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Abstract—In this article, we present current methodologies,
available technologies, and demands for monitoring various
respiratory parameters. We discuss the importance of non-
invasive techniques for remote and continuous monitoring
and challenges involved in the current “smart and connected
health” era. We conducted an extensive literature review on
the medical significance of monitoring respiratory vital pa-
rameters, along with the current methods and solutions with
their respective advantages and disadvantages. We discuss
the challenges of developing a noninvasive, wearable, wireless
system that continuously monitors respiration parameters and
opportunities in the field and then determines the requirements
of a state-of-the-art system. Noninvasive techniques provide
a significant amount of medical information for a continuous
patient monitoring system. Contact methods offer more ad-
vantages than non-contact methods; however, reducing the
size and power of contact methods is critical for enabling
a wearable, wireless medical monitoring system. Continuous
and accurate remote monitoring, along with other physiological
data, can help caregivers improve the quality of care and allow
patients greater freedom outside the hospital. Such monitoring
systems could lead to highly tailored treatment plans, shorten
patient stays at medical facilities, and reduce the cost of
treatment.

Index Terms—Wearables, wireless monitoring, physiological
monitoring, vital parameters, biosensors, intensive care unit,
ICU, neonatal intensive care unit, NICU, PICU, SICU, respiration
parameters, respiration rate, SpO2, CO2, O2.

I. INTRODUCTION

The importance of continuously monitoring the vital signs
of at-risk patients and providing improved long-term care has
been a driving force for promoting the development of required
device technology supported by today’s modern digital health
care system. Providing medical professionals with the ability
to safely monitor vital signs such as temperature, respiration,
heart rate, and blood pressure without tethering a patient
to a hospital setting would grant freedom and comfort to
patients while they recover and return to health [1], [2]. With
the availability of robust wireless health monitoring devices,
smart long term care in a home environment after a period of
hospitalization could reduce the strain on medical resources
and the risk of re-admittance [3].
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Among the vital signs of human health, respiration is a
key indicator of the physiological status of the human body
[4]. Respiratory health is measured by five major parameters:
respiratory rate and quality, arterial partial pressure of oxygen
(PaO2), arterial saturation of oxygen (SaO2), and arterial
partial pressure of carbon dioxide (PaCO2). Respiratory rate
refers to the number of times an individual inhales and
exhales during a given period of time. Respiratory quality
describes the effectiveness of each breath, quantified as vital
capacity, maximal inspiratory pressure, and expired volume
per minute, all of which determine how well individuals inhale
and exhale air from their lungs. Partial pressure of blood
gases (PaO2 and PaCO2) describes how well the lungs and
the bloodstream exchange gases. Oxygen saturation (SaO2)
is the ratio of hemoglobin loaded with oxygen molecules
relative to the total amount of hemoglobin available. SaO2 is
related to PaO2 through a sigmoid function and is used as a
surrogate measurement of the oxygen dissolved in the blood
stream. Together, these parameters present a complete view
of a patient’s respiratory status. By continuously monitoring
a person’s respiration rate and effort, along with the blood
gas content of oxygen and carbon dioxide, we can gain
significant insight into that individual’s well-being [5]–[7]. A
wireless respiratory monitoring system suitable for long-term
wear could enhance the health and well-being of individuals
of all ages, from neonatal patients with developing lungs to
adults with chronic obstructive pulmonary disease (COPD).

Respiration has yet to be sufficiently explored in the context
of remote monitoring device technology. Currently, conven-
tional respiratory sensors employed in bedside equipment can
monitor individual parameters in a hospital setting, illustrated
in Fig. 1. Most of these systems, however, are not convenient
for use in a home environment. An unobtrusive, wearable
system could significantly improve the quality and safety of
long-term care.

In the past decade, the popularity of wearable sensors
has grown tremendously in both medical and non-medical
applications [8]. Most current commercial wearable sensors,
such as FitbitTM Fitness Tracker [9], Hexoskin R© Biometric R©
Shirt [10], and Garmin R© Fitness Tracker [11] focus on the
results of physical activity and behavior, such as heart rate,
distance traveled, number of steps taken, and calories burned.
Although they provide relatively accurate information, they are
not considered sufficiently reliable as medical tools. Recent
efforts indicate that wearable sensors, initially designed for
tracking a person’s well-being and physical activity, are now
evolving into devices for medical purposes [12].

This momentum has led to several commercially available
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Fig. 1: A sample of respiration monitoring methods: (a) end-tidal CO2 (EtCO2) [13], (b) pulse oximetry (SpO2) [14], (c) transcutaneous monitoring [15], (d)
neck worn acoustic monitor [16], (e) arterial blood gas analysis (ABG) [17], (f) capillary blood gas (CBG) [18], (g) electrical impedance tomography (EIT)
[19], and (h) piezoelectric monitor [20].

wearable devices for the continuous monitoring of patients’
vital signs [21]–[23]. SensiumVitals R©, an FDA-cleared and
CE-marked device, is an end-to-end unobtrusive wearable
wireless vital sign monitoring system [21]. The device was
developed for the frequent monitoring of the skin temperature,
respiration, and heart rate of hospitalized patients after their
release from surgical intensive care units (SICUs). Its ability
to detect abnormal physiology early will enable clinicians to
improve patient care [24], [25]. In addition, the system also
allows patients’ freedom of movement, and the sense of safety
and reassurance of being monitored continuously [21], [26]–
[29]. A similar device from Nypro (a Jabil company) also fulfills
an identical role of heart rate monitoring [22]. Despite recent
developments in medical wearable technology, the breadth
and quality of vital information that they generate remain
limited, such as respiration. Many devices can only measure
two or three parameters, at reduced accuracy and signal to
noise ratio (SNR) than their bedside counter parts [21]–[23],
[30]–[33].

Hospitals typically record the vital signs of patients at eight-
hour intervals, unless the patient has been identified to be at
risk [27]. Respiratory failure, however, is unpredictable and
can become life threatening in a matter of minutes [34].
The first signs of the onset of patient decline often reveal
important markers of a deterioration in health, leading to
serious consequences before the deterioration can even be
recognized. Frequent alterations to respiration parameters
reflect compromised cardiopulmonary and neurological func-
tions [26]. Therefore, quantifying the real-time dynamics and
physiological distribution of blood gas is imperative to both
clinicians and caregivers, providing them with an understand-
ing of the mechanisms associated with both pathological and
normal physiological conditions [35].

In this paper we use two general definitions of care envi-
ronments; a hospital environment and a home environment.
A hospital environment is an established medical care facility

with physicians, nurses, and staff on site with appropriate
equipment and space to provide definitive medical care. A
home care environment would be a location remote from
the hospital like a house or an apartment where there is
a system to care for a patient under the direction of a
physician who may not be on site [36]. Traditionally, care
in a home environment is limited in terms of instrument
capability and trained care providers. Recent studies have
shown that moving from a hospital to home environment can
have benefits in patients over-all well being and recovery [3].

The purpose of this paper is to present a comprehen-
sive review of various respiratory monitoring techniques and
state-of-the-art noninvasive device technology for monitoring
respiratory parameters. The paper also describes the de-
mands on future respiratory monitoring systems associated
with digital health transformation. The rest of the paper is
organized as follows: Section II presents information about
various respiratory diseases and emphasizes the significance
of monitoring. Section III discusses contemporary respira-
tory monitoring methodologies and explores state-of-the-art
noninvasive technologies available for respiratory monitoring.
Section IV discusses the anticipated technical challenges
and demands in the development of wearable sensors for
respiratory monitoring, and Section V concludes the paper.

II. RESPIRATORY DISEASES AND SIGNIFICANCE OF

RESPIRATORY MONITORING

Patients with respiratory disorders, ranging from mild res-
piratory issues to more severe issues requiring mechanical
ventilation, are at risk for complete respiratory failure [44].
Changes in the respiratory rate and blood gas values can
be an indication of a critical medical event that may re-
quire immediate admission to the intensive care unit (ICU)
[45]. Factors that cause abnormal respiratory activity and
adversely affect blood gas levels include post-operative res-
piratory complications, diseases such as COPD , asthma (a
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TABLE I
Summary of Respiratory Complications

Complication Definition Probable Causes Signs and Symptoms References

Hypocapnia Decrease in the Post-operative complication, drug overdose, Hemorrhagic infarction, dizziness, blackout [37], [38]
concentration use of anesthetic drugs, hyperventilation muscle cramps and tetany due to decrease
of CO2 due to mechanical ventilation treatment in cerebral perfusion

Hypercapnia Increase in the Central hyperventilation, encephalitis, Hemorrhagic infarction, [34], [37], [38]
concentration meningitis, drug overdose, use of seizures, cataphora
of CO2 anesthetic drugs, alveolar hyper-

ventilation, neuromuscular diseases

Hypoxemia Decrease in the Diseases like COPD and Cyanosis, confusion, headache, shortness [39], [40]
concentration asthma as well as diseases like of breath, rapid breathing,
of O2 heart disease, anemia, and epilepsy tachycardia, cardiac arrest

Hypoxia Restriction of Diseases like COPD and Cyanosis, cognitive neurological disorders [39], [40]
O2 delivery to asthma as well as diseases like like cerebral palsy, cognitive development
the tissue heart disease, anemia, and epilepsy disorders like periventiculer leukomalasia

and hypoxic ischemic encephalopathy

Hyperoxia Increase in the Excessive or naive Retinoplathy of prematurity, [41]–[43]
concentration oxygen treatment oxidation of tissue (in extreme cases)
of O2

leading and increasing chronic lung disease in children and
adults), bronchitis (inflammation of the lining of the bronchial
tubes), respiratory distress syndrome (RDS) in premature
births, trauma and severe infections, use of sedation drugs,
hyperbaric oxygen treatment in intensive care units and cer-
tain psychiatric or psychological conditions such as anxiety
and claustrophobia [34]. Common complications arising from
respiratory distress lead to blood gas abnormalities such as
hypercapnia, hypocapnia, hypoxaemia, hypoxia, and hyper-
oxia are outlined in Table I.

Hypercapnia, a common post-operative complication that
can arise from over-sedation from the use of anesthesia
drugs [34], increases the risk of hypertension and vasodilation
which causes an increase in cerebral blood flow, increases
the risk of hemorrhagic infarction due to intracranial hemor-
rhage. Hypercapnia also increases the risk of seizures, and
cataphora [37], [38]. During the postoperative period, patients
with severe hypercapnia are more likely to have seizures, a
higher incidence of re-intubation and mechanical ventilation,
and a lower prospective Glasgow Coma Scale [46], [47].
Postoperative complications can last for several days [48].

Hypocapnia directly affects cerebral perfusion. Hypocapnia-
induced vasoconstriction, or narrowing of the cerebral arterial
blood vessels, can lead to decrease of cerebral perfusion and
acute symptoms such as dizziness, blackout, muscle cramp,
and tetany may occur.

Hypoxemia can result from a wide range of conditions and
diseases that impact the volume of air entering the lungs
or the absorption of oxygen from the lung parenchyma. Dis-
eases ranging from respiratory conditions like COPD, asthma,
emphysema, bronchitis, pneumonia, and respiratory distress
syndrome to heart disease, anemia and epilepsy can also
cause hypoxemia [39]. Although mild cases of hypoxemia
can lead to problems such as headaches and shortness of
breath, more severe cases can impede normal brain and heart
functions [40]. Hypoxemia can lead to ischemic white matter

injury [37], intraventricular hemorrhage (results from a lack
of oxygen to the brain), and periventricular leucomalacia in
under-mature brains of premature infant which can evolve to
cerebral palsy and auditory deficit [38].

Hypoxemia is closely related to another condition, hypoxia,
which arises when insufficient oxygen in the blood perfuses
to the tissue. Hypoxia can evolve to cyanosis and in extreme
cases, leads to necrosis of cells [40].

Hyperoxia and hypocapnea have similar effects in clinical
practice. Additionally, for very young infants, hyperoxia in-
creases the risk of rethinopathy of prematurity (ROP), which
is a serious and common morbidity in the neonatal intensive
care unit (NICU). ROP is the globally leading cause of youth
blindness [42]. Hence, it is important to frequently check the
fluctuating levels of PaO2.

COPD is a common lung disease resulting in shortness
of breath, frequent coughing or wheezing, and excess mu-
cus production [49]. COPD, which affects approximately 210
million people in the world, costs approximately $30 billion
in direct health care costs in the US alone [50], [51]. COPD
is a common condition that mainly affects the middle-aged
and the elderly who regularly smoke [49], [51]. COPD has no
cure, but it can be managed through treatment and accurate
health monitoring [52].

Accurate, continuous, noninvasive, and real-time monitoring
is an essential, valuable tool in assessing patient health in
pediatric wards, pediatric intensive care units (PICUs), and
NICUs. Admission to a PICU or NICU, which varies based
on gestational age and birth weight, often depends on criteria
that vary among hospitals [53]–[55]. Significant criteria beyond
age and weight are respiratory issues, seizures, sepsis,
maternal drug use, maternal age, or abnormal health status
[53]–[55]. Every year in the United States ∼300,000 neonates
among approximately four million newborns are admitted to
the NICU [30], [55], [56]. Premature babies have the highest
NICU admission rates (∼ 70%). One percent of premature
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infants are born with compromised health and require long-
term care in the NICU [57].

Respiratory distress syndrome of premature infants is one
of the most common reasons for infant admission to the
NICU [58]. Another common respiratory issue that leads to
the hospitalization of children under the age of two years is
bronchiolitis, a viral infection [59] that affects approximately
3% of otherwise healthy infants and requires supportive care
and respiratory monitoring [59]. Studies have shown that after
successful medical treatment in an NICU, early discharge
to a more stable home life could improve the chances of
survival for these at-risk infants [3], [30]. Certain unresolved
medical conditions, however, could undermine the benefits of
an earlier release [3].

Unlike healthy-term infants, discharged premature infants
following a lengthy stay have a higher rate of readmission
and at times even death within the first year. Although the
survival rate of the smallest premature infants has increased
substantially over time [3], [56], [60], [61], the rate of neonatal
morbidity from such conditions as septicemia, chronic lung
disease, ROP, and preventricular leukomalacia still remains
high [3], [60], [61]. The ability to remotely monitor these
babies could increase the likelihood of early discharge and
reduce the risk of undiagnosed issues becoming a health
threat after hospital release. For example, it is possible to
prevent ROP through frequent monitoring of PaO2. However,
taking frequent blood samples from infants can lead to deep
anemia and negatively affecting progression of treatment and
can lead to delayed discharge. Continuous remote tracking of
vital respiratory parameters in a fully wireless and noninvasive
manner could provide relevant and accurate data to the
caregiver to inform the course of treatment in an home
environment setting [34].

III. RESPIRATION MONITORING METHODOLOGIES

This section explores the current common practices and
recent technologies in respiration monitoring. A classification
and comparison of some popular and emerging respiration
monitoring methods is presented in Table II. Respiration
monitoring methods can be broadly classified into either non-
contact or contact monitoring methods. Similar to motion
capture or infrared imaging, non-contact methods do not
require any intimate contact with patients. Contact systems
such as pulse oximetry or transcutaneous measurements
directly interact with patients. Contact methods can be further
divided into two sub-groups: invasive and noninvasive. Meth-
ods that involve penetration of the skin, such as arterial blood
gas analysis via phlebotomy, are invasive. Methods in which
the skin is kept intact are noninvasive. In terms of clinical
significance, the presented methods are described as either
high, low, emerging, or in research phase. High clinical sig-
nificance indicates wide use in clinical practice. Low indicates
occasional use in specific circumstances. Emerging means
a method is gaining clinical significance. In research phase
means these technologies are undergoing development and
may be in clinical trial or pre-clinical trial stage and are not
yet used in practice. The technical details of these methods
are covered in the following subsections.

To Reservoir

Sample

Stopcock

Peripheral

Artery

Catheter

Fig. 2: Peripheral arterial blood gas monitoring.

A. Contact Methods

Contact methods range from invasive blood gas sampling
to fairly unobtrusive transcutaneous, end-tidal, and pulse
oximetry measurements. A notable advantage of most contact
methods over non-contact methods is that they extract blood
gas data. Contact methods can be further sub-categorized as
invasive and noninvasive as follows.

1) Invasive Contact Methods: Invasive methods involve any
procedure that breaks the skin. These methods can accurately
assess blood gas concentrations, but only at a single time
point. The original method of performing blood gas analysis

is blood sampling, the standard by which all other methods are
compared [59], [62], [63]. In this method, blood is physically
drawn from a patient and tested for oxygen and carbon
dioxide. In a solution, as gases behave according to their
partial pressures and not their concentrations (Dalton’s Law)
[64]. Health-care providers measure the partial pressure of
blood gases to assess their impact on a patient’s physiology.

Blood gas sampling can be done in three ways: arterial
blood gas (ABG), venous blood gas (VBG), and capillary
blood gas (CBG) analysis. Examples of invasive blood gas
sampling are shown in Figures 1e and 1f. Among the three,
ABG, is considered the gold-standard for blood gas analysis.
The other two methods, VBG and CBG, fail to provide an
accurate measure of PaO2, which is directly related to how
well tissues and organs are oxygenated. ABG also assesses
the acid-base status and evaluates the efficacy of ventilation
[46], [62], [63], [65]. An illustration of a peripheral ABG
monitoring system on an infant appears in Fig. 2.

Unfortunately, ABG is an invasive and painful procedure
requiring the skills of a professionally trained person [62], [66].
As the procedure is difficult to perform on infants because of
their size and low blood volume, placement of the arterial line
has a 10-25% rate of failure [67]. Invasive ABG monitoring
involves significant risks, including tissue necrosis, nerve
damage, thrombus formation, infection, circulatory impair-
ment, and hemorrhage [62], [68]. Moreover, when performed
at night, it can disrupt the sleep cycle of patients [69]. Not only
is ABG sampling invasive and painful, but it is also a highly
selective, momentary account of the potentially varying
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TABLE II
Classification of Respiration Monitoring Methods

Contact

Invasive Noninvasive

Name
Arterial Blood

Gas (ABG)
Venous Blood

Gas (VBG)
Capillary Blood

Gas (CBG)
Transcutaneous
CO2 (PtcCO2)

Transcutaneous
O2 (PtcO2)

Pulse Oximetry
(SpO2)

End-tidal
CO2 (EtCO2)

Electrocardio
blue-gram (ECG) Acoustic Airflow

Chest Wall
Movement

Device Phlebotomy Phlebotomy Phlebotomy
Severinghaus

Electrode
Clark

Electrode
LEDs and

Photodiodes
Colorimetry /
Spectroscopy Electrodes

Microphone
on patient

Sensor in /
near airway

Electrodes
or bands

on abdomen

Pros
Accurate

measurement
of CO2 and O2

Accurate
measurement

of CO2

Accurate
measurement

of CO2

Good
estimation
of arterial

CO2

Good
estimation
of arterial

O2

Immediate
information,
no heating

of skin

Identifies
apnea,
airway

obstruction

Cardiac
behavior,

respiration
rate

Does not need
external

excitation

Determine
respiration

profile, detect
apnea, airway

obstruction

Accurate
measurement
of respiration

rate

Cons
Painful,

difficult to
perform

Painful,
inaccurate O2

measurement,
difficult to perform

Painful,
inaccurate O2

measurement,
difficult to perform

Heating of the
skin, inherent

offset

Heating of the
skin, inherent

offset

Surrogate method,
no accurate co-
relation outside
of limited range

Not very accurate
in non-intubated

patient

Susceptible
to noise,

multiple leads
necessary

Susceptible
to noise,
complex
to design

Affected
by time

resolution
and distance

Susceptible
to motion
artifacts,

skin irritation
References [62], [63], [65], [70] [62], [63], [70] [62], [63] [6], [15], [71]–[73] [6], [35], [73] [74]–[77] [37], [78], [79] [30], [31] [80], [81] [20], [82]–[84] [85]–[90]

Reliability
High for

O2 and CO2

High for CO2,
Low for O2

High for CO2,
Low for O2

High High
High under

certain conditions
High for

intubated patients
High for

multiple leads Low Low Medium

Precision High High High High High High Medium Medium Low Low Medium
Training
Required Advance Advance Advance Advance Advance Basic Advance Intermediate Basic Basic Basic

Clinical
Significance High Low Low Emerging Emerging

High under
certain conditions

High for
intubated patients

High for
multiple leads

In research
phase Yes Yes

Home Care
Use No No No Not feasible Not feasible Yes Not feasible Yes Not feasible Not feasible Yes

Monitoring
duration Momentary Momentary Momentary Hours Hours Days/Weeks Days/Weeks Days/Weeks Days/Weeks Days/Weeks Days/Weeks

Accuracy High High High Medium Medium Medium Medium/Low Medium Medium/Low Medium/Low High
Comfort Low Low Low Medium Medium Medium/High Medium/Low Medium/Low Medium/High Medium Medium
Continuous No No No Yes Yes Yes Yes Yes Yes Yes Yes

Noncontact

Name Acoustic Radar Optical Thermal

Device
Microphones and

speakers in the room Radar arrays in the room Camera IR cameras

Pros
Unobtrusive, monitors

respiration and heart rate
Unobtrusive, measure

respiration and heart rate
Unobtrusive, can detect

breathing patterns
Unobtrusive, monitors

respiration rate

Cons
Susceptible to

environmental factors

Cannot distinguish
between short

and deep breaths

Susceptible to lighting,
temperature variation,

motion artifacts

Susceptible to lighting
and motion artifacts,

dependent on sensor placement
and requires additional calibration

References [91] [85], [92], [93] [45], [94]–[96] [97], [98]

Reliability Low Low Low Low
Precision Low Low Low Low
Training
Required Intermediate Intermediate Intermediate Intermediate

Clinical
Significance In research phase In research phase In research phase In research phase

Home care
Use Yes Yes Yes Yes

Monitoring
duration Days/Weeks Days/Weeks Days/Weeks Days/Weeks

Accuracy Medium Medium Medium Medium
Comfort High High High High
Continuous Yes Yes Yes Yes

Blood Gas Data Blood Gas and Respiration Rate Data Respiration Rate Data
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ventilatory status of critically ill patients [46], [69], a significant
drawback of this procedure.

2) Noninvasive Contact Methods: The last two decades
has witnessed an innovative shift towards continuous, nonin-
vasive monitoring methods, capable of analyzing oxygen and
carbon dioxide measurements continuously and generating
real-time data on respiratory changes in patients [62], [63],
[65], [70], [99]. These methods use a large variety of sensing
mechanisms. A representative selection is discussed in this
subsection.

a) Transcutaneous CO2 Monitoring: A noninvasive tech-
nique used for measuring PaCO2 that is growing in popularity
is monitoring the transcutaneous partial pressure of carbon
dioxide (PtcCO2). PtcCO2 estimates PaCO2 by measuring the
gas diffused through the skin. Changes in PtcCO2 can be
directly correlated with changes in PaCO2 [46], [100].

PtcCO2 was originally introduced in intensive medical care,
particularly for neonates and polio patients [6], [46]. The
technique, however, is now used for infants, children, and
adults in a wider variety of medical applications. The mon-
itoring of PtcCO2 is especially beneficial in estimating PaCO2

in neonates and children after cardiothoracic surgery [101],
in patients at risk of developing post-operative hypercapnia
after neurosurgery [102], and in pregnant women at risk of
developing hypercapnia during laparoscopic surgery resulting
from CO2 insufflation [103]. PtcCO2 monitoring is used in
spontaneously breathing children with respiratory and airway
issues such as status asthmatics and croup. It is also used
during the treatment of acidosis, which is related to diabetic
ketoacidosis [46]. PtcCO2 may also be useful in apnea and
other sleep study testing and bronchoscopic examinations
[72]. Instead of measuring only the respiratory rate, PtcCO2

monitoring also measures the consequences of abnormal
ventilation [45].

Many modern transcutaneous measurement devices use
electrochemical sensors to measure gas diffusion through
the skin [15]. The Stow-Severinghaus electrode, originally
developed in the mid-1950s [6], is the most common electrode
for measuring CO2. This glass electrode, surrounded by a
bicarbonate solution and a membrane permeable to CO2,
measures the pH of the bicarbonate solution based on the
presence of CO2 [6]. An illustration of the transcutaneous
measurement of the partial pressure of arterial blood gas
appears in Fig. 3.

Transcutaneous measurement is further improved by heat-
ing the skin to approximately 42◦C, which induces local
hyperemia (excess of blood) [46], [71]. The heat induces
vasodilation of the dermal capillary bed below the sensor,
which results in increased arterial blood flow. Vasodilation also
facilitates the diffusion of CO2 [46], [71]. Although applying
heat is necessary for the transcutaneous CO2 measurement
to work, the external application of heat has the tendency to
alter the solubility of CO2 in the blood. It also increases the
metabolic rate of the tissue by ∼5% for every ◦C [46], result-
ing in a PtcCO2 reading that is consistently higher than that of
PaCO2. The offset is further affected by local CO2 production
in the epidermal cells [46]. Factors affecting the accuracy
of this technique include improper placement, trapped air

Blood Gas Diffusion

Membrane
AdhesiveHeater

Pt Electrode (O
2

) orElectronics

Ag/AgCl Reference Electrode

pH Electrode (CO
2

)
Housing

Epidermis

Subcutaneous Tissue

42-45°C

Derma

Fig. 3: Transcutaneous measurement of the partial pressure of arterial blood
gas.

bubbles, inappropriate calibration techniques, and a damaged
membrane [46]. Additionally, proper care should be taken to
avoid burning the skin, particularly sensitive neonatal skin
[45]. Another concern in the continuous monitoring of PtcCO2

is overnight drift of the PtcCO2 signal [104]. Modern systems,
however, are less prone to errors caused by overnight drift
[69], [99], [104]. The measurement of PtcCO2 is influenced
by skin thickness and temperature, the amount of contact gel,
and the state of peripheral perfusion [77].

A rate-based transcutaneous CO2 monitor was developed
in [105]. An illustration of the measurement system is dis-
played in Fig. 4. The system measures the rate of the diffusion
of CO2 through the skin, which is linearly correlated with
the arterial partial pressure of CO2. This methodology over-
comes the limitations of conventional transcutaneous monitors
that track the steady-state concentration of gas and require
the heating of the skin. The system consists of a sampler
chamber, a CO2 sensor, a four-way valve, and a fan, the
latter of which facilitates the circulation of gases through
the monitoring system. The sampler chamber is flushed with
nitrogen after it has been placed on the skin with light
pressure. This ”zeros” the instrument and allows the sensor to
measure the rate of change in carbon dioxide. Then the four-
way valve is flipped, and CO2 that diffuses through the skin
is recirculated through the sensor unit. Using a single path,
the dual wavelength infrared detection system, the sensor
unit, measures the CO2 concentration [106]. The sampler
chamber can be sized to fit any patient. Although this system
overcomes the heating requirement, it is still too bulky and
power hungry for a wireless, wearable device.

b) Transcutaneous O2 Monitoring: A technique similar to
measuring transcutaneous CO2, can be used to measure the
partial pressure of O2 with the use of Clark electrodes. Clark
electrodes, consisting of a platinum cathode covered by an
oxygen-permeable membrane, were invented as a means for
measuring ambient oxygen concentrations in the blood during
cardiac surgery [73]. Later, they were used in a wide range
of medical applications. Transcutaneous oxygen is a useful
parameter in measurements as it is directly related to the
arterial partial pressure of oxygen and overcomes some of the
limitations of surrogate methods such as SpO2 in assessing
PaO2. In addition, PtcO2 has a linear relationship with PaO2

[108].
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Fig. 4: Rate-based PtcCO2 measurement system, reproduced from [105].

Fig. 5: Sampler heads for the rate-based monitor, reproduced from [105].

Emerging as an effective approach to monitoring tran-
scutaneous oxygen are fluorescence-based oxygen sensors
[35], [99], [107]. These systems use a film embedded with
a fluorescent dye, typically platinum porphyrin or rubidium.
When excited by shorter wavelength light such as blue or
green, the films emit a red or orange light. The intensity and
lifetime of the emitted light are inversely proportional to the
partial pressure of oxygen around the film. This technique
is illustrated in Fig. 6. The sensing mode is fluorescent and
photo physical instead of photo-chemical, and the sensor con-
sumes no O2. This technique does not require an electrolytic
solution, allowing for a more comfortable dry electrode. Some
early experiments suggest this technique may not require a
heating element [35], [107], [109].

A PtcO2 sensor using the fluorescence-based method is
presented in [110], [111]. These studies show the sensitivity of
the platinum porphyrin die to oxygen and its use in conjunction
with an optical readout circuit to create an effective oxygen
sensor. A custom-integrated analog front end for a PtcO2

sensor is presented in [107] as a prototype low-power design
to be used in a medical wearable device. One study in
[111] showed that as the fluorescent lifetime of these dies
is solely dependent on oxygen concentrations, the time-
domain fluorescent lifetime measurements are more robust
to changes in the optical path [112]–[114]. Fig. 7a and 7b
show the change in the intensity of emitted red light as the
concentration of O2 changes. The wearable prototype of the
PtcO2 monitor is shown in Fig. 7c.

c) Pulse Oximetry: Pulse oximetry measures peripheral
saturation of oxygen (SpO2) is a surrogate measurement of
SaO2. As SpO2 can be correlated with PaO2 under certain
conditions, it provides an alternative way of measuring PaO2.
The relationship between SpO2 and PaO2 is described by
the oxy-hemoglobin dissociation curve, shown in Fig. 8c.
Measurements of SpO2 and PaO2 in a healthy person closely

Luminescent Sensing Film

OLEDOLED

Photodetector

Blood Gas Diffusion Epidermis

Subcutaneous Tissue

Derma

Fig. 6: Fluorescence-based PtcO2 measurement system using organic pho-
todiodes and LEDs, reproduced from [35].

Fig. 7: Changing intensity of the emitted red light of the Pt-porphyrin thin film
with a) high and b) low O2 concentration and c) prototype PtcO2 wearable.
Adapted from [107].

agree; from 75 mmHg to 100 mmHg or 95% to 100%
saturation. However, SpO2 is less accurate at assessing PaO2

at the extremes (hyperoxia and hypoxia events) [74]–[77],
[115]. SpO2 is particularly poor at detecting hyperoxia events,
which can be dangerous for some classes of patients, like
neonates. Other parameters like temperature and blood pH
can shift the dissociation curve [77].

Pulse oximetry involves comparing the photoplethsymo-
grams (PPG), or optically obtained changes in the peripheral
tissue, of two wavelengths of light. A transmissive SpO2

measurement is displayed in Fig. 8a and an illustration of
the waveform components is shown in Fig. 8b. In Fig. 8b,
AC refers to the time-variant small signal component of the
PPG signal generated by the pulsating blood and DC refers
to the bias in the signal generated by the tissue and non-
pulsating blood. A typical pulse oximeter sensor consists of
two light-emitting diodes (LEDs) - red and infrared (IR).

A spectrum relating the extinction coefficient of different
hemoglobin types to wavelengths is shown in Fig. 8d. Light
travels though the blood vessel or tissue to a photo-detector
(PD). The measurement can be transmissive or reflective. In a
transmissive measurement, the PD is placed on the opposite
side of the finger, the foot, the toe, or the earlobe from the
light source. In a reflective measurement, the light source and
detector are next to each other, and light can be reflected
by bone or other structures to measure the SpO2 [74]–[77],
[115]. As oxygenated hemoglobin (oxyhemoglobin) absorbs
more IR than red light at high saturation values, the detection
of red light by the PD is more influential than that by the IR.
Deoxygenated hemoglobin (reduced hemoglobin), however,
absorbs more red light than IR. The PD detects IR better than
red light at low saturation values. Saturation levels are thus
derived from the ratio of red and IR absorption [116]–[118].

There are other types of hemoglobin that can interfere with
SpO2 measurements and are related to serious conditions.
Carboxyyhemoglobin is when carbon monoxide bonds with
hemoglobin. In this state, the carbon monoxide can not unbind
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Fig. 8: SpO2 measurement details (a) transmissive SpO2, (b) SpO2 wave-
form, reproduced from [74], (c) oxy-hemoglobin dissociation curve, repro-
duced from [119], (d) absorbed light spectra for a variety of hemoglobin
types, reproduced from [115].

from the hemoglobin quickly, rendering the hemoglobin unable
to oxygenate the tissue. Methemoglobin is when the iron atom
in the heme group is in the Fe3+ state instead of the Fe2+

state. This causes the methemoglobin to be unable to bind
to oxygen and carry it to the tissue. Both cases result in poor
oxygenation and can be difficult to assess with some pulse
oximeters [115].

Easier to use than transcutaneous monitors, SpO2, a
common metric for assessing respiratory health, is often
used in conjunction with PtcCO2 or end-tidal carbon diox-
ide concentration (EtCO2) [77]. The skin, which does not
need to be heated, has the ability to provide immediate
important information about arterial oxygen saturation. SpO2

does not measure the concentration of dissolved oxygen in
plasma, but instead, measures the proportion of hemoglobin
molecules that are loaded with oxygen. One of the important
requirements of pulse oximeters is that sensors be carefully
placed so that they do not interfere with optical shunts but
still maintain adequate pulse pressure. In addition, SpO2 is
affected by motion artifacts, which can lead to false alarms
and readings. It also exhibits erroneous readings in those with
high skin pigmentation [74]–[77].

Flexible substrates and organic devices are well suited for
use in wearable medical devices. An all-organic optoelectronic
sensor for pulse oximetry, presented in [74], uses green and
red OLEDs in combination with an OPD. Green OLEDs were
selected over infrared OLEDs because infrared OLEDs are
neither stable in air nor efficient. In addition, the absorptivity
of green light in oxygenated and deoxygenated hemoglobin
is comparable to that of infrared light [74].

A low-power vitals monitoring system-on-chip (SoC) is
presented in [32]. This SoC integrates a PPG sensor, a bio-
impedance sensor and an electrocardiogram into a compact
and flexible package for continuous physical-logical monitor-
ing. The goal of this device is to provide medical grade
signal quality in a compact and disposable form factor. The

Fig. 9: Vitals monitoring wearable presented in [32].

wearable sensor systems consumes 1 mW of power and can
transmit the encrypted patient data securely to a basestation
over a Bluetooth Low Energy link. The front-end circuits have
each have a dynamic range of approximately 90 dB and on
chip digital signal processing The high level of integration in
this device make is practical for production and use as a
disposable health patch. The prototype of this state-of-the-art
wearable is shown in Fig. 9.

d) Electrocardiography-derived Respiration Monitoring:
Electrocardiography (ECG) is commonly considered as a tool
to access cadiac electrical activity. However, it can also be
extended to monitor pulmonary behavior. ECG-derived res-
piration (EDR) monitoring involves deriving respiration data,
such as respiration rate and breathing morphology, from an
ECG signal [23], [30], [31]. There is a range of techniques
to extract respiration data from an ECG waveform suitable
for compact single- or dual-lead wearable ECG devices
[23], [30], [31]. Many EDR monitors take advantage of a
phenomenon known as respiratory sinus arrhythmia (RSA);
respiration modulates the heart rate, shortening the time
between peaks during inspiration and lengthening during
expiration [31], [120]. However, direct measurement of RSA
can have limitations with older patients or active movement
[31], [121]. Newer methods like ECG filtering, Ramplitude

and RSamplitude measurements, and QRS areas have been
shown to be more robust [31], [122]. A design challenge for
ECG wearables is that these single- or dual-lead systems
are susceptible to interference and the sensitive front end is
vulnerable to large common-mode currents that can develop
in a wearable environment [33].

A multi-mode sensor using a PPG sensor and ECG sensor
to measure heart rate, respiration rate, oxygen saturation,
heart rate variability and a surrogate of systolic blood pressure
is presented in [30]. The system is intended for neonate pa-
tients. The sensor system is implemented on two stretchable
and flexible patches; one attaches to the chest and the other
to the foot. Trials indicate fairly good agreement with gold
standard tests and the system is an excellent example of
the future of wearable medical devices. An illustration of the
wearable system is shown in Fig. 10.
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Fig. 10: An illustration of the battery free, wireless module for the ECG and
PPG sensors presented in [30]. From left to right, a close up of the ECG
readout circuit and communication electronics, an exploded view of the ECG
assembly, an exploded view of the PPG assembly, a close up of the PPG
readout and communication electronics.
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Fig. 11: (a) End-tidal CO2 with endotracheal intubation, (b) a qualitative col-
orimetric readout [78], (c) a quantitative readout from an infrared capnograph
[123].

e) End-tidal CO2 Monitoring: Another noninvasive alter-
nate for measuring the partial pressure of arterial CO2 is
EtCO2. End-tidal capnography, illustrated in Fig. 11a with
endotracheal intubation, is the measurement of the partial
pressure of exhaled carbon dioxide [78]. It is commonly
employed when a patient has a cannula and is considered
the standard of care wherever endotracheal intubation takes
place [46]. Capnographic assessments may be qualitative or
quantitative. A qualitative capnographic measurement uses
a colorimetric scale (typically litmus paper) to show the
approximate range of EtCO2 values, shown in Fig. 11b. A
quantitative measurement, typically taken by spectroscopy,
provides a more accurate numerical readout of EtCO2 than
the colorimetric scale, shown Fig. 11c [78], [79], [124].

The advantage of EtCO2 monitoring is that it identifies
apnea or airway obstruction immediately. EtCO2 monitoring is
valuable during cardiopulmonary resuscitation, the confirma-
tion of endotracheal tube position, and procedural sedation-
analgesia. Since CO2 readily absorbs IR light, a common
working method is to use an IR LED and a PD. The reduction
in IR detection confirms the presence of CO2 in exhaled air
[78], [79], [124]. Unfortunately, with non-intubated patients,
the accuracy of EtCO2 may be compromised since expired
gas by mouth breathing, room air, and oxygen delivered
through the ipsilateral nasal cannula may be contaminated. In
addition, because of alterations in ventilation-perfusion ratios
and patient positioning, the correlation between PaCO2 and
EtCO2 can be affected [46]. Other factors that can severely

Fig. 12: Acoustic respiration monitor from Masimo [16].

.
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Fig. 13: Piezoelectric flow sensor, reproduced from [20].

reduce the accuracy of EtCO2 are smaller tidal volumes, as
seen in infants and children [37], variation in the mechanical
ventilation type, and the site of EtCO2 sampling.

f) Acoustic: Another noninvasive technique and a com-
mon indicator of respiration quality is sounds from the breath
and lungs [80], or acoustic monitoring. Acoustic sensors
can be either contact, as in [16], [81] or non-contact, as in
[91]. Most acoustic respiration monitors use microphones to
record sounds of air moving in and out of a patient’s body
and common measure respiration by placing a microphone
over the trachea, which emits sound directly related to air
flow. Breath sounds can also be monitored from the upper
abdomen with a stethoscope, common in routine doctor visits.
An illustration of a commercial acoustic respiration monitor is
shown in Fig. 12.

As many respiratory sounds have unique frequency ranges
and waveform shape, which contribute to identifying specific
conditions, acoustic monitoring is useful. Acoustic signals
from the body provide an accurate assessment of respiration
quality without the need for an external excitation signal, as in
pulse oximetry and thoracic impedance measurement. Thus,
acoustic monitoring is suitable for a low-power wearable sen-
sor [16], [81]. Unfortunately, it is susceptible to noise, such as
a patient’s speech, environmental vibrations, ambient noise,
and internal body sounds. Interference from these sources of
noise adds to the complexity of the design [16], [81]. That
is, the noise figure drives the detection and alarm algorithm
and consequently the complexity of the electronics. A neck-
mounted microphone system that measures the turbulence
created by breathing is demonstrated in [16] and [81].
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Fig. 14: A simplified schematic of a pneumotachograph. Adapted from [127].

g) Airflow: Sensors measure the flow rate or volume of
air inhaled and exhaled respiration. Traditionally, these de-
vices are often included as part of larger mechanical ventila-
tion systems or spirometers for pulmonary function tests [125].
These traditional airflow sensors can be categorized into
differential meters, turbine meters, hot wire meters, and optical
meters. Nevertheless, many of these airflow measurement
systems are not suitable as wearable technology because
they are bulky; newer technology such as piezo- and pyro-
electric materials, however, are making wireless, wearable
airflow meters feasible.

A pneumotachograph is a differential flow meter that uses
resistance in the airflow to create a pressure drop for a given
flow rate. A drop in pressure can then be measured with a
differential pressure sensor. Resistance is typically developed
using a bundle of capillary tubes or a series of meshes, as
shown in Fig. 14. Although pneumotachographs can measure
tidal respiratory relatively accurately, care must be given in
their design to avoid excessive resistance or dead space,
which can alter normal breathing patterns [126], [127].

Another method for measuring air flow, similar to a pneu-
motachnograph, is the use of a small turbine in a cylinder. As
air moved by respiration turns the turbine, a phototransistor
counts the number of revolutions. Since the dimensions of the
turbine are known, the volume flow rate can be determined
from the number of counts within a certain time frame. While
these devices can give accurate measures of respiration rate
and effort, they are bulky and require a sealed path from the
patients mouth to the sensor (i.e. a mouth piece) and are not
suitable for long-term continuous monitoring.

Emerging techniques for air flow monitoring are
micro-electromechanical systems (MEMS) and nano-
electromechanical systems (NEMS). A thin film piezoelectric
on a substrate (TPoS) device that monitors respiration is
shown in Fig. 13 [20]. Variation in inhaled and exhaled airflow
changes the resonant frequency of the TPoS resonator.
A wireless frequency detector measures the shift in order
to plot the respiration profile. The efficiency of the device,
however, is affected by the distance between the antenna and
the body, which are strongly dependent on time resolution.
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Fig. 15: MEMS capacitive flow sensor, reproduced from [82].
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Fig. 16: Pyroelectric airflow sensor in a nasal cannula, reproduced from [128].

Unfortunately, owing to the high cost of fabrication, these
types of devices are commercially challenging.

Another type of airflow sensor is the CMOS MEMS capac-
itive flow sensor, shown in Fig. 15. Airflow from respiration
induces a pressure change on the floating plate, resulting in
a change in capacitance with respect to the bottom electrode.
The change in capacitance is measured to determine the
respiration profile. A CMOS MEMS capacitive flow sensor
is demonstrated in [82]. After CMOS processing, however,
an additional micro-machining process is required, greatly
increasing the cost of the system.

Pyroelectric transducers can convert variations in temper-
ature into electrical signals [83]. Since exhaled air is usually
warmer than atmospheric air owing to body heat, this trans-
ducer, placed near the nose or mouth, detects variation in
temperatures caused by breathing [83]. Fig. 16 demonstrates
an airflow measurement system with pyroelectric sensors. In
a recent study, the authors instrumented the transducer so
that it detected apnea in neonatal patients [83], [84], [128]
and mounted it in the nasal cannula of a patient. They also
simulated apnea in adult volunteers holding their breath. In
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Fig. 17: Chest wall movement bio-impedance measurement, reproduced from
[86].

the limited number of tests (20 events), the instrumented
pyroelectric sensor successfully detected all events.

A noninvasive, continuous respiratory rate monitoring sys-
tem is presented in [129]. The respiratory rate is inferred by
changes in the heat transfer between the breathing airflow
and the temperature sensor placed between the mouth and
the nose. The sensor is a lightweight wearable that can stick
to the skin between the nose and the upper lip.

The sensor is attached to the skin through a medical-grade
adhesive sticker. The dimensions of the sensor are 30 X 16
X 20 mm3 and weighs approximately 8 grams. The thermal
collectors made of copper were installed inside a housing
surface facing towards the oral and the nasal airflow. These
thermal collectors transfer the heat from exhaled air to the
temperature sensors. A change in respiratory rate causes a
change in temperature in the copper thermal collectors. This
temperature change is detected by a proportional change
in the resistance of the thermal sensor. This change in
resistance is transformed into electrical signals which are
further processed at the base station. The respiration rate
is estimated by adding the oral and the nasal signals and
employing a mean crossing algorithm, which leads to accurate
estimation for both high and low frequencies. While the
system was tested with volunteers, future studies need to be
conducted with patients in a clinical setting.

h) Chest Wall Movement: The variation in impedance
across the skin of the thorax can be used to monitor the
respiration quality of a patient. In this method, sometimes
referred to as thoracic impedance measurement, electrodes
are placed on the thorax, illustrated in Fig. 17. As the volume
of gas in the thorax changes, the distance between the
electrodes changes, causing the impedance value to change.
The change in the signal can be correlated with the respiration
rate of the patient. The high frequency of the test signal
restricts the current to the outermost layers of the skin, forcing
a path along the surface rather than through the epidermis
and deeper tissues [85], [86], [88]–[90].

Another way to determine the rate and quality of respiration
in a patient is electrical impedance tomography (EIT). EIT
uses an array of electrodes around the body part being ana-
lyzed, in this case the thorax. The difference in conductivity of
the internal tissues of the human body allows an image to be
reconstructed based on the electrical signals. As lung tissue
has significantly lower conductivity than the other tissue in the
abdomen, it produces a high-contrast image [87], allowing
the accurate measurement of lung volume and movement.

Fig. 18: System diagram of a wearable radar system for measuring chest
wall movement from [130].

The drawbacks of these bio-impedance measurements are
motion artifacts and skin irritation caused by the electrodes.
In addition, the device also requires multiple electrodes for
accurate measurements, and electrodes require accurate
placement to minimize false alarms.

A wearable antenna system is presented in [130]. Using
a small microwave patch antenna, this system measures
respiration by taking advantage of the Doppler effect to
detect small movements of the chest wall. The system also
measures pulse, and its measurements closely agree with
those of the pulse oximeter. A system diagram illustrating the
operation of the wearable radar system is shown in Fig. 18.

Optoelectronic plethysmography measures chest wall
movements using reflective markers placed on the chest.
Cameras monitor the motion of the markers, detecting
changes in volume resulting from respiration. A single optical
fiber chest wall movement sensor is presented in [131].
This method, which takes advantage of the fact that light
propagation through a fiber will change after a stain is applied
to the fiber, measures chest wall movements. In one study,
subjects were measured while lying down, and an optical fiber
encapsulated in silicon rubber was placed on the right side of
the chest to minimize the influence of the heart beat on the
measurement. Reference measurements were made using a
pheumotachograph. A system diagram of their experimental
setup is shown in Fig. 19. While the fiber optic sensor
and the pheumochograph show reasonable agreement, all
measurements showed a standard deviation of about 50%.
Even when great care was taken in positioning the sensor on
the body, the patient’s heartbeat and movements significantly
impacted the sensor readout.

Another approach to measure chest wall movements is a

Authorized licensed use limited to: Worcester Polytechnic Institute. Downloaded on December 21,2020 at 03:40:15 UTC from IEEE Xplore.  Restrictions apply. 



1937-3333 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/RBME.2020.3036330, IEEE Reviews
in Biomedical Engineering

12

Fig. 19: Optical fiber chest wall movement measurement experiment system
from [131].

wearable wireless sensor that senses the variation of the
abdominal wall as the person breathes, shown in [132].
The sensing system is based on triboelectric nanogenerators
(TENGs). The TENG sensor is built with a polytetrafluoroethy-
lene (PTFE) film which has a thickness of 100 µm. A nylon
film, whose thickness is 30 µm, is used as the positive and
negative tribo-material. The conductive electrodes are made
up of copper with a thickness of 50 µm, while acrylic sheets
are used as support structures.

The device is a smart belt with the TENG sensor, used
to sense the abdominal circumference of the patient during
breathing. The periodic variation is transformed into a repeat-
able oscillation in the TENG, which outputs an electrical signal
corresponding to the respiration information.

B. Non-contact Methods

A non-contact respiration monitoring system does not entail
any actual contact between the device and the patient; there-
fore, it also falls under the category of a noninvasive method,
shown in Table II. Non-contact methods include acoustic-
based, optical-based, radar-based, and thermal-based sys-
tems, which are explained in the following sub-sections.

a) Acoustic: A non-contact acoustic system, demon-
strated in [91], takes advantage of Doppler shifts in acoustic
signals from exhaled breaths. The exhaled air causes tur-
bulence, triggering ultrasonic signals. Standard microphones
and a speaker can be implemented in a simple sonar system
in which the speaker transmits a continuous, ultrasonic fre-
quency and the microphone detects disturbances created in
the presence of exhaled air. Environmental factors and patient
movements, however, can severely affect the accuracy of the
acoustic system.

b) Radar: The concept of detecting small physiological
movements such as heartbeat and respiration using mi-
crowaves dates back to the 1970s [133]. Phase information in
received radar signals is detected. Radar physiological sens-
ing has widespread applications such as motion detection
based the monitoring of security, searching for survivors under
earthquake rubble, and identifying potential abnormalities in
sleeping people [134]. A study in [135] uses radar with a

frequency-modulated continuous wave (FMCW) to obtain a
periodic signal by modulating the frequency of a continuous
signal mixed with an echo. The proposed FMCW radar
system, mounted to the ceiling above the bed, operates at
a frequency of 9-10 GHz. Electromagnetic radio waves with
a frequency of 9.5 GHz propagate to the patient, reflect, and
return with a time difference of ∆t, resulting in a frequency dif-
ference between a received and emitted signal. The frequency
shift over time (∆f) is used to measure the distance between
the patient and the radar. Breathing by the patient changes
the amount of energy reflected to the radar and the distance to
the patient. The system accurately measures respiratory rate
in mechanically ventilated patients. Its accuracy, however, is
compromised because of spontaneous breathing.

Ultra-wideband (UWB) radar, presented in [93], is another
emerging contact-less method for respiration monitoring. The
time and phase delay between the transmitted pulse and
the echo can be post-processed to evaluate the patient’s
breathing patterns. The technique, unfortunately, encodes
only phase information; it cannot distinguish between deep
and shallow breaths. In addition, exposure to radio frequen-
cies, along with high-power systems, is a concern for neonatal
infant care [85], [93]. A study in [92] introduced a non-contact
respiration and heart rate monitoring system using Doppler
radar and employing a time-domain peak detection algorithm
to achieve fast respiration and heart rates, an advantage over
earlier frequency domain methods. The results of the study
correlate closely with commercial ECGs and respiration bands
[92].

A non-contact vital sign monitoring system for use in
ambulances was presented in [136]. The system was de-
signed to limit patient exposure to contamination and cross-
contamination from catastrophic events, toxic environments,
and infectious organisms under bio-chemical hazard condi-
tions. The system consists of two microwave radars: a 10-
GHz respiratory monitoring radar positioned 20 cm away from
the isolator and a 24-GHz cardiac-monitoring radar positioned
just below the stretcher underneath the isolator. While the
10-GHz isolator receives reflected microwaves modulated by
the motion of the pulmonary chest wall, the 24-GHz radar
monitors reflected microwaves modulated by the dorsal-side
cardiac motions of a patient.

c) Optical: Optical-based respiratory monitoring can be
used to detect respiration patterns in a noninvasive fashion. A
camera is used to detect movement of the chest walls in order
to monitor respiration. A study presented in [137] introduces
an optical method of simultaneously assessing the heart
rate and respiration by measuring chest wall movements,
associated with inhalation/exhalation activities of the lungs
and by the mechanical pumping of the heart. The study uses
a laser Doppler vibrometer (LDVi) pointed towards the left
ventral thoracic surface of the patient’s heart. The left location
on the chest was chosen so that both cardiac and respiratory
motions could be detected and measured using a single-point
laser. Nevertheless, as the cost of installation and operation
of such a unique piece of equipment is prohibitive and it is
usable on only bedridden patients, this approach is limited
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and not cost-effective for the general medical market.
A study presented in [138] aimed at detecting and mea-

suring the rate and timing parameters of the respiratory cycle
of a sleeping baby using video imaging. The study applied a
technique that used motion magnification on wavelet decom-
position and an elliptic filter to magnify breathing movements
that were difficult to observe with the naked eye. The study in-
volved an experiment using a Nikon D5300 DSLR camera with
a CMOS focal plane. The camera lens was approximately 1
m away from the baby. The technique successfully measured
the respiratory rate remotely, despite the varying positions of
the baby and presence of a blanket. The technique, however,
produced no real-time measurements.

A high-speed camera can be used to detect movement that
can be post-processed and analyzed to monitor respiration.
Video photoplethymography can also capture the heart rate,
and motion analysis can capture the respiration rate [94], [95].
Furthermore, a fiber-grating vision sensor can be used to
project a set of bright spots on a patient [96]. The moving
distances of bright spots can be captured using a charge-
coupled device camera. Each image can be post-analyzed
to monitor respiration. The drawbacks of using this technique
are environmental factors such as lighting and temperature
variations, which can induce errors in measurements; and
the initial cost of implementing the system is high. In addition,
motion artifacts can play a crucial role in the accuracy of the
system [45], [94].

d) Thermal: Compared to inhaled air, exhaled air con-
tains more CO2, is significantly warmer, and consists of more
humidity. These variations can be detected and the value
of respiration rate can be estimated. A study involving 20
children at a local hospital, presented in [139], developed a
thermal imaging method that automatically monitored the res-
piration rate. The technique determined changes in the skin
surface temperature on the nose tip and tracked the region.
The duration of the thermal video recording was two minutes
per child at an image capture rate of 50 frames per second.
The captured thermal images were post-processed, filtered,
and segmented in order to correctly identify the nasal region.
To automatically track and identify the nasal area, the authors
developed an algorithm. While the respiration rate values they
obtained using this technique were closely correlated with
conventional contact-based methods, the method presented
a number of issues. The time it took to process the images of
each subject was relatively long, approximately 15 minutes.
The method identified respiration only through the nose, not
through the mouth. In addition, it was not able to handle major
head movements.

If an object has a temperature above absolute zero Kelvin
(-273.15◦C), it emits radiation at a particular rate with a distri-
bution of wavelengths. The wavelength distribution is directly
dependent on the object’s temperature. The use of special
cameras that detect and measure IR thermal radiation is the
basis of non-contact respiratory monitoring using thermog-
raphy imaging. Based on the Debauches wavelet function,
continuous wavelet transformation for sensing and detecting
breathing signals within an image stream is presented in

Fig. 20: An illustration of the basic thermal imaging system from [98] to
monitor respiration.

[140], which examined seven premature infants in an NICU
with a median gestational age of 29 weeks. The results of
this study showed a clear change in temperature over the
infant’s nasal region and successfully monitored a 0.3◦C to
0.5◦C temperature change between the inhaling and exhaling
process. Even though the study had a limited number of
participants, the preliminary results provided a reasonable
basis for the use of this technique. However, the technique
involves installation of special cameras for each neonate in the
NICU and involves individual post-processing and calibration.

A thermal-based sensor can be used to monitor the res-
piration rate by detecting changes in a patient’s temperature
caused by respiration [97]. The IR imaging-based respiration
monitoring method, combined with feature recognition, has
shown to be a robust noninvasive monitoring system [98].
Figure 20 shows the basic setup of the thermal imaging res-
piration monitoring system. Tracking algorithms follow facial
features, which relate to respiration. Features are selected
manually from a reference image, usually the first image in
the video. The drawback of this non-contact method is that
the thermal sensors need to be placed extremely close to
the patient’s head, and turning the head in another direction
could reduce the accuracy of the sensor. Additionally, feature
selection has be to manual and requires individual calibration.

IV. TECHNICAL DEMANDS AND CHALLENGES

While multiple emerging techniques and technologies have
shown considerable promise, they also come with multiple
challenges such as hardware and software constraints, weight
and form factor requirements, available power limitations,
encapsulation to name a few. There is also a demand to
have a vision beyond the regulatory requirements to improve
the end user experience. The details of these demands and
challenges and ideas how to overcome them are discussed
in the following subsections.

A. Safety, Comfort, and Efficacy

The Food and Drug Administration (FDA) classifies biomed-
ical devices as Class I, II, and III, depending on the amount
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of risk, where Class I devices are deemed as lowest risk.
The requirements for safety and efficacy should go beyond
those that are mandatory by regulatory boards and should
also meet the needs of the everyday user.

There is a range of demands associated with the develop-
ment of wearable respiratory monitoring systems in the age of
digital health transformation. These concerns include but are
not limited to the following: Wearables must perform with a
certain level of accuracy to reduce the rate of false positives or
even worse, false negatives, [34], [141]. Although the comfort
and wearability of the device are important factors for long-
term monitoring, they should not compromise the accuracy
of measurements. The device’s usage on patients should not
cause any additional damage and should have the ability to be
work comfortably by all patients [30]. The device should also
allow unprovoked and natural patient movement and behavior
and it should have the ability to be tolerated by critically ill
patients. The device should be user friendly and easy to
understand such that it does not require the interpretation
or intervention of a medically trained professional. An ideal
respiratory wearable should have the capability to detect and
indicate the cause of the respiratory issue, leading to prompt
corrective actions [34].

B. Standardization

After the development phase, the next challenge will be
standardization and regulation. All developers of wearable
sensors refer to particular standards specific to their products.
The design and testing of wireless medical devices, however,
should also adhere to FDA-recognized standards. Major or-
ganizations that provide FDA-recognized standards are the
Association for the Advancement of Medical Instrumentation
(AAMI) [142], the International Organization of Standardiza-
tion (ISO) [143], the Institute of Electrical and Electronics
Engineers (IEEE) [144], the International Electrotechnical
Commission (IEC) [145], and the American National Stan-
dards Institute (ANSI) [146].

C. Security and Privacy

Privacy and security are particularly difficult given the low
power and computation capabilities of wearable, wireless de-
vices. However, privacy and security must be at the forefront
of device development in this digital health era. Wearables
will accumulate large quantities of personal data, which must
be encrypted and minimize the risk of lost and hacked data.

Despite the significant advancements in the designing of
wearable technology and the device functionality, very little
thought is given to security. Wireless wearables are incredibly
vulnerable to privacy and security threats. Moreover, they
are known to have highly reduced computing capabilities,
storage, area, weight, and power [147]. These limitations
also determine the security features that are available for
these devices. Yet, they grasp sensitive, private information
and need a source of trust as they directly affect the health
of the patient.

Work presented in [148] proposed a model of lightweight
implementation of data security for wireless next-generation

biomedical devices including wearables. The model consists
of three layers. The first layer consists of data integrity and
mutual authentication, the second layer involves data privacy,
and the third layer brings in data confidentiality. Each layer is
built on top of another. Wearable wireless devices should de-
ploy protection mechanisms providing, at least, basic security
properties, to mitigate and prevent attacks.

D. Next-generation Materials for Wearable Devices

In the past few years, there has been significant progress
in making materials and developing packaging techniques
suitable for long-term medical wearables [21], [30], [149]. His-
torically, wearable devices have either been in large bandages
with bulky electronics and batteries attached to them, or they
were simply a watch or an armband with an electronic device
attached to it [32], [150]. New stretchable and flexible sub-
strates and printable electronic circuits have enabled a new
wave of devices that are lighter weight and more comfortable
[30], [151]. New devices like organic diodes and transistors
can be printed on these new flexible substrates, reducing the
requirement for traditional rigid electronic components [35],
[74]. One of the significant barriers to the wide adoption
of these flexible devices is their sensitivity to humidity and
temperature [74]. However, many of these concerns are
mitigated with proper encapsulation and material choices.
Another significant hurdle is forming reliable connections
between flexible devices and more rigid components [152].

E. Miniaturization and Power

Miniaturizing accurate measurement methodologies has
been a significant hurdle in transforming conventional bulky
instruments into smart, wearable devices. For one, as smart,
miniaturized, and wearable medical devices should not be
tethered to wall outlets or bulky batteries. Therefore a critical
challenge that must be addressed is the powering of these
next-generation wireless wearable devices.

Powering wearable devices is a key aspect of an effective
design. Many groups have proposed different solutions, such
as wireless links [30], batteries [32], and super capacitors
[153]. Flexible batteries are not yet widely available and
multiple wearables such as hearing aids use small coin cells.
Semi-rigid lithium polymer cells available, but they are not
durable to the stress and the strain of everyday movements.
Wireless power links offers a possible solution for patients
with limited mobility (bedbound individuals or infants) were
the wearable system can be closely linked with a base station
[30]. Other energy harvesting techniques may be deployed for
wearables in energy-restricted environments.

F. Wireless Communication

Today, there are a range of popular wireless communication
protocols, such as Zigbee, Bluetooh, NFC and etc. Designers
can choose the protocols that best match their design spec-
ifications and target audience. In this subsection, we cover
some popular choices seen in commercial devices today.
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Zigbee is an open wireless standard that uses the 2.4 GHz
(international), 915 MHz (Americas and Australia) and 868
MHz (Europe) industrial, scientific, and medicine (ISM) bands.
Zigbee has an operating range of 10-20 m indoors and over
1000 m with clear line-of-sight. Zigbee uses binary phase-shift
keying for the lower frequency bands and quadrature phase
shift keying for the high frequency international band. The ad-
vantage of Zigbee is the flexibility in how its networks can be
setup; Zigbee is capable of peer-to-peer, mesh, tree, or star
networks. Additionally, it also has a low-power requirement
which is advantageous for wearable devices [154].

Bluetooth is another popular wireless communication pro-
tocol that is widely used in mobile electronics. It also uses
the 2.4 GHz ISM band and uses frequency hopping spread
spectrum (FHSS) to enable a robust connection between
paired devices (in either a peer-to-peer or a star configura-
tion). Bluetooth typically has a range of 1 m to 10 m indoors.
There is ultra-low power version of Bluetooth known as
Bluetooth Low Energy (BLE) is targeted at power constrained
applications like wearables and IoT devices [154]. However,
the FDA warns against using BLE for medical devices due to
a security security flaw in the protocol [155].

Short range communication protocols like radio frequency
identification (RFID) and near field communication (NFC)
are popular as they can be implemented simply with low
power and area requirements. Additionally these short range
techniques can be inductively coupled with wireless power
links [30]. However, a short range of 10 cm to 1 m can be
limiting in some applications.

A major concern with wireless communication is power
consumption. The deciding factors for the power consumed
is the amount of data that needs to be transmitted, the
distance of the link, and how often. Zigbee and Bluetooth
have shown similar energy consumption in some applications
[156]. However, in different applications there can be an order
of magnitude difference in power consumption [154]. Zigbee
can have an energy per bit of 100nJ/bit to 10 uJ/bit with
data rates around 250 kbps. BLE can have an energy per
bit ranging from 75 nJ/bit to 200 nJ/bit with data rates up
to 1 Mbps. RFID and NFC can range from 50 nJ/bit to 500
nJ/bit width data rates ranging from 400 kbps to 600 kbps
[154], [156], [157]. Designers need to consider what type of
network they require, along with how much data they need
to send, and what type of power source they have available
and choose the protocol accordingly.

G. Signal Processing and Artificial Intelligence

As every human body is unique, another challenge is to
ensure that each wearable is individually calibrated to achieve
a high degree of accuracy. Analysis based on machine
learning coupled with personalized calibration, will enable
relevant and accurate monitoring of an individual. Also, if
the alignment of components (i.e., LEDs and PDs in pulse
oximetry) on a wearable is improper, it may lead to inaccurate
data measurement and subsequent treatment. Robust design
with an ability to tolerate misalignment and human error is
required. Wearables need to be capable of operating under
various conditions, enabling the independent monitoring of

a patient’s activities [158]. Another major requirement is the
ability to accurately measure parameters in noisy and dynamic
environments and transmit them via a wireless communication
link over long periods. Artificial intelligence can overcome
many of the challenges that wearables face in terms of signal
acquisition processing.

Collecting bio-signals from a multitude of patients for long
periods has multiple challenges. Sensors need regular and, at
times, individual calibrations. Drift in the measured parameters
over time can lead to compounding errors. Signal acquisition
is also prone to instability in acquisition techniques and the
measured signals. Such issues can negatively affect the ac-
curacy of the device. Recent advancements in deep learning
algorithms have the potential to enable a trained data set, with
a feedback system to enable robust and accurate operation.
These new algorithms can considerably reduce false positives
and negatives. Integrated algorithms on the wearable device
can correct human-to-human variations, long-term drifts, and
detect critical features to assist caregivers by providing the
highest quality analysis.

V. CONCLUSION

This article presents a review of contemporary techniques
for respiration monitoring, recent developments in methods
and devices, and technical challenges associated with each.
It aims to provoke thinking about the next generation of res-
piration monitors for medical use in the context of “smart and
connected health.” The development of new sensing methods,
along with the use of existing techniques, should help health
care providers make more accurate and timely predictions
promoting a more positive quality of life for patients.
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