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Implementation Techniques for Transcutaneous
Carbon Dioxide Monitoring: Approaches for
Wearable Smart Health Applications

Tuna B. Tufan
and Ulkuhan Guler

Abstract—Wearable smart health applications aim to
continuously monitor critical physiological parameters
without disrupting patients’ daily activities, such as giving
a blood sample for lab analysis. For example, the partial
pressure of arterial carbon dioxide, the critical indicator of
ventilation efficacy reflecting the respiratory and acid-base
status of the human body, is measured invasively from the
arteries. Therefore, it can momentarily be monitored in a
clinical setting when the arterial blood sample is taken.
Although a noninvasive surrogate method for estimating
the partial pressure of arterial carbon dioxide exists (i.e.,
transcutaneous carbon dioxide monitoring), it is primarily
limited to intensive care units and comes in the form of a
large bedside device. Nevertheless, recent advancements
in the luminescence sensing field have enabled a promising
technology that can be incorporated into a wearable device
for the continuous and remote monitoring of ventilation
efficacy. In this review, we examine existing and nascent
techniques for sensing transcutaneous carbon dioxide and
highlight novel wearable transcutaneous carbon dioxide
monitors by comparing their performance with the tradi-
tional bedside counterparts. We also discuss future direc-
tions of transcutaneous carbon dioxide monitoring in next-
generation smart health applications.

Index Terms—Respiration parameters, ventilation, arte-
rial carbon dioxide, transcutaneous carbon dioxide, long-
term continuous monitoring, noninvasive physiological
monitoring, wearables, smart health applications.

[. INTRODUCTION

ESPIRATORY diseases lead to a majority of deaths
R and disabilities, inflicting a significant worldwide health
burden [1]. Since the start of the COVID-19 pandemic, over
700 million cases and more than 6 million deaths have been
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confirmed worldwide [2]. Asthma, a lifelong respiratory
disease, is responsible for more than 3,500 deaths annually in
the United States [3]. The ability to continuously monitor the
respiration effectiveness of at-risk patients in real time is critical
to preventing acute respiratory failure before it becomes a threat.

The accurate diagnosis of respiratory diseases requires a
measure of the partial pressure of arterial oxygen (PaO3) and the
arterial partial pressure of carbon dioxide (PaCOs) referred to as
blood gases [4]. PaCOs indicates the efficacy of ventilation, the
removal of carbon dioxide from the blood through air exchange
in the alveoli, and the acid-based status of the blood [5]. The
gold standard for measuring PaCQOs is an arterial blood gas
(ABGQG) analysis [6], [7], [8]. The major drawback of ABG
sampling, however, is its invasiveness, accompanied by pain,
and its limited ability to provide a brief and selective account
of the potentially changing ventilatory status of critically ill
patients [9], [10]. Moreover, ABG analysis can be performed
in only a clinical setting by care providers. The drawbacks of
ABG analysis present an urgent need to develop a technology
that continuously tracks PaCO5 remotely and provides relevant
and accurate data alerting a care provider to an acute health
risk and informing the course of treatment outside a clinical
setting [11], [12].

Capnography is a noninvasive surrogate technique that
measures the partial pressure of end-tidal carbon dioxide
(PetCO») [13]. To perform this method, patients need to wear a
mouthpiece or a nasal cannula, causing discomfort and making it
challenging for long-term continuous monitoring outside a clin-
ical setting [14]. Furthermore, recent research suggests that the
association between PetCO5 and PaCOs is not strong enough to
provide an accurate assessment of the conditions in individuals
with respiratory disorders [15].

Transcutaneous monitoring is a noninvasive method of as-
sessing PaCO,, which measures carbon dioxide (CO») diffusing
through the skin, that is, transcutaneous CO5. Changes in tran-
scutaneous CO- are directly correlated with changes in arterial
COs [16], [17], [18]. Partial pressure of transcutaneous carbon
dioxide (PtcCOs) has traditionally been measured by an electro-
chemical sensing technique [19], [20]. Although conventional
electrochemical monitors accurately monitor PtcCO4 [21], [22],
the transformation of a conventional monitor into a wearable is
hindered by several factors, including i) the calibration mech-
anism, which requires a gas bottle to correct drift caused by
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electrochemical materials [23], ii) a heating element, and iii) the
use of wet electrodes [12].

Efforts to miniaturize transcutaneous COs monitors have
focused on two sensing techniques, the most common of which
uses nondispersive infrared (NDIR)-based sensing. This tech-
nique, similar to capnography, which measures end-tidal CO
[24], entails the use of the infrared (IR) absorption of CO2
molecules to quantify transcutaneous CO5. Miniaturized wear-
able transcutaneous CQO> monitors in the form of a wristband
have been recently tested by several groups [25], [26]. Advance-
ments in luminescent sensing films and optoelectronics have
led to the application of the luminescence sensing technique,
emerging as the second technique, in miniaturized wearable
prototypes for transcutaneous CO5 monitoring [27], [28], [29].
These prototypes employ sensing films whose luminescence
characteristics are sensitive to COs.

This article i) presents a review of techniques for sensing
transcutaneous COs, including electrochemical, NDIR and lu-
minescence sensing, ii) investigates existing and nascent tran-
scutaneous CO5 monitors presented in the literature, and iii) dis-
cusses their features, such as reliability, response time, miniatur-
ization, and wearability for continuous remote monitoring. The
organization of this article is as follows. Section II provides the
medical relevance of PaCOs and PtcCOs sensing, underscoring
the importance of PaCOs in determining a patient’s respiratory
condition. Section III elaborates on the sensing techniques for
transcutaneous COy monitoring. Section IV presents reviews
of transcutaneous CO2 monitors, including both contemporary
devices and emerging miniaturized, wearable monitors, and
Section V evaluates their suitability for the continuous, remote
monitoring of transcutaneous CO, in the context of smart
health applications. Finally, Section VI presents concluding
remarks.

II. MEDICAL SIGNIFICANCE OF TRANSCUTANEOUS
CARBON DIOXIDE

The assessment of respiration effectiveness in patients with
respiratory diseases is complex, requiring a comprehensive
analysis that accounts for multiple oxygenation and ventilation
parameters. In current clinical practice, oxygenation is measured
by three primary parameters: the arterial saturation of oxygen
(Sa0y), that is, the fraction of oxygen-saturated hemoglobin
to total hemoglobin; the PaOs, or unbound free oxygen (O2)
molecules dissolved in plasma; and the arterial O, content
(Ca0,), or the total number of O5 molecules. Ventilation is also
measured by two primary parameters: the PaCOs, or unbound
free CO5 molecules dissolved in plasma; and the respiration rate.
Altogether, these parameters enable a complete assessment of
respiration effectiveness as well as blood and tissue oxygenation
and lung ventilation.

Although dissolved CO- comprises only 5% of the CO,
present in the blood [30], PaCOs is a critical blood gas that
determines the effectiveness of the pulmonary gas exchange
and the acid-base balance in the blood. An abnormal level
of PaCO, indicates either hyperventilation or hypoventilation,
that is, increased or reduced ventilation, respectively. Whereas
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Fig. 1. Diagram of the cardiopulmonary system.

hyperventilation induces hypocapnia, or decreased PaCOs, hy-
poventilation causes hypercapnia, or increased PaCO,. PaCO,
is the respiratory determinant of the blood potential of hydrogen
(pH), together with the metabolic determinant, bicarbonate [31].
Therefore, while hypocapnia leads to respiratory alkalosis, or
increased blood pH due to decreased PaCOs, hypercapnia leads
to respiratory acidosis, or decreased blood pH due to increased
PaCOs [32]. These respiratory disorders are more likely ob-
served in those with underlying health conditions, including
asthma, chronic obstructive pulmonary disease (COPD), and
severe obesity [33], [34].

Fig. 1 is a simple illustration of the cardiopulmonary system
and the pulmonary gas exchange. The pulmonary gas exchange
takes place in the alveoli, in the lungs, where deoxygenated
blood is oxygenated by the diffusion of CO, from venous
blood to the alveoli and O5 from the alveoli to venous blood.
Hemoglobin, a protein found in red blood cells, binds with O5 in
the lungs. Hemoglobin consists of four subunits, each containing
an iron atom (Fe) that has the ability to bind with O,. When
O, levels are reduced in tissues, oxyhemoglobin releases Oo,
enabling its diffusion into neighboring cells. The release of O2
from hemoglobin is affected by elements such as pH, levels of
CO», and other molecules. This process facilitates the transfer
of Oy from the lungs to tissues all over the body, where it is
utilized for various biological functions.

Abnormal ventilation disturbs the balance in the gas ex-
change, therefore affecting PaCOs, levels in the capillaries con-
nected to the alveoli and eventually, the capillaries in the entire
cardiopulmonary system, including the capillaries in the skin
tissue. Transcutaneous CO;, diffuses from the epidermis through
the stratum corneum (the outer layer of the epidermis) into the
atmosphere. This phenomena is first observed by Von Gerlach
in 1851 through an experiment where he utilized a horse bladder
to create an air-filled chamber [35]. He positioned this chamber
on his chest for a duration of 24 hours. During this period, Von
Gerlach noticed a rise in the concentration of CO5 within the
chamber. Multiple studies [16], [17], [18], one of which is illus-
trated in Fig. 2 [16], have demonstrated a correlation between
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Fig. 2. Linear relationship between PaCO2 and PtcCOx in a study of
children with suspected or confirmed sleep-related respiratory disorders
using the Spearman correlation [16].

PtcCO, and PaCO5 and indicated that PtcCO, can be used to
estimate PaCOs,. The authors measured the PtcCO5 employing
a contemporary PtcCO5 monitor [36]. The measurements were
taken either from the subjects’ forehead or their earlobe after
their skin was heated to a temperature of 42 °C.

Healthy individuals are capable of compensating for an in-
crease in PaCO5 levels by increasing their ventilation rate.
However, individuals with respiratory muscle fatigue, neuro-
muscular disorders, obstructive lung disease, obesity, or thoracic
cage deformity may experience hypercapnia and hypocapnia.
These complications can result in severe conditions, including
cardiac rhythm disorders, acute brain injury, and stroke [37].
Continuous long-term monitoring of PaCOy for individuals
with underlying respiratory health conditions would allow the
prompt detection of changes and trends in their ventilation status.
PtcCO, measurement, which is both noninvasive and painless,
can be performed continuously. Therefore, PtcCO, monitoring
has been gaining traction as a surrogate method for estimating
PaCO, [17], [38], [39].

I1l. SENSING PRINCIPLES OF TRANSCUTANEOUS CARBON
DIOXIDE MONITORS

Transcutaneous carbon dioxide monitors typically employ a
combination of electrochemical and optical technologies. Elec-
trochemical sensors use a gas-permeable membrane to allow
COx, to diffuse through and react with an electrolyte, generating
a measurable electrical signal. Optical sensors, on the other
hand, utilize i) infrared light to measure the absorption of
CO2 molecules or ii) luminescence film that reacts to optical
excitation and quenches in the presence of COs, providing a
quantitative assessment. The details of these sensing principles
are elaborated in the following subsections.

A. Electrochemical Sensing

The traditional technique for measuring transcutaneous CO2
is electrochemical sensing, coinvented by Stow and Severing-
haus in the 1950s [41]. Stow introduced a design of the first
COq-sensitive electrode in 1957 [42], and in the following year,
Severinghaus improved its electrochemical stability by incorpo-
rating sodium bicarbonate into the electrode [19]. The electrodes
were initially employed for ABG measurement, but later in
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Fig. 3. Simplified diagram of the COs-sensitive electrode, which
senses the variation in pH resulting from dissolved CO- in the elec-
trolyte. Adapted from [40].

1960, Severinghaus suggested their use for transcutaneous CO»
sensing [43]. Since that time, the CO, electrode has undergone
various improvements and transformations, leading to its current
form, which is commonly used in conventional bedside PtcCO,
monitors [40], [44], [45], [46].

A diagram of a simplified version of the CO-sensitive elec-
trode appears in Fig. 3. The polymer membrane allows COs to
diffuse through the electrode, which consists of two compart-
ments, with a pH electrode and a reference electrode. In the
first compartment, CO4 dissolves into a bicarbonate solution,
forming carbonic acid (Hs COs), which then dissociates into
hydrogen ions (H) and bicarbonate (HCO3). The pH mem-
brane in the second compartment detects the resulting change
in pH, which in turn affects the potential difference between the
pH electrode and the reference electrode. The change in pH is
expressed in terms of the partial pressure of CO, (PCOs), based
on the Henderson—Hasselbalch equation as follows,

PCO, M

pH = pK, + log (
where pK,, is the dissociation equilibrium constant for the disso-
ciation of carbonic acid in water and [HCO53 ] is the bicarbonate
concentration. Since the HCOj solution is highly concentrated,
the changes in [HCO3~] resulting from the dissolved CO,
can be neglected [45]. Therefore, the measured pH can be
expressed as

ApH = pK, —log(PCOy), ()

and the measured pH is linearly proportional to log(PCOy).

B. Nondispersive Infrared Sensing

NDIR sensors are commonly used for CO; sensing for vari-
ous applications, including environmental and health applica-
tions [47], [48], [49], [50]. These sensors operate based on
the principle that the IR light transmittance of COy changes at
different wavelengths along the spectrum. The highest level of
absorption for CO5 occurs at a wavelength of 4.26 ym. The
Beer-Lambert law mathematically expresses the relationship
between the absorbance of IR light and the concentration of
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Fig. 4. Diagram of an IR sensor (a) with a single optical band-pass
filter (F1) and an IR detector; (b) with an additional filter (F2) and an IR
detector as a reference.

COs as
Absorbance = E(L)cl, 3)

where £ is the molar absorption coefficient (M ~! cm ™) of CO,
at wavelength A, ¢ the molar concentration of CO5 (M), and [
the optical path length (cm) at which the IR light is exposed to
COs.

Fig. 4 displays a diagram of an NDIR sensor employing the
IR absorption principle of CO5. The system mainly consists of
an IR Source, an IR detector, sensing electronics, and a gas cell.
Commonly used components for IR sources include IR lamps,
IR light-emitting diodes (LEDs), and micro-electromechanical
system (MEMS) heaters. Thermopiles, pyroelectric sensors,
photoacustic sensors and photodiodes are often employed as IR
detectors [S1], [52]. The IR source emits light at a wavelength of
around 4.26 xm, which overlaps with the absorption spectrum of
CO., ensuring efficient absorption by COs. Other gas molecules
present in the measurement medium and the absorption spectra
of these gases can also overlap with the emission range of
the IR source [51]. For instance, water vapor (Hy O) has an
absorption spectrum in the mid-IR range; during transcutaneous
monitoring, the humidity of the skin can cause an accumulation
of Hy O in the measurement medium and affect the performance
of the sensor [26]. Thus, an optical band-pass filter (F1) is
used before the detector with a passband centered at 4.26 pm,
reducing the cross-sensitivity to other gas molecules.

IR radiation transmitted from the source has two components:
radiation in the absorption spectrum of CO3 (I;,) and radiation
outside this spectrum (I, ). I, is absorbed by the CO, molecules
as it travels to the detector in the gas cell according to (3). The
radiation is calculated at a particular wavelength, A, correspond-
ing to the peak absorption wavelength of CO3, 4.26 pum. The
radiation along the optical path, I, is expressed as

Li(A) = I, (A)e €W, 4)

The absorption of Iy, is not impacted by CO2 molecules, but
rather by other gas molecules such as water molecules that may
be present in the gas cell. The radiation outside the absorption
spectrum along the optical path is denoted as I5. At the end of
the optical path, the optical band-pass filter, F1, passes only
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I;. Hence, the potential contribution of the confounding gas
molecules is minimized at the detector end.

Another factor affecting the performance of the sensor is
degradation in the source intensity, causing measurement drift.
An additional band-pass filter (F2) and a detector can therefore
be used, as demonstrated in Fig. 4b, for factoring out this effect.
F2 blocks I; and passes I, which is independent of CO45 change
but proportional to the source intensity. A secondary detector
captures I, which serves as a reference for the source intensity,
and since both sides of the fraction are equally affected, the ratio
I, /I, is relative only to the change in CO5 but unaffected by the
change in the source intensity. To avoid interference from other
gases, F2 should have a narrow passband.

The sensors illustrated in Fig. 4 are configured such that
the IR source and the detector are facing each other. In this
case, the optical path length, /, is defined as the straight path
from the source to the detector filled with CO5 molecules. The
sensitivity of the CO, measurement depends on /, an increase
which results in increased exposure to COq, therefore yielding
a more sensitive measurement [53]. On the other hand, higher
absorption due to the longer path length and increased exposure
to CO9 molecules, limits the maximum PCQO», which can be
measured. Therefore, maximum [ is determined by the desired
PCO; range. Increasing the optical path length not only affects
the sensitivity and measurement range but also leads to increased
sensor size. To increase [ effectively and maximize the exposure
to the CO5 molecules, studies have proposed spherical gas cell
structures with reflective surfaces [48], [54].

C. Luminescence Sensing

The emission of light from a substance owing to the return of
excited electrons to a lower energy state is defined as lumines-
cence [55]. The simplified Jablonski diagram in Fig. 5 illustrates
the states of electrons during luminescence. The process involves
the absorption of light by a functional group referred to as a
luminophore, which excites the electrons in the luminophore
from the ground state (Sp) to a higher energy state (S;). Upon
returning to the ground state, the electrons emit photons with a
wavelength of A;. Alternatively, the electrons may transition to
the first triplet state (T ) and return to the ground state, emitting
photons with a wavelength of A5. These emissions are referred
to as fluorescence and phosphorescence, respectively, and are
collectively referred to as luminescence. As absorbed light has
higher energy than emitted light, the wavelength of the absorbed
light, Xq, is shorter than the wavelength of the emitted light, 1,
or Ao. This difference is known as the Stokes shift [55].
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The intensity and lifetime of luminescence can be reduced
by quenching, which occurs when a luminophore interacts with
another molecule [55]. In this process, the quencher molecule
collides with the excited luminophores, causing them to return to
the ground state without emitting a photon. As the concentration
of quencher molecules increases, the luminescence intensity and
lifetime decrease. The Stern-Volmer equation is used to quantify
the kinetics of quenching as follows:

Iy 70

7 == =1+ Ksv[Ql (5)

where the initial and quenched luminescence intensity are rep-
resented by Iy and I, respectively, and the initial and quenched
luminescence lifetime by 79 and 7, respectively. The Stern-
Volmer constant is denoted by K gy and [Q] represents the con-
centration of the quencher [55]. CO5 can quench pH-sensitive
luminophores, which can be used to form sensor films that are
sensitive to the concentration of COs [56], [57]. A commonly
used pH-sensitive luminophore for the construction of COs-
sensitive luminescent films is 8-hydroxypyrene- 1,3,6-trisulfonic
acid trisodium salt (HPTS) [58], [59].

Fig. 6 presents an example of a COs-sensitive luminescent
sensing film excited by a pulse of blue light. The concentration
of CO; in the environment affects the resulting luminescence;
as a result, the CO- concentration can be monitored by ana-
lyzing changes in the luminescence curve characteristics. The
methods for quantifying the luminescence characteristics can be
categorized as luminescence intensity, luminescence lifetime,
and luminescence ratio. The subsequent subsections provide a
detailed explanation of these techniques.

1) Luminescence Intensity: The intensity of luminescence
is altered by the concentration of COs, as expressed in the Stern-
Volmer (5). As the energy of returning electrons is lost during
the collision with CO5 molecules, the intensity of luminescence
decreases while the concentration of COs increases, illustrated
in Fig. 6. Confounding factors, such as the degradation of the
excitation intensity, optical path changes, or the photo-bleaching
of the luminescent film, affect the measurements of intensity and
lead to measurement errors over time. As a result, intensity-
based measurements are not widely favored for applications
requiring precise and accurate measurement results.

2) Luminescence Lifetime: The lifetime of luminescence
is also altered by the concentration of CO,, as expressed in
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the Stern-Volmer (5). The average time that a luminophore
spends in an excited state before returning to the ground state is
described as the luminescence lifetime, which decreases as COo
increases. Luminescence lifetime is inherently insensitive to
factors like excitation intensity, photodetector sensitivity which
affect measurements of luminescence intensity [60]; therefore,
it is a reliable indicator of CO5 concentration. The lifetimes of
the pH-sensitive luminophores used in CO2 sensing, however,
are short, typically in the nanosecond (ns) range [61], so mea-
surements become challenging.

Time-correlated single-photon counting (TCSPC) is a high-
precision method for detecting the short lifetime of lumines-
cent materials [62]. In TCSPC, luminescent material that is
repeatedly excited by short pulses emits photons. The objective
is to measure the arrival time of these photons by counting
the number of photons with the same arrival time, and then
creating a histogram (such as that in Fig. 7) that displays the
probability distribution of photon arrival times, which relates to
the luminescent lifetime, through statistical methods [63]. Since
the system is incapable of recording new photons while it is
still processing a prior photon event, the primary difficulty with
the TCSPC technique is to avoid the accumulation of photons
generated by numerous photon emissions occurring within one
cycle that go undetected. This duration, when new photons can-
not be detected, is known as the detection dead time [64]. Hence,
preventing such a pileup and eventually the misrepresentation of
the decay time will require the precise adjustment of the detec-
tion time with fast optical instruments such as photomultiplier
tubes (PMTs) [65]. PMTs are not affected by dead time, but
they are large and require high-voltage supplies of hundreds
of volts, which significantly increases power consumption [66].
Single-photon avalanche diodes (SPADs) offer a compact option
to PMTs; however, even low-power SPAD solutions still require
a few watts of power [67], [68].

Another technique for measuring the lifetime of luminescent
emissions from the ratio of two equally spaced adjacent areas un-
der the decay curve is rapid lifetime determination (RLD) [69].
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Applying RLD, the luminescent material is excited with a short
pulse of light. The sampling is performed such that the samples
(t1, t2, and t3) divide the area under the curve into two equally
spaced areas A1 and As, as shown in Fig. 8. Since the decay
curve is a known exponential function [55],

I(t) = L™/, (©6)

where I is the luminescence intensity right after the excitation
and 7 is the lifetime, one can calculate areas A; and Ay by
using (6) and the samples at ty, to, and t3. The lifetime 7 is then
formulated as

—At

T = ———
Ay’
lnA1

@)

where At is the sampling period (to—t; = t3—ts). As recovering
the decay curve with high resolution is not required, the speed
requirements of the readout electronics are relaxed. As the
conventional method entails selecting equally spaced integration
areas, the sampling points can be chosen according to an optimal
scheme for a more accurate calculation of the decay time [70].
An implementation of the RDL technique in application-specific
integrated circuits (ASIC) for transcutaneous oxygen monitor-
ing is presented in [71]. To calculate 7, instead of recovering the
complete luminescence response, three points from the decay
curve were sampled. As the short lifetime of the luminophores
necessitates a nanosecond-range sampling rate, the requirement
for fast optics and electronics, despite being less strict, still
exists.

3) Luminescence Ratio: Another parameter that relates to
the concentration of CO5 in CO»-sensitive luminescent films is
the luminescence ratio. To enable ratio-metric calculation, sev-
eral methods have been developed, such as leveraging the duality
in luminescence characteristics of the luminophore or utilizing
multiple excitation sources to illuminate the luminophores. In
the following, we elaborate on some of the recent techniques
that have been employed.

A recent study that used dual-wavelength excitation found
that an HPTS-based CO,-sensitive film used in a wearable tran-
scutaneous CO4 sensor overcame the confounding factors [28].
The proposed sensor excites the film by two LEDs with peak
wavelengths of 405 nm and 470 nm. When excited at 405 nm,
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the luminescence response of the film is insensitive to the
concentration of CO4, and at 470 nm, the luminescence intensity
decreases as the concentration of CO5 increases. The ratio of the
luminescence response at 470 nm to that at 405 nm minimizes
the influence of confounding factors. The 405 nm excitation
is used as an isosbestic point to factor out excitation intensity
variations and photo-bleaching.

Another study employed the ratio of protonated and deproto-
nated emission forms from an HPTS-based CO5-sensitive film to
factor out the confounding factors [59]. By using blue light with
a wavelength of 405 nm for excitation, the CO4-sensitive film
emitted light at 455 nm and 515 nm, corresponding to the emis-
sions of the protonated and deprotonated forms, respectively.
As the concentration of CO» rises, the luminescence intensity
of the protonated form shows a corresponding increase, whereas
the luminescence intensity of the deprotonated form demon-
strates a decrease. Since both forms of luminescence are equally
influenced by confounding factors, the ratio of luminescence
between these forms provides a measure of CO, concentration
that remains minimally affected by these factors [72].

A luminescence ratio-based approach called dual lifetime
referencing (DLR) can make use of specialized CO5-sensitive
luminescent films containing dual luminophores. Using the DLR
technique, researchers presented a miniaturized transcutaneous
carbon dioxide monitor that compensates for excitation intensity
degradation [29]. The luminescence lifetime of pH-sensitive
luminophores such as HPTS is in the range of ns [58]. In the DLR
technique, a secondary luminophore, typically Ruthenium(II)-
(tris-4,7-diphenyl-1,10-phenanthroline) (Ru(dpp)32+), with a
longer lifetime (in the range of microseconds (i s)), is inte-
grated into the CO»-sensitive luminescent film with the short-
lifetime pH sensitive luminophore [73]. As the long-lifetime
luminophore is insensitive to changes in pH and accordingly
to COs levels, it acts as a reliable reference luminophore. Both
luminophores can be excited by the same wavelength, namely
blue light, and their emissions can be detected with a single
luminescence detector.

DLR can be applied in two domains: the time domain (tDLR)
and the frequency domain (fDLR) [73]. In the tDLR, the lu-
minescent film is excited by a pulse of light, typically by
an LED. During excitation, the luminescence of the reference
luminophore and the COs-sensitive luminophore is A; and
Ay, respectively. The luminescence of each luminophore is
illustrated separately in Fig. 9. After the excitation source is
turned off, COs-sensitive luminophores decay rapidly in the ns
range, and the luminescence of the CO-sensitive luminophores
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Fig. 10. Frequency-domain dual lifetime referencing. Adapted

from [29].

is negligible (t; —ty>> ts—t2). Reference luminophores decay in
several s, generating a luminescence of As. When the CO4
concentration increases during excitation, the luminescence of
the CO5-sensitive luminophores declines to A4, and lumines-
cence of the CO»-sensitive luminophores after the excitation is
still negligible. The luminescence of the reference luminophore
remains constant in both regions (A1, As). Thus, the ratiometric
measure of CO5 at low concentration is defined as the ratio of
the total luminescence during excitation to that after excitation,
[COQ]low = #; (8)
3
and similarly, at high concentrations, the ratiometric measure of
COs is expressed as

A+ Ay

[COQ]}Ligh - A3

©))
The dependent factor of CO4 in (8) and (9) is the luminescence
of the CO;-sensitive luminophore (A, A4) in the numerator.
All of the terms (A1, Ao, A3, and A4) respond to changes in the
confounding factors, indicating that both sides of the fraction
in (8) and (9) vary equally. Therefore, the tDLR method can
measure the concentration of COy without being affected by
confounding factors.

fDLR applies the same principle in the frequency domain. A
sinusoidal wave of blue light excites the luminescent film with
two luminophores. The resulting total luminescence (illustrated
in Fig. 10), which has the reference and CO5-sensitive compo-
nents, is formulized as

(10)
(1)

where Ay, Aycr, and Aco, denote the peak amplitudes of the
total, reference, and CO5-sensitive luminescence, respectively.
Gtots Pref, and ¢co, are the phase of total, reference, and
CO,-sensitive luminescence, respectively. Since the lifetime
of the COs-sensitive luminophores is within the ns range, the
phase shift in CO»-sensitive luminescence is negligible, that is,
®co, = 0, compared to the kHz or slower range excitation
frequency [74]. Hence, if the excitation frequency is sufficiently
slow, (10) and (11) are simplified to

Apor.cos Py = A,-ef. cos @por + A002 .cos Pco,,

Atot~ sin @y = Aref~ sin @ref —+ A002 .sin @002,

Aot cos @i = Ayeg.cos Prer + Aco,, (12)

Atot' sin q)tot = Aref' sin q>’refa (13)
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Fig. 11. Simplified schematic of the sensor head in contemporary
PtcCO2 monitors.

@rey is constant, A,..s does not change with the concentration
of CO,, however, is sensitive to the excitation intensity, photo-
bleaching, and so on. Therefore, cot¢y,, yields a ratiometric
measure of the concentration of CO5 that is insensitive to con-
founding factors,

Atot- COS q)tot 1

A
= cotPyor = cotPrcr + 002

sin (I)ref ' Aref '
(14)
While the DLR technique is a new concept in transcutaneous
carbon dioxide monitoring, it has been used since early 2000 s
for measuring CO; and pH in oceanography studies [75], the
fluorescent pH imaging [76], monitoring CO5 in adipose tis-
sue [58], developing chloride optical sensors [77], and imaging
intracellular chloride concentrations [78].

At()t- S1n (ptot

V. TRANSCUTANEOUS CARBON DIOXIDE MONITORS

In this section, we explore contemporary and emerging tran-
scutaneous carbon dioxide monitors. With the need for nonin-
vasive monitoring, contemporary monitors offer great potential
in accurately assessing COs levels in various clinical settings.
Moreover, we examine the latest developments in PtcCO2 mon-
itors, focusing on advancements in technology through innova-
tive sensor designs and the integration of electronics and sensors.
By examining the current landscape of PtcCO5 monitors, we aim
to shed light on the capabilities and challenges of contemporary
sensors as well as provide insights into the cutting-edge features
and capabilities of modern PtcCOy monitors.

A. Contemporary Monitors

1) Electrochemical-Based Monitors: Contemporary mon-
itors utilize electrochemical-based sensing, namely COs elec-
trodes, to sense PtcCOs. The electrodes and peripheral compo-
nents typically fitinto a sensor head attached to the subject’s skin.
A typical sensor head is illustrated in Fig. 11. The sensor head
goes into an adhesive attachment ring that allows the placement
of the sensor on the skin and isolates the gas exchange from
an external environment. The surface of the sensor is directly
attached to the skin and CO, diffused from the skin passes
through a permeable hydrophobic COs membrane. The CO,
electrodes measure the PtcCOs as described in Section I1I-A. A
heater integrated into the sensor head increases the local skin
temperature to 44 °C, increasing the blood flow rate and local
CO., diffusion, which improves the correlation between PaCO,
and PtcCOy, [79], [80]. Temperature sensors are deployed in the
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Fig. 12.  Proposed NDIR-based PtcCO5 monitor in [82].

sensor head to provide feedback to the heater for regulating the
local skin temperature and for correcting measurement drifts
caused by the change in temperature. The electronics in the
sensor head digitize the measurement data and transmit the data
to a bedside monitor via a wired connection for display [23].

Contemporary monitors, used in clinical settings such as
intensive care units (ICUs) or sleep units, provide accurate read-
ings of PtcCO,, that can be used in the estimation of PaCO» [16],
[17]. The accuracy of contemporary monitors relies on sensor
calibration that occurs every 12 hrs [46]. Calibrating sensors,
required for correcting measurement drift in the electrodes,
requires the use of a special gas stored in a separate unit located
in the bedside monitor. During this process, the sensor, which
must be attached to the calibration unit, is exposed to known
PCO; to perform one-point calibration.

Typically the sensor response time is about 1-5 minutes [81].
When the sensor head is first attached to the skin, however, it may
take up to 20 minutes, with elevated temperatures to ~ 44 °C,
for the PtcCO, to reach a state of equilibrium at the interface
between the skin and the sensor, lengthening the stabilization
time [38]. Despite the miniaturized size of the sensor head,
comparable to that of a fingertip, it is still wired to the bedside
monitor, so the entire system is portable but not wearable.

B. Emerging Wearable Monitors

1) NDIR-Based Monitors: A broad range of applications in
the automotive industry [83], air quality monitoring [84], breath
analysis, and capnography devices [24], [53] entail NDIR-based
sensing for monitoring CO5 levels. Recently, several research
groups have proposed NDIR-based sensing for transcutaneous
CO, monitoring [25], [26], [49], [82], [85], mainly to overcome
the drawbacks of traditional electrochemical-based sensing dis-
cussed in Section IV-A, such as the necessity of frequent calibra-
tion with a gas bottle for accurate and drift-free measurements
and slow response time of the sensor.

Mainstream capnographs measure CO5 levels in a patient’s
airway by placing the NDIR sensor on the airway within the
endotracheal tube [24]. Researchers in [82] has adapted this
technology to transcutaneous COy monitoring by mounting
NDIR sensors on a patient’s skin, illustrated in Fig. 12. CO»
diffusing through the skin is passed through a photoreaction
chamber where the partial pressure of CO, is measured with
NDIR-based sensing. On one end of the photoreaction chamber,
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Fig. 13.  Schematic of the benchtop experimental setup for the rate-
based measurement of the PCO. Adapted from [26].

an IR lamp is employed as the source, and on the detector side,
a pyroelectric sensor and an IR bandpass filter are used. In this
implementation, however, the time it takes for the PCOs to reach
equilibrium slows down the response of the sensor. The diffusion
rate of CO5 from the skin is limited, and even with the addition
of a heating element, equilibrium may still take 15-20 minutes
to reach, depending on the size of the measurement chamber,
skin thickness, and temperature [86].

A study in [26] presents a wearable NDIR-based transcuta-
neous CO, monitor in the form of a wristband. The authors
proposed a rate-based measurement method described in [86]
for the benchtop experiments. Fig. 13 displays a schematic of
the rate-based measurement system in which the NDIR sen-
sor measures the rate of change in the PCO; in the diffusion
chamber instead of the equilibrium (steady state) value. The
rate of change, which is linearly proportional to the PCOs, can
be used to assess the partial pressure in seconds, eliminating
the delay of several minutes for the partial pressure to reach
equilibrium, which significantly improves the response time of
the first reading.

For rate-based measurement, CO5 in the diffusion chamber
must be purged with nitrogen (N3) before each measurement,
The Ny pump for purging increases the power consumption and
the size of the wearable device, while also introducing various
complexities in its mechanical structure. Therefore, the authors
removed the Ny pump and the purging mechanism in the wear-
able device used in subject tests and measured the equilibrium
PCO; [26]. A polydimethylsiloxane (PDMS) membrane that
was both hydrophobic and CO5 permeable, is used in between
the skin and the NDIR sensor to avoid humidity interference.
Although the response time remained unchanged, the wearable
PtcCO, monitor utilizing NDIR technology successfully mea-
sured PCO; for 4.5 hours without requiring additional calibra-
tion, following the initial calibration against a commercial breath
analyzer.

Another study proposed a thermo-fluidic channel that entailed
the use of convection to remove CO5 from the measurement
cell without an external purging system [25]. Fig. 14 illustrates
the principle of the proposed thermo-fluidic channel through
which blood CO; in the gas phase diffuses from the skin as
transcutaneous COs. To increase the local diffusion rate of
transcutaneous CO-, the skin is heated up to 42 °C. Cold air from
the outside diffuses into the collection cell, where it meets the
CO,. Then the cold air heats up and, along with CO5 molecules,
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Fig. 14.  Thermo-fluidic channel structure employed for the transport of
transcutaneous COs in a wristband-based PtcCOy monitoring device.
Modified from [25].

it rises to the measurement cell via the convection principle.
Before the air is introduced to the collection cell, however,
the authors measure the PCO5 present in the ambient air in
a separate measurement cell in order to prevent measurement
errors [49]. The measured COs is released through an evacuation
cell, again via convection, to the ambient air so that the CO5 in
the measurement cell circulates without the need for an external
pump.

In the measurement cell PtcCO5 is measured with NDIR-
based sensing. Two thermopile sensors that detect radiation,
each with optical filters of peak transmittivity of 4.26 pm and
3.91 pum, pass the COs-sensitive and reference wavelengths.
The reference wavelength is utilized to factor out confounding
gases that are present in the measurement cell as explained in
Section III-B. The reference wavelength is selected as 3.91 ym
to ensure minimum water absorption and prevent interference
of humidity, therefore to avoid the interference of humidity with
the measurements. Another confounding factor that can affect
the CO, readings is the ambient temperature as the thermopile
sensors are not only sensitive IR but also to temperature. Hence,
the baseline reading of the thermopile sensors is periodically
recorded when the IR source is off to compensate for the ambient
temperature affect. Potential affect of a pressure change is taken
into account with MEMS pressure sensors integrated into the
measurement system.

The authors define a linear-quadratic model for the mea-
surement system for the post-processing of the measurement
results and relating PtcCOs to the blood CO,. The proposed
thermo-fluidic channel is implemented in a wristband to monitor
the partial pressure of CO4 in human subject tests. The wristband
monitor detects hypocapnia and hypercapnia conditions after the
post-processing of the measurement results [49]. The proposed
thermo-fluidic channel reduces the components required for
circulating the CO5 in the measurement cell and enables the
miniaturization of the wearable monitor.

The time it takes for the partial pressure of COy to reach
equilibrium determines the response time of NDIR sensors,
which is inversely proportional to the volume occupied by
CO; in the sensor. Hence, the response time can be reduced
by minimizing the volume of the sensing chamber. A study
in [87] presents a miniaturized sensing chamber design that
reduces the equilibrium time. The chamber design illustrated
in Fig. 15 incorporates reflective surfaces, which are employed
to maintain the optical path of IR radiation while minimizing the
size of the sensing chamber. This approach enables a reduction

Downloaded for personal academic use. https://kxdigital.pages.dev/

Electronics

IR Source IR Detector

Sensing <+—Sealing

Chamber
Skin

Reflective
Surface

Fig. 15.  Miniaturized sensing chamber design for an NDIR PtcCO»
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in response time without compromising the sensitivity of the
sensor. Additionally, the utilization of reflective surfaces reduces
the amount of radiation absorbed by the sensing chamber and
enhances power efficiency [88].

The circuitry for NDIR-based transcutaneous CO5 monitors
is composed of two main blocks: source-side and detector-side.
On the former, the IR source is typically driven by periodic
pulses at a frequency as low as 5 Hz, which is fast enough to
capture the real-time PtcCO- variation in humans [49], [85],
[88]. The pulses can also be duty-cycled to reduce power con-
sumption [85], and the pulsed operation reduces thermal drift
by allowing the IR detectors time to cool off. Pulses can be gen-
erated with a low-dropout regulator modulated by a microcon-
troller [88] or a voltage-controlled pulse width modulator [85].
If necessary, the pulse generator can be coupled with a current
amplifier to produce the high current (100-150 mA) required by
the IR source [85].

2) Luminescence-Based Monitors: Although lumines-
cence-based sensing has been used for CO; measurements in
a wide range of applications from oceanography [75] to biol-
ogy [89], it is a new concept in transcutaneous CO5 monitoring.
Sensor films, described in Section III-C, have several features
that benefit transcutaneous monitoring such as the small size
of the sensor (as small as 500 um in diameter and several pum
in thickness [90]) and sensor’s response times in the range of
several seconds [91], [92].

A miniaturized transcutaneous COz monitoring prototype
based on luminescence sensing is demonstrated in [27]. The
CO;-sensitive luminescent sensor used in this prototype emits
green light (520 nm) when it is excited by blue light (470 nm),
and the intensity of luminescence is inversely proportional to the
PCOs. A microcontroller driving a blue LED sends excitation
pulses to the luminescent sensor, and a green light-sensitive
photodiode captures the luminescence. The photodiode current
corresponding to the luminescence yield is amplified by a tran-
simpedance amplifier, the output of which is proportional to
the luminescence intensity, used to monitor the CO» level. The
performance of the prototype is validated by in-vitro experi-
ments. In these experiments, the PCO5 in a 0-75 mmHg range,
which covers the typical PtcCO» values in humans, is measured
successfully. The downside of the sensor is that it must be kept
in a saline solution for chemical stability, which can complicate
the design of the wearable transcutaneous monitor. Fig. 16
depicts a conceptual model that showcases a wearable device
of smart-watch size, containing all the necessary components.
The PDMS is proposed to be used in the flexible membrane
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design that is impermeable to the saline solution and permeable
to C02

The intensity of luminescence can be affected by changes
in the intensity of excitation, as mentioned in Section III-C,
leading to incorrect PtcCO5 readings in transcutaneous moni-
tors that rely on intensity-based measurement. To account for
changes in the excitation intensity, the authors of one study [28]
implemented dual-wavelength excitation on a transcutaneous
CO- monitoring wearable. They used two LEDs with peak
emission wavelengths of 405 and 470 nm to consecutively
excite a multilayer CO5 sensor composed of a breathable and
scattering silicone film, a polymethyl methacrylate (PPMA)-
based film, and a transparent semipermeable film. The study
found that luminescence triggered by 470 nm excitation varied
with the PCOs in the 0-50 mmHg range while luminescence
triggered by 405 nm excitation was insensitive to the PCOs.
Both luminescent responses, in the range of 520-530 nm, were
captured by the same photodiode with a 500 nm long-pass filter
to block excitation wavelengths. The ratio of the luminescent
responses yielded a measure of PCO,, which is insensitive to
not only excitation intensity variation but also other confound-
ing factors such as photo-bleaching and motion artifacts. To
ensure accurate measurements, the study entailed a 5-minute
pre-calibration of the monitor. During this process, the authors
fit the acquired values to a predetermined model that described
the correlation between the luminescence ratio and PCO,. The
complete system design fit into a wristband with a diameter of
5 cm, shown in Fig. 17. The wristband monitor supports Wi-Fi
for the wireless transmission of the PCO- values to a personal
computer (PC).
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A study using the t-DLR method for PtcCO2 monitoring [29]
also addresses discrepancies resulting from changes in the exci-
tation intensity. As a result of a single excitation of 465 nm, the
sensor film used in this study had peak emissions of 505 nm and
600 nm, corresponding to the emissions of COs-sensitive and
reference luminophores, respectively. To emulate changes in the
excitation intensity, the authors used 60 and 80 mA LED drive
currents to excite the sensor; the measurement results from the
two scenarios matched in the t-DLR method with a maximum
deviation of about 1.6% while the results based on luminescence
intensity measurements showed a mismatch of about a 9.5%
maximum variation.

The PtcCO2 monitor, which was initially developed by the
authors of [29], was further reduced in size and incorporated
into a wrist-band wearable in [39]. The wearable was tested
on a human subject at two different body sites, the forearm
and the fingertip. The response time of the sensor was only
about 5 minutes for a 10% COs change during benchtop gas
experiments; measurements on the skin, however, indicated that
it takes around 25-30 minutes for the PCOs in the skin/sensor
interface to equilibrate initially. The sensor was also found to
require recalibration every 12 hours to correct measurement
drift.

Luminescence lifetime is invariant to excitation intensity or
photodetector sensitivity changes [99]. To date, nevertheless,
lifetime-based measurement has not been used in transcuta-
neous COy monitors, mainly because the methods listed in
Section III-C for detecting ns range lifetimes, namely TCSPC
and RLD, require high-speed, complex electronics and opti-
cal designs [64]. The limitations in bandwidth prevent analog
transient measurement of the luminescence decay curve from
meeting the speed requirement. [100]. To achieve ns resolu-
tion, one must use single photon detectors such as PMTs and
avalanche photodiodes (APDs). Although these detectors have
short rise/fall time (typically around several hundreds of pi-
coseconds), they require a high reverse bias voltage (0.1-1 kV)
to achieve multiplication factors that yield signal outputs de-
tectable by electronics following the photon detector [101]. This
requirement presents a significant challenge in the design of
a miniaturized wearable device based on the TCSPC method.
These detectors are combined with timing electronics, tradi-
tionally a time-to-amplitude converter [100], and contempo-
rary time-to-digital converters with a picosecond-range resolu-
tion [102], [103]. Nevertheless, recent developments in minia-
turized SPAD-based image sensors offers promising solutions
to the challenges of photon counting related to size and power
consumption [104]. These fully on-chip image sensors, are
presently employed in fluorescence microendoscopy but have
the potential for future applications in measuring luminescence
lifetime.

V. CHALLENGES AND FUTURE DIRECTIONS

The physical aspects of transcutaneous CO2 monitors such
as size, comfort, and wearability, as well as functional aspects
such as accuracy, calibration interval, and response time, along
with power consumption, are crucial because the devices enable
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TABLE |
COMPARISON OF TRANSCUTANEOUS CO5 MONITORS

| Electrochemical-Based NDIR-Based Luminescence-Based
Device Type Bedside monitor Wearable Wearable
Sensors COa-sensitive electrode Pyroelectric or Thermopile COz-sensitive film and PIN PD*
Size mm scale cm scale mm scale
Response Timef Minutes Seconds Seconds
Settlement Timed} ~20 min ~30 min ~30 min
Heating Yes No™* No
Calibration Period 12 h 8d 12 h
Power Consumption 10°-10° mW 10°-10> mW 10'-10> mW
Wireless operation Not available Available Available
Maintenance Moderate Easy Easy
Pros Accqracy 'de'zmonstrated Lopg—term o'pera'tion Small sensor siz.e and
with clinical tests without calibration fast response time
Cons Des‘igned as Challenging to miniaturize Photobleaching causes
a bedside monitor the measurement cell measurement drift
[20], [23], [40], [46], [93], [94]
References 9] [22]. [95]-{97] [25], [26], [85], [98] [271-129]1, [39], [92]

* PD: Photodiode. ** [25] employs a heating element. ¥Sensor Response Time. $Measurement Settlement Time.

more prolific and versatile monitoring of patients with respi-
ratory diseases in real time outside of a clinical setting [105].
Various aspects of electrochemical-, NDIR-, and luminescence-
based monitors are summarized and compared in Table I. The
following subsections provide a discussion of the features of
each.

A. Device Size

Since wearable monitors, unlike stationary bedside counter-
parts, enable individuals to carry out regular tasks without being
confined to a bed, the ease with which a PtcCO5 monitor can
be worn is a crucial factor. The size of the sensor head for
electrochemical-based monitors, which include CO5-sensitive
electrodes and required electronics for sensor front-end and
data processing, can be as small as 14 mm x 9 mm [23], [93].
Nevertheless, as these monitors are mainly intended for use in
clinical settings as bedside monitors, they come equipped with
a separate device for displaying data and calibrating the sensor.
Aside from the gas bottle within the calibration unit, which
hinders the miniaturization of electrochemical-based monitors,
the existence of the heating element demanding power outputs
in the range of several hundred milliwatts to achieve a skin
temperature of 44 °C necessitates the incorporation of large,
high-capacity batteries [23], [93]. NDIR-based monitors can
achieve greater sensitivity by increasing the optical path between
the IR source and the sensor [53]. Therefore, the sensor com-
ponent of these monitors, which measure several centimeters,
are typically larger than that of electrochemical-based monitors.
Most NDIR-based monitors, however, can fit in a wearable
in the form of a relatively large wristband [25], [26]. Owing
to the small size of the sensor in luminescence-based moni-
tors, typically on the order of millimeters, they are well-suited
for use in wearable applications, such as watches or patches
[28], [39].
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B. Response and Initial Settlement Time

Electrochemical-based monitors have a sensor response time
that typically falls within a few minutes, determined by the rate
of chemical reactions that occur in the electrode [23], [40]. CO»-
sensitive electrodes present a tradeoff between sensitivity and
response time, as well as between stability and response time.
When a spacer is placed between the polymer membrane and the
HCOj solution in the electrode, the measurement sensitivity
is enhanced, but the response time also increases. Likewise,
a high concentration of HCO; improves the stability of the
electrode; however, it also slows down its response [20]. NDIR-
and luminescence-based monitors exhibit faster sensor response
times, typically in the range of tens of seconds [26], [92].

It is important to note that the reported sensor response
time is measured after the COs concentration has reached
equilibrium which occurs during the initial settlement time
in the measurement medium. In the case of electrochemical-
based monitors, it has been observed that the initial settlement
time typically lasts approximately 20 minutes [94]. Heating is
employed in these monitors to enhance the diffusion rate of
COs through the skin, thereby improving the initial settlement
time of the monitor. NDIR- and luminescence-based monitors,
without the application of heating, report an initial settlement
time of approximately 30 minutes [26], [39], whereas for
electrochemical-based monitors without heating, the reported
initial settlement time is approximately 85 minutes [94]. Using
the rate of change in PCOy as a measurement instead of the
concentration at equilibrium leads to a faster initial measure-
ment. A design that incorporates extra components such as
an Ny pump to implement the rate-based approach increases
the size of the device significantly [26], [86]. Conversely,
one that includes a measurement medium with a thermoflu-
idic channel eliminates the need for an Ny pump, allowing
the rate-based approach to be implemented in a miniaturized
wearable [25].
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The response time of a transcutaneous carbon dioxide sensor
is crucial for one-time measurements, particularly in rate-based
monitors. However, in continuous measurements, it is important
to recognize that once the measurement medium within the
sensor reaches equilibrium, the overall device’s response will
mainly depend on the sensor’s response time. As a result, the
device’s response to changes is typically faster than the time it
takes to reach equilibrium. Therefore, it is important to differen-
tiate between the settlement time of the device and the sensor’s
response time in continuous measurement scenarios.

C. Calibration Period

Another crucial element that can impact the performance
of a PtcCO5 monitor during continuous measurements over
a long period is known as measurement drift. The Food and
Drug Administration’s instructions on PtcCOy monitors state
that any changes or shifts in PtcCOs readings should not surpass
10% of the initial reading during the calibration period [106].
For electrochemical- and luminescence-based PtcCO5 monitors,
this period is typically 12 hours [39], [46]. Luminescence-based
monitors experience measurement drift as a result of the pho-
tobleaching of the CO,-sensitive film. Once photobleached, the
film must be substituted. To avoid the need for frequent film
replacement, a feasible approach is to decrease the sampling
rate of the monitor, thus prolonging the calibration period. As
physiological changes in the human body occur slowly, the
sampling rate can be as infrequent as 2 samples per minute [39].
However, it is worth noting that CO,-sensitive luminescence
films have not yet reached their full maturity. As the field
continues to advance, there is potential for reduced drift in these
sensors, similar to what has been achieved with Os-sensitive
luminescence films [60], ~4% in 125 hours. NDIR-based mon-
itors have a longer calibration period than electrochemical-
and luminescence-based monitors, which do not involve any
chemical process. The zero point of the sensor, however, still
needs regular calibration to ensure long-term stability, which is
usually achieved using the built-in auto-calibration process [26].
This process uses the default CO5 concentration of fresh air to
calibrate the sensor.

D. Power Consumption

Another important parameter for remote wearable devices
is power consumption, which should be minimized to enable
long-term, battery-powered operation. Electrochemical-based
monitors, however, are primarily designed for bedside use and
are usually connected to the main power source. The power con-
sumption of these monitors varies from a few mW to hundreds
of mW, which is determined by the heating element’s power and
the brightness of the display on the bedside monitor [23], [93].
The IR source, the main consumer of power in NDIR-based
monitors, usually requires a drive current of 100—150 mA, how-
ever by using duty cycling on the source drive signal, the power
consumption can be maintained below 100 mW and even reach
as low as 3.3 mW [26], [85]. Luminescence-based monitors
typically consume tens of mW [27], [39]. It is worth mentioning
that the luminescence-based monitors presented in the literature
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are considered proof-of-concept devices, indicating that there is
potential for enhancing their power efficiency.

E. Wireless Operation

For a complete wearable design, the monitoring data should be
transferred wirelessly to a personal computer or a mobile device.
Current electrochemical-based monitors typically come with a
bedside monitor for data visualization that is connected directly
to the sensing electrode via wires. NDIR and luminescence-
based sensors, however, are still primarily in the development
stage and as of now, although a few offer a complete wearable
solution using WiFi [28] or Bluetooth Low Energy (BLE) [25]
for data transfer, most do not.

F. Motion Artifacts

Motion artifacts can impact the accuracy and reliability of
nearly all wearable monitors to some extent [107]. In the case
of contemporary monitors, it is crucial that the sensor electrode
makes a tightly sealed connection with the skin. If the patient
moves excessively, this connection can be disturbed, leading
to changes in the balance of PtcCO, between the sensor and
the skin due to the sudden surge of ambient air. Hence, when
utilizing these monitors, patients are recommended to remain
stationary while the measurement is conducted, ensuring pre-
cise readings [23]. This necessity for a secure skin connection
also pertains to NDIR and luminescence-based monitors, con-
sequently causing similar effects of motion artifacts on these
devices. As there is no requirement for frequent sensor at-
tachment and detachment in long-term monitoring applications,
these wearable devices can incorporate more robust adhesives
to establish an airtight connection with the skin.

Motion artifacts can also lead to alterations in the optical
path, such as displacing the light source or the receiver. These
changes have the potential to cause variations in the excitation
intensity within monitors that rely on NDIR and luminescence
principles. However, luminescence-based monitors that rely on
measuring luminescence lifetime or ratio, which are resilient
against variations in excitation intensity, could minimize the in-
fluence of motion artifacts on alterations in the optical path [39],
[60]. The influence of motion artifacts can be assessed by
employing a motion sensor, like an integrated accelerometer,
within monitors [108]. This sensor can be utilized to establish
a connection between the motion artifacts and the discrepan-
cies in the measurements, subsequently addressing the effects
of motion artifacts through the implementation of correction
algorithms. It is important to highlight that prior investigations
into the mitigation of motion artifacts, particularly in wearable
photoplethysmography (PPG) sensors, have revealed the diffi-
culty of fully eliminating the influence of motion artifacts [109].

G. Individual Variations

The performance of transcutaneous COy monitors can dif-
fer among individuals. This is due to the susceptibility of
transcutaneous measurements to the diverse characteristics of
individuals® skin. The outermost skin layer, referred to as the
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stratum corneum, acts as a barrier that controls the exchange
of molecules between the body and the surroundings. Conse-
quently, the thickness of this layer significantly influences the
diffusion of blood gases like COy [110]. Studies have shown
that the thickness of stratum corneum can vary among individ-
uals depending on the factors like pigmentation and smoking
habits [111], [112]. Hence, it is crucial to account for these
individual differences when estimating PaCOy from PtcCO,
and to integrate the impact of such factors into the estimation
algorithm.

Such algorithms can be developed based on computational
physiological modelling [113]. Recent research employed a
simplified adaptation of Krogh’s model [114] to simulate the
transport of transcutaneous Os, relating different properties of
skin such as thickness and porosity with the O, transport, with
the aim of accommodating variations within and between indi-
viduals [115]. These models have the potential to be modified
for transcutaneous COs transport, serving as a foundation for
the development of more intricate models tailored to provide
personalized predictions for estimating PaCOs from PtcCOs.

H. Ease of Use

To enable users to utilize PtcCO5 monitors in home-care
settings from a distance, it is important to ensure that these
monitors are easy to use and maintain. The electrochemical-
based monitors require the replacement of their sensing mem-
brane every 28 days by trained personnel [23]. However, if
the sensor is regularly cleaned and disinfected, this time frame
can be extended to 42 days. The COs-sensitive film used in
luminescence-based monitors must also be regularly replaced,
however, the specific frequency of replacement depends on
the excitation scheme employed [39]. Regular maintenance is
not reported for NDIR-based monitors as they do not utilize
any chemical components that deteriorate in performance over
time [25], [26].

Transcutaneous CO5 monitoring outside of a clinical setting
could benefit patients with respiratory diseases. This application
requires wearable monitors that are small, comfortable, and
accurate with fast response times and low power consumption.
Although electrochemical-based PtcCO5 monitors have shown
accuracy in clinical tests [9], [22], [95], [96], [97], they were
not originally designed for wearable use but for clinical bed-
side monitoring. NDIR-based monitors can operate for long
periods without calibration, but increasing their measurement
sensitivity requires larger measurement cells; thus, they need
to be miniaturized, which is a challenge. Luminescence-based
PtcCO5 monitors, despite their smaller sensor size and fast
response time, suffer from photobleaching of the sensing film,
limiting continuous measurement time that could be improved
by decreasing the sampling rate. In general, the initial settle-
ment time of PtcCO> monitors is slowed down due to the time
required for the CO4 concentration in the measurement medium
to reach equilibrium, which is a function of the diffusion rate
of CO- through skin. Nevertheless, it is important to highlight
that NDIR- and luminescence-based monitors, without heating,
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exhibit comparable initial settlement times to electrochemical-
based monitors that employ a heating element.

VI. CONCLUSION

An unmet need for a miniaturized, wearable, long-term,
and continuous monitoring device that can track PtcCOs out-
side a clinical setting remains. Therefore, this article pro-
vided a comprehensive review of general sensing techniques
and implementation approaches for transcutaneous CO, mon-
itoring. To provide the reader with the fundamental concepts
of these techniques, we discussed three sensing approaches—
electrochemical-, NDIR-, and luminescence-based methods—
currently employed in transcutaneous CO> monitors. We cat-
egorized contemporary and emerging transcutaneous monitors
based on their sensing principles and examined them in depth.
As contemporary monitors that use electrochemical sensing are
designed for clinical use as bedside monitors, researchers have
turned to recent developments in sensing technologies to propose
alternatives to the contemporary monitors, namely NDIR- and
luminescence-based monitors. Our review has demonstrated that
these monitors address some of the issues of contemporary
monitors and offer promising solutions.
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