured with the ECG and
MMSB sensors (P = 0.24)

C. Wilcoxon Matched-Pairs Signed-Ranks Test

The Wilcoxon Signed-Rank Test is used as part of the
scientific validation to determine whether there is a statistical
significance on the difference in the median between paired
samples [23]-[24].

The Wilcoxon Signed-Rank test was applied on the HR
measurement from Table I. The Null Hypothesis for the
Wilcoxon Signed-Rank Test (W) states that there was no
difference between the paired samples at 95% limits of
agreement (i.e. P < 0.05 for two-tailed non-directional test).
The limit of agreement is selected to be similar to the Paired
Student’s t-test for consistency in the statistical validation of
mean and median of HR measured.

In order to obtain the value of W, the difference between
MMSB and ECG in Table | was calculated. These differences
were ranked without regard to the sign of the difference (i.e.,
rank order the absolute differences). All zero differences
were ignored (i.e., pairs with equal members). For
differences with equal absolute values (i.e. ties), the same
rank was assigned by taking the mean of the rank numbers
that would had been assigned if they are different.

Upon completion of the ranking, the original signs on the
differences were affix to the rank numbers. All positive ranks
(W+) and all negative ranks (W-) were summed separately.
At the same time, the total number of non-zero pairs (n) is
recorded.

From the sum of the positive and negative ranks, the
variation of the median for the sum of the positive difference
was W+ = 273 and the sum of the negative difference was W-
=393. The test statistic W was obtained from the minimum of
W+ and W- (i.e. W = 273).

The standard deviation (4) for the measured pairs was used
together with the mean, p, (=0 for n > 30 [17]) for the Z,
score as shown in (5).

Oy = J((n* n+1)*2n+ 1))/6)

where
gy = standard deviation for the sampling distribution of W
(i.e. oy = 127.30)
n = number of pairs of non-zero difference between MMSB
and ECG measurements (i.e. n = 36)

Zy = (W = ) £ 0.5)/oy) = (W £ 0.5)/ay) (5)
where
Zy = standard deviation for the sampling distribution of W
(i.e. Z, = 2.148, 2.141)

(4)
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[ 005 | 002 ] 0.001

ZW‘ critical

2326 |

001 |

1645 | 1960 | 2576 | 3.291

In conclusion, the Wilcoxon Signed-Rank test shows that
there was no significant difference at 95% limits of
agreement (i.e. two-tailed non-directional test) between the
median of the HR measured by both MMSB and ECG
methods. This result suggests that the difference between the
two sets of measurement was statistically significant. As such,
the Wilcoxon Signed-Rank test supports the use of MMSB as
a viable alternative to ECG for HR measurement.

D. Bland and Altman Test

The Bland and Altman test (a.k.a. Limits of Agreement) is
used in scientific validation on the measurement outputs of an
alternative instrument (MMSB) against a “gold standard”
(ECG) to determine the limits of agreement for the errors
between the two sets of data [18]-[19]. The Bland and Altman
method calculates the mean difference between MMSB and
ECG methods of measurement (the ‘bias’), and 95% limits of
agreement as the mean difference using (6) (or 2*Standard
Deviation - SD) [or more precisely (1.96*SD)]. It is expected
that the 95% limits include 95% of differences between the
two measurement methods.

SD = \/Z(Di D)’ /(N -1)
where
D = difference between instantaneous HR obtained from
MMSB and ECG

D = mean of the difference between HR obtained from
MMSB and ECG
N = total number of HR measurement samples (i.e. n = 40)

The plot is commonly called a Bland—Altman plot and the
associated method is usually called the Bland-Altman
method [18]. The Bland and Altman method was applied on
the measurements from Table | and plotted as shown in Fig. 8.
This analysis plots the difference (error) between the two HR
measurements with respect to the means between the two
scores. In addition, such a plot allows the assessment for
systematic bias in the scores between the two systems.

In clinical test, the magnitude of the error at #22*SD is used
to determine the clinical and practical significance of the
measurement errors between the two systems.  The
magnitude of error should not be clinically or practically
significant before the alternative device is accepted as a
replacement for the gold standard measurement device.

In the current analysis, the mean and SD of the difference
in HR measured between the ECG and the MMSB methods
was —0.05 +0.24 bpm (i.e. +0.48 bpm based on #22*SDI. The
error data points were found to be evenly distributed across

(6)
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the range of heart rate measured, suggesting that there is no
systematic error in the measurement. The £22*SD of 0.48 bpm
was found to be practically not significant for measurement
of resting HR, suggesting that the MMSB is a suitable
alternative for the ECG system for HR measurement. For
example, a resting HR of 70 bpm measured with the ECG
system, would range between 69 bpm and 71 bpm in the HR
measured by the MMSB system. Such a variation (1 bpm)
is within the normal range of variation in HR measured in
healthy individuals.

Plot of Difference in Heart Rate vs Mean Heart Rate

Difference of heart rate measured (Pulse / minute)
< o

Mean Heart Rate (Pulse / minute)

+ Difference ——Mean Difference  =———=Mean Diff. + 28D

Fig. 8. Plot of Bland and Altman test on HR obtained from MMSB and
ECG waveforms

V. CONCLUSION

From this study, the concurrent acquisition and
measurement of resting HR using a gold standard (ECG) and
MMSB on 40 independent measurements were successfully
concluded with statistical analyses done on the measured HR.
The results of the statistical analyses shows that HR
measured by the MMSB was almost perfectly correlated with
HR measured with the ECG. This affirms HR measured from
both MMSB and ECG methods to be highly interrelated.

The difference between the mean and median of the HR
obtained from the two methods (or instrumentations) were
also found to be statistically not significant, indicating the use
of either methods will deliver HR measurements that are
statistically similar.

In addition, the accuracy of HR measured by both methods
is found to be in very good agreement for all measurements.

As such, conclusions obtained from each of the 4 statistical
tests support the use of the MMSB as a viable alternative to
replace ECG in measuring instantaneous HR of healthy
individuals under resting condition.

VI. FUTURE WORK

With the scientific validation of HR completed for MMSB
with a gold standard instrumentation, the research work will
continue to focus on the use of the accuracy provided by the
HR measurement for MMSB to assess the heart rate
variability of human subjects.

The objective of such a study is to enable applications to be
developed for the monitoring, assessment and management
of the health of an individual.
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