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8.1 Introduction
8.1.1 Chapter Overview

This chapter summarizes the results of investigations into the applications of radar in
medicine. Bioradars provide a wide range of possibilities for remote and noncontact
monitoring of the psycho-emotional state and physiological condition of many macro-
organisms. In particular, this chapter provides information on the technical characteristics
of bioradars designed at Bauman Moscow State Technical University (BMSTU), Russia,
in international collaboration with Franklin & Marshall College, Lancaster, PA, and on
experiments using these radars. The results of experiments demonstrate that bioradars
of BioRASCAN type may be used for simultaneous remote measurements of respiration
and cardiac rhythm parameters. In addition, bioradar-assisted experiments for detection
of various sleep disorders are described. The results prove that bioradiolocation allows
accurate diagnosis and estimation of obstructive sleep apnea severity, and could be used
in place of polysomnography, which is considered the current standard medical evalua-
tion method, but requires direct patient contact.

8.1.2 Bioradiolocation Fundamentals and Applications

Bioradiolocation (BRL) is a modern sensing technique that provides the capability to detect
and monitor persons remotely (even when behind optically opaque obstacles) without
applying any contact sensors. It is based on reflected radar signal modulation by oscilla-
tory movements of human limbs and organs. Electromagnetic waves reflected from the
human body contain specific biometric modulations, which are not present when the waves
interact with motionless objects. The main contributors to these signals are heartbeat; con-
tractions of vessels; gross movements of limbs; and the reciprocal movements of the chest
wall and abdomen associated with breathing. Thus, a patient’s or subject’s physical activity
and medical (as well as psychological) state determine the characteristics of these signal
fluctuations.

Bioradiolocation has a variety of potential application areas in military, law enforce-
ment, medicine, etc. A detailed list of these areas is given as follows.

o Antagonist and hostage localization inside buildings during counter-terrorism operations:
There are a few commercially available bioradars for this application; however,
these devices have several limitations, which have not yet been overcome, the
most serious of which is high attenuation of bioradar signal when propagating
through damp or reinforced concrete walls (Greneker 1997, Droitcour 2001).

* Disaster response: Bioradars are used for detection of survivors beneath debris after
natural or technological disasters (Chen 2000, Bimpas 2004). The most serious
challenge lies in multipath propagation of bioradar signal in rubble, which may
contain reflectors at all angles. In addition, reduction in false alarms currently
requires cessation of all dismantling activities during the period of scanning
with bioradar. Similar techniques may be applied during fire emergency searches
(Chen 1986). Chapter 7 discusses signal design for biolocation systems.

e Battlefield or disaster zone triage: The application of bioradar could help in remotely
distinguishing between wounded and dead casualties and thus establish the
order of evacuation and treatment priority (Boric-Lubecke 2008).
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o Transportation safety and security: Examination of transport containers for detect-
ing stowaways, fugitives, or espionage agents at border crossings or other transit
terminals (Greneker 1997).

* Remote diagnostics of psycho-emotional state: Screening for undue agitation or anxi-
ety during latent or open screening in criminal investigations or at checkpoints
(Greneker 1997).

® Remote speech detection: Microwave “eavesdropping” to detect speech and speech
patterns if not actual transcription of dialogue (Holzrichter 1998).

o Contactless registration of respiration and cardiac rhythm: Important for, e.g., burn
patients and others for whom contact sensors cannot be applied (Greneker 1997,
Droitcour 2001, Staderini 2002).

e Sleep medicine: Bioradars can be used to monitor respiration and heartbeat patterns
for diagnosis of sleep apnea syndrome (Kelly 2012). In the case of newborns, it is
possible to use this method for detection of imminent Sudden Infant Death Syndrom
(Li 2010), allowing real-time, immediate, and potentially life-saving response.

o Estimation of vessel elasticity: The radar pulse velocity in vessel tissue can reveal
patients predisposed to cardiovascular disease (Immoreev 2010).

e Smart homes: It is possible to use bioradars to monitoring movements and activities
of elderly or invalid subjects in their homes (Li 2010).

o Tumor tracking: The size and condition of tumors can be characterized, e.g., during
radiation therapy (Li 2010).

e Laboratory animal locomotor activity monitoring: Just as for smart homes, the living
quarters of valuable lab animals can be monitored remotely without disturbing
them (Anishchenko 2009).

In practice, there are several challenges in achieving reliable registration of respiration and
heart rate parameters using bioradar. Among them are: clutter caused by surrounding objects
and multipath propagation, artifacts from gross body movements with amplitude much big-
ger than the desired signals, and problems with isolation and discrimination of respiration
and heartbeat signals during prolonged monitoring. These challenges require development
of adaptive algorithms for effective extraction of the informative components of bioradar sig-
nals, as well as implementation of numerical procedures aimed at improving the accuracy
and stability of estimates of physiological parameters such as respiration and heart rate. For
example, by applying low-cut filters to reject all near-zero frequencies from the reflected bio-
radar signal, it is possible to suppress clutter caused by local inanimate objects (Bugaev 2005).

Among the signals suitable for detecting the characteristic signatures of living objects
are continuously modulated or nonmodulated microwave signals at frequencies ranging
from hundreds of MegaHertz (MHz) to tens of GigaHertz (GHz); narrowband, wideband,
or ultrawideband (UWB) signals with appropriate center frequencies; and “noise” pulse
signals that have no clearly defined carrier frequency (Immoreev 2010, Li 2012, Wang 2013,
Otsu 2011, Ivashov 2004).

The material in this chapter is structured as follows: following the introduction in
Section 8.1, Section 8.2 reviews the theory of vital signs registration by means of bioradar
using the example of a nonmodulated probing signal. This section will also present two types
of processing for separation of co-registered respiratory and heart beat signals. Section 8.3
contains information on methods for verification of the vital signs data recorded by bioradar.
Section 8.4 reviews the results of various biomedical experiments using bioradar.
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8.2 Bioradiolocation Signal-Processing Methods for Life Signs Monitoring

The presence of biometric information in reflected microwave signals is related to the
contraction of the heart, blood vessels, lungs, and other internal organs, as well as
movements of the skin surface due to respiration and cardiac pulse. These phenomena
are periodic with frequency ranges of approximately 0.8-2.5 Hz for pulse and 0.2-0.5
Hz for respiration. A reflected microwave signal that contains such biometric informa-
tion is referred to as a biometric radar signal. The useful component of biometric
information (related to physiological signatures) is recorded in the parameters of
modulation of the biometric radar signal in the time domain as well as in their spec-
tra in the frequency domain. As a result of cyclical recurrence of phenomena related
to respiration and pulse, there are corresponding components in the spectrum of a
biometric radar signal. The frequencies and amplitudes of these radar signal com-
ponents roughly match the frequencies and intensities of the breathing and heart
beat phenomena. As described below, the theoretical estimation of the spectrum of
a reflected signal output from the microwave receiver is of special interest in many
applied studies.

8.2.1 Monochromatic Bioradar Signal Processing
8.2.1.1 Theoretical Model of Monochromatic Bioradar Signal

The simplest microwave device capable of recording biometric signatures is a radar with a
nonmodulated probing signal described by:

i (£) = Upe™™ 8.1)

Dominant reflections arise at the air—skin interface. The effective area of reflection and
therefore area of relevant fluctuations of the skin is located within the limits of one Fresnel
zone, with radius r,. The radius of the effective area of reflection can be written as:

r(t) =1 + Ar(h), 8.2

where Dr(t) is characteristic of the fluctuations of the skin. Based on Equation 8.2, the use-
ful signal recorded by the radar will be registered with attenuation factor 4 and phase shift

o(H)==2kr(t):
Mc(t) — quoejwot—j(po—jZkAr(t)’ (83)
where:
k =2p/l is wave number
lis radiated signal wavelength
@ = 2kr,

Usually, at the input of the receiver, along with the useful reflected signal, the so-called
penetrating signal of the transmitter also registers:

ilinp(t) _ qpuoe]wqt—](pp + quoejmot—jgoo—jzkm(t) (84)

where g, and ¢, are the attenutation factor and phase of the penetrating signal.

K20299_C008.indd 300 08/25/16 7:18:38 PM



Bioradiolocation as a Technique for Remote Monitoring of Vital Signs 301

Further, and without reducing generality, it is possible to accept zero phase for the
penetrating signal, or ¢, = 0. We can represent fluctuations of the skin due to breathing
and heart beat by a biharmonic function:

Ai’(t) = A] Sln((,l)]t) + Az Sin(mzt + (Pz) (85)
where:
o =27f
Wy = 27[f2

fi, f, A1, A, are frequencies and amplitudes of breathing and heart beating
¢, is a constant phase

In the microwave radar spectrum, it is possible to apply either of the two types of receiver.
There may be a coherent receiver with two quadrature phase detectors, or an amplitude
receiver. However, to overcome the loss of the basic frequencies in a received signal spec-
trum, one should use the principles of quadrature coherent signal processing (Bugaev 2004).

8.2.1.2 Basic Experiments on Noncontact Cardiorespiratory Parameters
Registration Using a Monochromatic Bioradar

At BMSTU, the BRL technique has been investigated since 2003. During the first series of
experiments, a modified ground-penetrating radar (GPR) of RASCAN type with operating
frequency of 1.6 GHz was employed. The experiments addressed radar sounding of human
cardiorespiratory parameters through a brick wall, and demonstrated that the task of remote
diagnostics of human cardiorespiratory parameters using continuous-wave subsurface
radar (Bugaev 2004) is technically feasible. A sketch of the experiment is shown in Figure 8.1.

Antiradar

T 3 coating
T /

LA\ %
1‘1 o ] Radar

FIGURE 8.1
Sketch of the experiment on through-wall sensing of human cardiorespiratory parameters with a modified
ground-penetrating radar (w = 10 cm).
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The examinee stood behind a 10-cm-thick wall and about 1 m from the wall. The radar
antenna was fastened directly at the wall surface. To decrease the interference from reflec-
tions of the back lobes of the transmitted signal, the antenna and the part of the wall were
veiled by an antiradar (nonreflective) coating with dimensions of 2 X 2 m.

The reflected radar signals were detected and recorded in the computer memory through
an interface module. In Figures 8.2 and 8.3, the pulse record and corresponding signal
spectrum for the examinee during a period of breath holding are presented. In Figure 8.2,
the breath was held approximately 30 seconds. In Figure 8.3, the hold was about 1 minute.
It is clear that with the increase in breath hold time, the amplitude and rate of exam-
inee heartbeat activity are also increased as a result of oxygen deprivation. The results of
simultaneous recording of heartbeat and breathing are given in Figure 8.4. The amplitude
of breathing oscillations considerably surpasses heart beating vibrations, so a composite
response is clearly visible.

The results obtained in the experiments are similar in many respects to the signals
registered by time-domain impulse radars in free space (Liu 2012). However, the use of
monochromatic wave radars simplifies the experimental installation and subsequent
data processing. The experiments on radar sounding of human heartbeat and breathing
through a 10-cm-thick brick wall demonstrated that remote diagnostics of human car-
diorespiratory parameters using a continuous-wave subsurface radar of RASCAN type is

technically feasible.
1024 30
§gg r Time window 26'2.5
640 |\ 18.75 «—— Pulse rate is equal to 1.4 Hz
512 N / 15
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FIGURE 8.2
BRL signal and its spectrum for 30-second breath hold.
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FIGURE 8.3
BRL signal and its spectrum for 60-second breath hold.
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FIGURE 8.4

BRL signal and its spectrum for simultaneous heartbeat and breathing registration.
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8.2.2 Comparison of the two Bioradiolocation Signal-Processing Techniques
for Noncontact Monitoring of Cardiorespiratory Parameters

Another possible type of bioradar is multifrequency, which allow the estimation of the
range to the subject as well as the cardiorespiratory parameters. Using data from this type
of bioradar, a feasibility study of life signs detection and characterization using a multi-
frequency radar system was performed (Soldovieri 2012). The recordings were processed
using two different data-processing approaches, with the performance characteristics for
each compared in terms of the accuracy of the frequency characterization for respiration
and heartbeat.

The BioRASCAN multifrequency bioradar designed at Remote Sensing Laboratory of
BMSTU has a quadrature receiver designed to perform remote monitoring of gross human
movements, as well as breathing and heartbeat. This radar operates by transmitting and
receiving a continuous-wave field in the frequency range from 3.6 GHz to 4.0 GHz. Based
on the dielectric constant of air in this waveband, this provides a spatial resolution of
approximately 0.5cm.

The first data processing approach to be considered was previously presented by D"Urso
(2009) and was intended to provide frequency analysis of biometric signals by maximizing
the scalar product of the Fourier transform of two signals, one representing the measured
signal modulated by reflector displacement and the other derived from a theoretical elec-
tromagnetic model. The second approach attempted to provide information not only on
the frequency of the life signs signals, but also at recovering information on the range of
the subject by establishing a range—frequency matrix. Separation of respiration and heart-
beat signals was made by the application of rejection filtration to corresponding line of
range—frequency matrix (Bugaev 2005, Anishchenko 2008).

Figure 8.5 shows the experiment in which the subject was located in front of the radar
system. In particular, the experiment was carried out with a 20-year-old male subject
in good health and fitness, and a professional skier. The distance between the antennas
and subject was 1 m. The experiment was divided into two stages. During the first stage,
monitoring of breathing and pulse parameters at steady state was performed for about 5
minutes. At the second stage, a breath-holding test was performed. It gave a rough index

FIGURE 8.5
Photo of the experimental setup.
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of cardiopulmonary reserve by measuring the length of time that the subject could hold
breath. This is a widely known test in medicine, which is used for estimating physical
fitness in the training of pilots, submariners, and divers.

8.2.2.1 The First Bioradiolocation Signal-Processing Approach

As described above, the goal of this test is to detect vital signs (breathing and heartbeat)
and to determine their frequency for the case of a human being in free space. This is a sim-
plified model described by Equation 8.5 without the last term corresponding to heartbeat.
Computation of the field reflected by the oscillating target exploited quasi-stationarity was
done as follows (Soldovieri 2012).

In real conditions, received signal contains clutter (¢, ):

Ug = UO exp(—ij(T’o + Al Sln[(DltD) + Ut (86)

Thus, the problem at hand is stated as how to estimate the frequency w, starting from the
knowledge of the reflected field measured over a finite time interval [0,T].

The proposed reconstruction procedure included the following steps. First was the
removal/mitigation of the static clutter, that is, the 1, term in Equation 8.6. The ideal clut-
ter removal strategy would be based on the difference between the actual signal and the
one when no vital signs are present (background signal). Since such a background mea-
surement is not available, an alternative strategy is necessary. In this algorithm, the static
clutter removal is carried out by the following steps: First, we compute the mean value
Uyean Of the signal over the interval domain; then, we subtract u,,,, from the measured one
ug(t) to achieve iig(t) = ug(t) — thyean. The subsequent processing is then performed on i (t).
Next, Fourier transformation is performed on the resulting signal to compute the function
G(m) in Doppler domain. The Fourier transform of the model signal exp(-2;jkA; sin(w,t))
is computed as:

T
Upoder (07) = j exp(—2jkA; sin(mqt)) exp(—jot)dt =
0

T 00
L 2 J-n(2kA1) exp(jnant) exp(—jo,t)dt = 8.7)

Z J-.(2kA;)sinc [Z(ml - ncoﬂ}exp[—j(ool - nml)gj

Nn=—00

where we exploit the well-known Fourier expansion of the term exp(-2jkA; sin(w;t)), and
J.(e) denotes the Bessel function of first kind and nth order. Therefore, the Fourier trans-
form tmeq.(;) is made up of a train of sinc functions centred at now.

Finally, the unknown Doppler frequency w,; is determined as the quantity that max1—
mizes the scalar product between the modulus of the measured Fourier transform ‘G(cm)‘
and the modulus of the Fourier transform of the model signal ‘umodel (0)1)‘

It is worth noting that in the above-outlined procedure, the maximum displacement is
still unknown. In principle, such a quantity could be determined together with the Doppler
frequency to maximize the scalar product. However, in the case at hand, in order to make
the determination procedure fast enough for realistic conditions, we assume an estimate
of the maximum displacement as A; =0.5cm for the breathing and 1 mm for heartbeat.
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8.2.2.2 The Second Bioradiolocation Signal-Processing Approach

The second data-processing approach is designed to gain information not only about
the frequency behavior of life signs, but also about the range of the investigated subject
(Bugaev 2005, Anishchenko). The steps in this procedure are as follows.

The first step is to build a range—frequency matrix (Bugaev 2005); this matrix contains
all possible signal reflections including ones from motionless objects, located in different
range cells. These objects are the cause of static clutter. The range—frequency matrix result-
ing from the suppression of the zero or nearly zero frequencies is given in the upper panel
of Figure 8.6.

The separation between the breathing and heartbeat signals is carried out next using
rejection of the frequency components corresponding to breathing in the range—frequency
matrix, and the result is shown in the lower panel of Figure 8.6.

Reconstruction of breathing and heartbeat signals is carried out by applying inverse
an Fourier transform to the matrix row corresponding to the distance to the examinee
(1.1m) and evaluating its phase. Signals obtained in this fashion corresponding to range—
frequency matrices from Figure 8.6 are shown in Figure 8.7, which clearly show good per-
formance of this approach in separating breathing and heartbeat signals.

8.2.2.3 Bioradiolocation Signal Reconstruction Results

After separating the signals for breathing and pulse, the reconstruction of these signals
is necessary. It can be made at any of the probing frequencies. Figures 8.8 and 8.9
compare the reconstructed signals for respiration and pulse at the 3.6 GHz probing
frequency.

For better performance, the recorded bioradar signal was divided into 19 time windows,
each consisting of 1024 time samples (for a time interval length of 16.3 seconds). For each
of these intervals, the two data-processing approaches described above were applied.

Range (m)

Range (m)

0.9 1.2 1.5
Frequency (Hz)

FIGURE 8.6
Range—frequency matrix for the examinee at 1.1m range: (a) (upper) before breathing harmonics rejection;
(b) (lower) after breathing harmonics rejection.
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Reconstructed breathing (a) and heartbeat (b) signals of the subject corresponding to the range—frequency
matrices from Figure 8.6 (the signal phase is normalized with respect to its maximum).
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FIGURE 8.8
Comparison between the data processing approaches for respiration monitoring. (a) first data processing
approach; (b) second data processing approach.
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Comparison between the data processing approaches for pulse monitoring. (a) first data processing approach;
(b) second data processing approach.

In both the respiration and pulse recordings, a good agreement is observed between the
results for the two data-processing approaches; in particular, an almost uniform breathing
behavior is observed with a frequency of 18 beats/min apart from few time intervals.

It can be seen that the average pulse frequency is about 80 beats per minute.
In addition, we can note a correlation between the time behavior of the breathing
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and the one for heart beat. Specifically, when the breathing frequency decreases, the
heartbeat frequency also decreases.

8.3 Verification of Bioradiolocation with Standard Contact Methods

For effective application of any new method in medicine, measured vital signs param-
eters must be verified using current best-practice or gold-standard methods. For heart beat
and breathing frequency estimation, the gold-standard methods are ECG and respiratory
impedance plethysmography (RIP), respectively (Konno and Mead, 1967). This section
presents the verification testing for BloRASCAN measurements.

8.3.1 Verification of Bioradiolocation and ECG

Comparative experiments for BioRASCAN and ECG methods were carried out to con-
firm that the bioradar can be used for accurate heart rate monitoring as shown in
Figure 8.10.

The test population of 52 adult examinees consisted of 23 males and 29 females with a
mean age 20 + 1 years (mean + SD) participated in the verification experiments. During the
experiment, each subject sat in a relaxed pose in front of the bioradar at a distance of 1 m from
antennas. For each subject, bioradar and ECG signals were recorded three times for a dura-
tion of 1 minute per record. Comparison of the measured heart beat frequency values for both
methods were compared, yielding a good agreement with a confidence level of p = 0.95. Thus,
the feasibility of BRL for simultaneous measurements of breathing and heart rate parameters
was demonstrated at a statistically significant level.

8.3.2 Verification of Long Records of Bioradiolocation Signals
with Respiratory Plethysmography

Previously, experiments to verify respiratory patterns using BRL were made in ideal-
ized conditions with short records, and motionless subjects facing the bioradar atennas
(Massagram 2011, Droitcour 2009, Vasu 2011, Alekhin 2013). In this section, we present

Channel ECG 13 /\/AJAJ’\M_AJ—\_&

Electrocardiogramm

Rheogramm

Impedance >
channel

Radar
“BioRascan”

FIGURE 8.10
Sketch of the experiment to verify BioRascan measurements against conventional measurements.
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FIGURE 8.11
Photos of the experiment comparing simultaneous registration of BRL (radar) and conventional polysomnog-
raphy (PSG) data.

experimental results obtained in close-to-real conditions (during a full night of sleep)
during which examinees could change their position and move their limbs freely.

Five subjects without sleep breathing disorders underwent sleep study at the Sleep
Laboratory of the Federal Almazov Medical Research Centre (Saint Petersburg, Russia).
During the experiment, BRL and RIP signals were registered simultaneously throughout a
night of sleep as shown in Figure 8.11. Full-night polysomnography (PSG) using an Embla
N7000 by Embla Systems LLC, Ontario, Canada, was performed, including registration of
respiratory movements by RIP. BRL monitoring was done using a BloRASCAN with oper-
ating frequency band 3.6-4.0 GHz.

Detection of inhalation peaks based on BRL and RIP signals was performed. A data-
processing algorithm was used for the RIP signal inspiratory peaks detection, consisting
of the following steps: summation (half of sum of the abdominal and thoracic RIP sig-
nals was used in the subsequent analysis); filtration (3rd-order Butterworth filter operat-
ing in 0.2-1.0 Hz frequency range was applied); and detection (inspiratory peaks were
detected by an algorithm to find local maxima). The BRL signal shown in Figure 8.12
compared with the RIP signal had the following peculiarities: subjects” movements
make more artifacts; there are strong amplitude changes resulting from the subjects’ full
body displacement; phase shifts result from flip-over signals, making inspiratory peaks

downward.
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FIGURE 8.12

Original BRL signal recorded prior to signal-processing stage.
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Results of the inspiratory peak detection algorithm steps: 1 — filtered signal; 2 — signal after movement artifact
rejection; 3— combined signal comprising the best interartifacts parts of signals; 4 — signal after phase shift rejec-
tion; 5 - inspiratory peak detection.

The results of BRL signal processing at different steps in the inspiratory peak detection
algorithm are given in Figure 8.13.

For the comparison/verification, the start of the BRL and RIP signals were peak-to-
peak synchronized. BRL and RIP signals were truncated to the sleep period, i.e., parts
of the signals recorded during waking before and after sleep intervals were deleted.
Intervals of RIP signal corresponding to intervals of BRL signal marked as artifacts were
also rejected. Inspiratory peak counts per minute (respiratory rhythm) were calculated
for the RIP and BRL signals shown in Figure 8.14. Further, Pearson’s correlation coef-
ficient was calculated between respiratory rhythms obtained by RIP and BRL methods
for each subject.

Although RIP and BRL signals were initially peak-to-peak synchronized, they subse-
quently desynchronized as shown in Figure 8.15. Since desynchronization is not more
than a half of respiratory cycle, this is not a problem, and is apparently due to the absence
of continuous or periodic time synchronization between the BioRASCAN and Embla
devices.

(breaths/min.)

Respiratory rhythm Respiratory rhythm
(breaths/min.)

0 100 200 300 400 500 600

Time (min.)

FIGURE 8.14
Comparison of respiratory rhythm estimation by BRL (A) and RIP (B) signals.
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BRL and RIP signal desynchronization (the solid plot is the BRL signal; the dashed line is the RIP signal).

The cross-correlation coefficient for BRL and RIP results of 0.97 indicates a very strong
correlation. The artifact time mean value of 6.8% shows high sensitivity of BRL to move-
ments. Although a small number of subjects were tested, these results proved that bio-
radars may be used for accurate noncontact monitoring of breathing patterns during
prolonged periods, e.g., in sleep studies.

8.4 Experimental Study on Prospective Applications of
Bioradiolocation Technology in Biomedical Practice

This section reviews the bioradar-assisted experiments, which were carried out at BMSTU
since 2006. Two bioradars BioRASCAN-4 and BioRASCAN-14 operating in different fre-
quency ranges were used for conducting the experiments. Table 1 presents their technical
characteristics (Table 8.1).

8.4.1 Automated Estimation of Sleep Quality during Prolonged Isolation

One of the most promising areas of bioradar application in medicine is somnology (the
scientific study of sleep). In 2009, BMSTU conducted the first experiment to investigate
the possibility of bioradar usage for noncontact sleep quality estimation. Bioradar signals
were recorded during an entire night of sleep for the examinee. Six overnight records were
made for a heatly adult male (aged 20 years).

Processing of the recorded signals was performed in stages using MATLAB. First to
eliminate baseline drift, the bioradar signal was filtered using the built-in MATLAB

TABLE 8.1
Technical characteristics of BloRASCAN radars

BioRASCAN-4 BioRASCAN-14

Number of frequencies 16

Operating frequency band, GHz 3.6-4.0 13.6-14.0
RF output, mW <3

Gain constant, dB 20

Detecting signals band, Hz 0.03-5.00 0.03-10.00
Dynamic range of the detecting signals, dB 60

Size of antenna block, mm 370x150%x150 120x50%50
Sensitivity, mm 1.0 0.1
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Butterworth digital filter with cutoff frequency of 0.05 Hz (filter order of 8). Then, intervals
of movement activity were detected. It is obvious that the level of the received signal,
which corresponds to calm breathing and whole body movement, differs by more than a
factor of 10 in amplitude. However, the main problem in detecting movement artifacts is
the fact that the examinee may turn from one side to other during sleep. In this case, the
distance between antenna and examinee and the scattering cross section of the target may
change. As a result, the level of the received bioradar signal may also vary significantly
before and after movement artifact as shown in Figure 8.16.a.

That is why it is not enough to use only signal amplitude parameters for the detection
of movement episodes. However, episodes during which movement signal artifacts are
present contain higher frequency components (greater than 1 Hz) than during times of
regular breathing (0.1 to 0.6 Hz). These spectral differences were used in the algorithm for
movement artifact detection.

Respiration frequency is estimated only for intervals free from movement artifacts and
shown in Figure 8.17. The mean values for breathing intervals were calculated for every 30
seconds as it is usually done while processing somnology data (Rechtschaffen 1968).

Due to the successful results of the studies described above, bioradar experiments were
included in the scientific program of the international research project MARS-500 (simula-
tion of prolonged isolation during a manned flight to Mars), which was led by the Institute
for Biomedical Problems Russian Academy of Science from June 2010 to November 2011.

Movement artifact

Bioradar signal

0.06
0.04
0.02

-0.02

Bioradar signal

—-0.04
-0.06

oos i : : 1 i
60 70 80 20 100 110 120

(b) Time (s)

FIGURE 8.16
Bioradar signal before (a) and after (b) movement artifact extraction.
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FIGURE 8.17

Example bioradiolocation signals from trials on patients with and without diagnosed sleep disorders. Top:
patient with Central Sleep Apnea (CSA), Middle: Obstructive Sleep Apnea (OSA), Bottom: Normal Calm
Sleeping (NCS).

Due to the prolonged isolation, an ethical committee approval and informed consent
from all MARS-500 crewmembers was obtained before the start of the experiment. The
crew was trained to conduct their own bioradar experiments. During the project, seven
series of bioradar experiments were conducted for each of six crew members. As it turned
out, it was more convenient to use hourly averages of parameters to record their dynamic
ranges during a full night of sleep. The results of the experimental data recorded for one
of the MARS-500 crew members are given in Figure 8.18.

It is known that the breathing pattern and movement activity dynamics are characteris-
tic of individuals, and do not usually change greatly from night to night. If changes take
place, it may indicate that the examinee suffers from some kind of stress during day time.
Using the proposed algorithm, it is possible to monitor breathing and movement activ-
ity pattern and thus detect a sleep disturbance caused by daytime stress. In Figure 8.18,
the changes in breathing frequency dynamics along the duration of the project for one of
the crewmembers are presented. It is clearly seen that for the first half of the experiment
(from June 2010 through January 2011) after falling asleep, the respiration frequency of the
examinee decreased, but during the last hour of sleep, breathing frequency became higher.
However, for the second half of the experiment (from January 2011 through July 2011), the
breathing pattern during sleep changed, perhaps indicating stress caused by prolonged
isolation.
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FIGURE 8.18
Respiration frequency dynamics during sleep for one crewmember of MARS-500.

Processing of this experimental data has revealed the individual characteristics of dif-
ferent stages of sleep for the crew members. Some of them have a longer period of falling
asleep and more restless sleep, while others, on the contrary, fall asleep faster and have
more calm and regular breathing thereafter. Duration of sleep for each subject during the
project changed individually, for four out of six crew members, during the first three series
of experiments, a greater than 10% decrease in sleep duration was registered. In the second
half of the experiment, significant changes in monitored parameters (respiratory rate and
the duration of movement artifacts during sleep) did not occur, which indicates a good
tolerance of the crew to the conditions of prolonged isolation. Breathing sleep disorders
were not detected for any of the crew members.

8.4.2 Noncontact Screening of Sleep Apnea Syndrome Using Bioradiolocation

One of the priority applications of BRL in sleep medicine is detection of sleep disordered
breathing (SDB). The objective of a study conducted in 2012 was to estimate the diagnostic
ability of BRL for noncontact screening of SDB in adults in comparison with the gold-
standard full-night polysomnography (PSG) method.

The seven test subjects included four males and three females, aged 43-62 years, with
body mass index or BMI in the range 21.6-57.7. They had a range of severities of obstruc-
tive sleep apnea syndrome (OSAS): 4 severe; 1 moderate; 1 mild; 1 normal. The PSG records
were collected with an Embla N7000 system in the sleep laboratory of the Almazov
Federal Heart, Blood and Endocrinology Centre, while simultaneously monitoring with
a BioRASCAN system. Subsequently, PSG records were analyzed by a certified specialist
and the verification of corresponding BRL signals was performed manually by a trained
operator.

Algorithms applying wavelet transform (WT) and neural network (NN) were previously
used for recognition of breathing patterns of BRL signals during noncontact estimation of
sleep apnea syndrome (SAS) severity (Alekhin 2013).

The proposed algorithm consists of two main steps. In the first step, WT is applied to
extract informative feature. Initially, a general class of wavelets is defined, then a set of
wavelet bases with ordinal indexes for wavelet families from the general class is formed,
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FIGURE 8.19

Bioradiolocation signals for the recognition of clinically verified breathing patterns of BRL signals correspond-
ing to the following syndromes: obstructive sleep apnea (OSA); central sleep apnea (CSA); and normal calm
sleeping (NCS) without SDB.

and then the optimal level of wavelet decomposition is determined. In the second step
after preliminary estimation of number of NNW hidden layers, the best NNW learning
algorithm is applied.

This proposed approach was tested for recognition of clinically verified breathing pat-
terns of BRL signals corresponding to the following syndromes: obstructive sleep apnea
(OSA); central sleep apnea (CSA); normal calm sleeping (NCS) without SDB Figure 8.19.

The analysis of PSG records revealed in total 2700 episodes of SDB: 1279 incidents of
OSA; 106 of CSA; 495 for mixed sleep apnea (MSA); and 820 hypopneas (HYPA). The result
of verification of BRL signal patterns for SDB in comparison with PSG was as follows:
1955 true positives; 745 false positives; 868 false negatives. Thus, BioRASCAN system dis-
played a sensitivity of 69 % and an accuracy of 72 % in noncontact screening for SDB.
These results should be considered clinically significant since, in each case, the estimate
of apnea-hypopnea index (AHI) for the BRL method overlaps with the same range for the
OSAS severity scale using the PSG method.

8.4.3 Human Physiological Psycho-Emotional State
Monitoring and Professional Testing

Another possible area of BRL application is monitoring of the human psycho-emotional
state. At BMSTU, we investigated this in experiments involving an internal stress factor. An
example of a recorded BRL signal for this kind of test is given in Figure 8.20 for a ringing
mobile phone as a stress factor. Note that while the phone was ringing, the amplitude of
chest movements caused by breathing became two times lower than without the ringing.
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FIGURE 8.20
Received bioradar signal for the additional stress factor experiment. The ringing mobile telephone produces a
distinct change in the respiration signal.

As for breathing frequency, its value slightly increased. That is, when the phone rings, the
subjects breathing becomes shallow and rapid.

To imitate a stress factor with a longer duration, the standard mental load test was
used. During the 5-minute test, the examinee was asked to solve simple mathematical
problems. The test sample included 52 subjects (25 males and 27 females, aged 19-21
years). In this case, respiration and heart beat frequency parameters remained almost
the same, but their variability did not. A histogram for vital sign frequencies moni-
tored by BRL may be used as a convenient way to represent changes caused by mental
load. Histograms of the heart beat intervals before and after the testing for one of the
examinees are shown in the Figure 8.21. During mental loading, heart rate increased
from 1.2 to 1.5 Hz, and pulse interval variability decreased (standard deviation went
from 0.25 to 0.06 sec).
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FIGURE 8.21
Histograms of heart beat intervals before and after the standard mental test for one of the examinees.
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FIGURE 8.22

Received BRL signal for a breath-holding test.

The experimental data analysis showed that performing mental loading leads to a sta-
tistically significant change in heart rate (a confidence level of p = 0.80), but the changes in
respiratory rate were not statistically significant.

The BRL method can be used during the widely known Shtange’s and Hench’s breath
holding tests for estimating cardiorespiratory fitness. These are used in the selection of
pilots, submariners, and divers. An example of a recorded bioradar signal for this kind of
test is presented in Figure 8.22. After holding the breath for 1 minute , involuntary contrac-
tion of respiratory muscles took place because of oxygen starvation. However, examinee
continued holding his breath even after this phenomenon. The problem is that the correct
duration of this test for the examinee should be estimated without the period when such
involuntary contraction occurs as shown on the right side of Figure 8.22. Thus, it was
proved that usage of BRL in this type of test would sufficiently improve its accuracy.

8.4.4 Estimation of Small Laboratory Animal Activity by Means of Bioradar

BRL can measure both humans and animals for pharmacology and zoo-psychology
studies for developing new medicines or conducting behavioral tests (Kropveld 1993,
Anishchenko 2009).

Currently tests of drugs and toxic substances use invasive methods to measure varia-
tions in physiological parameters of laboratory animals. The researcher in this case sub-
jectively estimates the animal’s locomotor activity visually and has no definitive measure
of activity. It is possible to reduce the workload on the researcher by applying automated
methods to estimate locomotor activity using specially designed video-tracking systems.
The main drawback of this is that it cannot be used for animals in optically opaque mazes.

There are devices based on different physical principles, which can be used for auto-
mated monitoring of motor activity parameters of laboratory animals. Some of them use
pressure sensors mounted in the cage floor, which allows estimation of the animal move-
ment in the cage (Bederman 1972). Others use light sources and optical sensors integrated
in the cage walls (Hideo 1997). Also, for similar purposes, electromagnetic radiation has
been proposed (Salmons 1969).

The main drawback of all these devices is the manufacturing complexity of the cage in
which the animal is placed during the experiment. Furthermore, these cages are designed
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for a certain type of laboratory animal for which specific morphometric features need to
be considered. That is why, generally, the locomotor activity of the animals is visually
estimated by a researcher.

Devices based on the method of BRL are free from the drawbacks listed above. They mea-
sure a phase shift of the radar signal reflected from the biological subject, which is caused
by body surface displacements. This method does not require design and construction of
special cages, and may be used with the plastic containers in which animals are usually
kept, or in optically opaque (but electromagnetically transparent) mazes. Another advan-
tage of bioradar sensors in solving the above problems is the possibility of direct automated
evaluation of the animals’ activity for prolonged periods, as proven by the experiments
conducted at BMSTU in 2009. A sketch and photo of the experimental set up are given in
Figure 8.23.a and 23.b, respectively. During the experiments, the animal (a four-month-old
Wistar rat) was placed into a box of 70x70x70 cm size with dielectric walls. Transmitting
and receiving antennas of the radar were directed into the box as shown in Figure 8.23.b.

The signal reflected from the animal was recorded for further processing. The distance
between the antenna block and carton was approximately 1 m. This short distance was nec-
essary due to the relatively small scattering cross section of the animal. The video signal
was also recorded using a simple web camera placed over the box. Behavior and movement
activity of the animal during the experiment, as recorded by the camera, was used for the
identification of different types of a rat locomotor activity in the BRL signals. It is known
that power flux density near radar-receiving antennas declines inversely with the fourth
power of the range between antennas and an object, making the power of the reflected sig-
nal greatly dependent on the distance between the antenna block and animal. Because of
this, an accurate estimation of the rat’s movement is challenging. A corner reflector was used
to make the power of the reflected signal indifferent to the location of the animal inside the
box. It was formed by covering two walls and the floor of the box with metallic film.

Figure 8.24 presents a fragment of the BRL signal in which intervals of inactivity and
activity may be easily distinguished by reflected signal amplitude.

If the intensity of the animal’s movement activity, as well as different types of activity,
needs to be determined, then spectral analysis can be used. Figure 8.25 presents the spec-
tra for BRL signals corresponding to different states or activities of the animal.

The spectra differ greatly in both magnitude and form. Thus, it is possible to distinguish
grooming from steady state, sleep, or active movements of the animal using spectral analy-

sis of BRL signals.
Video camera
Metallic cover B/
Transmitting
i antenna
Nﬁ{e Receiving
antenna
Metallic cover
FIGURE 8.23

Schematic and photo of the animal activity experiment set up.
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FIGURE 8.24
Radar signal reflected from an animal (1 — steady state, 2 — physical activity).
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The results of the animal activity experiments showing the distinct spectra of different activities: (a) Active
movements. (b) Steady state. (c) Sleeping. (d) Grooming.

8.5 Conclusion

This chapter presented the BRL method for remotely monitoring human vital signs and
animal activities. It discussed the technical characteristics of the bioradar system cre-
ated at the Remote Sensing Laboratory of Bauman Moscow State Technical University
and the results of experiments using variants of this system. In experiments where
bioradar was used simultaneously with standard (contact) methods and video for
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monitoring respiratory and heart rate parameters, the BRL performed as reliably and
effectively, which makes accurate remote noncontact monitoring possible. One set of
experiments showed how the BRL is suitable for remote measurement and estimation of
human psycho-emotional state. The remote measurements showed the adaptive capa-
bilities of the organism (including tolerance to oxygen starvation) during cardiorespira-
tory fitness testing. Moreover, BRL can measure and estimate sleep quality and apnea
syndrome severity, where it showed a good agreement with gold-standard full night
PSG testing.

BRL is a relatively new technology, which now is making its first attempts to enter the
remote medical monitoring technology field. Experiments show that it has tremendous
possibilities for this.

Editor’s note

The American Food and Drug Administration (FDA) had approved at least one UWB
radar for remote patient monitoring. The Sensiolec™ Virtual Medical Assistant® (VMA)
uses a UWB radar and motion sensors built into a pad which can fit under a hospital bed
mattress. The VMA connects to a network of wireless connections to present patient data
at remote locations (http://sensiotec.com).
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