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Review Article

Capnometry
and anaesthesia

In the last decade, capnography has developed from a research
instrument into a monitoring device considered to be essential
during anaesthesia to ensure patient safety. Hence, a compre-
hensive understanding of capnography has become mandatory
for the anaesthetist in charge of patients in the operating room
and in the intensive care unit. This review of capnography
includes the methods available to determine carbon dioxide in
expired air, and an analysis of the physiology of capnograms,
which are followed by a description of the applications of
capnography in clinical practice. The theoretical backgrounds
of the effect of barometric pressure, water vapour, nitrous oxide
and other factors introducing errors in the accuracy of CO,
determination by the infra-red technique, currently the most
popular method in use, are detailed. Physiological factors
leading to changes in end-tidal carbon dioxide are discussed
together with the clinical uses of this measurement to assess
pulmonary blood flow indirectly, carbon dioxide production and
adequacy of alveolar ventilation. The importance of understand-
ing the shape of the capnogram as well as end-tidal carbon
dioxide measurements is emphasized and its use in the early
diagnosis of adverse events such as circuit disconnections,
oesophageal intubation, defective breathing systems and
hypoventilation is highlighted. Finally, the precautions required
in the use and interpretation of capnography are presented with
the caveat that although no instrument will replace the continu-
ous presence of the attentive physician, end-tidal carbon dioxide
monitoring can be effective in the early detection of anaesthesia-
related intraoperative accidents.

La capnographie est maintenant un élément essentiel du monito-
rage des patients pendant I’anesthésie générale et tout anesthé-
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siste doit comprendre les principes de fonctionnement de cette
technique. La préséme révision décrit les méthodes disponibles
de mesure de gaz carbonique (CO,) expiré, ainsi qu’une analyse
de la physiologie associée aux différents capnogrammes. Une
description des applications cliniques de la capnographie fait
suite a ces énoncés théoriques. Les effets de la pression baromé-
trique, de la vapeur d’eau, du protoxide d’azote et de plusieurs
autres facteurs affectant la mesure du CO, al’aide d’infra-rouge
sont décrits. La capnographie permet une mesure indirecte de la
circulation pulmonaire, de la production de CO, et de la
ventilation alvéolaire. Ces mesures sont influencées par de
nombreux facteurs physiologiques qu’il importe de bien con-
naitre afin de déterminer les limites de ce monitorage. Une
bonne interprétation de la forme des courbes de capnographie
est nécessaire afin de permettre la détection précoce d’incidents
dangereux tels un défaut ou débranchement du circuit anesthési-
que, une intubation oesophagienne ou une hypoventilation. Le
présent travail permet A l'anesthésiste de revoir toutes ces
notions et rappelle que méme si la capnographie ne remplace
pas la vigilance du clinicien, elle peut permetire la détection
rapide d’'événements qui pourraient mener a des complications
anesthésiques.
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Capnography is the graphic record of instantaneous carbon
dioxide (CO,) concentrations (capnogram) in the respired
gases during a respiratory cycle. Capnometry is the
measurement and display of CO, concentrations on a
digital or analogue indicator. The measurement of CO, in
the expired air directly indicates changes in the elimination
of CO, from the lungs. Indirectly, it indicates changes in
the production of CO, at the tissue level and in the deliv-
ery of CO, to the lungs by the circulatory system. Capno-
graphy constitutes an important non-invasive technique
that can monitor CO, production, pulmonary perfusion and
alveolar ventilation as well as respiratory patterns.’?
Although the first infra-red CO, measuring and record-
ing apparatus was introduced in 1943 by Luft,3 capnogra-
phy has gained widespread popularity only during the last
decade. The early CO, monitors were extremely bulky,
expensive to purchase and maintain, and unreliable. Their
use was limited mostly to research. However, recent
technological developments in solid state electronics have
resulted in the availability of numerous varieties of small,
reasonably priced CO, monitors. Studies on the evaluation
of anaesthesia accidents and related injuries have demon-
strated that adverse respiratory events such as hypoventi-
lation, oesophageal intubation and circuit disconnection
represented a major source of patient injury and financial
liability in anaesthetic practice.""8 Capnography has been
shown to be effective in the early detection of these
adverse events.” !> Further, it has been concluded recently
from aclosed claims study that application of capnography
and pulse oximetry together could have helped the anaes-
thetist prevent 93% of avoidable anaesthetic mishaps.’
Therefore it is logical to recommend the use of capnog-
raphy to increase the safety of anaesthesia in an effort to
detect anaesthesia-related accidents before irreversible
damage is done to the patient.*55 The improved clinical
outcome could reduce the medico-legal and malpractice
insurance burdens of anaesthetists. The guidelines to the
practice of anaesthesia in Canada already state that CO,
monitoring be performed on all patients undergoing
general anaesthesia requiring endotracheal intubation.'
The purpose of this review is to present a concise
description of the different methods of determination of
CO, in expired air and the factors affecting its measure-
ment, accompanied by an analysis of the physiology of the
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capnogram and an overview of the clinical applications of
CO, monitoring. The review concludes with a section
devoted to the care and precautions that should be ob-
served during the use of capnography.

Terminology

FCO, ~ Fraction of CO, in the tidal gas.

FACO, - Alveolar CO, fraction.

FETCO, — End-tidal carbon dioxide fraction. Usual-

ly, the CO, concentration reaches a maxi-
mum at the end of exhalation. FETCO, is
the maximum concentration recorded at
the end of exhalation and indicates FCO,
of alveoli (FACO,) emptying last.
PACO, — Alveolar partial pressure of CO,

PaCO, - Partial pressure of CO, in arterial blood.

PETCO, - Partial pressure (tension) of CO, mea-
sured at the end of exhalation.

(a-ET)PCO, — Arterial to end-tidal PCO, gradient.

Principles of CO; measurement

There are four physical methods in use to measure CO,
concentrations in the respiratory gases. In addition, the
FEF end-tidal chemical detector, which changes colour on
exposure to 4% CO,, is also described.

(1) Mass spectrography

The mass spectrograph separates gases and vapours of
differing molecular weights. The gas sample is aspirated
into a high vacuum chamber (10 mmHg) where an
electronic beam ionizes and fragments the components of
the gas sample. The ions are accelerated by an electric
field into a final chamber, which has a magnetic field,
perpendicular to the path of the ionized gas stream. In the
magnetic field the particles follow a path of which the
radius of curvature is proportional to the charge:mass ratio.
A detector plate analyses the various components of the
gas and determines the concentration of each component.
This system is very expensive and too bulky to use at the
bedside. Mass spectrometers for clinical use are either
“stand alone,” designed to monitor a single patient contin-
uously, or “shared,” designed to monitor sequentially
several patients in different locations (multiplexed). Up to
31 patients may be connected to a multiplexed system and
the gas is simultaneously sampled from all locations by a
large vacuum pump. A rotary valve (multiplexer) is used
to direct the gas samples sequentially to the mass spec-
trometer. In a typical 16-station system, with an average
breathing rate of 10 breaths - min~', each patient will be
monitored about every 3.2 min. The user can interrupt the
normal sequence of the multiplexer and call the mass spec-
trometer to his patient for a brief period of time. "1
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(2) Raman spectrography

Raman spectrography uses the principle of “Raman
Scattering” for CO, measurement. The gas sample is
aspirated into an analyzing chamber, where the sample is
illuminated by a high intensity monochromatic argon laser
beam. The light is absorbed by molecules which then
produce unstable vibrational or rotational energy states
(Raman scattering). The Raman scattering signals (Raman
light) are of low intensity and are measured at right angles
to the laser beam. The spectrum of Raman scattering lines
can be used to identify all types of molecules in the gas
phase. Recently, “Raman scattering™ has been incorpo-
rated into the newer monitors (RASCAL monitors) to
identify and quantify instantly CO, and inhalational agents
used in anaesthetic practice.!’

(3) Infra-red (IR) spectrography

Infra-red spectrography is very compact and less expen-
sive than other methods of measurement. It is the most
popular means currently used to monitor CO,. The wave
length of IR rays is >1.0 pm while that of visible light lies
between 0.4 and 0.8 um. The IR rays are absorbed by
polyatomic gases (non-elementary gases such as nitrous
oxide (N,0) and CO,); water vapour also absorbs IR light.
Carbon dioxide selectively absorbs specific wavelengths
(4.3 wm) of IR light. Since the amount of light absorbed is
proportional to the concentration of the absorbing mol-
ecules, the concentration can be determined by comparing
the absorbance with that of a known standard. The CO,
concentration measured by the monitor is usually ex-
pressed as partial pressure in mmHg, although some units
display percentage CO, (FCO,), by dividing CO, partial
pressure by the atmospheric pressure. !

(4) Photoacoustic spectrography (PAS)

Photoacoustic gas measurement (e.g., Bruel-Kjaer gas
monitor)is based on the same principles as conventional
IR-based gas analyzers: the ability of CO, and N,O and
anaesthetic agents to absorb IR light. However, they differ
in measurement techniques. Infra-red spectrography uses
~ the optical method, whereas PAS uses the acoustic tech-
nique which is based on the fact that if IR energy is
applied to a gas the gas will expand and lead to an increase
in pressure. If the applied energy is delivered in pulses the
pressure will be intermittent, resulting in a pressure
fluctuation. If the pulsation frequency lies within the
audible range an acoustic signal is produced which can be
detected by a microphone. The advantages claimed for
PAS over IR spectrometry are high accuracy, increased
reliability, reduced preventive maintenance, and less
frequent need for calibration. Further, as the amount of IR
light absorbed is measured directly without the use of a
reference cell the zero point drift is nonexistent in PAS.
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The zero is reached when there is no gas present in the
chamber. If no gas is present there can be no acoustic
signal. '’

Types of CO, monitors (capnometers)
There are two types of capnometers, depending on the
location of the CO, sensors.

(a) Side-stream capnometer. The sensor is located in the
main unit itself and a tiny pump aspirates gas samples
from the patient’s airway through a capillary tubing
(e.g., Datex Cardiocap II, Puritan Bennett CD-102,
Ohmeda 5200, Spacelabs 540). The sampling tube is
connected to a T-piece inserted at the endotracheal
tube or anaesthesia mask connector, or can be inserted
into the patient’s nostril. The gas that is withdrawn
from the patient often contains anaesthetic gases and
so the exhaust gas from the capnometer should be
routed to a gas scavenger or returned to the patient
breathing system. The sampling flow rate may be high
(>400 ml - min™") or low (<400 m! - min™"). The opti-
mal gas flow is considered to be 50-200 mi - min™'
which ensures that the capnographs are reliable in both
children and adults."'8

(b) Main-stream sensor capnometer. A cuvette containing
the CO, sensor is inserted between the endotracheal
tube and the breathing circuit (e.g., Hewlett Packard
47210A, Nihon Kohden OIR-710A, Siemens 930).
The IR rays traverse the respiratory gases to an IR
detector within the cuvette obviating the need for gas
sampling and scavenging. To prevent the condensation
of water vapour which can cause falsely high CO,
readings all main-stream sensors are heated above
body temperature to about 39°C, but this cannot
prevent occlusion of the optical windows of the
“cuvette” by secretions or humidifier/ therapeutic
aerosols. Facial burms may occur because of the
proximity of the heated cuvette to the patient. Con-
ventional main-stream analyzers have sensors which
are bulky, heavy and connected by an electrical cord
with the main analyzer all of which may produce
traction on the endotracheal tube, 13

Accuracy of IR CO, monitoring

The accuracy of CO, measurements by the various
methods described above can be affected by several
factors. As IR spectrography is used more frequently in
clinical practice, the factors are discussed with particular
reference to IR spectrography.

(1) Atmospheric pressure

Changes in atmospheric pressure do not affect the CO,
concentration (FCO,) but rather what is interpreted as CO,
by the detector.
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A change in atmospheric pressure directly influences the
reading of capnometers since CO, concentration is mea-
sured as partial pressure {direct effect). Further, an indirect
effect is seen when a capnometer reports measurements in
volume percent instead of partial pressure.?’

DIRECT EFFECT

This has two components.

(a) Anincrease in pressure gives a proportionate increase
in the number of radiation-absorbing CO, molecules
which increases the CO, signal. A 1% increase in
pressure causes a 1% relative increase in the CO,
signal. This effect is eliminated by calibrating the
capnometer with a known partial pressure of the CO,
gas (mmHg = vol% X atmospheric pressure) from
a commercially available calibrating gas. Given
such a calibration, the capnometer will record
CO, concentrations within its measurement cuvette as
partial pressure regardless of changes in the atmo-
spheric pressure.20 However, if the capnometer is
calibrated in volume percent, then the FCO, readings
should be corrected for the changes in atmospheric
pressure (a 1% increase in pressure produces a 1%
relative increase in FCO, value).?!

(b) Changes in pressure also produce a second effect. An
increase in pressure increases the intermolecular
forces of CO, molecules, which increase the IR
absorption. An increase in pressure by 1% causes a
relative increase in the signal by 0.5 to 0.8% which
can produce a small error.?""?? The maximal changes
in the atmospheric pressure due to changes in the
weather are of the order of 20 mmHg. This would
result in a change in PCO, of less than 0.5 to 0.8
mmHg (measurement range of PCO,, 3040 mmHg)
and, therefore, in routine clinical use corrections are
unnecessary,z' However, in studies in which precision
is needed corrections for variations in barometric
pressure are useful.

Increases in the sampling flow rate of side-stream CO,
sensors result in a reduction of pressure at the airway and
lower apparent CO, measurements. However, if the unitis
calibrated at the average prevailing atmospheric pressure
and sampling flow does not change, the unit should be
sufficiently accurate for clinical measurements. Further,
application of PEEP (positive end expiratory pressure)
increases the CO, reading. A PEEP of 20 cm H,0 in-
creases the CO, reading by 1.5 mmHg %

Some units measure the pressure in their sensor and
automatically adjust the CO, reading accordingly.'320-22

INDIRECT EFFECT
The indirect effect of atmospheric pressure results when
an analyzer reports measurements in volume percent. In
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conjunction with measurements of arterial blood gas
tensions, it is preferable to record the readings as PCO,
{mmHg) and not as volume percent. The atmospheric
pressure at the time of measurement must be known to
compute the PCO, value (mmHg = FCO, X atmospheric
pressure).?’ However, if the atmospheric pressure at the
time of measurement is different from the atmospheric
pressure during the time of calibration, then the observed
FCO, readings should be corrected for the two compo-
nents of “direct effect” of atmospheric pressure changes
before computing the PCO, value.?!"??

(2) Nitrous oxide

Nitrous oxide absorbs IR light (IR absorption spectra of
N,O = 4.5 um whereas CO, = 4.3 um) and the presence
of N,O therefore gives falsely high CO, readings. This
effect can be eliminated by using a narrow band IR filter,
which only allows the light most absorbed by CO, (about
4.3 pm) to pass. However, N,O molecules also interact
with CO, molecules producing a “collision broadening
effect” which affects the sensitivity of the IR analyzer and
causes an apparent increase in CO, reading. “Collision
broadening” is a phenomenon where the spectral ab-
sorption peaks of a gas (CO,) are broadened owing to the
collision or proximity of molecules of another gas (N,0).%°
The correction factors for the presence of various concen-
trations of N,O have been studied and range from 0.94 at
70% N,O (corrected PCO, = observed PCO, X 0.94) to
0.90 at 50% N,0.23 Most monitors provide some system
of electronic compensation to reduce this effect. Alterna-
tively, the simplest method of eliminating this error is to
calibrate the instrument with a gas mixture which contains
the same background gas concentration as that to be
analyzed. 18.22

(3) Halogenated anaesthetic agents

The low concentrations of halogenated anaesthetic agents
used during anaesthesia absorb IR energy atdifferent wave
lengths (around 3.3 pm) and their interference is not

considered to be important.18

(4) Oxygen

Although oxygen (O,) does not absorb IR light it may
indirectly affect the absorption by CO, by collision with
the CO, molecules and broadening the absorption peak.
While it does not cause as large an effect as N,O, oxygen
causes a falsely low CO, reading. Some units automati-
cally correct or have a user-actuated electronic offset for
the concentration of O, encountered.'®

(5) Water vapour
The presence of water vapour affects the CO, readings in
two ways.
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(i) Effect of condensed water. Water vapour may con-
dense on the window of the sensor cell, absorb IR
light, and produce falsely high CO, readings. This
interference can be prevented by heating the sensor
above body temperature (main-stream sensor units) or
by removing the excess water vapour, before it reaches
the sensor (side-stream sensor units). Some side
stream-sensor units use a special sampling tube made
of Nafion®, a semipermeable polymer that selectively
allows water vapour to pass from the interior of the
tube to the exterior. Other side-stream units have
liquid traps or moisture-absorbent filters that are
usually interposed between the sampling tube and the
analyzer that help to remove excessive water and
secretions, thus the optical system is protected.!32022

(ii) Effect of water vapour. Main-stream IR analyzers
measure the gas in the breathing circuit, which is
generally saturated at body temperature. The exact
water vapour pressure in the breathing circuit will
depend on many factors including the vse of heated
humidifications, fresh gas flow, length of time in use
and temperature.?’ In side-stream sensors the tem-
perature of the sampling gases may decrease during

the passage from the patient to the unit, resulting in a
decrease in the partial pressure of water vapour. This
causes an apparent increase in CO, concentration of
about 1.5-2%.%2% Further, if Nafion® tubing is used
in the sample catheter, then it actually equilibrates the
water vapour pressure inside the tubing to that of
outside the tubing.”’ Therefore, PETCO, measure-
ments should be corrected for the changes in water
vapour, depending on the type of analyzer used,
according to the manufacturer’s instructions.?22*

(6) Response time of analyzer

For accuracy, a capnograph needs a rapid response time.
This response time has two components. The transit time
and the rise time.?

The transit time is the time required for the sample to
move from the point of sampling to the detector cell.
Prolonged transit time delays the appearance of the
waveform at the detector, which causes a phase shift, but
no distortion. However, a bolus of gas is subjected to
dispersal caused by convection and diffusion during transit
down the catheter. Such a dispersal converts a square wave
front into a sigmoid shape, with loss of the highest and
lowest gas concentration peaks. This results in an under-
estimation of PETCO,, particularly in children. The extent
of the error increases with increased length and width of
the sampling tube, reduced sample flow rate (50 mi-
min~') and higher breathing frequency of the patient
(greater than 31 breaths - min~').26%7
The rise time (Tp)is the time taken by the output from
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the capnometer to change from 10% of the final value to
90% of the final value in response to a step change in
PCO,. Alternatively, rise time may be specified as Ty,
which is the time taken to change from 10% to 70% of the
final value.? The rise time is dependent upon the size of
the sample chamber and the gas flow.”* Slower flow rates
increase the time required to flush the infra-red sample
cell, which can increase the rise time. The rise times of
capnographs for clinical use range from 50-600 ms.
Carbon dioxide waveform is a function of rise time of the
capnometer. Prolonged rise time can reduce the slope of
phase II resulting in an underestimation of anatomical
dead space.?*?” The rise time of commercially available
CO, analyzers is fast enough to measure PETCO, in aduits,
with 5% accuracy (less than 30 breaths - min~!). However,
when the ventilatory rate is high, as in children, faster
analyzers with rise time (T,;) of 80 ms are necessary to
measure PETCO, values with 5% accuracy (at 100
breaths - min~' and I:E ratios less than 2:1).2

The response time of the CO, monitors has been
considerably reduced in newer units by (i) the use of more
powerful amplifiers, (ii) minimising the volume of the
sampling chamber and tubes and (iii} the use of relatively
high sampling flow rates (150 ml-min™"). In order to
achieve predictable PETCO, values and CO, waveforms it
is recommended that the response time of the analyzer be
less than the respiratory cycle time of the patient.?

(7) Alinearity of CO, analysis

The CO, concentration of the gas used to calibrate the
analyzer should be as near as possible to the range of
concentrations to be measured in order to ensure the
greatest accuracy in the measurement.2*

FEF end-tidal CO, detector

A pH-sensitive chemical indicator is enclosed in a plastic
housing and is connected to the gas stream between the
endotracheal tube and the anaesthesia circuit. The pH-
sensitive indicator changes colour when exposed to CO,.
The colour varies between expiration and inspiration, as
CO, level increases or decreases. The colour changes from
purple (when exposed to room air) to yellow (when
exposed to 4% CO,). The response time of the device is
sufficiently fast to detect changes of CO, breath-by-
breath.!!

Physiological considerations

The concentration of CO, in the alveoli is a ratio of CO,
output into the lungs (VCO,) and alveolar ventilation. The
following equation describes the principal determinants
of the PACO,.

PACO, = BP X [mean FICO,
+ (VCO, /alveolar ventilation)]
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FIGURE 1 (A)Capnogram ~ FCQ, trace against time. (B) Cap-

nogram - PCO, trace against expired volume (SBT-CO,). The capno-
grams can be divided into three phases. Phase I, II, and IIL

where BP = barometric pressure in a dry phase and FICO,
= inspired CO, fraction.

End-tidal CO, tension is dependent on PACO, and,
therefore, is influenced by changes in barometric pressure,
FICO,, determinants of VCO, (CO, production in tissues
and CO, transport to the lungs), and determinants of
alveolar ventilation (minute ventilation and physiological
dead space).*®

Analysis of a capnogram

The recording of a capnogram may be at two speeds. A
high speed capnogram (about 7 mm - sec™!) gives detailed
information about each individual breath whereas the
overall CO, changes (trend) can be followed at a slow
speed (about 0.7 mm - sec™!). In the high speed capnogram,
changes in FCO, or PCO, are plotted against time (Figure
1A). Although this method is convenient for clinical use,
more accurate information can be obtained from the single
breath test for CO, (SBT-CO,), where the FCO, or PCO,
changes are recorded against the volume of the expired gas
rather than time (Figure 1B).***? The SBT-CO, gives a
better reflection of V/Q status of the lung.

SBT-CO,

A typical SBT-CO, trace is shown in Figure 1B. The trace

can be divided into three phases.

Phase I Represents the CO,-free gas from the airways
(anatomical and apparatus dead space).
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FIGURE 2 (A) SBT-CO, trace recorded during anaesthesia/IPPV.
The horizontal phase III suggests synchronous alveolar emptying. (B)
SBT-CO, trace recorded during anaesthesia/IPPV, small tidal volume:
(a-ET)PCO, = 2.25 mmHg. (C) SBT-CO, trace recorded during
anaesthesia/IPPV in same patient as in tracing (B), large tidal volume:
(a~ET)PCO, = — 1.5 mmHg (modified with permission from author
reference 31).

Phase II Consists of a rapid S-shaped upswing on the
tracing (due to mixing of dead space gas with
alveolar gas).

Phase III The alveolar plateau represents CO,-rich gas
from the alveoli; it almost always has a positive
slope indicating a rising PCO,.

FACTORS RESPONSIBLE FOR SLOPE OF PHASE Il

West and his colleagues pointed out that PCO, sampled at

the lips increases for two different reasons:>>

(i) Cyclical variation in alveolar CO,. CO, is being
continuously excreted into the alveolar gas during
respiration. This results in a cyclical variation in
alveolar PCO,, values being greater during expiration
than inspiration.

(i) The late emptying of alveoli with lower ventilation/-
perfusion (V/Q) ratios and, therefore, relatively higher
PCO,. If all the alveoli had the same PCO,, then
irrespective of the emptying patterns, phase III would
be nearly horizontal. However, this ideal situation
does not occur, even in normal lungs which have a
wide range of V/Q ratios. Some alveoli have a higher
V/Q ratio (over ventilated) than ideal alveoli and
hence they have a relatively lower PCO,. Others have
a lower V/Q ratio than ideal alveoli (under ventilated)
resulting in a relatively higher PCO,. The delayed
emptying of these alveoli with low V/Q (high PCO,)
contributes to the rising slope of phase I1I. The mech-
anisms producing this effect are as follows®!*?

(A) Within the terminal respiratory unit. Ventila-
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FIGURE 3 Physiological dead space and its subdivisions (modified
with permission from author reference 31).

tion:perfusion (V/Q) mismatch within the unit may be
due either to incomplete gas mixing (alveolar mixing
defect) or to the fact that the maximum ventilation and
maximum perfusion to that unit are out of sequence in
respect to time (temporal mismatching — perfusion is
highest during the latter part of expiration when
ventilation is lowest). The scatter of V/Q ratios pro-
duced as a result is axially distributed with those
alveoli having low V/Q ratio (higher PCO,) being
distributed distally and emptying later.

(B) Between respiratory units. There may be a region-
al variation in ventilation per unit perfusion producing
aspectrum of V/Q ratios (spatial mismatching). Under
these circumstances, the slope of phase Il is deter-
mined by the nature of emptying of the alveolar units:
synchronous or asynchronous. If the units empty
synchronously, the gas from well-perfused and under-
perfused alveoli is expired simultaneously, resulting in
a horizontal phase III or else a phase III with minimal
slope (Figure 2A). However, if the units empty asyn-
chronously, units with longer time constants, hence
higher PCO,, would empty later (sequential emptying)
resulting in a rising slope of Phase III (Figure 2B).

The slope of the phase II1 is dependent, therefore, on the
emptying patterns of various alveoli with different V/Q
ratios as well as continuous CO, excretion into the alveoli.
The relative contributions of all the above mechanisms
cannot be separated and all occur simultaneously. The
angle between phases II and III, which has been referred
to as the alpha (o) angle, increases as the slope of phase III
increases. The alpha angle ( primarily linked to variations
in time constants within the lung) is thus an indirect
indication of V/Q status of the lung (Figure 1).!

Other factors, such as changes in cardiac output, CO,
production, airway resistance and functional residual
capacity (FRC) may further affect the V/Q status of the
various units in the lung, and thus influence the height or
the slope of phase III.
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The CO, trace against time also can be considered as
three phases as above (Figure 1A). After phase III is
complete, the descending limb makes an almost right angle
turn and rapidly descends to the base line. It represents the
inspiratory phase during which the fresh gas (CO, free) is
inhaled when the CO, concentration falls to zero. The CO,
trace against time is convenient and adequate for clinical
use and this is the method most commonly used by
capnographs. However, the slope of the phase III in an
SBT-CO, trace gives a better reflection of V/Q status of
the lung. The gradient of the phase III slope may be less
obvious in the CO, trace against time.>'*? Further, the
physiological dead space can be determined only from an
SBT-CO, trace.

Dead space and SBT-CO,

The SBT-CO, trace can be used to determine physio-
logical dead space and its components. A horizontal line
(dotted line in the Figure 3) representing PaCO, (arterial
blood sampled during the PETCO, recordings) is drawn on
the SBT-CO, trace. The area under the curve, X, is the
volume of CO, in the breath and represents effective
ventilation. The remaining area below the horizontal
dotted line represents wasted ventilation (physiological
dead space). A vertical line is constructed through phase
IT so that the two areas p and q are equal. Area Z repre-
sents anatomical dead space and area Y represents alveolar
dead space. Therefore, physiological dead space is repre-
sented by area Z plus area Y.3!*2

(a-ET)PCO, as an index of alveolar dead space

Under normal circumstances, the PETCO, (PCO, from
alveoli which empty last) is lower than PaCO, (average of
all alveoli) by 2-5 mmHg.3*7 This is due to the alveolar
dead space which is the result of temporal, spatial and
alveolar mixing defects in the normal lung. Changes in
alveolar dead space comrelate well with changes in
(a—ET)PCO, only when phase III is flat or has a minimal
slope. In this case, the area Y representing alveolar dead
space is almost rectangular and PaCO, > PETCO, (Figure
2A). However, if phase HI has a steeper slope the terminal
part of phase III may intercept the line representing
PaCO,, resulting in either zero or negative (a—ET)PCO,
gradients even in the presence of an alveolar dead space
(represented by the triangular shaded area, Y, in Figure
2C).3132 Therefore, the (a-ET)PCO, is dependent both on
alveolar dead space as well as factors that influence the
slope of phase III. This implies that an increase in the
alveolar dead space need not always be associated with an
increase in the (a—ET)PCO,. The (a~ET)PCO, may remain
the same if there is an associated increase in the siope of
the phase III. For example, it has been observed during
cardiac surgery that alveolar dead space was increased at
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the end of cardiopulmonary bypass but as the slope of
phase III was also increased there was no change in
(a-ET)PCO,. 3%

Negative (a—-ET)PCO, gradients

Negative (a—ET)PCO, values were observed more than 30
yr ago by Nunn et al., during anaesthesia although no
explanation was offered.>* Fletcher er al. observed nega-
tive or zero (a~-ET)PCO, values in 12% of normal subjects
during anaesthesia and IPPV with large tidal volumes and
low frequencies.”> Negative values were also observed
during anaesthesia in 50% of pregnant subjects,*® in 8.1%
of patients after post-cardiac bypass (PCB)*" and in 50%
of infants.*!

Large tidal volume and low frequency ventilation result
in (i) better ventilation of dependent well-perfused alveoli
which improves V/Q matching (small area Y in 2C). (ii)
Gas emptying from slow alveoli to reach the mouth,
whereas it would have remained in the airways with small
frequent breaths. Under these circumstances the low V/Q
areas (alveoli with higher PCO,) make a more substantial
contribution to the gas exchange. The net effect of these
factors is to enable the terminal part of phase III to ex-
ceed mean PaCO,, resulting in negative (a-ET)PCO,
(Figure 2C).%

The increased cardiac output and increased CO, produc-
tion, reduced FRC and low compliance associated with
pregnancy may result in greater cyclical variations in
alveolar PCO, during a respiratory cycle and also in more
alveoli with long time constants. During expiration,
PACO, increases towards PvCO, (partial pressure of
mixed venous CO,) more rapidly in pregnant subjects
because a larger amount of CO, is evolved into a lung
which becomes smaller as expiration continues. Further,
pregnant subjects resemble obese in some features namely
reduced FRC and low total compliance and hence may
exhibit a biphasic slope reminiscent of phase IV of the
nitrogen closing volume test. The PCO, of most alveolar
gas is less than PaCO, but, in the terminal part of the expi-
rate, PCO, rises rapidly and may exceed PaCG,. The
combined effect of these two mechanisms increases the
slope of phase III (Figure 4B) and the likelihood of
sampling a PETCO, greater than PaC02.36'39"‘2“"4

The presence of a wide range of V/Q mismatching and
reduced FRC may result in negative (a—ET)PCO, values in
patients after cardiopulmonary bypass.***® Increased CO,
production and reduced FRC may be responsible for the
negative (a-ET)PCO, values observed in infants.*!

Cardiac output and (a-ET)PCO,

Reduction in cardiac output and pulmonary blood flow
result in a decrease in PETCO, and an increase in
(a—ET)PCO,. Increases in cardiac output and pulmonary
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FIGURE 4 (A)Normal capnogram, PaCO, > PETCO,. (B) Capno-
gram during Caesarean section anaesthesia. Phase III has a steeper
slope than that in figure 4A. PETCO, > PaCO,. (C) Rebreathing caused
by exhausted soda lime. The base line is elevated above zero. (D)
Capnogram during the use of Bain anaesthetic circuit. Inspiratory base
line and phase [ are elevated above zero due to rebreathing. Note the
rebreathing wave during inspiration. (E) Obstructive pulmonary
disease: prolongation of phase II and a steeper phase I siope. (F)
Waning neuromuscular blockage “curare cleft” — a dip in phase III
indicating spontaneous respiratory effort. Mode of ventilation (A to F):
IPPV. (Capnogram 4E reproduced with permission from Datex instru-
mentation, Helsinki, Finland.)

blood flow result in better perfusion of the alveoli and a
rise in PETC02.2'37 Consequently alveolar dead space is
reduced as is (a~ET)CO, The decrease in (a~ET)PCQ, is
due to an increase in the alveolar CO, with a relatively
unchanged arterial CO, concentration, suggesting better
excretion of CO, into the lungs. The improved CO,
excretion is due to better perfusion of upper parts of the
lung.*’ Askrog found an inverse linear correlation between
pulmonary artery pressure and (a-ET)PCO,.>” Thus, under
conditions of constant lung ventilation, PETCO, monitor-
ing can be used as a monitor of pulmonary blood flow.>*’

Clinical applications

Various factors result in either increased or de-
creased/absent PETCO, (Table). It is more advantageous
to have a continuous recording of the capnogram than
simply a digital display of PETCO, since an analysis of the
capnogram gives more information and better insight into
the clinical situation. This permits early diagnosis and
therefore the early institution of corrective action when
abnormalities develop. There is only one normal capno-
gram and all variations must be recognized and corrected
where possible (Figures 4 and 5). Abnormalities should be
found by analyzing the various phases of capnogram for
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Factors
Technical errors or
PETCO, CO, output Pulmonary perfusion Alveolar ventilation machine faults
PETCO, increased Fever Increased cardiac output Hypoventilation Exhausted CO, absorber

Thyrotoxicosis
Malignant hyperthermia
Sodium bicarbonate
Touriquet release
Venous CO, embolism

Increased blood pressure

Bronchial intubation
Partial airway obstruction
Rebreathing

Hyperventilation

Apnoea

Total airway obstruction
Partial airway obstruction

Inadequate fresh gas flows
Leaks in breathing system
Faulty ventilator

Faulty valves

Circuit disconnection
Sampling tube leak
Malfunction of ventilator

Accidental tracheal extubation

PETCO, decreased Hypothermia Reduced cardiac output
or absent Hypotension

Hypovolaemia
Pulmonary embolism
Cardiac arrest

A, B.

L&_ MA
Co e D
E. F

AT
A

FIGURE 5 (A) Cardiogenic oscillations. Ripple effect, super-
imposed on the plateau and the descending limb, resulting from small
gas movements produced by pulsations of the aorta and heart. (B)
Oesophageal intubation. CO, is rapidly flushed out on ventilation of the
stomach and PETCO, decreases. (C) Cardiac arrest: PETCO, decreases
rapidly following the collapse of pulmonary perfusion. The capnogram
following the resuscitation. (D) Sudden upward shift in base and top
line: contamination of CO, monitor with secretions and mucus. (E)
Paediatric capnogram during the use of Jackson-Rees circuit (sponta-
neous respiration). (F) Dilution of PETCO, by fresh gas flow during
the use of PEEP or CPAP in IMV BIRD ventilator producing constant
flow. Mode of ventilation: IPPV except in E (spontaneous). (Capno-
grams A to D reproduced with permission from Datex instrumentation,
Helsinki, Finland.)

individual breaths as well as observing trends over a
period of time. Five characteristics should be inspected,
viz., height, frequency, rhythm, base line and shape.
Abnormalities in each phase of the capnogram are associ-
ated with either patient- or equipment-related problems.
An elevated inspiratory base line and phase I indicates
CO, rebreathing, which is abnormal with circle breathing

systems, and suggests either an exhausted CO, absorbent
in circle system (Figure 4C) or incompetent valves.*®0 It
is normally anticipated with the Bain anaesthetic system
during controlled ventilation (Figure 4D).*-5!

Prolongation or slanting of the expiratory upstroke
(phase II) occurs when there is obstruction to expiratory
gas flow (e.g., asthma, bronchospasm, obstructive pulmo-
nary disease, and kinked endotracheal tube)®?>48-50.52 ¢
in the presence of leaks in the breathing system.’! A side-
stream capnograph may allow gas mixing within the
sampling tube (dispersion) if sampling rate is slow (50
ml - min™") or if the tubing is too long or has too wide a
bore, or both. Such dispersion of gases can also result in
prolongation of the expiratory upstroke.?”?

The slope of the expiratory plateau (phase III) can be
increased during pregnancy as a normal physiological
variation (Figure 4B).“2 Besides, it can also result from
factors that produce obstruction to expiratory gas flow
which may also result in a prolonged phase II (Figure
4E) 224854 A dip in the plateau (curare cleft — Figure 4F)
indicates a spontaneous respiratory effort during mechani-
cal ventilation.>>!

The descending limb can be prolonged or slanted, when
the inspiratory valve of a closed circuit system is incompe-
tent*® or because of the use of side-stream sensor capno-
graphs, with a prolonged response time.?” The capnograph
with a prolonged response time also results in the prolon-
gation of phase II and is observed commonly in chil-
dren.Z”? At slow respiratory rates it is common to see a
ripple effect, referred to as cardiogenic oscillations, super-
imposed on the expiratory plateau and the descending limb
of the capnogram. This arises from small gas movements
created largely by the pulsations of the aorta and heart
(Figure 5A).1°031

Increases in metabolism raise the height of the plateau
whereas decreases in metabolism, cardiac output and
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effective circulating blood volume reduce the height.>*’ A
sudden elevation in both the base line and the PETCO,
usually indicates contamination of the sample cell with
water, mucus or dirt, whereas a gradual rise suggests
rebreathing.>

(1) PETCO, as an estimate of PaCO,
Measurements of PETCO, constitute a useful non-invasive
tool to monitor PaCO, and hence the ventilatory status of
patients during anaesthesia or in the intensive care unit. In
normal individuals, the (a-ET)PCO, may vary from 2-5
mmHg. 337 It can vary from patient to patient and is
dependent on several factors. It increases with age,
pulmonary disorders (emphysema), pulmonary embolism,
decreasing cardiac output, hypovolaemia and anaesthesia
itself. 237333 It decreases with large tidal volumes and low
frequency ventilation.>> In pregnant subjects, as well as in
infants and smaller children, the (a—~ET)PCO, is lower than
in non-pregnant adults and PETCO, reflects PaCO,.64142
Changes in PETCO, can often be regarded as indicative
of changes in PaCO,. The PETCO, is even more useful if
its relationship to PaCO, can be established initially by
blood gas analysis. Thereafter, changes in PaCO, may be
assumed to occur in parallel with those in PETCO, thus
avoiding repeated arterial puncture. However, the vari-
ations in (a-ET)PCO, during major surgery may be of the
same magnitude as the inter-individual variations and
caution must be used in the precise prediction of PaCO,
from PETCO, measurements. Several factors such as
changes in body position, temperature and pulmonary
blood flow, as well as mechanical ventilation and cardio-
pulmonary bypass, can result in changes in the ventilation
perfusion status of the lungs. This in turn alters the
alveolar dead space fraction and the slope of phase III, and
this affects (a—ET)PCO,. Further, there is no consistent
correlation between (a—ET)PCO, and the various factors
mentioned.*’

(2) Adequacy of spontaneous respiration

Capnography can be used to monitor the adequacy of
spontaneous ventilation, not only during general anaesthe-
sia and recovery but also in the awake unintubated patient
either in the intensive care unit or during regional anaes-
thesia. In addition, CO, monitoring can serve as an apnoea
monitor. The samples can be drawn from the nasal cavity
using nasal adaptors or cannulae.’*>? Gases can also be
sampled from the nasal cavity during the administration of
oxygen using a simple modification of the standard nasal
cannulae. End-tidal CO, tension, thus measured, is a good
predictor of PaCQO, even when oxygen is being admin-
istered simultaneously.””* This may be of particular
benefit in monitoring the ventilatory status of patients with
chronic respiratory failure where excessive oxygen therapy
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can produce CO, narcosis. However, the major limiting
factor is the admixture of end-tidal gas with air or insuf-
flated oxygen resulting in a falsely low PETCO, particu-
larly in mouth breathing patients, or in those who may
require more than 4 1- min~' of nasal oxygen, or in patients
who are hypoventilating.5*°

(3) Adjustments of fresh gas flow rates (FGF) in
rebreathing systems

The FGF required with various rebreathing systems during
anaesthesia can be adjusted precisely by continuous
monitoring of PETCO, and this prevents hypercarbia.

(4) Integrity of anaesthetic apparatus
Anaesthetic mishaps due to airway problems, leaks and
disconnections in the anaesthesia system often develop and
may become apparent only when a crisis occurs. Circuit
leaks which decrease the minute volume may not be
indicated by airway pressure monitoring but may be de-
tected by CO, monitoring because the PETCO, gradually
increases. Airway pressure monitors used to detect breath-
ing system leaks occasionally fail to detect some dis-
connections. Under these circumstances a CO, monitor
would detect disconnection instantaneously in paralysed
patients.'® Carbon dioxide monitoring gives an early
warning of CO, retention by the patient due to a faulty
Bain anaesthetic system, an exhausted CO, absorbent in a
semi-closed anaesthetic system, leaks in the anaesthetic
system, disconnections within the anaesthetic machine
or malfunction of valves in circle anaesthetic sys-
tems, 514:18:46-49,60

Further, a total occlusion or accidental extubation of the
endotracheal tube results in an abrupt decrease in PETCO,,
whereas a partially kinked or obstructed tube can result in
either increased or decreased PETCO,, or in no change in
PETCO, depending on the severity of the obstruction, 213
Capnography is considered more valuable than capno-
metry in detecting partially kinked endotracheal tubes, as
distortions in CO, waveforms (prolonged phase II, steeper
phase III, irregular height of the CO; waveforms) occur
earlier than changes in PETCO,."*%5¢ However, it should
be noted that endotracheal tube obstruction must be severe
(at least 50% occlusion) to produce changes in PETCO, or
in the CO, waveforms.'>*8

(5) Accidental oesophageal intubation

When used with the standard technique of listening to
breath sounds, CO, monitoring is probably the best way
to detect oesophageal intubation. Although CO, may be
present in the stomach it is rapidly flushed out during
ventilation of the stomach and the PETCO, reading would
decrease, resulting in a flat capnogram (figure 5B).!%!2
Recently, PETCO, detectors, which change colour on
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exposure to 4% CO,, have been used successfully to
confirm tracheal intubation. These detectors can be used
where CO, monitors are not available.!! It should be noted
that in the presence of carbonated beverages in the stom-
ach a PETCO, as high as 38 mmHg can be observed with
oesophageal ventilation and it may take at least six breaths
for PETCO, to decrease to zero. However, the CO,
waveforms produced as a result are abnormal in shape and,
therefore, could be detected earlier by capnography than
capnometry.5!

(6) Blind nasal intubation

Continuous recordings of CO, at the proximal end of the
nasal tracheal tube facilitate guiding of the tube towards
the larynx during blind nasal intubation in the spontane-
ously breathing patient. As the tube is moved away from
the larynx, the end-tidal recordings decrease.52 Carbon
dioxide recordings can be replaced by audio signals that
are proportional to CO, concentration (audio capnometry).
This has the advantage that one does not have the distrac-
tion of looking at the capnometer during the procedure.®*

(7) Proper positioning of double lumen-tubes

In addition to the standard methods available PETCO,
monitoring of each lung may be a valuable adjunct not
only for assuring proper tube placement, but also for
detecting dislodgement of double-lumen tubes during the
course of anaesthesia. Correct placement of double-lumen
tubes can be checked by analyzing individual CO, wave
forms from each lung during clamping and unclamping
procedures. Further, periodical monitoring of CO, wave
forms from individual lungs may be useful to monitor
ventilation of each lung particularly when the patient is
prepared, draped, or when the chest is not available for
auscultation, or the quality of breath sounds is not clear
enough.® To monitor CO, wave forms from each lung the
author’s practice is to incorporate a three-way stopcock
into the sampling tube. The stopcock can be used to direct
the flow from either lung individually or from both lungs
simultaneously into the CO% monitor, thus obviating the
need for two CO, monitors.%

(8) Hypermetabolic states

Dangerous hypermetabolic conditions such as malignant
hyperthermia, thyrotoxic crisis, and severe sepsis, can be
detected by CO, monitoring. Increased metabolic rates
cause greater CO, production, which can cause PETCO,
to increase. An increasing PETCO, may, therefore, be
an early warning sign of an impending hypermetabolic
crisis.%

(9) Detection of pulmonary embolism
A rapid decrease of PETCQ, in the absence of changes in
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blood pressure, central venous pressure and heart rate
indicates an air embolism without systemic haemodynamic
consequences. A reduction in cardiac output also results in
a decrease of PETCO, measurement. Therefore, in the
event of a rapid decrease in PETCO, associated with a
reduction in cardiac output, a rise in the pulmonary arterial
press;re confirms the occurrence of pulmonary embo-
lism.

(10) Venous CO, embolism

End-tidal CO, monitoring is essential during laparoscopy,
as it may help in the early detection of venous CO,
embolism (accidental insufflation of CO, into the veins).
In addition, CO, is also absorbed from abdominal cavity.
A transient but rapid rise in PETCO,, has been suggested
as a useful early sign of venous CO, embolism.%

(11) Cardiopulmonary resuscitation

End-tidal CO, monitoring during closed chest compression
is one of the most exciting recent developments in CPR. It
holds the promise of making available information about
the effectiveness of resuscitative efforts, that, heretofore,
have been unavailable. It is non-invasive, easy to apply to
the intubated patient and the theory of its use during CPR
is relatively simple. During closed chest compression the
blood flow to the lungs is low so that relatively few alveoli
are perfused. Since tidal volumes delivered with a resusci-
tation bag tend to be large, many alveoli are ventilated that
are not perfused and consequently, the PETCO, is low. If
the blood flow to the lungs improves, more alveoli are
perfused and PETCO, will increase (Figure 5C). Under
these circumstances the CO, presentation to the lungs is
the major limiting determinant of PETCO, and it has been
found that PETCO, correlates well with measured cardiac
output during resuscitation.%® Therefore PETCO, can be
used to judge the effectiveness of resuscitative attempts
and thus lead to changes in technique that could improve
the outcome. Further, the PETCO, may have a prognostic
significance. It has been observed that non-survivors had
lower PETCO, than survivors and no patient with PETCO,
<10 mmHg could be successfully resuscitated.™

(12) High frequency jet ventilation (HFJV)

Assessment of the adequacy of HFJV is usually done by a
series of arterial blood gas measurements. Monitoring
PETCO, can be used successfully to determine PaCO,
levels during HFJV. This is done by delivering a single
breath of large tidal volume and measuring PETCO, during
brief interruption of HFJV. If PaCO, can be measured
simultaneously by arterial puncture, then (a—ET)PCO, can
be determined and subsequent monitoring of HFJV can be
done by measuring PETCO, in periodically given single
large breaths.”!
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(13) (a-ET)PCO, and PEEP

Positive end expiratory pressure (PEEP) can be applied to
improve oxygenation, when hypoxaemia is caused by
acute alveolar oedema, or in early adult respiratory distress
syndrome (ARDS). Certain levels of PEEP (the inflection
pressure on pressure volume compliance curve) must be
reached in any particular patient before improvement in
oxygenation is achieved. When oxygenation is at its best
(optimum PEEP) the (a—ET)PCO, is least. As the level of
PEEP is increased beyond this the (a-ET)PCO, increases
again and oxygenation worsens. Therefore it has been
suggested that (a-ET)PCO, can be used as a sensitive
indicator in order to titrate PEEP in patients with early
ARDS or with alveolar oedema.”

Care and precautions

(1) Testing the capnometer
Before any interpretations are made of PETCO, readings
or CO, waveforms one should ascertain that the capno-
meter is functioning correctly. A leak due to a split in the
sampling tube may result in low PETCO, measurements,
or contamination of the unit with secretions or mucus may
cause a distorted CO, waveform (Figure 5D). A quick, but
less accurate, method is to record a normal CO, tracing
(e.g., one’s own). The typical CO, wave form (Figure 4A)
with PETCO, readings between 38-42 mmHg, confirms
the proper functioning of the capnometer.®'’3

However, for accurate measurements capnometers
should be calibrated first, zeroing the monitor to room air,
and then administering a gas of known CO, concentration.
As the changes in barometric pressure affect the PETCO,
measurements, calibration procedures should be performed
using the same type of sampling tube as will be used when
the analyzer is connected to the patient sampling. Omis-
sion of the standard narrow 2 m long sampling tube (at the
time of calibration) will result in the absence of a large
pressure drop across the ends of the tube, and a measuring
erro;thus becomes inevitable during subsequent clinical
use.

(2) Infants and children
In infants and small children, great caution has to be
exercised when monitoring PETCO,. A sampling flow rate
of 150 ml - min™! yields consistently accurate estimates of
PaCO, and an acceptable capnogram in neonates, infants
and children and, therefore, is considered appropriate.’
Occasionally, the alveolar plateau that should be present
for accurate PETCO, measurements may not be present in
infants, due to the small tidal volumes and rapid respirato-
ry rates. Despite this lack of an end-tidal plateau (Figure
SE), the PETCO, measurements approximate the PaCO,."*
Sampling can be performed from the proximal (between
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the endotracheal tube and breathing circuit) or distal part
of the endotracheal tube. The distal measurements are
higher and estimate PaCO, more accurately than proximal
measurements.*""> The difference between the two sites is
due to several factors, such as patient weight, type of
ventilator, breathing circuit, fresh gas flow, and gas sam-
pling characteristics of capnometer.” Difficulties associ-
ated with distal site sampling include an increased risk of
disconnection at the site of insertion of catheter or needle
into the tracheal tube and blockage of the catheter by
secretions. Proximal site sampling is easy and carries
minimal risk of blockage or contamination by secretions
and is, therefore, preferred by most clinicians.”

(3) Capnometers which use inspired gases as zero
reference

Capnometers with side stream-sensors use ambient air
(CO,-free) as the zero reference for CO,. However, a few
main-stream capnometers (e.g., Siemens 930) use the
inspiratory CO, concentration (FICO,) as the zero refer-
ence. This can result in errors in the estimation of PETCO,
in the presence of rebreathing where FICO, is not zero.

(4) Sampling of gases from closed circuits

When side-stream capnometers are used in closed circuit
anaesthesia with very low flows, approximately 150 ml of
gases per minute would be lost from the system, unless the
sampling gases are returned.

(5) Condensation of water, secretions, therapeutic
aerosols and water aerosols from humidifier

Water droplets, patient secretions and coalescence of water
aerosols from humidifiers in breathing circuits may result
in an accumulation of water and secretions in breathing
hoses. The contaminant enters the sampling tubes and
increases flow resistance in the tubing thus affecting
accuracy of the CO, measurement. The sampling tubes
may also be occluded. Some units either increase the
sampling flow or reverse the flow (purge) when a drop in
pressure from a flow restriction is sensed. This will help to
clear the secretions from the tube. If the occlusion is not
cleared the sampling tube must be replaced. Occasionally,
liquids can enter the main unit of the analyzer despite the
presence of water traps where they can cause corrosion
and form residues. This can degrade the performance of
the CO, monitor by interfering with the sampling flow or
fouling the sensor, in which case the chamber will require
cleaning. It should be noted that positioning the sampling
tube upwards away from the patient decreases the frequen-
cy with which liquids are drawn into the tubes.'®

(6) Technical problems in CO, sampling
Falsely low PETCO, values frequently arise due to errors
in sampling of the end-tidal gas.
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Admixture of end-tidal gas with air can result from
leaks in the sampling system, poor anaesthetic face mask
fit and during sampling of end-tidal gas from the nasal
cavity in mouth breathing patients.

Admixture of end-tidal gas with fresh gas flow (FGF)
can occur during the use of T-piece breathing systems on
the Ayre principle (e.g., Jackson Rees, Bain anaesthetic
system) or during the use of certain lung ventilators, which
produce a constant flow (Figure 5F). The problem of
admixture of the end-tidal gas by the FGF from the
breathing circuits can be minimized by interposing a right
angle adaptor between the breathing system and the
endotracheal tube, and interposing the sampling tube on
the patient’s side of the angle piece.’

(7) Tachypnoea

Caution has to be exercised while monitoring PETCO,

during low tidal volume frequent breathing. Errors can

result for two reasons.

(a) With frequent low tidal volume breathing, exhalation
may not be complete and alveolar gases may not have
fully migrated to the patient’s airway. Therefore the
end-tidal gas is not a good representative of the
alveolar gas.>

(b) Analyzers may underestimate PETCO, when breathing
frequency is greater than 30 breaths - min~, particular-
ly if the response time of the analyzer is greater than
the respiratory cycle time of the patient, 26282

Under these circumstances of low tidal volume and
frequent breathing during anaesthesia the accuracy of

PETCO, can be improved by an assisted single large tidal

volume. This is rewarded with adequate alveolar gas and

measured PETCO, (squeeze PETCO,) is a more representa-
tive sample of alveolar gas than the passive PETCO,.

Therefore “squeeze PETCO,” could be used as the basis

for assessing PaCO, and, thus, alveolar ventilation.>

(8) Hypoventilation

In patients breathing spontaneously, hypoventilation may
result in diminished expiratory gas flow rates. When the
expiratory flow rate of the patient decreases below the rate
of sampling into the capnometer, CO, free gases are
aspirated into the capnometer. This can result in erron-
eously low values for PETCO, particularly if sampling
flow rate is high. The use of lower sampling flow rates
(150 ml-min~! or less) may produce more accurate
determinations of PETCO,.”

Conclusion

Capnography can instantaneously identify potentially life-
threatening conditions such as oesophageal intubation,
circuit disconnection, defective anaesthetic systems,
hypoventilation and airway obstruction. It can indirectly
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monitor cardiac output and CO, production. Therefore,
capnography has assumed an important place in the
anaesthetists’ armamentarium to increase patient safety not
only in the operating room but also in the recovery room
and intensive care unit. It may be noted that the introduc-
tion of “new standards” (in technology and in guidelines
to professional practice) has coincided with a period of
improvement in the outcome of anaesthesia and subse-
quent reduction in incidence of major intraoperative
accidents and resultant legal action.®”~" Since the “stan-
dards” include several items in addition to capnography
one cannot assume any absolute cause-and-effect relation-
ship with capnography alone.”® Neither, on the other hand,
should one ignore its potential value for lack of positive
proof. Studies on cost effectiveness and cost benefit in the
future will probably prove the efficacy of capnography in
reducing anaesthesia-related morbidity, mortality and legal
claims. In the meantime, further research should be
directed to improving the reliabilty of the capnometers as
well as minimizing the problems associated with CO,
sampling, while at the same time making capnometers
more economical. While anaesthetists have appreciated the
value of capnography in the last decade, physicians in
other specialities will appreciate its value in the future, as
research has already begun to show the value of capnogra-
phy outside the domain of anaesthesia.5*8!
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