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Abstract—The heart rate is a basic health indicator, useful in
both clinical measurements and home health care. Current
home care systems often require the attachment of electrodes
or other sensors to the body, which can be cumbersome to the
patient. Moreover, some measurements are sensitive to
movement artifacts, are not user-friendly and require a
specialized supervision. In this paper, a novel technique for
heart rate measurement for a standing subject is proposed,
which is based on plantar bioimpedance measurements, such
as those performed by some bathroom weighting scales for
body composition analysis. Because of the low level of heart-
related impedance variations, the measurement system has a
gain of 1400. We have implemented a fully differential ac
amplifier with a common-mode rejection ratio (CMRR) of
105dB at 10 kHz. Coherent demodulation based on
synchronous sampling yields a signal-to-noise ratio (SNR) of
55 dB. The system has a sensitivity of 1.9 V/Q. The technique
has been demonstrated on 18 volunteers, whose bioimpedance
signal and ECG were simultaneously measured to validate the
results. The average cross-correlation coefficient between the
heart rates determined from these two signals was 0.998 (std.
dev. 0.001).

Keywords— Plantar bioimpedance, heart rate detection,
synchronous sampling, home health care.

I. INTRODUCTION

Heart rate measurements help in assessing the
cardiovascular condition of a subject. Heart rate is routinely
measurement in clinical environments, under controlled
conditions, but it is also one of the easiest parameters to
detect in ambulatory measurements and home health care
[1]. However, measurement methods that rely on electrodes
attached to the patient require specialized supervision, are
cumbersome, time-consuming and imply the wuse of
(normally) single-use electrodes, hence a material expense.
Several alternative systems have been developed in order to
overcome some of those limitations. For example, watch-
type pulsemeters [2] can measure the heart rate while a
subject is exercising; capacitive sensors have been
incorporated inside a pillow to detect heart-related
movements while a person is asleep [3]; and optical devices
forming a ring sensor have been proposed for wearable
applications [4]. These systems, however, are susceptible to
erroneous measurements if the sensors are not properly
placed. They are also sensitive to movement artifacts, so the
collaboration of the patient is essential to obtain good
results.

Home care systems enable patients to self-supervise their
health conditions. This reduces the number of visits to the
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hospital, to the extent that home care systems are considered
instrumental to tackle the increases in health expenditures
[5]- Such systems must be easy to use, comfortable, secure
and do not must interfere with a subject’s daily life. A good
example of home system for periodic, long-latency
measurements are body-fat bathroom scales based on
bioimpedance analysis (BIA) [6]. These systems inject a
safe ac current to the patient and measure the basal
impedance, which is related to the body-fat subject’s
composition. The time required for this measurement is very
short as it does not require any skin preparation, the
equipment is inexpensive, its costs of operation are minimal
(a battery change ever few years at most), and the patient’s
daily activities are not compromised at all.

Previous work shows that in lower limbs there are low-level
heart-related impedance variations [7]. These variations are
not detected by bathroom scales, which measure basal
impedance only. Because of the simplicity and comfort of
these systems, we have proposed to wuse plantar
bioimpedance measurements to detect the heart rate [8].
Here we describe how to measure the impedance changes to
detect the heart rate in motionless condition using a plantar
interface. Because of the low amplitude of the heart-related
impedance variations, the signal must have a high SNR. We
have designed a high-gain amplifier system, with fully
differential signal conditioning, and coherent demodulation
based on synchronous sampling.

II. MODEL

The arterial blood flow, and to a lesser extent the venous
flow, are pulsatile. This distends blood vessels walls to
provide an adequate peripheral resistance to the blood flow.
This distensibility is due to the change in volume in the
vessel [9] and is more appreciable in those body areas with
less overlying tissue.

Kubicek et al. [10], proposed a model that links impedance
variations to the change of blood volume in a cylinder,

2
Az =120 ay )
pPL
where AZ is the impedance variation between two strip
electrodes separated a distance L, AV is the volume change,
p s the blood resistivity and Z, is the basal impedance of the
non-pulsatile tissues. Further studies [11] concluded that the
changes in blood resistivity also contribute to the impedance
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Fig. 1: Block diagram of the system for plantar bioimpedance measurement

pulse signals. Therefore, a more complete model was
proposed:

AV = pL(AZ,+ AZ))IZy )

where AZ, is the impedance variation due to the blood
resistivity change and AZ is the impedance variation due to
the volume change. Because these two impedance variations
are related to the heart activity, it should be possible to
obtain the heart rate from impedance measurements between
two points on the surface of a volume that encloses major
blood vessels.

III. MATERIALS AND METHODS

A. Measurement System

We have measured impedance variations by the four-wire
technique in order to minimize the effect of the contact
impedance of the electrodes (Fig. 1). We have designed a
high gain system with novel signal conditioning techniques.
The aim was to obtain an impedance pulse signal with a
high SNR in order to detect the heart rate by simple signal
processing methods.

A.1. Current Source

Bioimpedance measurements require the injection of a
known low-level current into the patient. We have designed
a single-ended current source based on a Wien bridge and a
current conveyor circuit, which generates a 10 kHz, 1 mA
(rms) current, hence innocuous for external applications.
When a single-ended current source is used to measure
impedance, the common mode voltage is the current times
the ground electrode impedance [12]. Hence, to minimize
the error from that voltage, the front end of the voltage
measurement system must have a high CMRR.

Preliminary tests revealed that the impedance variations
when measuring between both feet were about 0.5 Q, which
means that the expected voltage variations are below 1 mV.
Therefore, the differential gain must be higher than 1000.

A.2. Differential Signal Processing

The first amplifier stage in Fig. 1 is a fully differential ac-
coupled amplifier for biopotential measurements [13]. Fig. 2
shows that this amplifier has no connection to ground,
which results in a very high CMRR at the measuring
frequency; there is no need to match resistors or any other
passive component. The bias current path is through the
patient; therefore, we used a low-bias current, low-noise
operational amplifier (AD743, I, = 220 pA).

The dc impedance component (basal impedance) is far
larger than the alternating component (0.1%) [7]. Therefore,
the stage gain must be low, otherwise the amplifier output
would saturate. In order to preserve the SNR, the signal to
be demodulated must be a band pass signal. The -3 dB
corner frequencies were selected fi = 1 kHz and fy =
100 kHz, which resulted in a low gain error (g = 1 %) at the
carrier frequency (that of the injected current, f; = 10 kHz).

The next stage in Fig. 1 is a floating capacitor circuit which
demodulates the signal by synchronously sampling it [14],
as shown in Fig. 3. Because there are no connections to
ground, the capacitors charge only to a differential voltage
and reject common mode voltages, which results in a very
high CMRR. We used an analog switch ADG436 with very
low ON resistance (Roy = 12 Q) to minimize signal
attenuation. In Fig. 3, the left-side switches are ON for a
short sampling time 75 in order to charge the capacitor Cs to
V3 — V4, then they are switched OFF for a hold time 7. The
right-side switches are first OFF and then ON for a time 7.

c
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c

Fig. 2: Fully Differential AC amplifier [13]
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To obtain a gain error ¢ in the demodulator, the following
condition must be fulfilled

Sln(iy(‘MTH)Zl_g (3)
ST

where fy is the frequency of the modulating signal (heart-

related impedance variations in our case). Ty must be

adjusted to fulfil the above condition.

The equivalent -3 dB bandwidth for a synchronous sampler
will depend on the succeeding stage; in our case it is a zero-
order hold (ZOH), whose low pass response is given by (4).
This response has many windows opened to noise, so it is
necessary to filter the ZOH output to reduce the noise
contribution. [15]. We implemented a fully differential
passive bandpass filter with high CMRR. The contribution
of the basal impedance was eliminated and the power line
(50 Hz) interference and high frequency noise were reduced.

Ho(f)=TSijlﬂﬂe‘f”ﬂH 4
H

A.3. Output Stage and Data Acquisition System

Once the bioimpedance signal has been demodulated, it is
necessary to amplify it. Because of the low level of the
heart-related signal variations, we need a high-quality
instrumentation amplifier with a very high CMRR. We
adjusted the gain (G = 280) to match our signal range to the
input range of our data acquisition system (USB 30/26,
pDAQ), which had 14 bit of resolution, 1 kHz sampling
frequency and unity gain. The system was connected to a
PC via USB and the data were processed and stored by an
algorithm designed in LabView.

A.4. Electrodes

The electrodes were designed to provide a comfortable and
easy-to-use interface to the subject. We used four aluminum
foil squares (Fig. 4) large enough for easily adapting to any
subject’s feet. Electrodes A and B (front) were used to
measure the voltage variations resulting from the current
injected through electrodes C and D (back). The contact area
was large enough to provide a low-enough impedance
without requiring any conductive gel or skin preparation.

Fig. 3: Floating capacitors as a demodulating circuit [14]

IV. RESULTS AND DISCUSSION

Before measuring on volunteers, we characterized each
stage of the system. The ac amplifier gain (first stage) was
4.8, low enough to prevent the system output saturation due
to the basal impedance. At 10 kHz, the CMRR was 105 dB
and the input impedance was 1 MQ, so that common-mode
errors were negligible. The CMRR of the synchronous
demodulator was 99 dB when sampling at 10 kHz. The
sampling time (7s) and the holding time (7y) were adjusted
to 10 ps and 90 ps, respectively; the relative amplitude error
was ¢ = 0.98. The output instrumentation amplifier had a
gain of 257 and CMRR = 91 dB at 10 Hz. The SNR was
55 dB. The system had a sensitivity of 1.9 V/Q.

Eighteen subjects, with different height and physical
constitution, stood on their bare feet over the platform-type
electrodes in Fig. 4. Their ECG was simultaneously
measured in order to validate the measurement technique.
The only indication given to the subjects was to keep their
feet quiet during the measurement. No indications were
given about how to put their feet on the electrodes. No
matter what position they choose, the results obtained were
good. The baseline of the impedance signal was stable,
provided the subject did not move his/her feet. Fig. 5 shows
the ECG and the impedance signal obtained from plantar
measurements of one of the volunteers. The results for the
others subjects were similar.
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Fig. 4: Electrodes used for plantar bioimpedance measurements
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Fig.5: Plantar bioimpedance signals (bottom trace) and ECG (upper trace)

An algorithm designed in MATLAB counted the number of
absolute maxima per unit time for the ECG and the
bioimpedance signal. For each patient, the cross-correlation
coefficient between both heart rates was determined, which
gave a mean value of 0.998 and standard deviation of 0.001.

V. CONCLUSION

A novel noninvasive technique for heart rate measurement
has been presented, which uses platform-type electrodes and
bioimpedance measurements without any skin preparation
or conductive gel. The system obtains the beat-by-beat pulse
signal from the bioimpedance variations measured between
both feet. The cross-correlation coefficient of 0.998 (mean
value) between the heart rate determined from the ECG and
the bioimpedance signal, demonstrate the feasibility of the
technique. Similar to commercial scales, it is necessary to
keep quiet during the measurement to avoid movement
artifacts. A high-CMRR differential signal conditioning and
synchronous sampling demodulation yield a signal with
SNR = 55 dB, which is good enough to detect the heart rate
by simple signal processing methods. This technique is easy
to use, comfortable and does not require any specialized
supervising, which makes it a low-cost and simple
alternative for periodic heart rate measurement in home
health care.
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