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Abstract

This paper describes presentation, application and design of wireless holter with innovative functionality, used it in field
of human muscular monitoring. In our experiments we monitored EMG (electromyography), MMG (mechanomyography)
and EIM (electrical impedance myography), all by single device. New design of our holter allows measure with high
quality and ultra-low power consumption. In this study we compared fatigue, load, total power, mean frequency and
dependency of amplitude of human muscles. It is the first time when these all parameters were monitored simultaneously
taking advantage of the holter device data output in order to find the signals interconnection. Data were compared with
normally used medical devices and signal quality was verified. Our results confirmed that our device can precisely
monitor muscle activity. The holter has a scientific potential and it can be applied in kinesiology or for control of electrical

devices such as robotic and prosthetic body-parts.
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Introduction

Combination of microelectronics and medicine is
promising and interesting field of study nowadays. Due
to increase of computing power of new microprocessors,
improvement of chips and latest findings in human
health measured parameters, is expansion of new
integrated devices very fast and smart oriented. These
devices for monitoring human health offer efficient
healthcare tools for consumers and for biomedical
research groups. This article presents design of device,
which is intended for measure of muscles activity. It is
suitable for recording of electromyography (EMG),
mechanomyography (MMG) and electrical impedance
myography (EIM).

This type of experiment, where EMG, MMG and EIM
are measured at the same time, we have not already

found in any literature. Moreover, our experiments are
done with only one holter device where all channels are
controlled by a common internal trigger. By this way,
we can maximize time synchronization between
individual channels and there are no errors that could
occur using three individual devices with external
trigger. In this paper we demonstrate new idea how to
use our holter or another modern devices — what is able
to do using new technologies. Our aim is therefore not
to provide a comprehensive analysis of results and
expanded statistics. This step we very like leave for
other research groups that have the capacity to do so.
Our research group is more focused on the development
of medical facilities.

EMG provides excellent information about health of
muscles and function of motor neurons, which transmit
electrical signals to muscle cells and allow their
contraction. During contraction of muscle, the cells
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shrink and electrodes on surface measure electrical
potential of muscle contraction presents on the skin.
This method makes possible to observe activity of
asingle muscle, muscle force, nerve dysfunction,
muscle dysfunction or problem with signal transmission
between nerve and muscle [1-5].

MMG method is used to measure of mechanical signal
from the surface of the muscle. Muscle contraction puts
signal, which is recorded and we can observe vibrations
of single motor unit [6]. This method was used to
measure of loading and fatigue of muscles [1, 7] or to
measure of mechanical delay of muscle contraction [8].

EIM is another method used to obtain an information
about muscles. It measures electrical impedance of
electrical potential generated by muscle and neuron
cells. We can observe muscle condition and health. For
example, this method was reported for using in
diagnostic of neuromuscular disorders [9, 10], or for
detection of changes in muscle composition [10].

EMG is frequently applied in standard clinical
research, applied research, physiotherapy, rehabili-
tation, motion analysis, sport training, work conditions,
human body interactions and it can be used to control of
industrial products. EMG record is reported in ratio of
percent rather than quantitative values in Newton units
[7, 11]. The typical case is a positive linear relationship
rising with higher load [7]. Investigation of relationship
between EMG signal and loading is important for
calculation used to bio-mechanical models or can be
used to determine the neuromuscular (training) status of
a muscle [2, 12-15]. Measured EMG signals are often
used to control the signals for prosthetic devices such as
prosthetic hands, arms, and lower limbs [16]. The
detected signals can be accustomed well for other
practical purposes, as to control electronic devices such
as assisting robotic hands, mobile phones or PDA [3, 6,
9, 10, 17].

For specification and improvement of control devices
or prostheses can be used more measurements than
single EMG such as the MMG and the EIM
measurements. Combination of EMG and MMG
methods was already reviewed for robotic rehabilitation
and control of prostheses [8, 11, 18, 19]. MMG used as
a second detector reduces total error of devices and
prostheses with EMG monitoring up to 50% [11].

Total of 99% of all myography measurements consist
of “old and well known” EMG, but there are new
perspective methods that are not discovered well yet, as
the MMG and EIM. In literature we found few
experiments that combined EMG with MMG or EMG
with EIM, but none with all three together [9-11].

In this study we demonstrate physiological parameters
of muscles, dependent on load and fatigue, measured by
the proposed multifunctional device with data compared
with normally used EMG device.
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Methods

Used sensor system is based on our previously
introduced ECG Holter [20]. This holter (Fig.1) is
founded on analog front-end TI ADS1292R and
microcontroller ATxmega 128A3. The AD converter
ADS1292R is two-channel, 24-bit, delta-sigma analog-
to-digital converter with a built-in programmable gain
amplifier, internal reference, and an on-board oscillator.
The ADS1292R incorporates all features commonly
required in portable, low-power medical electrocardio-
gram, sports, and fitness applications. Power consump-
tion of one channel is only 335 uW.

(@) 5V
Charger and
MicroSD e
3% ®m Card BAT
w3 o
fsri
Mi i1l SPI
[+ +
—  (ATxmega MMG
T Jom| v i
Tsei
- Frol LUART | Bioamplifier Barometer
USB (ADS1292R) | SPI|  yoperature
l l (BMP180)
EMG + EIM
(b)
Modulation Z, 7 Demodulation
Block Z, ] Block ADC

Fig. 1: Holter - sensor system. (a) Block diagram of
holter module. (b) Schematic of impedance monitoring
circuit (c) PCB design and holter connected to
brachia.

Used bio-amplifier ADS 1292R is designed for wide
bio-frequency and biopotential range and it should work
not only for primarily designed ECG monitoring, but
also for wider biopotential monitoring area, like EMG,
that we already used to this experiment, or even EEG.
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Used version of analog-to-digital converter
ADS1292R also includes a fully integrated impedance
measuring function (Fig. 1b), the second biopotential
channel of the holter can be used to measure the EIM
according to Texas Instruments report for impedance
measurement [21]. In our work we used internal 30 uA
modulation current source, where 64 kHz modulating
square wave signal with phase delay of 135° is driving
through measured muscles and resistor Zx = 40 kQ.
After demodulation and 4 Hz low pass filtering we
obtain the EIM impedance Z,[22]. This circuit has been
previously modified and tested to measure the EDA
(electrodermal activity) [23].

The designed holter system has been extended by the
gyroscope L3GD20, accelerometer with magnetometer
LSM303D and barometer with temperature sensor
BMP180.

The LSM303D accelerometer is a precise 3D 16-bit
sensor which can also detects relative low vibrations.
Previously we used it to seismocardiography or body
movement monitoring. In this experiment, where the
holter is fixed to the human body using bandage, we can
use this accelerometer for the monitoring of MMG.

Table 1: Holter - technical parameters.

Input channels 2 (ECG and respiratory)
Programmable Gain 1,2,3,4,6,8, 12, Low-noise
Input-Referred Noise 8 uVp, (150-Hz BW, G = 6)
ADC resolution 24-bit, no data missing

Data rate 125 SPS to 8 kSPS

MCU ATxmega 128A3
16 bit AVR, 32 MHz

Built-In Impedance circuit

32, 64 kHz modulating signal

Accelerometer 3D +2/+4/+8/+16 g (16 bit)

Range (resolution) 3-1600 SPS
Data rate
Gyroscope 250, 500, 2000 dps (16 bit)
Range (resolution) 95—750 SPS
Data rate
Magnetometer 2,4,8,12 G (16 bit)
Range (resolution) 3—100 SPS
Data rate
Barometer 300-1100 hPa (16 bit)
Range (resolution) 2-50 SPS
Data rate
Data storage Integrated 4 GB SD card
Output data format CSV, EDF+
Supply voltage 3.3V, 120 mAh Li-Po battery
Connectivity Micro USB
Optional Bluetooth 2.1, ISM 2.4 GHz
Temperature range 0-70°C
Electrodes Disposable Ag/AgCl
Dimensions 37%25x15 mm
Weight 20g

RGB LED and acoustic
signalization, trigger button

Next features
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Therefore in this experiment we used two-channel
analog front-end TI ADS1292R to monitor EMG and
EIM, and built-in accelerometer LSM303D to MMG
measurement. Detailed technical parameters of used
holter are described in Table 1.

In the experiment we connect together EMG, MMG
and EIM in single wireless holter monitoring system that
offers perfect signal synchronization. We used standard
sampling rate 2000 Hz for EMG and EIM and 400 Hz
for MMG, the synchronization error was maximal
0.5 ms. MMG was measured in + 4g range. For better
signal quality, the received holter EMG signal was
filtered in Labchart by using digital band-pass filter
1-500 Hz and EIM with MMG signal using 0.1 high-
pass digital filter. The holter was bounded on muscles
using Ag/AgCl electrodes, 2 cm distant, and for higher
MMG precision the electrodes were also fixed using
a bandage.

Whole test consisted of isometric and isotonic
exercises of 6 probands (average age =28, average
BMI =23, 4 male, 2female, all healthy in good
condition) done on biceps brachia and gastrocnemius
muscle. In these results we provide only short
information of one proband (male, age =38,
BMI = 22.4) measured on biceps brachia muscle, which
demonstrates all technical opportunities of our sensor
system.

Results and Discussion

On Fig. 2 is total time response of EMG, EIM and
MMG. The exercise consisted of 6 series (load from
20% to 70% MVC) of 5 lifting’s. MVC (maximum
voluntary concentration) was executed shortly before
start of primary experiment. The isotonic exercises were
followed after short relaxation by a 30 second 50%
MV C isometric exercise.

Detailed time domain signals of 3 lifting’s, is visible
on Fig. 3. We could see “EMG onset” (about 200 ms)
between muscle activation (EMG start) and real body
movement (total MMG shift), phase between the
transition of isotonic movement to isometric. This time
shift can be interesting for measuring of reflex and
reactions in sport. It is interesting that EIM is just
sensitive for isotonic signal and insensitive to isometric
signal (Fig. 2, 3) what can be beneficial in a control of
prosthesis [9-11].

We added measurements from professional device
Neuro-MEP-4 (Fig. 4,6,7) to obtain well-balanced
results. Our holter was connected with the muscles using
Ag/AgCI electrodes in standard 2 cm EMG distance
with parallel connected gold plated EMG electrodes
with conductive paste, also in 2 cm distance. The active
diameter of holter Ag/AgCl electrodes was 1.7 cm and
active diameter of reference gold plated electrodes was
0.9 cm.
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Fig. 2: Total Holter EMG/EIM/MMG=f(t) signal of one volunteer (male, age 38, BMI 22.4). 6 series of 5 lifting’s
followed by isometric exercise.
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Fig. 3: Detailed Holter EMG/EIM/MMG=f(t) signal Fig. 4: EMG =f(t) - Holter signal comparison with
with EMG onset = 200 ms (isotonic 50% MVC). reference device Neuro-MEP.
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Fig. 5 shows frequency domain of isometric load.
Left is PSD (power signal density) in 1% half of
exercise, right in 2" half. The comparison shows
amplitude and mean frequency MNF shift of PSD due
to fatigue factor.
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Fig. 5: PSD - Holter isometric 50% MVC. (a)
Time =0-15 s, (b) Time = 15-30 s. Amplitude and
mean frequency MNF shift of PSD due to fatigue factor.

Detailed analysis follows in Fig. 6. Here we showed
time changes of myographic parameters (RMS - root
mean square, Total power TP and MNF - mean
frequency of PSD) at constant isometric load due to
fatigue increasing. The total power spectrum was
calculated using following parameters: FFT size = 500,

—a— Holter after exercise (high fatigue)

-o- Reference after exercise (high fatigue)
Holter before exercise (low fatigue)
Reference before exercise (low fatigue)

—a— Holter after exercise (high fatigue)

- - Reference after exercise (high fatigue)
Holter before exercise (low fatigue)
Reference before exercise (low fatigue)

which corresponds to 0.25 second actuator sampling
speed, Data window = Hann (cosine-bell), Window
overlap = 95%. The dependencies of RMS and TP of
EMG are common known and perfectly correspond to
theoretical models [3, 6, 8, 23-28].

The dependencies of MMG and fatigue factor are
innovative and not enough examined in existing
literature [2, 18, 19, 24-26, 29, 30] and it does not exist
valid and proper theoretical models. We discovered that
for fatigue examining seems useful the calculation of
signal SD (standard deviation) and again TP. In
complete analysis we used 2" order polynomial fitting
function.

Differences in the results between holter and reference
device are mainly due to the different settings of band-
pass filters (frequency shift: 500 Hz vs. 4000 Hz high
cut-off frequency), the different sensor surfaces of the
electrodes (different amplitudes: 17 mm vs. 9 mm
diameter) and the possible slight differences in the
location of the sensors on the respective muscle.

Fig. 7 presents typical signal isotonic changes at
different MVC loads. For isotonic EMG to force ratio -
EMG=f(F) we should ideally obtain linear relationships
[24-26] but due to fatigue factor is the output slightly
bent (about -0.5-MVC?. RMS and TP of EMG
dependencies correlate to theoretical models [6, 18, 19].
The SD and TP of MMG signals and the RMS of EIM
signals are also analysed. In complete analysis we again
used only simple 2" order polynomial fitting function.
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Fig. 6: EMG and MMG parameter analysis of isometric signal (MVC = 50%). Comparison of holter and reference

device.
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Conclusion

In this paper we presented measurement of EMG,
MMG and EIM using single wireless holter. Obtained
results confirmed that our device is able to reliably and
precisely monitor the muscle activity. Compared to the
conventional devices our own designed system offers
also MMG and EIM monitoring. Due to these innovative
measuring methods we can offer improved results for
robotics, sports and medicine research. Interesting could
be found that EIM is sensitive for isotonic signal and
insensitive to isometric signal which can be useful in
robotics or prosthesis control.

High quality and scientific potential of the designed
smart holter was experimentally proven. With ultra-low
power consumption the novel design provides suitable
and promising long-term testing and medical
surveillance device.

The demonstration of the functionality of our system
by measurement of the relationship between electrical
activity and isometric muscle force, which can be
applied in kinesiology or to control electrical devices
such as robotic or prosthetic body-parts proves the
application potential.

In the present study we have compared fatigue, load,
total power, mean frequency and dependency of
amplitude obtained with our device and referential
medical device and we demonstrated efficiency of our
system by measure of physiological parameters of
human muscles.

Considering the capability of our device to
simultaneously measure EMG, MMG and EIM signals
of human muscles we will further focus on gender-
related differences, which can be used to improvement
of control algorithms for specialized actuators and
progression in new healthcare diagnostic methods.
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