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Abstract

Respiratory gas analysis is a minimum standard of monitoring during
general anaesthesia. It is also essential to know the environmental
concentration of anaesthetic vapours in order to comply with regula-
tions set out by the Control of Substances Hazardous to Health.
Methods of measuring gas concentrations can be organized accord-
ing to measurement in the gaseous state or in solution. Devices
which are capable of measuring gas concentrations in the gaseous
state include the paramagnetic analyser, infrared analyser, Raman
effect analysers, mass spectrometry, refractrometry, piezoelectric
absorption and ultraviolet absorption. Devices used to measure
gas concentrations in solution include the Clark electrode, fuel cell,
Severinghaus electrode and chromatography. This review will explain
the basic principles behind each of these devices as well as discussing
their advantages, disadvantages and potential sources of error.
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Introduction

The Association of Anaesthetists of Great Britain and Ireland
(AAGBI) recommends respiratory gas analysis as one of the
minimum standards of monitoring during general anaesthesia.’
Anaesthetic vapours are also considered substances hazardous
to health so The Control of Substances Hazardous to Health
(COSHH) has stipulated regulations to limit exposure in the
workplace.” There are a multitude of methods by which we can
measure gas concentrations in both the gaseous state and in
solutions.

In clinical practice, measurement of gas concentration can
occur either via side-stream analysis (a sample of gas is removed
from the anaesthetic circuit to a remote analysis unit) or main
stream analysis (the analysis unit is built into the anaesthetic
circuit). Side stream analysis has the benefit of being able to
analyse multiple molecules within one gas sample simulta-
neously but is disadvantaged by a slower response time owing to
the time taken for the sample to reach the analysis device. Main
stream analysis, although faster in response time, suffers from
increasing weight and dead space to the anaesthetic circuit and is
only able to analyse one molecule at a time (usually carbon
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After reading this article, you should be able to:

e list common methods of gas concentration analysis of samples
in solution and the gaseous state

explain the basic principles behind each measuring device
identify potential sources of error

discuss the benefits and drawbacks of each method to allow
comparison

dioxide). Therefore, main stream analysis is generally reserved
for locations outside of anaesthetic rooms and theatres, such as
the emergency department.

Measuring gas concentrations in the gaseous state

Paramagnetic oxygen analyser
This device is the most commonly used technique for oxygen
analysis in anaesthetic practice due to its rapid response time. It
relies on the paramagnetic property of oxygen. Paramagnetism is
defined as the attraction of a substance into an external magnetic
field. Paramagnetic gases, such as oxygen, have unpaired elec-
trons in their outer shell which infers them this property. Gases
such as nitrogen are diamagnetic and will be repelled by the
magnetic field. A paramagnetic analyser is composed of a gas-
tight chamber containing two glass spheres filled with nitrogen
suspended on a filament allowing them to rotate freely
(Figure 1a). A magnetic field exists within the chamber so as a gas
sample enters, oxygen within the sample is attracted to the
magnetic field and the movement of these molecules displaces the
glass spheres. A detector is required to measure the displacement
of these glass spheres. Classically, this is a mirror placed
in-between the glass spheres which reflects a light source directed
at the mirror onto a calibrated scale which can be read directly to
give the percentage of oxygen. Newer versions of paramagnetic
analysers use a null-deflection detection technique where the light
beam is reflected onto two photocells generating a current. This
current is used to produce an opposing magnetic field in the
chamber which returns the glass spheres to their resting position
(null-deflection). The current required to maintain null-deflection
is used as a more accurate measure of oxygen concentration.
An alternative version of the paramagnetic analyser
(Figure 1b) uses a differential pressure transducer as the
detector which sits between two streams of gas — the sample gas
and a reference gas. The external magnetic field is pulsed and
when it is switched on, oxygen molecules are attracted into the
field. This sudden movement of oxygen molecules causes a drop
in pressure in the system which is detected by the pressure
transducer and can be calibrated to give a measure of oxygen
concentration. This version of the paramagnetic analyser has the
benefit of having no moving parts so is subject to less inaccuracy
with prolonged use.

Infrared analyser

This device allows for the continuous measurement of carbon
dioxide, nitrous oxide and volatile anaesthetic agents. If a
molecule contains two or more different atoms, it will be capable
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a Classical paramagnetic oxygen analyser — the sample chamber is surrounded
by an external magnetic field which attracts oxygen molecules into the chamber causing
movement of the nitrogen-filled glass spheres. This movement alters light reflected off a

mirror and onto a calibrated scale.

b Differential pressure transducer variant of paramagnetic oxygen analyser the pulsed magnetic
field intermittently attracts oxygen molecules towards it causing a drop in pressure, detected by the

pressure transducer.

Figure 1

of absorbing infrared radiation. The particular wavelength of
radiation absorbed will be specific to that molecule and this is the
basis on which infrared analysers work. Infrared gas analysers
are composed of a chamber with crystal windows through which
infrared radiation is emitted. Crystal windows, such as sapphire,
are used as it does not absorb infrared radiation. The infrared
radiation is absorbed to varying degrees by the gas sample within
the chamber and this is detected by a photodetector.

The absorption of infrared radiation by gases follows
Beer—Lambert’s law which states that:

Absorption = path length x concentration
OR absorption of infrared radiation o concentration of gas

Therefore, the higher the concentration of a gas within the
sample, the greater the absorption of infrared radiation at that
particular wavelength. The device is able to apply Beer
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—Lambert’s law to the output received at the photodetector to
give a measurement of gas concentration. The analyser can also
be adapted with different filters which change the wavelength of
infrared radiation emitted. These different filters are mounted
onto a rotating disc so one analyser is capable of measuring the
concentration of multiple different gas molecules within a sam-
ple. The main benefit of this design is the constantly alternating
signal received at the detector by the different filters is easier to
amplify and less prone to inaccuracy over time due to drift.
However, this device is still prone to inaccuracy due to varia-
tion in output from the infrared source to changes in the sensitivity
of the detector. To try and mitigate these potential sources of error,
the device also emits a second beam into a reference chamber
which does not contain the molecule being measured and this
output is subtracted from the output of the sample detector.
Another potential source of error is the collision broadening
effect. This occurs in gas mixtures when different molecules

© 2023 Published by Elsevier Ltd.



PHYSICS

affect the energy at which they absorb infrared radiation creating
a broad peak of absorption rather than a restricted absorbed
wavelength. This commonly occurs when nitrous oxide is added
to a gas sample, affecting the device’s ability to measure carbon
dioxide. The device is able to automatically compensate for this if
it knows the concentration of nitrous oxide being used.

Raman effect

An atom or molecule is capable of scattering a beam of radiation
causing a change in its wavelength known as the Raman effect.
Raman gas analysers work by measuring this change in wave-
length which is specific to each molecule. A helium—neon laser is
usually used in Raman gas analysers as it emits monochromatic
light into the analysis chamber. Most of this scattered radiation
will be of the same wavelength (known as Raleigh scattering) but
a small portion will undergo Raman scattering which is detected
by a photodetector. Each device can contain up to eight different
photodetectors in the chamber which only allows light of specific
wavelengths to pass through so one device is capable of
measuring oxygen, carbon dioxide, nitrous oxide and volatile
anaesthetic concentrations simultaneously.

Although Raman gas analysers are quicker and more accurate
than infrared analysers, they require a high sampling gas flow
and are more expensive than infrared analysers, therefore, they
are frequently used in industry, research and education rather
than in clinical practice.

Mass spectrometry
The mass spectrometer is the most accurate method of measuring
gas concentrations and has a rapid response time of less than
100 ms. It is also capable of analysing very small samples,
however, its large size and high cost means it is not used in the
clinical environment.

In a mass spectrometer, the gas sample passes through a beam
of electrons causing the molecules to become ionised. These
charged ions are then deflected by a strong magnetic field onto a
detector. The larger the molecule, the less it is deflected, and vice
versa. Therefore, the mass spectrometer is able to identify the
molecule based on its mass number and measure its concentra-
tion within the sample. This could lead to inaccuracies where
molecules have the same mass number, e.g. nitrous oxide and
carbon dioxide which both have a mass number of 44. In this
situation, the mass spectrometer measures an ionized fragment
of the compound, e.g. nitric oxide (mass number 30) rather than
nitrous oxide, to compensate for any error in measurement.

Refractometry
When light enters a substance it is bent, changing its trajectory.
This is known as refraction and is measured by a dimensionless
number known as its refractive index which is specific to each
molecule. In a refractometer, monochromatic light is directed
through a gas sample and focused onto a glass lens. When the
observer looks through the glass lens, they will see bands of light
and dark, the pattern of which is specific to the refractive index
and concentration of the gas molecule being sampled. The
refractometer is calibrated for a particular gas.

This method of gas analysis is not rapid enough for breath-by-
breath analysis of respiratory gases but is used in the calibration
of vaporisers and to measure environmental anaesthetic gases.

ANAESTHESIA AND INTENSIVE CARE MEDICINE 25:2

Piezoelectric absorption

The piezoelectric effect is the generation of an electrical potential
proportional to the mechanical force applied to specific mate-
rials, such as quartz crystal. The converse of this is known as the
inverse piezo effect where application of an alternating current
can produce mechanical forces that cause the crystal to oscillate.
This method of gas concentration measurement involves coating
the crystal in anaesthetic vapour dissolved in silicone-based oil.
When an alternating current is applied, the resonant frequency of
oscillation of the crystal correlates to the concentration of
anaesthetic vapour.

This method of measurement is slow to respond, is unable to
differentiate between different vapours and its accuracy is
affected by both nitrous oxide and water vapour, therefore, it is
no longer used in clinical practice.

Ultraviolet absorption
Ultraviolet absorption was only used to measure halothane
concentration, which is no longer used in clinical practice in the
UK, so is now obsolete.

Halothane strongly absorbs light in the ultraviolet spectrum
with peak absorption at a wavelength of 206 nm. An ultraviolet
spectrophotometer device works in a similar concept to the
infrared analyser, with ultraviolet light rather than infrared. The
amount of ultraviolet light reaching the photodetector is
inversely proportional to the concentration of halothane in the
gas sample, in accordance with Beer—Lambert’s law.

The main drawback of this device was that it produced toxic
breakdown products which needed to be passed through soda
lime before it could be safely returned to the breathing circuit.

Measuring gas concentrations in solution

Clark (polarographic) electrode

This device consists of two electrodes: a platinum cathode and a
silver anode (Figure 2). The sample under analysis is separated
from the device by a membrane which will only allow oxygen
molecules to diffuse through at a rate proportional to the partial
pressure of oxygen in the sample. The reactions generate a cur-
rent proportional to the partial pressure of oxygen in the sample
which is measured by an ammeter in the circuit. The ammeter
requires a battery to power it.

The Clark electrode is able to measure the partial pressure of
oxygen in both solution and gaseous samples, although the
response time is too slow to allow breath-by-breath analysis. It is
robust and portable. The main disadvantage is the limited lifespan
of the device as the silver anode requires replacement approxi-
mately every 3 years as it is consumed and the separating mem-
brane made of Teflon degrades over time. The device also
requires regular maintenance to ensure electrolyte replacement,
power supply and maintenance of a constant temperature of 37°C.
Its accuracy is also affected by humidity and the presence of
strong oxidising substances, such as nitrous oxide.

Fuel cell

Similar to the Clark electrode, the function of this device begins
with the sample diffusing across an oxygen permeable membrane
at a rate proportional to its partial pressure. The difference how-
ever, is the use of a gold mesh cathode which again liberates OH—
ions. These ions are oxidized at a lead anode to form lead oxide.
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Figure 2

Although similar in principle to the Clark electrode, the fuel
cell has additional advantages. It is more compact than the
Clark electrode and requires significantly less maintenance. The
ammeter in a fuel cell is able to produce its own voltage so does
not require an additional power source for operation. However,
like all batteries, its lifespan is limited and the more oxygen the
fuel cell is exposed to, the shorter its lifespan. Similar to the
Clark electrode, the fuel cell’s accuracy is also affected by
temperature. A thermistor is built into the fuel cell in order to
achieve temperature compensation. The fuel cell has a slow
response time of approximately 30 seconds and therefore its use

in clinical practice has been superseded by the paramagnetic
analyser.

Severinghaus electrode

The Severinghaus electrode is used to measure the partial pres-
sure of carbon dioxide in solutions and works on the principle
that carbon dioxide in solution will generate hydrogen ions:

COZ + Hzo And H2C03 < H+ + HCO3—

The concentration of hydrogen ions can be measured using
pH-sensitive glass, similar to a pH electrode (Figure 3).
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Severinghaus electrode. a Carbon dioxide diffuses across a permeable membrane to liberate

hydrogen ions. b These hydrogen ions interact with the pH-sensitive glass and a potential difference

is generated across it. ¢ The reference electrode is surrounded by a potassium chloride solution which
completes the circuit. d The potential difference between the two electrodes is measured by a voltmeter.

Figure 3
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pH-sensitive glass is a silicon oxide framework onto which
calcium and sodium ions are embedded. Hydrogen ions displace
sodium ions from this framework which draws chloride ions to it
from a surrounding buffer solution. This interaction creates a
potential difference across the glass which can be measured and
calibrated to give a measurement of hydrogen ions. In a Sever-
inghaus electrode, carbon dioxide must diffuse across a perme-
able membrane before its hydrogen ions are liberated and
therefore to give a value for partial pressure of carbon dioxide
within the sample, the Henderson—Hasselbach equation is used:

[HCO;—]

pH=pK, +1og,, [H,CO;]
As with all electrode systems, the device needs to be kept at a
constant temperature. Its response time is slow at up to three
minutes, owing to the time required for carbon dioxide to diffuse
across the membrane. This device is capable of measuring car-
bon dioxide concentration in both solution and gas samples but
for humidified gas samples, the saturated vapour pressure of
water but first be subtracted from barometric pressure to allow
for accurate measurement.

Chromatography

Chromatography is a process that separates out a mixture into its
individual components as the mixture passes through a column.
In a gas chromatograph, the column is packed with small beads
of silica—alumina coated with either polyethylene glycol or sili-
cone oil. An unreactive carrier gas, such as nitrogen or helium,
continuously flows through this column creating two phases —
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the stationary phase of the immobile beads and the mobile phase
of the flowing carrier gas. The gas sample to be analysed is
injected into the carrier gas as it flows through the column. The
individual molecules will pass through the column at different
speeds depending on their affinity for either the stationary or
mobile phase of the system causing the individual components to
separate out. The longer the column, the better the separation of
these individual molecules.

Gas chromatography is capable of measuring minute con-
centrations of gases in a sample and is capable of measuring
concentrations in both solution and the gaseous state. However,
it cannot analyse gases continually and therefore its use is largely
limited to research, environmental and industrial use rather than
in clinical practice. L 2
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