
Received July 14, 2017, accepted July 26, 2017, date of publication August 4, 2017, date of current version August 29, 2017.

Digital Object Identifier 10.1109/ACCESS.2017.2735419

Monitoring of Cardiorespiratory Signal: Principles
of Remote Measurements and Review of Methods
ALI AL-NAJI1,2, KIM GIBSON3, SANG-HEON LEE1, (Member, IEEE),
AND JAVAAN CHAHL1,4, (Member, IEEE)
1School of Engineering, The University of South Australia at Mawson Lakes, Mawson Lakes, SA 5095, Australia
2Electrical Engineering Technical College, Middle Technical University, Baghdad 10022, Iraq
3School of Nursing and Midwifery, The University of South Australia, Adelaide, SA 5000, Australia
4Joint and Operations Analysis Division, Defence Science and Technology Group, Melbourne, VIC 3207, Australia

Corresponding author: Ali Al-Naji (ali_abdulelah_noori.al-naji@mymail.unisa.edu.au)

ABSTRACT Physiological signs can be remotely observed from the physiological and physical effects
caused by a cardiorespiratory activity. A wide range of research on remote cardiorespiratory monitoring
systems has been done using different methods, includingmethods based onDoppler effect, thermal imaging,
and video camera imaging. The aim of this paper was to review and compare the newest and most promising
of such remote measuring methods, introducing their merits and limitations under different circumstances.
In addition, this paper summarizes the performance of these methods in a table regarding the noise artifacts,
subject movement, the number of regions of interest, generalization to multiple subjects, detection range
(distance), biological effects, and cost. This is a thorough general overview of the remote measurement of
cardiorespiratory methods.

INDEX TERMS Cardiorespiratory signal, remote measurement methods, Doppler effect, thermal imaging,
camera imaging, imaging photoplethysmography.

I. INTRODUCTION
Monitoring of human physiological signs, such as heart rate,
heart rate variability, respiration rate, and blood oxygen
saturation plays a role in diagnosis of health conditions
and abnormal events, such as tachycardia, bradycardia,
bradypnoea, tachypnoea, apnoea, and hypoxemia [5]–[7].
Conventionally, monitoring of cardiorespiratory activity is
achieved by using adhesive sensors, electrodes, leads, wires
and chest straps which may cause discomfort and constrain
the patient if used for long periods of time. Also, these sensors
may cause skin damage, infection or adverse reactions on
people with sensitive skin (e.g., neonates or those suffering
burns) [10]–[12]. There is also an element of cost involved
since the monitoring leads and electrodes supposed to be for
single use only and require disposal [17]. In addition, infants
attached to monitors with leads and wires may be at risk of
strangulation or entanglement [24]. The benefits of reducing
the problems associated with contact monitoring systems
has led to research using different alternative measurement
methods for monitoring of physiological signs, such as the
use of the radar Doppler effect, thermal imaging and camera
imaging.

Many studies have reported that these remote methods
could be alternative and effective methods in extracting

physiological signs with adequate accuracy and reliability.
The baseline of these remote methods relies on an obser-
vation of the physiological and physical effects resulting
from the cardiorespiratory activity of both the cardiovascular
and respiratory systems with different principles. Since these
remote methods operate on different principles, each has its
merits and limitations when applied under different scenarios,
including noise artefacts, subject movement, the number of
ROIs, generalisation to multiple subjects, detecting range,
biological effects and cost.

This paper aims to provide a comparative review of
recent studies in remote sensing of cardiorespiratory activity
based on different technologies as well as to review their
performance, advantages and disadvantages under various
clinical scenarios. This review may provide the opportunity
for researchers to evaluate the challenges and gaps of these
methods and therefore enable further research opportunities.

II. BACKGROUND PHYSIOLOGY
A. CARDIOVASCULAR SYSTEM
The cardiovascular system is probably the most important
human physiological system because it is responsible for
transporting blood throughout the body. The cardiovascular
system is composed of the heart, which pumps blood, and
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the circulatory system. The circulatory system is a network
of the arteries, capillaries, and veins responsible for deliv-
ering blood, nutrients, oxygen and hormones to the body’s
organs as well as removing waste products from the body.
There are two main loops in the blood circulatory sys-
tem; the pulmonary circulation and the systemic circulation.
Pulmonary circulation transports the blood from the heart to
the lungs to absorb oxygen (O2) and release carbon diox-
ide (CO2) which then transports the oxygenated blood back
to the heart [37]. The systemic circulation transports the
oxygenated blood from the heart to the rest of the body,
and returns the deoxygenated blood to the heart to begin
the process again. The blood flow through the cardiovascular
system is shown in Fig. 1.

FIGURE 1. The cardiovascular system of the human body (Adapted from
Website: www.anatomybody-charts.us/circulatory-system-
diagram/circulatory-system-diagram-heartdiagram6).

B. RESPIRATORY SYSTEM
The respiratory system plays a major role by exchanging
gases in the human body through inhalation of O2 needed by
the body’s cells and exhalation of a waste product of cellular
function (CO2). The structure of the respiratory system is
comprised of the upper and lower respiratory systems. The
upper respiratory system consists of the mouth, nose, phar-
ynx, and larynxwhich filters, moistens andwarms the inhaled
air before reaching the lower respiratory system. The lower
respiratory system comprises of the trachea, bronchi, lungs
and diaphragm. During inhalation, oxygen enters the lungs
from the upper system via the trachea which branches into the
left and right bronchi. The bronchi also branches many times
throughout the lungs to form a network of tubes inside the

lung called alveoli, which are responsible for gas exchange
between the inhaled air and the blood. The O2 travels across
the walls of the alveoli into the blood, and the CO2 crosses
from the blood in the capillaries (small blood vessels) into
the air in the alveoli and is then exhaled. The diaphragm
is the main respiratory muscle which moves to support
inhalation and exhalation of the air through the respiratory
system [37].

The exhaled air has higher temperature and more humidity
than the inhaled air which can be observed as temperature
variations around the nostril area [28]. The respiratory system
of the human body is shown in Fig. 2.

FIGURE 2. The respiratory system of the human body (Adapted from
Website: www.philschatz.com/anatomy-book/contents/m46548.html).

III. PHYSIOLOGICAL EFFECTS OF
CARDIORESPIRATORY ACTIVITY
Activity of the cardiovascular and respiratory systems causes
physiological and physical effects on the human body.
Although most of these effects are imperceptible to human
operators due to limited spatiotemporal sensitivity of the
human eye, they can be highly informative in biomedical and
clinical settings [51]–[55]. The cardiorespiratory signal can
be extracted based on the following mechanisms:

A. SKIN COLOR CHANGES
The color of blood varies due to the exchange of gases
through cardiorespiratory action which affects the skin color.
The blood cells appear red because of the dominating of the
hemoglobin. The spectrum of light absorbed by hemoglobin
in blood cells differs between the oxygenated and deoxy-
genated states, oxygenated blood appears lighter than the
deoxygenated blood. Blood absorbs light more than sur-
rounding tissue due to its dark and opaque appearance.
In addition, the oxygenated blood appears lighter in color
than the deoxygenated blood. Theoptical properties of the
skin color changes due to cardiorespiratory activity can be
described as photoplethysmographic (PPG) [59]–[61].
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FIGURE 3. Anatomical locations of the arterial pulse.

B. ARTERIAL PULSE MOTION
The contractions of the heart muscle produce periodic dilata-
tion waves travelling along the vascular tree at a speed of
4 m/s to 10m/s, causing deflections in the surrounding tissues
of the arterial walls [65]. Since the heart pumps blood via
the arteries under high pressure and high velocity, the arterial
pulse can be revealed in different anatomical locations on the
human body as shown in Fig. 3. Furthermore, blood flowing
through major superficial arteries also produces time-varying
heat patterns which can also be observed in these locations
providing useful information about the cardiorespiratory
signal.

C. HEAD MOTION
The carotid arteries are major blood vessels that deliver oxy-
genated blood from the heart to the neck, face and brain.
There are four carotid arteries; two on each side of the neck:
right and left external carotid arteries and right and left inter-
nal carotid arteries. The external carotid arteries supply blood
to the neck and face and the internal carotid arteries supply
blood to the brain [37]. The physiology of the carotid arteries
is shown in Fig. 4.

When the heart muscle pumps blood to the head via the
carotid arteries, subtle head motions are generated as a result
of pressure changes. The cardiac cycle of blood from the
heart to the head via the carotid arteries causes a subtle head
oscillation. This is caused by the Newtonian reaction to the
influx of blood at each pulse. The head motion has been
estimated to be around 5mm in amplitude and falls within
a frequency band of 1-5 Hz [75].

FIGURE 4. Blood flows from the heart to the head via the carotid arteries
(Adapted from Website: https://medlineplus.gov/ency/presentations/
100124_1.htm).

D. CHEST MOTION
The volumetric changes of the heart muscle due to pumping
blood through the circulatory system can be transmitted to
the chest leading to a subtle movement. This movement of
the chest wall has an amplitude of 0.2 mm to 0.5 mmwithin a
frequency band between 1 Hz and 2 Hz. The chest also moves
as a result of movement of the diaphragm muscle from 4 mm
to 12 mmwith a different frequency band between 0.1 Hz and
0.3 Hz [54], [85].

IV. RELEVANCE OF PHYSIOLOGICAL SIGNS
The physiological effects of cardiorespiratory activity pro-
vide a signal which can be processed to extract physiological
measures such as heart rate, heart rate variability, respiration
rate, and blood oxygenation.
• Heart rate (HR) is one of most important signs and

is defined as the number of cardiac beats per unit of
time, typically expressed as beats per minute (beat/min).
The normal range of HR for an adult varies from
60 to 100 beats/min [90]. The HR can be an indicator of
developing hypertension, atherosclerosis [94] and cardiovas-
cular events, such as tachycardia (a medical condition when
the heart pulse exceeds the normal range) and bradycar-
dia (a medical condition when the HR is under the normal
range) [6].
• Heart rate variability (HRV) is defined as beat-to-beat

variations or fluctuations of the heart rate period over time
that occurs in the heart because of a complex internal dynamic
balance.
• Respiratory rate (RR) is an important clinical sign that

is defined as the number of breaths per unit of time, typically
expressed as breaths per minute (breaths/min). Abnormal
breathing patterns can be detected by measuring the RR such
as tachypnea (a medical condition when respiration exceeds
the normal range), bradypnea (a medical condition when
respiration is under the normal range) and apnoea (a medical
condition when there is no respiration) [7].
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• Oxygen saturation (SpO2) is another important clinical
sign that is defined as the ratio of concentration of oxygenated
hemoglobin carried by blood cells to the total concentra-
tion of hemoglobin. The normal range of SpO2 varies from
94% – l00% and any abnormal values less than this range is
called hypoxemia [5].

V. REMOTE MEASURING METHODS
A wide range of research has been done to extract physiolog-
ical signs with several different methods, including methods
based on Doppler Effect, thermal imaging and video camera
imaging.

A. PHYSIOLOGICAL SIGNS EXTRACTION
BASED ON DOPPLER EFFECT
The Doppler Effect is an active measurement technique
capable of detecting subtle movement of the chest wall
resulting from mechanical activity of the heart and lungs
thereby revealing the cardiorespiratory signal. Also, it can
detect the deflections in the skin due to arterial blood pres-
sure.Physiological signs within the cardiorespiratory signal
can be measured using Doppler radar and digital signal pro-
cessing (DSP) techniquesby determining the frequency shift
between the transmitted signals and the received radar signals
reflected off a surface of interest. A time varying phase ∅ (t)
between the radar and the surface of interest can be deter-
mined as [15], [27]

∅ (t) =
4π
λ
x(t) (1)

where x(t) is the displacement signal and λ is the wavelength
of the signal. The radar sensor is an active measurement
technique since it emits energy. It is therefore important
to determine the power density level (D) to assess human
exposure, which can be calculated as follows: [107]

D(mW/cm2) =
PG

40πr2
(2)

where P (mW) is an output radiating power of the radar
sensor, G(dB) is the gain of radar antenna and r (cm) is the
distance between the radar and the subject. 10 mW/cm2 is
the safe power density level for human exposure at operating
frequencies from 10 to 300 GHz [107], [110].

The block diagram of Doppler Effect and main signal
processing techniques are shown in Fig. 5.

There are two major methods using Doppler Effect:

1) ELECTROMAGNETIC RADAR-BASED METHODS
Measurement of human physiological signs based radar has
been explored with three types of electromagnetic radar
systems; continuous-wave, frequency-modulated (FM) and
ultra-wide band (UWB). Many studies have focused on
using Doppler radar at different frequencies, output pow-
ers, and distances. Various researches using Doppler radar
are reviewed and summarized in Table 1, where the rating
scale for removal of noise and artifacts from the cardiores-
piratory signal ranging from ‘∗’ (least effective) to ‘∗∗∗∗∗’
(most effective).

FIGURE 5. Using Doppler radar to extract physiological signs for human
body.

Several advantages are associated with electromagnetic
radar-based methods, which can be listed as follows:
• Promising results and reliability with stationary
subjects.

• Possibility of extracting the cardiorespiratory signal
even if there is some non-metal materials, such as wood,
clothes, glass and water between the radar and the
subject.

• Possibility of extracting of the cardiorespiratory signal
frommedium and long distances (up to 30m) [97], [114].
However, it is prone to motion artifacts and
noise.

Most of the previous studies, however, have many limita-
tions including:
• Radar-based methods are prone to motion artifacts and
noise when movement of the surface of interest is very
small (small Doppler shifts) or superposed on other
movements (e.g.of the subject’s head and arms).

• Radar-based methods restrict subject movement and
need an exposed ROI to analyse, which is inappropriate
for long-term monitoring [54].

• At distances of greater than 1 meter, radar-based meth-
ods are prone to degradation due to the motion artifacts
and noise caused by the increased free space loss. For
example, SNR decreases to about 50% as the distance
of the subject from the electromagnetic radar sensor
increases from 0.25m to 2.5m [58].

• Radar-based methods are limited to extracting the car-
diorespiratory signal of one subject at a time.

• Radar-based methods need specialized hardware to pro-
duce radio frequencies and process return signals with
low noise.

• Achieving a high displacement resolution and sensitivity
at different distances requires the use of a radar sensor
with high frequency and output power. This may lead to
biological effects on humans [54], [56].

2) LASER RADAR-BASED METHODS
Based on the Doppler Effect, laser Doppler velocime-
try (LDV) is an optical vibrocardiography technique that
uses a laser radar instead of radio-frequency radar to extract
the shift in laser frequency caused by the movement of the
surface of interest [115], [116]. The LDV emits a laser with
high spatial resolution and temporal coherence, making the
beam able to measure the smallest Doppler shifts with a
displacement resolution of about 8 nm [54], [117].

VOLUME 5, 2017 15779



A. Al-Naji et al.: Monitoring of Cardiorespiratory Signal

TABLE 1. A research review of the electromagnetic radar-based methods.

A number of studies for extracting the cardiorespiratory
signal based on LDV have been undertaken. For example,
a study by Morbiducci et al. [117] used LDV as an optical
remote approach for extracting cardiac activity at a distance
of 1.5m based on the measurement of chest wall movements.
The study by Scalise and Morbiducci [118] used LDV to
monitor cardiac activity at a distance of 1.5m by sensing the
skin surface vibrations in the neck caused by the vascular wall
motion in the carotid artery. Others studies detected chest
wall movements (velocity and displacement) by the LDV
to measure respiratory activity of adults [119] and infants
inside an incubator [120] at a distance of 1.5m. A study by
Kaplan et al. [121] used LDV to detect movements of the
skin overlaying the carotid artery by sensing the dynamics
of the skin caused by the blood pressure pulse. In their study
they were also able to detect the respiration phase and show
how the cardiac signal shape was affected by the state of
the subject. A proposed non-contact method based on LDV
was also proposed by Marchionni et al. [122] to detect the
cardiorespiratory signal of an infant inside an incubator at a
detection range of 1m– 2m.

There are several advantages of laser Doppler-based meth-
ods that are as follows:
• High sensitivity even with very small Doppler shifts
(high displacement resolution).

• Possibility of extracting the cardiorespiratory signal at
long operative distances (tens of meters) [117], [118].

• No biological effects on human as a low power den-
sity is required (less than 1mW),although it is rec-
ommended to avoid directing the laser beam at the
eye [120].

Laser Doppler-based methods suffer some disadvantages,
such as:
• High cost [54].
• The method is highly affected by motion artifacts and
subject movement and can only be applied when the
ROIs are distinct. The high displacement resolution
(8nm) is directly related to deformation of the cardiores-
piratory signal despite superposed small movement of
the human body making it inappropriate for long-term
use [54]. Furthermore, LDV cannot distinguish between
movement resulting from cardiorespiratory activity and
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some unexpected movements that correspond to other
physiological dynamics [121].

• Limited to one subject at a time.

B. PHYSIOLOGICAL SIGNS EXTRACTION BASED ON
THERMAL IMAGING
Thermal imaging is a passive measurement technique (does
not emit energy), which can be used to detect the emit-
ted radiation from certain locations of the human body
in the infrared (IR) range of the electromagnetic spec-
trum to extract the cardiorespiratory signal. The spectral
range of thermal imaging systems typically involve four
IR bands: near IR (0.75-3 µm), middle IR (3-6µm), far IR
(6-15 µm) and extreme IR (15-100 µm) [13], [123]. Two
physiological effects as a result of cardiorespiratory activity
can be sensed by thermal imaging techniques. The first effect
related to cardiac activity, is the slight heat variations caused
by pulsating blood flow in the major superficial arteries at
certain anatomical locations (see Fig. 3). This can be detected
by a thermal camera to reveal the cardiac signal. The heat
variations due to the pulsating blood flow is estimated at
approximately 0.08 Kelvin (-273.07 Co), which is far less
than normal skin temperature (310 Kelvin) [38]. The second
effect is related to respiratory activity, where the thermal
camera can be applied to extract the respiratory signal by
detecting small temperature variations around the nostril area
of approximately 0.1Co [28]. A simple diagram of the thermal
imaging system for extracting and measuring physiological
signs is shown in Fig. 6.

FIGURE 6. Using thermal imaging to extract physiological signs for the
human body.

In the last two decades many researchers have conducted
studies of IR thermographic imaging for monitoring a wide
range of physiological signs for subjects both in clinical and
non-clinical environments. The research undertook analysis,
synthesis, development and performance of thermographic
imaging for monitoring and measuring physiological signs.
The major studies using thermal imaging are reviewed and
summarized in Table 2.

Thermal imaging-based methods are very appealing for
non-contact measurement methods that can use several ROIs
to extract cardiorespiratory signal as well as being robust to
motion artifact, subject movement and noise. In addition, they
have an advantage under conditions of varying illumination,

especially when the ambient illumination is dim. However,
they still have many limitations:
• Thermal imaging-based methods are affected by small
heat variations and several other complex interactions,
including motion artifacts and head rotation. The small
heat variations mean that the techniques are also affected
by ambient environmental thermal noise due to the vari-
ation of background temperature.

• Thermal imaging-based methods cannot be applied to
the subject when the ROIs are unclear to analyze or the
subject is moving (i.e. the ROI cannot be covered by a
blanket, intubation equipment or face masks).

• Thermal imaging-based methods are limited to short
distances and low depth of field.

• Thermal imaging-based methods need specialized hard-
ware and are thus expensive [54].

C. PHYSIOLOGICAL SIGNS EXTRACTION BASED ON
CAMERA IMAGING
1) COLOR-BASED METHODS
The optical properties of light passing through or reflecting
from the skin due to blood volume variations can be described
as PPG [59]–[61]. PPG is an optical monitoring technology
that can provide valuable information about cardiorespira-
tory activity in biomedical and clinical environments [124].
The principle of PPG is that blood absorbs light more than
the surrounding tissue which causes macroscopic changes
in the optical properties of the skin due to the hemoglobin
associated with blood flow. PPG technology needs a ded-
icated illumination source to illuminate a part of the body
and a photo-detector (attached to the skin) to detect the
optical properties of the skin. Non-contact camera-based PPG
is called imaging photoplethysmography (iPPG). The basic
principle of iPPG is shown in Fig. 7.

FIGURE 7. Principle of iPPG. A digital camera is used to detect the optical
properties of the skin tissue either with dedicated illumination or
ambient light.

Recently, many studies have used a video camera as a
photodetector either with a dedicated illumination source
or ambient light to detect PPG data without any physical
contact with the skin. In a light-controlled environment, some
research has succeeded in extracting PPG data based on
analysis of the red, green and blue (RGB) channels captured
by a video camera with a dedicated illumination source at dif-
ferent wavelengths (530–940 nm) and considered the ambient
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TABLE 2. A research review of the thermal imaging-based methods.

visible light (e.g. green) as a source of noise [125]–[133].
However, a dedicated illumination source may annoy the
subject, especially infants and may increase the experimental
hardware setup [69].

Other researches have shown that the PPG data can
be remotely acquired from RGB channels using only
the ambient light for illumination. Extraction of PPG
data with ambient illumination was first proposed by
Takano and Ohta [2]. Their methodology used the average
pixel value of the ROI of a single channel followed by an auto-
regressive (AR) spectral analysis to extract frequency bands
of interest. Another study used multiple channel analysis to
extract PPG data followed by Fast Fourier transform (FFT)
to extract frequency bands of interest [9]. Many algorith-
mic image processing techniques can be used with sin-
gle/multiple channel analysis to improve the extracted signal.
For example, Bousefsaf et al. [50] used spectral skin analysis
based on skin detection to isolate skin pixels that contain
PPG information and reduce the influence of illumination
variations. Another example, Tarassenko et al. [96] used AR
modelling and pole cancellation to remove frequency compo-
nents caused by artificial illumination variations. A study by
Feng et al. [102] used an adaptive green/red difference (GRD)

to enhance the signal frommoving subjects. Chen et al. [103]
used a reflectance decomposition method on the green chan-
nel and ensemble empirical mode decomposition (EEMD)
to extract the cardiac signal from the environmental illu-
mination noise in the PPG data. Qi et al. [104] proposed
an improved remote measurementsystem to enhance the
PPG signal by incorporating facial sub-regions landmark
localization andusing a joint blind source separation (JBSS)
methodto recover thePPG signal. Another study by
Cheng et al. [108] demonstrated the feasibility of remov-
ing the illumination variation noise from the PPG data
using JBSS and EEMD. Other researchers used blind source
separation (BSS) methods to enhance the PPG data under
motion artifact assumptions, such as principle component
analysis (PCA) [25] to separate temporal RGB channel
waveforms into uncorrelated signal sources and indepen-
dent component analysis (ICA) [10], [19], [20], [29], [33],
[41], [46], [91] to separate temporal RGB channel wave-
forms into independent signal sources, in order to retrieve
the cardiorespiratory signal. A motion robustness method
based on chrominance (CHRO) signals was proposed by de
Haan and Jeanne [73] to linearly combine the color difference
signals using the standardized skin-tone assumption. A later
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study by Hsu et al. [99] proved that the PPG data extracted
from ICA or by analyzing chrominance-based model can
be improved by leveraging the mid-level PPG based fea-
tures using support vector regression (SVR). Another motion
robustness method based on blood volume pulse signature
was also proposed by De Haan and Van Leest [11], which
used the blood volume pulse vector (PBV) as a signature
for different skin-reflection spectrums to explicitly separate
the cardiorespiratory signal from motion noise. A study by
Wang et al. [109] proposed a new iPPG method based on
spatial subspace rotation (2SR), which estimated a spatial
subspace of skin-pixels and determined its temporal rotation
in the image domain to extract the cardiorespiratory signal.
A plane orthogonal to skin based-method was proposed
by Wang et al. [111] to define a plane orthogonal to the
skin [114] in the temporally normalized color space based on
physiological reasoning. Later, Wang et al. [112] improved
the robustness of PPG signal over the POSmethod using sub-
band decomposition to enable the independent suppression of
multiple motion frequencies in fitness applications.A novel
remotemeasuring system based on partial least squares (PLS)
and multivariate empirical mode decomposition (MEMD)
was recently proposed by Xu et al. [113] to effectively
extract PPG signalunderchanging illumination conditions.
A summary of these representative iPPG studies is presented
in Table 3.

Several advantages are associated with the color-based
methods mentioned in Table 3 and can be listed as follows:
• Promising results and reliability with stationary and non-
stationary subjects.

• Possibility of extracting the cardiorespiratory signal
from multiple subjects at the same time [20].

• Many anatomical ROIs can be applied to extract the
cardiorespiratory signal.

• No biological effects on human.
• Low cost [54], [134].

However, it can be seen from Table 3 that color-based meth-
ods have some challenges:
• Color-based methods need clear ROIs to extract the
cardiorespiratory signal.

• Color-based methods are limited to short distances and
depth of field may impact image focus.

• PPG waveforms vary due to different ROIs, artificial
illumination variations and skin tone.

2) MOTION-BASED METHODS
Small-amplitude motion in different ROIs captured by a
video camera may also contain useful information about
cardiorespiratory activity. Many researchers have analyzed
video and image sequences to detect these motions and
extract physiological signs either with a dedicated illumi-
nation source or ambient light. For example, earlier studies
used a CCD camera as a non-contact sensor to extract the
respiratory activity by detecting optical flow of the body sur-
face movement resulting from respiratory rhythms [4], [14].
Another study by Parra and Da Costa [18] proposed a

non-contact method based on a video camera to detect the
skin displacement caused by mechanical deflection caused
by arterial blood pressure at different ROIs. In the work of
Frigola et al. [22], the video camera provided a respiratory
monitoring system based on image processing through anal-
ysis of the visual movement of the subject’s chest based on
optical flow analysis. However, optical flow based methods
are affected by artificial noise due to subject move-
ment, lighting conditions and unclear ROIs. A study by
Sato and Nakajima [26] developed a remote monitoring sys-
tem to detect respiratory activity and related sleep disor-
ders using two CCD cameras and two fiber grating (FG)
3D vision sensors by detecting the volume change in the
location caused by respiratory rhythms. Another study by
Wiesner and Yaniv [31] used a Webcam to track the motion
of colorful markers attached to the subject’s abdomen in
the epigastric region to extract respiratory rate based on
PCA. Other studies [34], [39], [44], [47], [57], [63], [68]
proposed remote respiratory monitory systems using a depth
image sensing camera (e.g. time of flight (ToF) sensor, and
Kinect sensor) without the use of markers to track 2D/3D
surface information of the subject’s chest and abdomen based
on average depth information within the ROI. However,
depth image sensing cameras are limited to short detection
ranges [135]–[137]. A study by Bartula et al. [72] used a
monochrome camera to track the raw respiratory signal and
non-respiratory motion, followed by a classifier to select
only the valid breath measurements. Some research [75],
[77], [80], [92] used head motion as a result of the systolic
pressure in the carotid arteries to reveal the cardiac signal
based on ICA [77], PCA [75], [80] and a frame subtraction
method [92]. The arterial pulse in different ROIs (e.g. wrist,
hand neck and leg) was extracted by He et al. [87] and
Al-Naji and Chahl [95] based on video magnification tech-
niques. Recently, Prathosh et al. [98] proposed a new
generic blind deconvolution system to estimate periodic
respiration signals from videos by modeling every pixel
in the abdominal-thoracic region as the output of a linear
time-invariant (LTI) channel connected in parallel with an
unknown dynamics response. Various research describing the
applications of camera imaging with motion based-methods
are reviewed and summarized in Table 4.

The motion-based methods have two advantages over the
color-based methods. The first advantage is that they are
effective even when skin is not visible or even when the
ROI is unclear for analysis (e.g. covered by a blanket or a
mask. The second advantage is that they are not affected by
artificial illumination variations or skin tone as they rely on
motion detection rather than skin color analysis. However,
there are still some disadvantages for moving subjects and
when measuring from larger distances which results in noise
dominating the signal.

VI. DISCUSSION
All of the reviewed remote measuring methods are promising
for extracting physiological signswithin the cardiorespiratory
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TABLE 3. A research review of the iPPG-based methods.
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TABLE 4. A research review of the MOTION-based methods.

signal from different ROIs. Each remote measuring method,
however, has its advantages and disadvantages under different
assumptions, leading to a number of challenges to consider.
The advantages and disadvantages of each remote sensing
method based on several influencing challenges are presented

in Table 5, where symbol ‘∗’ indicates theminimum value and
symbol ‘∗∗∗∗∗’ indicates the maximum value.
The first influencing challenge is the noise artifacts against

which the immunity of the reviewed remote measuring meth-
ods is compared. Noise artifacts can be classified in this
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TABLE 5. The merits and demerits of reviewed underlying remote measuring methods.

review paper into two types. The first type is motion artifact
noise acquired by minor motion in the ROI that are generated
even with a stationary subject (e.g. facial expressions, talking,
eye blinking or otherminor unexpectedmovements). The sec-
ond type is ambient environment condition noise (e.g. light
conditions, ambient temperature and skin tone). Generally, all
remote measurement methods that rely on motion to extract
cardiorespiratory signals may be affected by motion artifact
noise of the first type, while they present robust performance
for the noise of the second type. In contrast, color based-
methods are robust to motion artifact noise of the first type
and highly affected by ambient environment conditions noise
(light conditions and skin tone) as shown in Table 5.

The second significant challenge which may impact the
reviewed remote measuring methods is subject movement
(e.g. walking, excising, head rotation or sleeping with differ-
ent postures) which may yield an unclear ROI. Radar-based
methods are most affected by subject movement and any
uncontrolled movement of the subject during the measure-
ment. The reason returns to difficulty tracking a particular
ROI in the field of view of the radar in addition to mixing
the radar signal with other unexpected movements. On the
other hand, vision systems have a greater possibility and
flexibility for using many tracking algorithms to track single
or multiple ROIs in the field of view. However, further study
is still needed to overcome the significant challenge posed by
variations in posture.

The next challenge is the number of ROIs that can be
applied to extract physiological signs. As shown in Table 1,
radar based methods rely greatly on the chest area in extract-
ing the cardiorespiratory signal, although some other loca-
tions where the arterial pulse can be observed have proved to
be feasible with laser radar. Thermal imaging-based methods
are also restricted to limited ROIs located around the nasal
area and certain locations of major superficial arteries close

to the skin. Camera imaging-based methods have more flexi-
bility in extracting physiological signs from multiple ROIs as
shown in Table 3 and 4.

Generally, remote measuring methods can detect physio-
logical signs from a single subject. Still, another challenge
facing these methods is monitoring of physiological signs for
a number of subjects at a time. While it is a difficult problem
with radar-based methods and thermal imaging-based meth-
ods (both have been reported to be able to successfully extract
physiological signs from a single subject), high resolution
vision systems seem to be a promising approach to tracking
physiological signs for a number of subjects at the same time.
There was one study by Poh et al. [20] based oncamera imag-
ing that succeeded in extracting the cardiorespiratory signal
from three subjects simultaneously under a single scenario
(stationary subjects), this may provide opportunity for further
study to monitor physiological signs for a number of subjects
at a time using camera imaging.

Detection range is another challenge facing the reviewed
methods. It is clear from Table 5 that both laser and radio fre-
quency radar-based methods can detect physiological signs at
ranges of several meters (up to 30m). However, radar is prone
to motion artifacts and noise as well as being constrained
in the amount of emitted power. As imaging-based methods
(thermal imaging and camera imaging) are currently limited
to short distances (less than 3 m), further study is required
with these methods to extend their detection range and extract
physiological signs at long distances (up to tens of meters).

The biological effects associated with active measuring
methods can be considered a disadvantage in contrast to
the passive measuring methods. Although most of the radar-
based methods (active methods) operate at safe power levels
(<10 mW/cm2) for human exposure, the radiated energy
that is focused in specific circumstances may be harm-
ful to individuals’ health and may cause effects on human
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biological tissue. In comparison, there are no biological
effects on humans when the passive imaging methods are
used, which should give priority to the image based methods.

Another important challenge in the reviewed remote mea-
surement methods is the cost of the hardware. Radar methods
and thermal imaging methods need high resolution hardware
that will be expensive compared to mass produced cameras.

The issues caused by motion artifact sensitivity, subject
movement sensitivity and possible biological effects make
the radar-based method unsuitable for long term monitoring.
Imaging-based methods on the other hand may be more
appropriate for long-term monitoring.

Each reviewed method has its advantages and disadvan-
tages and may outperform in some challenges but be inferior
for others, a computer vision based system has high potential
in being a robust and feasible method in terms of the noise
artifacts, subject movement, number of ROIs, multiple sub-
jects, detection range, possible biological effects and cost.

VII. CONCLUSION
In conclusion, it is evident that all reviewed remote measure-
mentmethods, including the Doppler effect, thermographic
imaging and video camera imaging could be successful alter-
native methods to conventional contact measurement meth-
ods used in biomedical and clinical environments. However,
it can be seen from this review paper that these remote mea-
surement methods have some advantages and disadvantages
when they are applied under different assumptions, including
noise artifacts, subject movement, number of ROIs, multi-
ple subjects, detection range, possible biological effects and
cost. We believe that a computer vision based system using
visible light video (camera imagery) offers benefits where the
subjects’ safety, system cost, multiple subject detection, long
distance and long-term monitoring are main considerations.
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