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Abstract

A method is presented for long-term monitoring of vital signs tested during physical exercise. The system is based on
reflective photoplethysmography (PPG), whose main component is a micro-optoelectronic sensor. The sensor is sealed
within a biocompatible otoplastic housing so that it can be placed in the external auditory canal. The electronic device
has a Bluetooth connection which enables to record/visualize the PPG signal on a personal computer or SmartPhone.

This technology was tested indoors with a subject running on a treadmill at different speeds. The PPG signal was
recorded together with an ECG used as a reference, and with an accelerometer to monitor and record motor activity. The
accelerometer data were later used to reduce motion artifacts in the PPG signal.

The results show that the system has potential to monitor cardiac activity at moderate speed (up to 4km/h), but
with increasing speed (i.e. running) the motion artifacts dominate the PPG. Therefore, additional studies on signal
processing are needed to actively reduce motion artifacts, including the accelerometer data.
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1 Introduction

In view of the health benefits associated with physical
exercise (especially for the cardiovascular system),
sports are increasingly popular and are becoming part
of the daily routine of patients. Nevertheless, sports
are not practiced only for personal healthcare but also
for competitions, to achieve physical goals, or even due
to pressure from e.g. parents and trainers. In some
cases excessive sports activity without appropriate
control can be hazardous, leading to overtraining,
breakdown and stress [2] or, in the most serious cases,
even to sudden death [7]. Therefore, monitoring of
vital signs (such as cardiac and respiratory activity)
during sports is important.

We present a monitoring system that can be used by
patients in their daily routine, including their sports
or leisure activities. The system is based on long-term
monitoring of vital signs by means of an ear sensor
(the ‘LAVIMO’ system) presented in [13, 14, 15] which
was developed in the projects ‘In-Ear 24/7 monitoring
system for vital signs’ (IN-MONIT) and ‘LAVIMO".
The aim is to provide long-term monitoring of vital
signs, such as heart rate or respiratory activity. In
this paper only cardiac activity is analyzed.

All sport activities and daily tasks imply some
movement. Therefore, the monitoring device needs
to be robust, mobile, inconspicuous, and of suitable
size and weight. In a PPG system, motion artifacts
induced by acceleration are a limiting factor. How-
ever, the use of an accelerometer to track external
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disturbances together with advanced signal processing
techniques can help to circumvent this problem.

2 Materials and Methods

2.1 PPG fundamentals

Photoplethysmography (PPG) is a non-invasive opti-
cal technique used to investigate subdermal perfusion.
Measurements performed at the skin surface detect
changes in blood volume in the microvascular bed
[1]. PPG is used to monitor vital parameters such as
pulse rate, arterial blood oxygen saturation (SpOs)
and/or respiratory rate.

Most conventional systems work in a transmission
mode. Because they detect the number of photons
which pass through tissue, these systems can only be
applied to the thinner parts of the body (e.g. finger,
earlobe). Moreover, this method has some drawbacks:
for example, no valid measurement can be made on
the finger in case of shock-induced stress (centraliza-
tion), since the endogenous control of the human body
leads to (primary) perfusion of vital organs. Another
disadvantage of the conventional systems is that they
are not suitable for healthcare applications since daily
activities cause considerable motion artifacts. There-
fore, we investigated a reflective, multi-wavelength
PPG sensor that allows PPG measurement in the
outer ear canal (the tragus). Since the ear is very
close to the trunk, a valid measurement is expected
even in case of centralization. In addition, because
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Figure 1: Left: Customized in-ear PPG sensor.
Right: Sensor interface device: the LAVIMO Blue-
tooth system, showing where the Bluetooth and 3-axis
accelerometer are placed.

the MedIT in-ear system is very comfortable to wear
it can be adapted for various disciplines, including
health care and sports.

Our PPG sensor consists of a micro-optoelectronic
remission sensor chip, comprised of two light emitting
diodes (LED), one red and one near-infrared (wave-
lengths of 760 nm and 900 nm, respectively) and a sili-
con photodiode. The light emitted by these two LEDs
is absorbed, transmitted, reflected and scattered by
skin, tissue and blood [3, 11]. The photodiode receives
this reflected light.

Since reflectance mode PPG has different signal
characteristics compared with transmission mode
PPG (i.e. different AC-to-DC ratio), no suitable com-
mercial electronic interface was available. Therefore,
we developed a high-performance measurement device,
providing 24 bit analog-to-digital converter, sampling
rates up to 200 Hz, intelligent LED current control
and ambient light compensation (Fig. 1; right).

PPG is based on the fact that the measured light
intensity (I) decreases exponentially from the initial
light intensity (Ip) with the distance (x — a) passed
through the absorbing medium. This is described by
Beer-Lambert’s Law:

I(x) = Ipe~We@=a) (1)

where ¢ is the extinction coefficient, ¢ is the con-
centration of the absorbing substance, and A is the
wavelength. At every cardiac systole, the pulse waves
propagating through the arteries lead to shifts in lo-
cal blood volume. The magnitude of the PPG signal
depends on the blood volume in the capillary, which
increases during systole and decreases during diastole.
Poorly perfused tissue scatters more photons back
than does well-perfused tissue. Although PPG sig-
nals are usually measured at peripheral areas (such
as fingertips, toes and earlobes) where the pulses can
be easily detected, measurement on the forehead is
also possible [1].

The PPG waveform is composed of ‘AC’ and ‘DC’
components. The ‘AC’ pulsatile waveform is at-
tributed to synchronous cardiac changes in blood
volume with each heart beat [1], while the ‘DC’ is the

b vV =

Figure 2: Types of PPG sensors. Left: the transmis-
sion mode (used, e.g., in a pulse oximeter); Right the
reflectance mode (used in our in-ear PPG sensor).

static component of the signal, also containing slow
frequencies due to respiration, sympathetic nervous
system activity and thermoregulation [3, 9]. Although
some components of a PPG signal are still not fully
understood, it is generally accepted that the signals
provide important information on the cardiovascular
system [5].

2.2 In-ear PPG measuring strategy

Due to the different physiological characteristics of
finger and ear, commercial transmitting sensors can-
not be used for in-ear application. Therefore, together
with our partner from CiS Erfurt GmbH, we devel-
oped a micro-optoelectronic remission sensor chip,
which is sealed into an otoplastic housing. Whereas
classic systems (e.g. pulse oximeters) use a transmis-
sion mode sensor, our system works in a reflectance

mode (Fig. 2).

The anatomy of the ear differs from person to per-
son. To decrease motion artifacts the in-ear sensor
must fit into the ear as closely as possible. Therefore,
for this project, a customized PPG sensor was made
to perfectly fit the person involved in the experiment
(Fig. 1; left).

2.3 Data acquisition technology

The long-term monitoring system used in the present
study is the LAVIMO Bluetooth version (Fig. 1; right).
The Bluetooth chip (Parani™ ESD200) provides a
Bluetooth connection within a range of 30 meters,
which allows easy connection to a personal computer
for, e.g. indoor sports, etc. For an outdoor environ-
ment, the system can be connected, for instance, to
a SmartPhone for signal processing and long-term
recording.

The LAVIMO system also incorporates a 3-axis ac-
celerometer (LIS3LV02DL, STMicroelectronics) based
on a micro-electromechanical system. The accelerom-
eter data can be used in the signal processing of the
PPG signal, with the aim to detect and reduce move-
ment artifacts.
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Figure 3: Obtained ECG and PPG signals of a
healthy subject at 0km/h.

2.4 Strategies for reduction of
movement artifacts

The corruption of a PPG signal through light or move-
ment of the subject is a limiting factor in a PPG
system. These artifacts mask the PPG signal, po-
tentially leading to faulty interpretation of the PPG
signals and erroneous estimation of the physiological
parameters. Various attempts have been made to
find strategies to circumvent these artifacts, ranging
from the use of extra hardware, e.g. accelerometers
[16, 4, 6, 12] to several methods of signal processing
[11, 8, 10].

Kim et al. (2007) tried to find a relation between
the distorted PPG signal and the acceleration data [6].
They placed the PPG sensor and the accelerometer
on the forehead. To have a comparable signal for ref-
erence they placed another PPG sensor on the finger
(the hand was constrained to avoid all movement).
The subject is then asked to shake his head in each
of the axes of the accelerometer, thereby finding the
corresponding correlation for all axes.

The detected PPG signal is also thought to be addi-
tively corrupted by the motion detected with the noise
reference (accelerometer) [12]. Nevertheless, cancel-
lation of these movement artifacts by means of the
acceleration data is a complex process that requires
extensive knowledge of how body acceleration affects
the measured PPG signal. For example, knowledge on
parameters such as the delay between the two signals,
the weight the motion has on the PPG signal, as well
as the weight of each accelerometer axis individually,
is essential.

During PPG measurement, the influence of the
movement condition in a walking/running exercise
is particularly strong. Nevertheless, using the 3-axis
accelerometer data recorded together with the PPG
measurements, it should be possible to extract a ‘clean’
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Figure 4: Obtained ECG and PPG signals of a
healthy subject walking at 2km/h.

PPG from a PPG with artifacts. Studies on reduc-
tion of motion artifacts without using extra hardware
(e.g. accelerometers) have been performed. However,
in those studies only a single motion (e.g. a single
movement of a finger) is provoked, allowing to use
another part of the body as a PPG reference, or the
rest of the signal for adaptive filters. Naraharisetti et
al. (2011) compared five signal processing methods to
reduce artifacts on a PPG signal, and concluded that
the singular value decomposition (SVD) and Cycle-by-
Cycle Fourier Series Analysis provided better results
[8]. Other studies used synthetic reference signals,
instead of accelerometers, for the adaptive filtering
technique [11, 10]. To our knowledge, no studies on
a running person or in a constant motion condition
have been performed in the way presented here.

2.5 Measurement scenario

The present study was performed indoors using a
treadmill. Measurements were recorded of a healthy
28-year-old male volunteer running continuously at
speeds of 0, 2, 4, 9, 4, 11 and Okm/h with a dura-
tion of about 2 min each. The measurements were
performed together with an ECG (SOMNOlab2, Wein-
mann Geréte fiir Medizin GmbH + Co. KG, Hamburg,
Germany) used as reference measurement. The de-
vice used was a customized in-ear PPG sensor (as
described above). In addition, movements were also
detected and recorded with an accelerometer. The
PPG sensor was fitted in the left ear and the sensor
interface was attached to the trunk of the volunteer.

3 Results and Discussion

To analyze the pulse waves of a PPG signal, the DC
component of the signal has to be removed. Therefore,
to get the heart frequency range from the PPG signal,
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Figure 5: Spectrograms of the PPG, the PPG af-
ter removal of motion artifacts, and the reference
ECG signals of a healthy subject during the complete
measurement.

a 3rd order band-pass Butterworth filter with a cut-
off frequency of 0.1 Hz to 10 Hz was applied to our
signals. To illustrate the performance of the system in
a non-active condition, Figure 3 shows a comparison
of the reference signal (ECG) and the PPG signal of
the subject at 0km/h (standing).

Figure 4 shows a comparison between the reference
signal (ECG) and the PPG signal of the subject at
2km/h (walking). Relative to the 0km/h (standing)
and 2km/h (walking), no further filter is necessary
to correctly detect heart activity once the obtained
signal is clear and stable.

Figure 5 presents the time-varying spectrum of the
PPG, the filtered PPG and ECG signals. On the ECG
spectrogram, the lines are clear and correspond to
the subject’s heart rate and its harmonics. Note that
although the frequencies in the PPG signal measured
with our system are not particularly sharp, the behav-
ior is similar to the ECG measured with a commercial
device (except at 9 and 11km/h).

To separate cardiac and motion activity, an in-
telligent filter has been implemented that uses the
accelerometer data (y-axis): the most dominant max-
ima of the spectral density of the accelerometer data
are obtained. By means of these frequencies fmax,acels
boundaries are defined in the following way:

fdown = fmax,acal — 0.1 Hz, for main frequencies

fup = fmax,accl + 0.1 HZ7
Jdown = fmax,aca *n — 0.2Hz, for n harmonics

for main frequencies

fup = fmax,acel * 1+ 0.2Hz, for n harmonics

with n = 2,3 and 4.
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Figure 6: Comparison of the ECG with the normal
(upper graph) and the enhanced PPG signals (lower
graph), at a speed of 4km/h.

These calculated frequencies are used to implement
zero-phase digital band-stop filters, which are applied
to the sum of both PPG signals (1536th order at main
frequency, 512th order at harmonics). The results of
this algorithm can be seen in Figure 5 (middle band).
When the speed is decreased from 9 to 4km/h (¢t =
520s), the difference in cardiac and movement activity
is clearly seen, since the heart rate slowly decreases
whereas the movement remains constant. Thus, the
algorithm is able to separate the two activities and
significantly reduces motion artifacts; this results in
the filtered PPG having a similar spectrum to that
derived with the ECG signal. For the recordings at
9 and 11km/h, because the main frequencies of the
movement artifact are very similar to that of the heart
rate, and the amplitude of the provoked artifacts is too
high, the present filtering method is not sufficiently
reliable. This means that an improved adaptive filter
with additional parameters needs to be developed in
the future.

To demonstrate the actual enhancement at a speed
of 4km/h, the resulting signal is shown in Figure 6.
As can be seen, the missing PPG peak at 557.5 s
was recovered in the enhanced PPG and all the other
peaks also appear to have a better correlation with
the ECG signal. The enhanced PPG shows a better
performance in terms of heart activity than the normal
PPG signal.

Figure 7 presents data corresponding to the 3-axis
accelerometer obtained at a speed of 9km/h. As
can be seen the three axes are different, comprised
of different waveforms and different amplitudes. A
way to correctly reconstruct the PPG signal at higher
speeds might be to subtract these data from the PPG
[12]. Therefore, this information needs to be carefully
analyzed in further studies.

Figure 8 illustrates the spectral densities corre-
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Figure 7: Accelerometer data corresponding to the
x, y and z-axis, at a speed of 9km/h.

sponding to the accelerometer, PPG and ECG of
a subject running at a speed of 11km/h. It can be
seen that the main frequency components measured
by the accelerometer that correspond to the movement
is very strongly present on the PPG spectrum, over-
lapping a large part of the heart frequencies, which
then become imperceptible.

In this case, reduction of movement artifacts using
the same method as used for a speed of 4km/h could
not be applied. As can be seen on the ECG spectrum,
the heart activity has frequency components in the
same range as the movement. This means that if
we completely eliminate the movement frequencies
the frequencies from heart activity would also be
eliminated.

4 Conclusion

The PPG-based system proved to be sufficiently ro-
bust and stable for speeds up to 2km/h (walking).
Without any additional signal processing this system
would probably be suitable for daily tasks that do
not include extreme movements. For speeds above
4km/h, a high order band-stop filter, with cut-off fre-
quencies corresponding to the higher frequency and
the next three harmonics of the accelerometer, was
implemented. It was then possible to remove the
movement artifacts from the PPG signal, thereby
revealing the frequency band of heart activity. For
higher speeds, such as 9 and 11 km/h (running), adap-
tive filters based on the accelerometer data require
additional study in order to get acceptable results.

Our department is also investigating measurement
of arterial oxygen saturation (SpOs) using the same
LAVIMO system. Therefore, it is planned to extend
this system with SpOy measurements during physical
activity.
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Figure 8: Spectral densities of the accelerometer,
PPG and ECG of a healthy subject running at
11km/h. Note that the ECG spectrum has a wide
range of frequencies because the subject went from a
4km/h to an 11km/h speed exercise (physical stress
provoked an increase in heart rate). The PPG is dom-
inated by the movement: the PPG and y-axis density
almost correspond with each other.
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