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Abstract

Nitrous oxide (N2O) is the oldest anaesthetic agent still in clinical use. Due to its weak
anaesthetic potency, it is customarily administered at concentrations as high as 70%, in
combination with the more potent volatile anaesthetic agents. It allows a dose reduction
of these agents and, unlike them, is characterised by remarkable cardiovascular and
respiratory stability and has analgesic properties. Its low solubility in blood and body
tissues produces rapid washin into the body on induction and rapid washout on
emergence at the end of surgery. Its rapid early uptake by the lungs is known to produce a
concentrating effect on the accompanying alveolar oxygen (O2) and volatile agent,
increasing their alveolar concentration and enhancing their uptake, which speeds
induction of anaesthesia. This is called the “second gas effect”.

The place of N2O in modern anaesthetic practice has increasingly been criticised. It has a
number of potential adverse effects, such as immunosuppression with prolonged
exposure, and the possibility of cardiovascular complications due to acute elevation of
plasma homocysteine levels is currently being investigated. It has been implicated as a
cause of post-operative nausea and vomiting (PONV), and is a greenhouse gas pollutant.
Its continued use relies largely on its perceived pharmacokinetic advantages, but these
have been questioned. The existence of the second gas effect has been denied by recent
authors, who have suggested that the real rate of uptake of N2O by pulmonary blood is
much lower than assumed, and that a measurable increase in the partial pressure of
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accompanying volatile agent in arterial blood due to the second gas effect cannot be
demonstrated.

To resolve these questions and provide a precise picture of the extent of, and mechanisms
underlying, the second gas effect, a series of studies was conducted involving both
computer modelling of lung gas exchange and clinical measurement in anaesthetised
patients.

A system was developed which allows continuous measurement of gas uptake from a
breathing system where pure N2O/O2 mixtures are delivered. The method measures gas
flows in the afferent and efferent limbs of a non-recirculating breathing system using CO2
as an extractable marker gas. A known flow rate of CO2 is fed into the fresh gas and
exhaust gas streams and its concentration measured, then removed using soda lime. The
method allows measurement of gas uptake with N2O/O2 mixtures without the presence of
N2 (the Haldane transformation) or other insoluble marker gases. The method was tested
in eight patients undergoing colonic surgery, for automated measurement of uptake of
oxygen, nitrous oxide, isoflurane and elimination of carbon dioxide using this method. Its
accuracy and precision were compared with simultaneous measurements made using the
Haldane transformation, corrected for predicted nitrogen excretion by the lungs. Good
agreement was obtained for measurement of uptake or elimination of all gases studied.
Mean bias for both oxygen and nitrous oxide uptake was - 0.003 L/min, for isoflurane
uptake - 0.0002 L/min and for carbon dioxide elimination 0.003 L/min. Limits of
agreement lay within 30% of the mean uptake rate for nitrous oxide, within 15% for
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oxygen, within 10% for isoflurane and within 5% for carbon dioxide. The measured rate
of uptake of N2O by the lungs from the breathing system closely followed that obtained
by previous authors when corrected for inspired concentration, declining exponentially
from a high peak rate. The system was found to be highly sensitive to transient
fluctuations in lung volume due to surgical retraction etc, and data smoothing over a four
minute period was found necessary to provide clinically useful measurements comparable
to those made with the Haldane method.

To obtain an estimate of the real rate of uptake of N2O by pulmonary blood following
induction of inhalational anaesthesia, a method based on the double headspace
equilibration technique was validated for the measurement of anaesthetic gases in blood
using a common infrared clinical gas analyser, the Datex-Ohmeda Capnomac Ultima.
After characterization of the linearity of the device in measuring volatile agent
concentration in the presence of N2O, carbon dioxide and water vapor, blood was
tonometered with known concentrations of sevoflurane (actual value between 0.5 and
5.0%) in O2 and N2O/O2 mixtures, as well as mixtures of isoflurane and desflurane in O2.
Mean bias [standard deviation] overall for sevoflurane in O2 relative to the tonometered
reference partial pressure was – 4.5 [4.8]% of the actual concentration. This was not
altered significantly by measurement in 40% O2/60% N2O. For isoflurane and desflurane
it was respectively – 3.9[3.3]% and – 4.6[3.8]% of the actual concentration. The accuracy
and precision of measurement of volatile anesthetic gas partial pressures in blood using a
clinical infrared gas analyser were comparable to that achieved by previous studies
employing gas chromatography.
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In 8 patients undergoing coronary bypass surgery, the rate of alveolar-capillary uptake of
anaesthetic gases up to 30 minutes following introduction of 0.5% sevoflurane and 33%
N2O in O2 and N2 was measured, using the reverse Fick method. Partial pressures of N2O
and sevoflurane in arterial and mixed venous blood were measured. Simultaneous
measurements of gas uptake from the breathing system were made by continuous indirect
calorimetry. Best fit exponential curves for the declining rate of anaesthetic gas uptake
from the breathing system were calculated using a Levenberg–Marquardt curve-fitting
algorithm. An exponential function was also assumed and applied to the rate of washin
into the functional residual capacity of the lung. The difference between these two curves
provided the function for alveolar-capillary gas uptake. Measured rates of sevoflurane
and N2O uptake from the breathing system agreed well with previously described
formulae when adjusted for inspired concentration. The time course of alveolar-capillary
gas uptake followed a characteristic rising curve peaking at 3-4 minutes and then
exponentially declining, and for N2O was significantly higher than previous estimates.

A multi-alveolar compartment computer model of the lung incorporating simulation of
time-dependent changes in gas exchange by the lung and by body tissue compartments
was constructed. The model was designed to allow a wide variation in ventilationperfusion ( V˙ Q˙ ) scatter to be simulated, such as is seen in anaesthetised patients, and
incorporated multiple body tissue compartments. Satisfactory agreement with published

€
empirical
data was demonstrated for the overall rate of uptake of multiple anaesthetic
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gases from the breathing system and across the alveolar-capillary membrane during 30
minutes following induction of inhalational anaesthesia.

The model was used to calculate the theoretical rate of uptake versus time for N2O and
sevoflurane from the breathing system and by pulmonary blood, with an inspired gas
mixture of 2% sevoflurane in either pure O2, or 30% O2/68% N2O, over the first 30
minutes of inhalational anaesthesia. A series of scenarios was modelled covering a range
of levels of V˙ Q˙ scatter. The model showed that the predicted rate of alveolar-capillary
uptake of N2O was substantial in the minutes following induction and that a significant

€ gas effect on sevoflurane resulted. The magnitude of the effect was greater on
second
arterial partial pressures than on end-tidal partial pressures of sevoflurane. This effect
appeared to be relatively more powerful where V˙ / Q˙ scatter is at levels typically seen in
anaesthetised patients. The model demonstrated how this was due to exaggerated
€
perfusion-driven uptake of N2O and €the second gas in lung compartments with

moderately low V˙ / Q˙ ratios.

€ €
To confirm
the results of the modelling, a clinical study was conducted in 14 patients

undergoing general surgery. Arterial and end-tidal partial pressures of sevoflurane
relative to inspired (Pa/PI sevo and PA/PI sevo) were measured for 30 minutes following
introduction of either 70% N2O or N2O -free gas mixtures Both PA/PI sevo and Pa/PI sevo
were significantly higher in the N2O group than in the control group (p < 0.001 on 2-way
ANOVA). This difference was significantly greater (p < 0.05) for Pa/PI sevo (23.6%
higher in the N2O group at 2 minutes, declining to 12.5% at 30 minutes) than for PA/PI
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sevo (9.8%

higher in the N2O group at 2 minutes) and was accompanied by a significantly

lower bi-spectral index score at 5 minutes (40.7 vs 25.4, p = 0.004). N2O uptake exerted a
significant second gas effect on arterial sevoflurane partial pressures. This effect was 2-3
times more powerful than the effect on end-expired partial pressures, as predicted by the
lung model.

The predictions by the lung model of a more powerful second gas effect than previously
thought, raised the possibility of a significant effect even at lower, maintenance phase
levels of N2O uptake. Modelling of a 30%/70% mixture of O2/ N2O at 100mL/min of N2O
uptake predicted that PaO2 was significantly higher than with a similar FIO2 in O2/air.
This difference was most marked at levels of V˙ / Q˙ scatter typically seen in anaesthetised
patients. Clinical confirmation of this was sought in 20 anaesthetised patients undergoing
€ €
cardiac surgery. PaO2 was measured after
a minimum of 30 minutes of relaxant general

anaesthesia with an FIO2 of 30%. Patients were randomised to two groups. The
intervention group had N2O introduced following baseline blood gas measurements,
while the control group continued breathing an identical FIO2 in N2. The primary
outcome variable was change in PaO2. Mean [SD] in PaO2 was increased by 13.5 [13.5]
mmHg after receiving a mean of 47.5 minutes of N2O compared with baseline conditions
breathing O2/N2 (p = 0.01). This change was significantly greater (p = 0.03) than that in
the control group (+0.7 [10.3] mmHg, p = 0.83) and confirmed the presence of a
significant persisting second gas effect.
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During emergence from N2O anaesthesia, rapid elimination of N2O from the lungs dilutes
other alveolar gases, producing alveolar “diffusion hypoxia”. This phenomenon is driven
by the same mechanism as the second gas effect, but in the reverse direction. A similar
dilutional effect on accompanying volatile anaesthetic agent can be predicted on the same
grounds as the effect on alveolar oxygen and carbon dioxide. A controlled study
examining the effect of N2O elimination on the rate of fall of sevoflurane concentrations
in end-tidal gas and arterial blood at the end of an inhalational anaesthetic was done.
Twenty patients undergoing surgery were randomised to receive an anaesthetic
maintenance gas mixture of sevoflurane adjusted to bi-spectral index, in air/O2 (Control
group) or in a 2:1 mixture of N2O/O2 (N2O group). After surgery baseline arterial and
tidal gas samples were taken. Patients were ventilated with oxygen, and arterial and tidal
gas sampling was repeated at 2 and 5 minutes. Arterial sampling was repeated 30 minutes
postoperatively. Times to eye opening and extubation were recorded. The primary
endpoint was fall in sevoflurane partial pressures in blood at 2 and 5 minutes. Relative to
baseline, arterial sevoflurane partial pressure was over 39% higher at 5 minutes in the
control group (p < 0.04), but at 30 minutes the difference was not statistically significant.
Time to eye opening and extubation were shorter in the N2O group (8.7 minutes and 10.1
minutes) than the Control group (11.0 minutes and 13.2 minutes) (p < 0.04). Elimination
of N2O at the end of anaesthesia produces a clinically significant acceleration of the fall
in concentration of accompanying volatile agent, contributing to the speed of emergence
observed following inhalational anaesthesia with N2O.

ix
In summary, computer modelling and clinical measurement show that the second gas
effect is not only real, but is a more powerful phenomenon than previously believed. It
accelerates the rise of the arterial partial pressure of the accompanying volatile agent to
speed induction, and persists for a prolonged period of time to produce improved
oxygenation well into the course of anaesthesia. It also acts during emergence from
anaesthesia to hasten elimination of volatile agent and speed awakening from anaesthesia.
The pharmacokinetic advantages of N2O anaesthesia have been underestimated and
should not be overlooked in determining the future place of N2O in clinical practice.
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Chapter 1.

Introduction and background

History and properties of Nitrous Oxide

Nitrous oxide (N2O) is the oldest anaesthetic agent still in clinical use. In fact, it
remains one of the longest serving therapeutic substances in use anywhere in modern
medicine. Synthesised by Joseph Priestley in 1772, it was first considered for medical
use by the British scientists Thomas Beddoes and Humphry Davy, who noted its
effects on consciousness and pain and suggested in 1800 its potential for use in
surgical operations (Davy 1800, Frost 1985). However, it was subsequently exploited
largely for entertainment purposes, and it was not until the 1840s that the American
dentist Horace Wells began to experiment with it for the relief of pain in dentistry.
Wells’s attempt in 1844 to publicly demonstrate its efficacy during dental surgery
failed when the patient cried out with pain, famously provoking howls of “Humbug!”
from the gathered audience. The larger credit for the invention of anaesthesia has
gone to his ambitious colleague, William Morton. It was Morton who subsequently
used the more potent inhalational agent ether for his successful demonstration of
surgical anaesthesia in 1846. Wells’s failure is said to have sowed the seeds of his
tragic decline and suicide some years later (Fenster 2001)

The reasons for the unexpected failure of Wells’s demonstration lie in the physical
properties of the gas, as well as some of the practical points of effective
administration of anaesthesia. N2O has a number of characteristics that would have
had considerable appeal to its early exponents. It achieves rapid washin into the body
on induction and rapid washout on emergence at the end of surgery. Its behaviour
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provided a stark contrast with the other available inhalational agents such as ether,
chloroform and, a century later, methoxyflurane and halothane (Eger 1990). These
volatile agents, being highly soluble in blood and body tissues, had much slower
pharmacokinetics, with slower induction and emergence characteristics and hangover
effects. In contrast with these more potent agents, the use of which was accompanied
by considerable hazards, such as hypotension, cardiac arrythmias and respiratory
depression, N2O administration was characterised by remarkable cardiovascular and
respiratory stability. In addition, it has useful analgesic properties, unlike any of the
other volatile agents available now.

However, N2O is a weak anaesthetic, with a MAC (minimum alveolar concentration
to produce surgical anaesthesia in 50% of volunteer subjects) of over 100% (Koblin,
1990). For this reason, anaesthesia with N2O alone is not reliably obtainable, as Wells
discovered to his great embarrassment. Its place in major surgery evolved in the mid
19th century to be that of an adjunct agent for the other available inhalational agents,
ether and chloroform. N2O was useful because it allowed a dose reduction of these
other agents (“MAC-sparing effect”). When the fundamental importance of adequate
oxygenation became clear to the pioneers of anaesthesia in the 19th century such as
Clover and Hewitt (Frost 1985), it was found that administration of up to 75% N2O in
oxygen (O2) could provide safe and effective anaesthesia, with a reduced
concentration of accompanying volatile agent, and smoother and quicker induction
and recovery. N2O was readily synthesised by heating of ammonium nitrate, and still
remains relatively inexpensive to manufacture in large quantities (Wynne 1985).
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As the pharmacology of the volatile anaesthetic agents improved over the last fifty
years, the importance of the pharmacokinetic properties of N2O became less dramatic.
The volatile agents in use for anaesthesia today (isoflurane, sevoflurane or desflurane)
have induction and/or emergence characteristics that are far more favourable than
their predecessors. The place of N2O in modern anaesthetic practice has become
progressively smaller, at least in the developed world where the more expensive
modern agents are affordable for use as sole agents in patients undergoing major
surgery (Sharma et al 2008).

Other factors have eroded the position of N2O in modern anaesthetic practice as well.
N2O has been implicated as a cause of postoperative nausea and vomiting (Apfel et al
2004, Leslie et al 2008). Its administration at high concentration causes it to diffuse
into and rapidly expand air filled spaces in the body and it is therefore contraindicated in patients with pneumothorax or intracranial air. It has been known for
many years that N2O irreversibly oxidises the cobalt atom on the enzyme methionine
synthetase, which is central to normal haematopoietic function. Prolonged exposure
results in immunosuppression, and it has traditionally been avoided in acutely unwell
or immunocompromised patients for this reason. Trace concentrations of N2O
contaminating the air in operating theatres have long been implicated in causing an
increased risk of miscarriage and birth defects among hospital and dentistry staff, due
to the associated interference with DNA synthesis. More recently however, this
property has raised concerns that similar interference with homocysteine metabolism
may produce hyperhomocysteinaemia, leading to endothelial dysfunction and
cardiovascular complications. The large ENIGMA trial found evidence of increased
wound infection rates and pulmonary complications where patients were randomised
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to a N2O/O2 anaesthetic (Myles et al 2007). Data suggesting the possibility an
increased rate of myocardial infarction where N2O was used has led to the
international multicentre ENIGMA 2 trial, which is currently in progress. (Myles et al
2008)

Other studies have suggested outcome benefits (reduced wound infection, reduced
postoperative nausea and vomiting) from administration of high concentrations of
oxygen during major surgery, which is incompatible with N2O use (Greif et al 1999,
Greif et al 2000). N2O is a gas at room temperature and is presented in high pressure
cylinders, where it is above its critical pressure and is in liquid form in equilibrium
with the gas phase. Significant expense accompanies installation in hospitals of the
infrastructure associated with it. N2O is chemically stable, excreted unchanged by the
body and is long lived in the atmosphere. This, and its molecular structure make it a
relatively potent greenhouse gas (Shine 2010).

Pharmacokinetics of inhalational anaesthesia

The pharmacokinetic and pharmacodynamic principles of inhalational anaesthesia are
nowadays much better understood than in 1844, and much investigation into N2O has
been done over the intervening decades.

N2O is relatively insoluble in blood and lung tissue, with a blood-gas partition
coefficient (λ) of 0.47. This causes it to achieve saturation of blood and the “vesselrich” group of organs, including the brain, relatively fast, quickly approaching a near
maximal therapeutic partial pressure. The volatile agents in use for anaesthesia today
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(isoflurane, sevoflurane or desflurane) have solubility characteristics that are far more
favourable than their predecessors. In particular, sevoflurane (λ of 0.69) and
desflurane (λ of 0.42) rival N2O in this regard. However, for a number of reasons, the
characteristics of N2O remain unique among the family of inhalational anaesthetics
available today.

The higher inspired concentrations of N2O administered engender a further
acceleration of the rate of rise of partial pressure in the lung and body tissues. This is
due to the “concentration effect”, where alveolar-capillary uptake of the gas produces
a relatively smaller decrement in the alveolar concentration in the lung than where a
low inspired concentration is breathed, as is the case with the potent volatile agents
(Eger 1962).

Importantly, N2O has remarkably low fat solubility, so that the volume of gas
sequestered in body tissues at saturation is relatively small (in comparison with its
high administered concentration) and is rapidly excreted at the end of the anaesthetic.
The other volatile anaesthetic agents are much more lipid soluble, and continue to be
absorbed by body fat stores for many hours after induction, which prolongs their
elimination at the end of anaesthesia.

The second gas effect and “diffusion hypoxia”

Some of the most interesting aspects of anaesthesia with N2O lie in its
pharmacokinetic interactions with accompanying gases, either volatile anaesthetic
agents or O2 and carbon dioxide (CO2).
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In the 1950s, Severinghaus demonstrated that when the inspired concentration (FI) of
nitrous oxide (N2O) is high (typically 70%), the early rate of uptake of N2O by the
lungs is up to 1 L/min, declining relatively quickly to low rates as body tissues
become saturated, according to the following rule (Severinghaus 1954) where uptake
of N2O ( V˙N 2O ) is in mL/min and time t is in minutes..

€
1000
V˙N 2O =
t

€

Equation (1.1)

At the end of anaesthesia, the rate of N2O elimination by the lungs is similarly rapid
in the first several minutes (Frumin et al 1961). In 1955, Fink described the syndrome
of “diffusion anoxia”, where rapid elimination of N2O from the lungs dilutes other
alveolar gases, resulting in dilutional alveolar hypoxia (Fink 1955). In the 1960s it
was suggested that in a similar fashion, but reverse direction, the rapid uptake of N2O
from the alveolar lung compartment during induction of anaesthesia substantially
increased the concentration of O2 and other alveolar gases. Arterial PO2 was elevated
immediately following commencement of N2O in dogs (Heller and Watson 1962).
Epstein et al demonstrated a similar effect on the alveolar concentration (FA) of
accompanying halothane in patients and they called this the “second gas effect”
(Epstein et al 1964).

These authors attributed the effect to the further indrawing of inspired gas caused by
the rapid uptake of N2O. However, Stoelting and Eger, in an elegant experiment in
dogs following prolonged halothane breathing, showed that FA/FI for halothane rose
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above 1.0 when nitrous oxide was introduced. This demonstrated that the effect was
also due to an active concentrating effect on the second gas within the alveolar
compartment, caused by the uptake of N2O (Stoelting and Eger 1969), Their
explanation used a simplified model designed to show how large volume uptake of
nitrous oxide within a lung compartment concentrates the other alveolar gases. This is
reproduced in part in Figure 1.1 below. This traditional model depicts an inspired N2O
concentration of 80%, with 19% oxygen and 1% “second gas”, and uptake by blood
of 50% of the inspired volume of nitrous oxide as a single step. The resulting increase
in the concentration of the oxygen and second gas due to the concentrating effect is
shown to the right. FA for the second gas has increased to 1.7%.

Figure 1.1. The concentrating effect of uptake of half of the N2O volume on the
concentrations of the “second gas” and accompanying oxygen, in a theoretical lung
(after Stoelting and Eger 1969).
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Other studies in humans have confirmed the existence of the second gas effect under
clinical conditions, by demonstrating a faster rate of rise in FA/FI for volatile agents in
the presence of high concentrations of N2O (Watanabe et al, 1993; Taheri and Eger
1999, Hendrickx et al 2006). These studies have all used measured end-expired (endtidal) volatile agent concentrations to obtain FA. However, only one study attempted
to demonstrate the second gas effect on arterial blood concentrations. Sun et al
measured serial arterial blood concentrations of enflurane in 14 patients, and found no
difference between patients breathing N2O or N2O-free gas mixtures. Their data led
them to question the validity of the second gas effect as a clinical reality (Sun et al
1999). Importantly however, these authors were unable to demonstrate any evidence
of a second gas effect on end-tidal concentrations of the volatile agent, putting their
findings at odds with all other published studies in the field. Nevertheless, this work
has prompted other commentators to suggest that the effect is not clinically significant
(McKay et al 2000).

In part, this scepticism has been reinforced by recognition that these concentrating
effects are due specifically to alveolar-capillary uptake of N2O in the lung, which has
been estimated to be much lower in the first minutes of inhalational anaesthesia than
the high rate of uptake measured by Severinghaus, or the 50% uptake used by
Stoelting and Eger in their explanatory diagram (Lin and Wang 1993, Lin 1994). The
initial high rate of uptake measured by Severinghaus is largely due to washin of
nitrous oxide into the patient’s functional residual capacity following introduction of a
high N2O concentration to the inspired gas mixture, rather than uptake by pulmonary
blood.
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However, there are good reasons to question whether the conclusions of these critics
are valid. The model used by Stoelting and Eger, adapted in Figure 1.1, is a
simplification of the true nature of lung gas uptake, created only to illustrate the
mechanism of the concentrating phenomenon underlying the second gas effect. A
much more complete treatment of the mechanism of the second gas effect, building
on this simple model, has been provided by Korman and Mapleson (1997). Among
those commentators seeking to exploit the concept of the second gas effect in their
work, there has been a tendency to take the model too literally. On the other hand,
sceptics of the concept use equally simplistic models of lung gas exchange to justify
their criticisms.

Useful models of lung gas exchange need to incorporate some representation of the
effect of inhomogeneity (scatter) of the distribution of ventilation ( V˙ ) and blood flow
( Q˙ ) in the lung, to provide realistic results. The underlying nature of inhomogeneity
€
of V˙ / Q˙ ratios throughout the lung and its effect on alveolar-capillary gas exchange

€

has been well explored over the last half century and the advent of modern computing
€ €
has made this possible using sophisticated computer models (West 1969, Kelman

1970, Dantzker et al 1975). Lung gas exchange lends itself well to such modelling, as
the pathways and components of the physiological process are well understood
(Olszowska and Wagner 1980). The uptake or elimination of a gas G at the alveolarcapillary interface ( V˙G ) within any lung compartment is well represented by
adaptation of the classical mass balance equation originally described by Fick for

€ 1870)
oxygen (Fick
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V˙G = Q˙ (CcG
ʹ′ − CvG )

€

Equation (1.2)

where Ccʹ′G and CvG are the content of G in pulmonary end-capillary blood and
mixed venous blood respectively. For any inert gas species, such as anaesthetic gases,
€ Cc and
€ Cv can be related to their corresponding partial pressures Pc and Pv
ʹ′G
ʹ′G
G
G

by the blood/gas partition coefficient λG .
€

€

€

€

This equation also allows €
measurement of overall uptake of gas G by the lungs if
pulmonary blood flow is measured and the partial pressures of G are directly
measured in sampled arterial and mixed venous blood. This is known as the reverse
Fick method (Lumb 2000).

For each compartment, mass balance for V˙G also mandates that

€

PI
PA
V˙G = V˙AI . G − V˙AE . G
PB
PB

€

Equation (1.3)

where V˙AI and V˙AE are the inspired and expired alveolar ventilation rates, and PI G is
the partial pressure of G in the inspired gas mixture, and PB is barometric pressure.
€

€
PAG is the alveolar partial pressure and is considered to be the same€as PcGʹ′ in any

given lung compartment.
€

€

In multi-compartment lung models, V˙ / Q˙ inhomogeneity can be represented by
assigning realistic distributions of Q˙ and of either V˙AI or V˙AE as independent
€
variables. Overall gas exchange €
in the lung is calculated as the flow-weighted sum of

€

€

€
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the outputs of all compartments. These distributions are typically log normal in nature
as demonstrated by studies using the Multiple Inert Gas Elimination Technique
(MIGET) (Wagner et al 1974, Wagner et al 1975) and can be generated for modelling
purposes using appropriate mathematical formulae (West 1969, Kelman 1970).
However, to explain the underlying mechanisms of gas exchange and the effect of
V˙ / Q˙ scatter on it, two-compartment models are often most useful (Peyton et al 2001)

€ €

Incorporation of these sorts of distributions is particularly important when considering
lung gas exchange during anaesthesia. Using the MIGET, V˙ / Q˙ inhomogeneity has
been shown to worsen significantly under general anaesthesia, even in young healthy
€ €
patients (Rehder et al 1979, Dueck et al 1980, Bindislev
et al 1982, Hedenstierna et al

1983, Lundh and Hedenstierna 1983, Lundh and Hedenstierna 1984). Arguably,
estimations of lung gas exchange and the partial pressures of O2, CO2 and other gases
in blood and expired lung gas in anaesthetic scenarios should not be made using a
lung model without some attempt to incorporate the effects of V˙ / Q˙ inhomogeneity in
the model.
€ €

Previous studies in the field illustrate this and raise questions about the potential
importance of the second gas effect. Farhi and Olzowska calculated the effects of
differing inspired concentrations of N2O on the relationship between the partial
pressures of O2 and CO2 and V˙ / Q˙ ratio in an early computer model of lung gas
exchange. They demonstrated that the shape of the curve on the O2 - CO2 diagram was
€ €
changed, with a significantly
elevated PO2 predicted in the presence of a moderately

low V˙ / Q˙ and high inspired N2O (Farhi and Olzowska 1968). The implications for
overall gas exchange in the lung were not explored further at the time.
€ €
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Dueck et al used the MIGET to study the effect of induction of anaesthesia with
halothane with or without N2O on V˙ / Q˙ distributions and gas exchange in patients.
They found an increase in V˙ / Q˙ inhomogeneity with inhalational anaesthesia, as
€ €
evidenced by widened spread
and increased log standard deviation (log SD) of
€ €
distributions. They noted
that arterial PO2 (PaO2) was higher in two patients who were

breathing a N2O containing mixture in comparison with two breathing a similar FIO2
in air. They suggested that it might be attributable to a “concentrating effect of N2O
uptake on alveolar PO2” in lung regions of low V˙ / Q˙ . This was surprising, as the
effect appeared to persist for some hours, long after the rate of N2O uptake had
€
declined to low levels (Dueck et al 1980). €

Other clinical studies have observed parallel findings for PaO2 where N2O was used,
and have been unable to satisfactorily explain them. Nunn and co-workers found that
arterial oxygenation was unimpaired or improved in patients undergoing inhalational
anesthesia breathing O2 with N2O for over half an hour, as compared to a group
breathing O2 with nitrogen (N2). This result was surprising to these authors in view of
the expected tendency of a soluble gas such as N2O to hasten absorption atelectasis
and worsen shunt (Nunn 1964, Nunn et al 1965, Webb and Nunn 1967). Hess et al
also observed improved arterial oxygenation in patients breathing O2/N2O compared
to a group breathing O2/air. They chose to interpret their findings as evidence for
pulmonary vasodilatation by trace concentrations of nitric oxide (NO) contaminants,
despite the fact that their measurements did not confirm any difference in NO levels
between their groups (Hess et al 2004, Marczin 2004). The possibility of a second gas
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effect from N2O to explain their findings was not seriously considered by any of these
authors.

In 2001, we published data from a computer model designed to characterise global
lung gas exchange during inhalational anaesthesia, with a particular focus on N2O/O2
mixtures and incorporating realistic distributions of V˙ / Q˙ inhomogeneity (Peyton et al
2001). Among the findings of this work was the prediction that even low,
€ €
maintenance phase levels of V˙N 2O produce elevations
in arterial PO2 when compared

with the effect of an air-O2 mixture at an identical inspired oxygen concentration
€
(FIO2). Of most interest
was the finding that the most significant effect on predicted

PaO2 occurred in the presence of V˙ / Q˙ inhomogeneity, and was greatest at the levels
of V˙ / Q˙ scatter typically seen in anaesthetised patients.
€ €
€ €
A persisting second gas effect on accompanying volatile anaesthetic agent is also

likely. Hendrickx et al compared end-tidal sevoflurane concentrations in patients
breathing either O2/N2O or O2/air. They found that a significantly higher sevoflurane
concentration in their patients breathing O2/N2O at all time points, even after 60
minutes of N2O administration (Hendrickx et al 2006).

These studies all suggest the possibility of a clinically significant second gas effect at
low, maintenance phase rates of V˙N 2O . Most interestingly, they raise the possibility
that V˙ / Q˙ scatter is intimately involved in the effect. However, the magnitude of the
€ partial pressures remains in doubt. This is critical in
effect on arterial blood
€ €
assessment of the clinical significance of the second gas effect. For anaesthetic gases,

arterial partial pressures more closely reflect those achieved in the brain, and thus the
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likely effect on depth of anaesthesia, than do end-tidal concentrations. If V˙ / Q˙
inhomogeneity does exert a significant influence on the second gas effect, it is likely
€ €
that measurement of the end-tidal concentrations that result from the effect
may not

reflect arterial concentrations in a reliable way. This is because V˙ / Q˙ inhomogeneity
is the predominant physiological factor producing alveolar-arterial (A-a) differences
€ €
for all gases in the lung. Furthermore, little investigation
has been done into the

second gas effect on volatile agent elimination during emergence from anaesthesia.

Conclusion

The second gas effect is an interesting aspect of the pharmacokinetics of inhalational
anaesthesia with N2O, but its clinical significance remains in doubt, despite many
years of investigation. Its potential interaction with typical levels of V˙ / Q˙
inhomogeneity in the lung is unexplored. Reliable assessment of the magnitude of the
€ €
effect on arterial partial pressures of anaesthetic gases has not been done,
either

during induction or emergence from anaesthesia. The possibility of a clinically
significant persisting second gas effect has not been previously investigated. Both
computer modelling and clinical investigation appear appropriate methodologies for
resolving these questions.
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Chapter 2.

Aims and proposed methods

a. Develop a method for the measurement of gas exchange in a breathing system,
adapted to inhalational anesthesia with a N2O/O2 mixture (see Chapter 3).
b. Develop a method to measure partial pressure of anaesthetic gases in blood,
and allow measurement of alveolar-capillary uptake of gases by the reverse
Fick method (see Chapter 4).
c. Conduct a clinical study to measure the rate and pattern of change of the
uptake from the breathing system, and of the alveolar-capillary uptake, of N2O
following induction of anaesthesia (see Chapter 5).
d. Construct a time dependent multi-compartment computer model of lung gas
exchange simulating typical levels of V˙ / Q˙ inhomogeneity, capable of
simulating inhalational anaesthesia scenarios and the rapid changes that occur
during induction and emergence scenarios (see Chapter 6).
€ €
e. Validate the model using published data and data obtained from the studies
above (see Chapter 6).
f. Use this model to investigate the predicted effects of N2O uptake on the partial
pressures of all gases in the alveolar gas mixture and in arterial blood during
induction and maintenance phase anaesthesia, and the effect of typical levels
of V˙ / Q˙ inhomogeneity (see Chapter 7).
g. Conduct a series of clinical studies to measure the second gas effect in patients
€ €

following induction of anaesthesia, during maintenance phase and during
emergence from anaesthesia (see Chapters 8, 9 and 10).

h. Discuss the implications of these findings for the place of N2O in future
clinical practice (see Chapter 11).
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Chapter 3.

Continuous measurement of gas uptake in

anaesthetised patients using an extractable marker gas

Introduction

Measurement of gas exchange in a breathing system has a number of potential uses in
anaesthesia and intensive care, such as metabolic monitoring using O2 uptake ( V˙O2 )
and CO2 elimination ( V˙CO2 ), or measurement of pulmonary blood flow using V˙CO2 or
inert gas uptake (Robinson et al 2003, Capek and Roy 1988, Heneghan et al 1981). A
variety of methods have been used to achieve accurate measurement of gas exchange.
These include volumetric techniques using a fully closed breathing system, in which
total uptake of a gas by the lungs is measured from the rate of inflow of that gas
necessary to maintain a constant circuit volume and pressure and/or concentration
(Barton and Nunn 1975, Beatty et al 1981, Yasuda et al 1991). While this design
mimics the way anaesthetic gases are adjusted by the anaesthetist to attempt maintain
steady depth of anaesthesia following induction, this type of measurement system
requires careful manipulation for accurate measurement and is not suited to routine
clinical use.

Uptake of a gas species G ( V˙G ) from a breathing system can be obtained from the
€
difference between the measured flow rates of G entering the system and leaving it.
€ This can be calculated, for instance, from the sampled fractional concentration in

fresh gas ( FFG ) and mixed exhaust gas ( FXG ) multiplied by the total flow rate in the
system at each point of gas sampling. Accurate measurement requires that both total
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fresh gas ( V˙ FT ) and total mixed exhaust gas ( V˙ XT ) flow rates are measured by some
means. Total flow rate at a given point in a system can be measured by gas dilution,
where a marker gas M is fed into the gas stream and its concentration measured after
thorough mixing. Therefore for the fresh gas flow

V˙F
V˙ FT = M
FFM

Equation (3.1)

and for the exhaust gas flow

V˙ X M
V˙ XT =
FX M

Equation (3.2)

where V˙ FM and V˙ X M are the known flows of M in fresh gas and mixed exhaust gas
respectively, and FFM and FX M the corresponding fractional concentrations of M.

For gas G

V˙G = V˙FT ⋅ FFG − V˙XT ⋅ F XG

Equation (3.3)

Substituting equations (1) and (2) for these terms in (3)

V˙ F
V˙X
V˙G = M ⋅ FFG − M ⋅ F XG
FFM
FX M

Equation (3.4)
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Measurement of the fresh and exhaust total flow rates is difficult to perform with
sufficient accuracy and precision. Rates of net gas uptake by the lung can be small in
comparison to total flow rates. Small measurement errors in V˙ FT or V˙ XT result in large
errors in V˙G for this reason. A longstanding solution to this problem is the Haldane
transformation (Lumb 2000), in which the insoluble gas nitrogen (N2) present in the
inspired gas mixture is assumed to be neither taken up nor excreted by the lung. This
assumption allows V˙ XT to be related to V˙ FT by the ratio of the concentration of
marker gas N2 in fresh gas ( FFM (N 2 ) ) and exhaust gas ( FX M (N 2 ) ) streams. Thus

FFM (N 2 )
V˙ XT = V˙FT ⋅
FX M (N 2 )

Equation (3.5)

Continuous measurement of gas exchange is possible using this method, which has
been widely used in a variety of clinical settings. A number of studies however have
shown that zero N2 balance cannot always be assumed, for example during open
surgery, where significant quantities of N2 are absorbed by exposed fat and viscera

€

€

(Cissik and Johnson 1972, Cissik, Johnson and Rokosch 1972, Beatty et al 1984).
Precision is poorer where the inspired concentration of N2 is low, and where the
fractional concentration of N2 is not directly measured (e.g by mass spectrometry) but
must be inferred by subtracting the sum of concentrations of all other gases from
100% (Ultman and Burstein 1981). These factors clearly impact on the utility of the
Haldane approach during anaesthesia, particularly with O2/N2O mixtures where N2 is
not normally required or may be contraindicated since its presence reduces the
concentration of N2O or O2 that can be delivered to the patient.
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To overcome potential uncertainty about the fate of the marker gas during passage
through the lungs, previous workers have described using two different marker gas
species (Argon and N2) to independently measure fresh gas and exhaust gas flows
(Heneghan et al 1981). This increases the complexity of the measurement system.

We describe a new method that overcomes some of these drawbacks and provides a
versatile system for measurement of gas exchange during anaesthesia. It uses only a
single marker gas and permits continuous automated measurement of uptake or
elimination of multiple gas species, using conventional clinical gas analysers.
Importantly, it allows any inspired concentration mixture to be administered unaltered
to the patient’s lungs. The method was found to be accurate and precise during in
vitro testing using a lung simulator by comparison to simultaneous paired
measurements made using the Haldane transformation (Peyton et al 2004). For the
sake of brevity, this data is not presented here. The accuracy and precision of the
method was tested by comparison to simultaneous paired measurements made in a
series of patients anaesthetised with N2O and isoflurane undergoing bowel surgery.
Data from this clinical phase testing is presented here, along with theoretical
modelling of the accuracy and precision of the method using a Monte Carlo approach.
A glossary of terms used is given in Table 3.1
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Methods

System design:

For the purposes of this experiment a fully automated measurement system was
constructed to measure gas uptake and elimination by both the extractable marker
method and the Haldane transformation simultaneously. CO2 is used as the marker
gas M. Measurement of the concentration of M in the fresh gas flow ( FFM (CO2 ) )
allows V˙ FT to be calculated. The CO2 is removed prior to the gas flow reaching the
breathing system by passing the fresh gas stream through soda lime. In the exhaust
gas limb of the system, the patient’s endogenous CO2 can be either measured or
simply removed by a second soda lime cannister. After thorough mixing in a length
of mixing tubing V˙ XT is measured in a similar way by adding marker CO2 from the
same source to the exhaust gas stream and measuring exhaust gas marker
concentration ( FX M (CO2 ) . Exchange of each gas species is calculated by measuring
their concentrations in fresh gas and mixed exhaust gas and applying equation (3.8) as
described below.

In this study, flow was calculated for each marker gas from the averaged regulator
supply pressure. For each marker gas the high pressure source was a cylinder of
compressed medical air or CO2 in conjunction with a variable pressure regulator.

€

These delivered pressures of 400-460 kPa which were measured precisely and
continuously using analog output from solid-state pressure transducers (type SX100AN, SenSym, USA and MPX5700DP, Motorola, USA) with associated signal
conditioning circuitry and instrumentation amplifiers. The marker gas flow resistors
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used were 75 -100 mm lengths of fine bore hollow stainless steel tubing of 0.5 - 0.7
mm internal diameter. These had been previously calibrated against a volumetric
technique using water displacement, with appropriate corrections for temperature,
water vapour and ambient pressure (Burfoot 1999). It was found that over a narrow
operating range their pressure flow characteristics of the resistors were linear, obeying
an equation of the form

V˙ M = a + b ⋅ PM

Equation (3.6)

where a and b are coefficents derived during the calibration process and PM is the
measured gas supply pressure. Since separate flows of marker gas CO2 were fed into
fresh gas and exhaust gas streams, each CO2 resistor has its own equation of the form
of equation (3.6). However because identical resistors were used these coefficients
were found to be the same (to within 2 decimal places of precision)

V˙ FM (CO2 ) = aM (CO2 ) + bM (CO2 ) ⋅ PM (CO2 ) = V˙X M (CO2 )

Equation (3.7)

Accurate measurement of net gas balance in the system required correction for loss of
gas from the system upstream of the exhaust gas sampling point due to sidestream gas
sampling by the multi-gas analyser or to minor leaks ( V˙ Sampling ). These were
previously determined by volumetric measurement, and the simplifying assumption
was made that all lost gas was mixed exhaust gas. Finally substituting in equation
(3.4)
€
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⎛
⎞ ˙
FFG
F XG
V˙G = aM (CO2 ) + bM (CO2 ) ⋅ PM (CO2 ) ⎜
−
⎟ − V Sampling⋅ F XG
⎝ FFM (CO2 ) FX M (CO2 ) ⎠
Equation

[

]

(3.8)

The action of soda lime adds heat and moisture to down stream circuit gases.
However all sampled gas was dehumidified and temperature normalised by the gas
analyser prior to measurement. All gas flows and uptakes were therefore measured at
ambient temperature and pressure dry (ATPD).

It was found during benchtesting that at this flow rate full extraction of CO2 was
ensured for 3-4 hours before depletion of the soda lime on the fresh gas side became
significant, using two standard 1 litre cannisters in series containing soda lime
(Medisorb, Sweden). For additional safety a software routine was added that alarmed
when the CO2 concentration in the fresh gas reaching the patient rose above 0.1%
(approximately three times atmospheric concentration). At this point the soda lime
container could be readily replaced with a fresh one if measurements were continuing.

The system is shown schematically in Figure 3.1. It consisted of an anaesthetic
delivery unit, ventilator and associated Mapleson D breathing system (Bain Circuit),
with 2 multi-gas analysers (Capnomac Ultima, Datex-Ohmeda, Finland) and sample
gas multiplexer. with custom made solenoid driver board and analog-digital converter
(Burr-Brown PCI20089W-1A 16 channel) boards. The Bain circuit is a partial
rebreathing system, where gas recirculation does not occur and an adequate total fresh
gas flow is required to prevent rebreathing (100 mL/kg/min, or typically around 7
L/min). This relatively high fresh gas flow rate reduced the time constant for
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washthrough of concentration changes in the exhaust limb of the system, and
improved the response time of the measurement system to real changes in gas
exchange in the lungs.

Figure 3.1. Schematic diagram of the system (not to scale) used to compare
measurement of gas uptake and elimination in anaesthetised patients by the
extractable marker gas method with that using the Haldane transformation. EM:
Extractable marker gas method. Haldane: Method using the Haldane transformation.

All fractional gas concentrations for O2, CO2, N2O and volatile anaesthetic agent were
measured in fully-mixed gas streams (fresh gas and mixed exhaust gas) to avoid
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inaccuracy due to tidal changes in gas concentrations. Gas mixing in exhaust gas was
achieved by extending the breathing circuit with a length of mixing tubing proximal
to sampling points. N2 concentration was calculated by subtraction of the sum of
fractional concentrations of all other gases in the mixture from unity.

The system shown was designed for the purposes of this experiment to measure gas
exchange by both the extractable marker gas method and the Haldane method
simultaneously. Gases were sampled from four points: two fresh gas (one proximal to
the addition of marker CO2 and one distal) and two mixed exhaust gas (one proximal
and one distal). An automated gas multiplexer was constructed to allow the gas
mixture from each sample point to be directed into the inlet of the gas analyser
sequentially. The duration of each measurement cycle was approximately 2 minutes.
Sampling proximal to the addition of fresh gas was performed to allow measurement
of gas uptake and elimination using the Haldane method. It is not necessary for the
extractable marker gas method itself, with the exception that where the patient’s own
CO2 elimination is to be measured, gas must still be sampled for CO2 analysis
proximal to the addition of marker CO2 in the exhaust limb of the circuit.

For the Haldane method a known flow of N2 was added as medical air into the fresh
gas flow, sufficient to achieve a fresh gas N2 concentration of approximately 30%.
Because significant error in the estimation of gas uptake using the Haldane
transformation was expected in the presence of N2 uptake or elimination by the lungs,
these values were corrected for predicted N2 elimination according to the formula of
Beatty et al (1984), derived in a similar group of patients, adjusted for the inspired
concentration of N2 in our study.
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For the extractable marker method 350 mL/min of marker CO2 was added to both the
fresh gas and exhaust gas flows, producing roughly a 5.0% concentration. This was
chosen as it lay midway within the measurement range of the multi-gas analysers for
CO2. For both the extractable marker method and the Haldane method, marker gas
flows (CO2 and N2) were monitored continuously from gas supply pressures
(measured using solid-state pressure transducers) at a high pressure gas source
(cylinders of compressed medical air and CO2 in conjunction with variable pressure
regulators, delivering pressures of 400-460 kPa) and the previously determined
pressure-flow characteristics of a series of hollow-wire gas flow resistors (Burfoot
1999, Vartuli et al 2002).

Despite full mixing of exhaust gas it was found in patients that transient small
changes in functional residual capacity (FRC) of the lung due to, for instance,
adjustment of abdominal retractors, produced brief but significant real variations in
exhaust gas flow (Wessel et al 1979). Because fresh gas flow rate remains steady,
these variations caused excessive scatter in gas uptake measurements from the
extractable marker method. These were not seen with the Haldane method, because of
the smoothing effect of mixing of marker gas N2 in the lung which is intrinsic to that
method. For the purposes of this study, this difficulty was solved by incorporating a
second gas analyser to measure exhaust marker CO2 concentration continuously and
average it over 2 successive measurement cycles to obtain total exhaust flow. This
effectively damped the response of the system to the measurement of transient
variations in exhaust flow rate, producing a profile similar to that of the Haldane
method (as evidenced by the variance of exhaust flow measurements by the two
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methods), thus enabling better comparison of the two methods. Using separate
analysers for measurement of fresh and exhaust marker CO2 could potentially impair
accuracy of uptake calculation. This was avoided by ensuring that the second analyser
was calibrated relative to the first with each measurement cycle by sampling CO2
from the same point in the system with each cycle and scaling the measured value
from the second analyser against the first.

The system was checked for gross leaks using a pneumostatic pressurization
manoeuvre and then calibrated prior to each experiment by running the measurement
system with fresh gas flows and concentrations similar to those to be delivered to the
patient, ventilating a rubber bag of suitable compliance. Calculated gas uptakes
should be zero during this process. Small adjustments of less than 1% were generally
required in the measured exhaust gas flow rate to achieve this. The performance of the
system was found to be stable throughout each experiment as confirmed by a repeat
calibration at the conclusion of each measurement period.
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Patient protocol:

With approval from the local ethics committee and after obtaining informed consent,
patients were recruited to the study who were to undergo open colonic surgery at the
Alfred Hospital, Melbourne. Routine anaesthetic monitoring was performed,
including pulse oximetry and in line capnography. Anaesthesia was induced with
intravenous propofol and opioid and a neuromuscular blocker, the patient’s trachea
was intubated and relaxant anaesthesia maintained with intravenous propofol and
supplementary doses of neuromuscular blocker. Patients were ventilated with 70% O2
and 30% N2 initially until stabilized and the measurement system calibrated and
primed with the fresh gas mixture. This was approximately 30% O2, 40% N2O, 0.5%
isoflurane with the balance N2. The patient was then connected to the system and
measurements commenced. The depth of maintenance anaesthesia was controlled by
adjusting the propofol infusion rate as judged by the anaesthetist. Measurements
continued for up to 90 minutes or until conclusion of the surgery, whichever was
sooner.

With each cycle paired measurements were made by the extractable marker method
and the Haldane method of uptake of O2, N2O and isoflurane and CO2 elimination.
The mean measured value by each method, and the standard deviation of the
difference between them was calculated according to the approach of Bland and
Altman (1986). The statistical significance of the measured mean difference (bias)
was calculated using the t -test. Two standard deviations on either side of the mean
difference were expressed as the upper and lower limits of agreement between the two
methods. The intraclass correlation coefficients (ICC) were also calculated (Streiner
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and Norman 1995). In addition mean N2 flux was measured by the extractable marker
method and compared with the prediction of Beatty’s formula (Beatty et al 1984) to
assess the appropriateness of the correction applied to the measurements made using
the Haldane method.

Modelling of measurement error:

Monte Carlo analysis (Manly 1991) was used to model the precision of the extractable
marker method relative to several alternative approaches based on measurement of
gas flows using a marker gas, and to establish the likely acceptable marker flow rates
required for our system. This modelling calculated the standard deviation (sd) of
measurement of total net gas uptake ( V˙T ) around a typical physiological value, for
different values of marker gas concentration ( FFM ), from the observed variance in
measurement of relevant input variables.

Five methods for estimation of gas exchange were modelled:

(i)

The Haldane method where N2 concentration is measured indirectly by

subtraction of fractional concentrations all other gases (O2, N2O and Isoflurane) from
unity (as performed in the current clinical study).
(ii) The Haldane method where N2 concentration is measured directly (e.g. by mass
spectrometry) with variance similar to that for N2O measurement by the Datex
Capnomac multigas analyser (sd 0.05% in our system – see Table 3.2)
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(iii) The Haldane method where N2 concentration is measured directly (e.g. by mass
spectrometry) with variance similar to that for CO2 measurement by the Datex
Capnomac multigas analyser (sd 0.01% in our system – see Table 3.2)
(iv)

The extractable marker method with CO2 as marker gas, with removal of the

patient’s expired CO2 from exhaust gas prior to addition of marker gas CO2 (as
performed in the current clinical study).
(v) The extractable marker method with CO2 as marker gas, without removal of the
patient’s expired CO2 from exhaust gas, but with measurement of and mathematical
correction for its presence instead.
(vi)

The use of two different marker gas species (each measured directly, e.g. by

mass spectrometry) to independently measure fresh gas and exhaust gas flows
(Heneghan et al 1981). It was assumed the variance in measurement of concentration
of each was similar to that of CO2.

The expected value for V˙ M was considered the same in fresh and exhaust gas flows.
Using a mass balance equation of the form

V˙
V˙T = V˙FT − M
FX M

Equation (3.9)

expected values for each variable were obtained as follows. FFM was specified and
varied from zero to 0.5. V˙ FT was kept at 7.0 L/min, and V˙T at 0.2 L/min, (a value
typical for inhalational anaesthesia with O2/N2O).

From equation (3.1)
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V˙ M = V˙ FT ⋅ FFM

Equation (3.10)

Transposing equation (3.9) the expected measured marker gas concentration in
exhaust gas flow ( FX M ) is

V˙
FX M = ˙ M ˙
VFT − VT

Equation (3.11)

For each input variable, the sd around the expected value was derived from the
observed sd of the measured parameters in our system as listed in Table 3.2. Sets of
105 random values for each input variable were entered, each set forming an
independent distribution around the expected value which was Gaussian in nature
with the nominated sd. The model was constructed using Labview 4.01, which
incorporates a Gaussian white noise distribution generator. For the purposes of
comparison, the variance in measurement of V˙ M was considered identical to that of
CO2 in our system. Equation (3.6) was used with a sd of 0.25 kPa for PM .

Using this model the relationship between the coefficient of variation of total net gas
uptake ( V˙T ) calculated from equation (3.9) and FFM was obtained for each of the six
methods modelled.
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Table 3.1

Glossary of terms used

aM (CO 2 )

zero order pressure-flow coefficient for marker gas CO2

bM( Air )

first order pressure-flow coefficient for marker gas N2 in air

bM(CO 2 )

first order pressure-flow coefficient for marker gas CO2

FFG

fractional concentration of G in fresh gas

FFM

fractional concentration of marker gas M in fresh gas flow

FFM (CO2 )

fractional concentration of marker gas CO2 in fresh gas flow

FFM (N 2 )

fractional concentration of marker gas N2 in fresh gas flow

FXG

fractional concentration of G in mixed exhaust gas

FX M

fractional concentration of marker gas M in mixed exhaust gas flow

FX M (CO2 )

fractional concentration of marker gas CO2 in mixed exhaust gas flow

FX M (N 2 )

fractional concentration of marker gas N2 in mixed exhaust gas flow

PM

measured gas supply pressure of marker gas M

PM( Air )

measured gas supply pressure of marker gas N2 in air

PM( CO2 )

measured gas supply pressure of marker gas CO2

V˙FAIR

known flow rate of air

V˙ FM

known flow rate of marker gas M in fresh gas flow

V˙ FM (CO2 )

known flow rate of marker gas CO2 in fresh gas flow

V˙ FM (N 2 )

known flow rate of marker gas N2 in fresh gas and mixed exhaust gas
flow

V˙ FT

total fresh gas flow rate

V˙G

uptake of each gas species G

V˙ M

known flow rate of marker gas M

V˙ Sampling

correction for loss of gas from system due to gas sampling or minor

leaks

V˙ X M

known flow rate of marker gas M in mixed exhaust gas flow

V˙ X M (CO2 )

known flow rate of marker gas CO2 in mixed exhaust gas flow

V˙ XT

total mixed exhaust gas flow rate
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Results

Modelling of measurement precision:
Table 3.2 below shows the observed precision of measurement of gases by the
system. The range and observed standard deviation (sd) around the true mean for
measurement of input variables in the system for measurement of gas exchange are
given. The standard deviation was that observed where the real value of the input
variable was held constant.
Standard deviation (sd)
Device

Variable

Range
around the true mean

O2 concentration

0 – 100 %

0.1 %

0 – 100 %

0.05 %

CO2 concentration

0 – 10 %

0.01 %

Anaesthetic agent

0–5%

0.01 %

Marker gas supply CO2 gas pressure

0 – 700 kPa

0.3 kPa

pressure transducer

0 – 600 kPa

0.2 kPa

Capnomac

Ultima N2O concentration

multi-gas analyser

Medical air pressure

Figure 3.2 (next page) shows the precision of measurement of total net gas uptake (

V˙T , y axis) as indexed by its coefficient of variation, as a function of the fractional
concentration of marker gas ( FFM ) for each of the six methods modelled ((i) – (vi)).
For methods (iii) – (vi) the plot is discontinued at FFM = 10%, because this
modelling assumes that precision of measurement of marker gas concentration equals
that of CO2. The range of CO2 measurement was 0 – 10%.
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Figure 3.2. Results of Monte Carlo modelling of the precision of measurement of
total net gas uptake ( V˙T ) by six methods ((i) – (vi)). The y – axis is the coefficient of
variation (COV, %) of measured V˙T versus marker gas concentration (%) in the fresh
gas flow ( FFM , x – axis).
(i) The Haldane method where N2 concentration is measured indirectly by subtraction
(ii) The Haldane method where N2 concentration is measured directly with sd 0.05%
(iii)

The Haldane method where N2 concentration is measured directly with sd

0.01%
(iv)

The extractable marker method with CO2 as marker gas, with removal of the

patient’s expired CO2 from exhaust gas
(v) The extractable marker method with CO2 as marker gas, without removal of the
patient’s expired CO2 from exhaust gas
(vi) The use of two different marker gases
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The poorest precision was found with the Haldane method where N2 concentration
was measured indirectly from the sum of concentrations of all other gases (method (i)
see Figure 3.2). If N2was measured directly precision improved substantially (ii) and
equalled that of the extractable marker method (iv) if marker gas was measured with
equal precision to CO2 (iii). The performance of the Haldane method and use of an
extractable marker gas are identical if precision of measurement of gas concentration
and flow measurement are the same for the two methods.

Precision was only slightly worse where exhaust marker gas CO2 was added without
removal of the patient’s own CO2 (v), and where two different marker gases were
used for fresh gas and exhaust gas flow measurement (vi).

Clinical study:

Eight patients (4 male and 4 female) were recruited, providing 219 pairs of
measurements. Patients ranged in age from 27 to 78 years and in body weight from 50
to 75 kg. Comparison of measurements made by the extractable marker method with
the Haldane method corrected for predicted N2 elimination is shown in Figures 3.3
and 3.4.

The bias was less than 3% of the mean value for all gas species. The limits of
agreement lay within 30% of the mean uptake rate for N2O, within 15% for oxygen,
within 10% for isoflurane and within 5% for CO2. The intraclass correlation
coefficients exceeded 0.94 for all gases. This is expected, given that the fresh gas and
mixed exhaust gas concentration measurements were shared by both methods.
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However, unlike the Pearson coefficient, the ICC also measures deviation from the
true line of identity. The high ICC achieved in our study reflected the high degree of
linearity in agreement between the two methods in total flow rates across a wide
range of values for gas uptake and elimination.

Figures 3.3a to 3.3d plot the difference between measurement of gas uptake and
elimination by the extractable marker method (Extraction method) and that using the
Haldane transformation (Haldane method) versus the average of the two methods, for
O2, N2O, isoflurane and CO2. Figures 3.4a to 3.4d are their corresponding correlation
plots.

The mean N2 elimination predicted by the Beatty formula adjusted for the inspired
concentration of N2 used in our study was 0.007 L/min. The mean measured value
using the extractable marker method was 0.008 L/min.
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Figures 3.3a – 3.3d. Difference (L/min) between measurement of gas uptake and
elimination by the extractable marker gas method (Extraction method) and that using
the Haldane transformation (Haldane method) versus average of the two methods, for
O2, N2O, isoflurane and CO2. The mean difference (mean bias), standard deviation of
the difference (St. Dev. diff) and upper and lower limits of agreement are indicated.

Figure 3.3a
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Figure 3.3b.
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Figure 3.3c.
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Figure 3.3d.
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Figures 3.4a – 3.4d. Correlation between measurement of gas uptake and elimination
by the extractable marker gas method (Extraction method) and that using the Haldane
transformation (Haldane method) for O2, N2O, isoflurane and CO2. The intraclass
correlation coefficients (ICC) are indicated.

Figure 3.4a.
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Figure 3.4b.
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Figure 3.4c.
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Figure 3.4d.
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Figure 3.5 shows a typical plot of changing N2O uptake over time in one of the
patients. The paired measurements using the two methods are plotted along with the
uptake predicted by the formula of Severinghaus (1954), adjusted for the inspired
concentration of N2O in the study.

Figure 3.5.

Comparison of N2O uptake (L/min) over time in one patient measured

by both the extractable marker gas method and the Haldane method with the
predictions of Severinghaus’s formula (adjusted for the inspired concentration of
N2O).
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Discussion

The extractable marker method provided continuous “handsfree” measurement of gas
uptake and elimination. The use of CO2 as an extractable marker gas effectively
permits flow measurement without altering the gas concentration mixture inspired by
the patient. It therefore allows measurement of gas uptake and elimination with any
inspired gas mixture, giving the technique considerable versatility. The method is
therefore potentially adaptable to a wide range of clinical or experimental situations.

The method can function with a simpler and more streamlined system than that
described here, which was designed to compare the method with a known standard
and had duplicate sampling. A single gas analyser only is required to sample fresh gas
and mixed exhaust gas in sequence during each cycle. Measurement of the patient’s
own CO2 production requires further sampling at a point proximal to the addition of
marker CO2. However it is important that most of the cycle time is apportioned to
tracking exhaust flow rates, because of the random fluctuations in mixed exhaust flow
we showed to occur in patients undergoing surgical manipulation. For example, over
a two minute measurement cycle, approximately 15 seconds of fresh gas sampling is
required for accurate reproducible fresh gas flow measurement because of its stability.
The remainder of the two minute cycle would be spent measuring and averaging
exhaust marker CO2 concentration.

Our results showed that the extractable marker method gave good agreement with
simultaneous continuous measurements of gas uptake and elimination using the
Haldane approach. This was true for all gas species involved, reflecting stable
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performance of the method under clinical conditions across a wide range of inspired
concentrations, from less than 1% for isoflurane to 40% for N2O. Further validation of
accuracy and precision at a high inspired concentration may be warranted, using a
measurement standard other than the Haldane method, allowing N2 to be dispensed
with.

The very narrow limits of agreement for V˙CO2 reflect the inherently superior
precision of measurement of a gas that is not present in the inspired mixture. The
limits of agreement were worst for N2O uptake ( V˙ N2 O ), a finding consistent with the
results of our previous in vitro modelling of typical physiological gas exchange
scenarios (Peyton et al 2004). Accurate and precise measurement of V˙ N2 O is difficult
to perform. This is because N2O is taken up at relatively low rates after some time has
elapsed following commencement of anaesthesia, due to its lower solubility in blood
and tissues. Because of this difficulty clinical devices manufactured for the
measurement of V˙O2 and V˙CO2 in the anaesthetic setting have not been accompanied
by devices to measure V˙ N2 O as well, possibly because previous studies have shown
that the Haldane transformation provides sufficient precision for measurement of V˙O2
and V˙CO2 if uptake of N2O is ignored or assumed (Viale et al 1988).

Using our approach error in precision is minimized by ensuring that marker CO2 flow
rates in both fresh gas and exhaust gas streams are measured from a common source
i.e. a common high pressure marker gas CO2 supply, with similar gas flow resistors.
Random errors or fluctuations in measured gas supply pressure (observed to be of the
€

order of 1-2 kPa) largely cancel out in equation (3.8) for this reason.
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The system tested was found to be very sensitive to random brief fluctuations in bulk
exhaust gas flow from the patient’s lungs, such as occur with relatively minor
disturbances and movements, for example, surgical retraction on the liver. This was
considered to be a disadvantage of the system for clinical use, and contrasted with the
greater stability of the Haldane method, which appeared to be much less sensitive to
these artefacts. This is despite the predicted better precision of the extractable marker
gas method using the Monte Carlo modelling shown in Figure 3.2. The difference in
the precision of the two methods under clinical conditions is due to the different
behaviour of the marker gas in the exhaust gas mixture. Whereas the CO2 marker gas
mixes in linear fashion along the exhaust gas mixing tubing, the N2 marker gas mixes
both in the patient’s lungs first and then in the exhaust gas tubing. It was found that to
obtain comparable stability of measurement of gas uptake by the test method during
surgery, a four minute averaging of exhaust gas flows (two cycles) was required,
which potentially reduced the response time of the system to real changes in alveolarcapillary gas uptake by the lung.

The precision of the Haldane method has been investigated by previous workers using
mathematical modelling. Precision is markedly worse where the fractional
concentration of N2 is not directly measured (e.g by mass spectrometry) but calculated
by subtraction from the sum of concentrations of all other gases, as is necessary using
conventional technologies for clinical gas concentration measurement (Ultman et al
1981). Furthermore, precision deteriorates exponentially as the inspired concentration
of N2 falls (Aukburg et al 1985). The acceptable lower limit for marker N2
concentration depends on the standard deviation of the measurement of N2

48
concentration in fresh and exhaust gas streams. We have found that in our system,
using fully mixed gas streams without tidal variations in gas concentrations,
acceptable scatter in measured uptake for all gases for clinical purposes is achieved
with fresh gas N2 concentration of around 30% (Burfoot 1999, Robinson et al 2003,
Vartuli et al 2002).

The accuracy of methods relying on the Haldane transformation will suffer in
situations, such as inhalational anaesthesia, where marker gas mass balance might not
be preserved during passage through the breathing system and patient lung. To avoid
this potential source of inaccuracy, Heneghan et al used two different marker gas
species (Argon and N2) to independently measure fresh gas and exhaust gas flows,
with acceptable precision for V˙O2 and V˙CO2 in patients anaesthetised with an O2/N2O
mixture. They did not attempt to measure V˙ N2 O and the use of N2 as a marker in the
expired gas overlooked possible error due to N2 elimination in their patients
(Heneghan et al 1981). In contrast, the extractable marker gas method needs to make
no assumptions about the fate of the marker gas in the body.

Beatty et al measured significant levels of pulmonary elimination of N2 by the body
during open abdominal surgery in patients ventilated with pure O2/N2O mixtures
(Beatty et al 1984). This N2 was presumably absorbed from the atmosphere by
exposed fat and viscera. Our data confirmed their findings for the expected level of
absorption and elimination by the lungs of atmospheric N2 during surgery. The mean
measured value of N2 flux in our patients agreed closely with that predicted by Beatty
et al when adjustment was made for the presence of N2 in the inspired gas mixture in
our study. It is important to note that where N2 absorption from atmosphere occurs,

€
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significant error in measured gas uptake by the Haldane method is expected if this is
not taken into account. This is especially the case for V˙ N2 O which may be
overestimated by 10% or more depending on the inspired N2 concentration (highest
error at lower inspired N2 concentration). The extractable marker gas method
confirms the importance of this correction. Other studies have suggested non-zero N2
balance in a variety of clinical and metabolic states (Cissik et al 1972, Wilmore and
Costill, 1973). Wilmore found that this did not significantly influence measurement of
V˙O2 during exercise, primarily due to the high levels of V˙O2 achieved. However our

data suggest that accuracy of measurement of lower levels of O2 uptake, such as occur
under anaesthesia, or uptake of other gases such as N2O, would be more severely
compromised.

€
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Conclusion

We measured pulmonary gas uptake and elimination in patients undergoing surgery
by means of an automated system which measures fresh gas and exhaust gas flows
using CO2 as an extractable marker gas. Comparison with simultaneous
measurements made using the Haldane transformation in patients anaesthetised with
N2O and isoflurane showed acceptable agreement for uptake or elimination of all
gases studied. The technique permits continuous measurement of gas uptake and
elimination with any inspired gas mixture.
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Chapter 4.

Measurement of Anaesthetic Agents in

Blood Using a Conventional Infrared Clinical Gas Analyser.

Introduction

Measurement of the partial pressure of volatile anaesthetic agents administered to
patients is important for the conduct of clinical studies into the behavior and effects of
inhalational anaesthesia. Measurement of an anaesthetic agent’s partial pressure in
inspired and end-expired alveolar gas is most commonly used for this purpose,
because of its non-invasiveness, and because it can be performed using rapid gas
analysers routinely used for patient monitoring during the conduct of anaesthesia.

However, end-expired volatile agent partial pressures differ widely from those in
arterial blood (Landon et al 1993, Frei et al 1991). Arterial levels more accurately
reflect the partial pressure perfusing the brain and other organs. Despite this,
measurement of the partial pressures of anaesthetic agents in the blood is not
commonly done.

Techniques for measuring volatile agent partial pressures in the blood are well
described (Fink and Morikawa 1970, Wagner et al 1974, Smith et al 1997), and most
commonly involve equilibration of blood with “headspace” gas in a sealed container
such as a glass syringe. Calculation of the initial partial pressure from that at the end
of an equilibration requires that the partition coefficient of the gas is known.
Techniques employing two (or more) headspace equilibrations allow both partial
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pressure and partition coefficient of a gas in a blood sample to be simultaneously
determined (Wagner et al 1974). Most previously published studies have used gas
chromatography to measure partial pressure after each equilibration, which allows the
various gas species present in the blood to be distinguished from each other. The gas
chromatograph is a generic measurement device that requires prior calibration against
known concentrations of the specific substance to be measured, and in the anaesthetic
setting this is commonly done using a clinical anaesthetic gas analyser (Smith et al
1997). While gas chromatography represents the accepted standard for this purpose,
and allows measurement using small volumes of blood and headspace gas, it requires
specialized equipment not available in many clinical centers. This limitation likely
contributes to the infrequency of clinical studies in which arterial partial pressures are
directly measured.

To improve the accessibility of this measurement, we tested in vitro the use of a
widely available clinical infrared gas analyser to directly determine the partial
pressure and partition coefficient of the volatile anaesthetic agents currently used in
clinical practice (sevoflurane, desflurane or isoflurane) in tonometered blood samples
using a double headspace equilibration method without the use of a gas
chromatograph or other device. The method was designed to be practical, requiring no
more than 10 mL of blood for accurate and precise measurement. The accuracy of the
analyser in measuring anaesthetic vapour concentration in the presence of other gases
which absorb infrared radiation (CO2, N2O and water vapour) was also characterized.
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Methods

Characterisation of the accuracy of the analyser:

The gas analyser chosen was a Datex-Ohmeda Capnomac Ultima (Datex-Ohmeda,
Helsinki). Following calibration according to the manufacturer’s recommendations,
using a cylinder of proprietary calibration gas, the absolute accuracy and linearity of
the analyser in measurement of volatile agent concentration was confirmed using a
volumetric technique similar to that used by previous authors (Dwyer et al 1991).
This involved delivery of a precisely measured volume of liquid agent, drawn up
using a micro-pipette (or 0.5 mL micro-syringe for larger volumes), into the base of a
long-necked glass flask of known volume, which was immediately sealed with a
gastight non-rubber stopper. After evaporation of the volatile liquid, full mixing
within the container was ensured by agitation with a 50mL glass syringe via a 3-way
stopcock. After thorough mixing, excess pressure in the flask was released via the
stopcock and the contents of the flask were sampled for several seconds by the
analyser via standard sidestream sampling tubing at a rate of approximately 200
mL/min. The 90% response time of the infrared analyzer to all gases measured was
less than 500 msec according to the manufacturer’s specifications.

All data generated by the analyser during sampling were downloaded in real time at a
sampling rate of 250 samples/sec as analog output from the device’s analog/serial
port, via a 12-bit analog-digital converter card (USB 6009, National Instruments,
USA) to a notebook computer (Powerbook G4, Apple Corp. USA). The resolution of
the data obtained was 0.025% for O2 and N2O and 0.0025% for volatile agents and
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CO2. The data were displayed on the computer using Labview 7.0 (National
Instruments, USA), indicating the presence of a flat concentration plateau, which
confirmed full mixing within the flask. Averaging of 75 data points from this plateau
allowed a high precision concentration measurement to be made. It was found that
this method gave a coefficient of variation for the absolute concentration of
sevoflurane of less than 1.0%. A minimum of 4 independent measurements were
made on each occasion, permitting the standard error of the mean concentration to be
determined to within + 1.0% (of the actual concentration).

The absolute accuracy of the analyser was determined by delivery of 0.2 and 0.4 mL
of liquid sevoflurane from a microsyringe into the flask filled with pure O2. At 20oC,
liquid to vapor volume ratio for sevoflurane is 1:181 (Collins 1996), producing
expected concentrations of 3.36% and 6.51% respectively, after adjustment for the
added volume produced by the evaporation of the liquid, and for measured room
temperature and ambient pressure.

Accuracy in the presence of other gases:

The Capnomac uses paramagnetic measurement of O2, and near-infrared absorption
spectroscopy at different wavelengths to measure CO2, N2O and the volatile agents.
Because of the concern that overlap of infrared absorption spectra of these gases, or
related phenomena such as collision broadening, might impair its accuracy where
combinations of gases are present in a sample (Severinghaus 2006), measurement of
volatile agent (sevoflurane, desflurane and isoflurane) concentration in the presence
of the other gases which exhibit infrared absorption was done as described above. As

55
a control measurement, the flask was pre-filled with 100% O2 prior to delivery of the
liquid agent. The measurement was repeated, pre-filling the glass flask with gas
mixtures containing incremental concentrations of CO2 or N2O instead. CO2
concentration was varied from 0 - 5%, and N2O concentration from 0 - 100% with O2
as the balance gas. In each case, mean volatile agent concentration measurement was
determined as described above, and compared to that measured in 100% O2.

The possibility of error in volatile agent measurement due to the presence of water
vapor was also investigated. This could arise either from direct interference in
infrared absorption, or simply from dilution of other gases in the gas mixture due to
retention of water vapor in the gas reaching the measurement chamber. Nafion tubing
is present internally within the Capnomac and, when fresh, is highly efficient in
selectively dehydrating sampled gas prior to its measurement. Parallel measurements
of sevoflurane concentration were made as described above using the standard 2
meter length of solid (non-Nafion) sampling tubing and an identical length of fresh
Nafion tubing. In this series, the flask was pre-filled with O2 fully saturated with
water vapor and cooled to room temperature prior to addition of the liquid
sevoflurane.

Measurement of volatile agent partial pressure in blood:

Preparation of reference blood/gas mixtures:

With approval from the institutional ethics committee and patient consent, 50 mL of
blood was collected from patients undergoing total intravenous anaesthesia with
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propofol prior to collection. The blood was heparinised and put into a sealed glass
flask placed into an agitated warm water bath set to approximately 37oC. It was then
tonometered against a continuous 400 mL/min flow of vehicle gas containing
physiologically relevant concentrations of volatile agent. After a minimum of 2 hours
of tonometering, and following calibration of the gas analyser using the proprietary
calibration gas and precise measurement of the water bath temperature, the gas in the
flask was sampled by the analyser as described above, to provide the reference
volatile agent partial pressure (corrected for the presence of water vapor in the flask).
This period of time is several times the required duration for blood-gas equilibration
demonstrated by previous authors for gases of this range of solubility (Wagner et al
1974).

Firstly, tonometered blood mixtures containing sevoflurane in O2 at partial pressures
typical of those seen during inhalational anaesthesia, (concentrations between 0.5%
and 5.0%) were prepared. To test the technique for measurement of the other
currently used volatile anaesthetic agents (desflurane and isoflurane), partial pressures
approximating 1 MAC (Minimum Alveolar Concentration) for each agent
(concentrations of 5.8% and 1.1% respectively) in O2, were also prepared.

Because an effect of N2O on accuracy of sevoflurane measurement was found during
characterization of the analyser (see below), further tonometered blood mixtures were
prepared for partial pressures of sevoflurane in a typical anaesthetic mixture of 60%
N2O/40% O2, to determine whether the presence of high concentrations of N2O would
affect the accuracy of the technique with sevoflurane.
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Double headspace equilibration technique:

Blood was then drawn from the flask into each of four gas-tight 20mL glass syringes
with a 3-way stopcock attached. Excess blood was expelled, along with any bubbles,
from the syringe and stopcock so that precisely 10mL of blood was contained in the
syringe, into which a further 10mL of air was then drawn up. Each syringe then
contained 10mL of blood with 10mL of air as the “headspace” for equilibration.
Necessary corrections to these measured volumes were incorporated for the volume of
the 3-way stopcock (0.2mL) and of the nozzle of the glass syringe (0.5mL). The
syringes were then placed into the agitated warm water bath for the first equilibration.

After a minimum of 1 hour, the contents of the gas headspace in each 20mL syringe
were transferred via the 3-way stopcock to a dry 10mL glass syringe with its own
stopcock. (This was done to prevent the possibility of inadvertent suction of blood
into the analyser if the headspace gas was delivered directly from the 20mL
equilibration syringe). The sidestream gas sampling line of the analyser was attached
to the 10mL syringe and the contents were delivered to the analyser while the gas
concentration measurements were performed and downloaded to the computer. After
any remaining headspace gas was expelled from the 20mL syringe, a further 10mL of
air was drawn up into it and the process described was repeated for the second
equilibration.
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Figure 4.1.

Typical partial pressure waveforms captured by the measurement

system from a double headspace equilibration of a reference blood/gas mixture
containing 2% sevoflurane in 60% N2O and 40% O2. The values for N2O and O2 have
been scaled by 1/10th. The O2 waveform had been deliberately advanced by
approximately 1 second, to align it with the other gases. Note the rapid fall in N2O
concentration after each equilibration, due to its relatively low solubility. This is
associated with significant volume changes in the glass syringe.
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Figure 4.1 shows typical partial pressure waveforms captured by the system from a
double headspace equilibration of a reference blood/gas mixture containing 2%
sevoflurane in 60% N2O and 40% O2. The values for N2O and O2 have been scaled by
1/10th. For all gases measured an adequate plateau was achieved indicating that an
undiluted bolus of headspace gas was sampled by the analyser when delivered into the
sampling tubing from the 10mL glass syringe. The notch in this plateau was an
artefact due to momentary interruption of gas flow caused by turning of the 3-way
stopcock. All data from the plateau distal to this point, indicated by the vertical line,
were averaged to obtain the equilibration partial pressure of each gas species
measured. At this point, the sampling line is open to atmosphere, and the
concentration measured is unaffected by artifact caused by resistance to sampling
from, for instance, sticking of the plunger of the syringe. The O2 waveform had been
deliberately advanced by approximately one second, to align it with the other gases,
as the response time of the paramagnetic O2 analyser of the Capnomac was slower
than that of the infrared analyser. The minimum volume of headspace gas required for
the measurement was found to be 5-6mL, as smaller volumes delivered into the gas
sampling line did not reliably provide a clear plateau concentration.

Using the data from these two equilibrations, the original partial pressure ( P0 ) of the
volatile agent in the blood sample was then calculated, and of the blood/gas partition
coefficient of the agent ( λ ) (assuming from Henry’s law that this remains constant
for an inert gas as its partial pressure changes) using an adaptation of the technique
described by previous authors (Wagner et ai 1974, Smith et al 1997). This was done
as follows.
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From mass balance principles,

P0 ⋅VB ⋅ λ = P1 ⋅ (VB ⋅ λ + VG1 )

Equation (4.1)

where VB is the blood volume, P1 is the measured partial pressure of the volatile
agent and VG1 is the volume of the headspace gas in the syringe after the first
equilibration.

Similarly, for the second equilibration,

P1 ⋅VB ⋅ λ = P2 ⋅ (VB ⋅ λ + VG2 )

Equation (4.2)

Transposing equation (4.1)

VG1 ⎞
⎛
P0 = P1 ⋅ ⎜ 1 +
⎝ VB ⋅ λ ⎟⎠

Equation (4.3)

where, from equation (4.2)

λ=

VG2
VB

⎛ P1
⎞
⎜⎝ P − 1⎟⎠
2

Combining (4.3) and (4.4)

Equation (4.4)
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⎡ VG
P0 = P1 ⋅ ⎢ 1
⎣ VG2

⎛ P
⎞ ⎤
⋅ ⎜ 1 − 1⎟ + 1⎥
⎝ P2
⎠ ⎦

Equation (4.5)

VG1 and VG2 are difficult to measure directly in the syringe because of the presence
of a meniscus at the blood/headspace interface, and the possibility of changes in
pressure within the syringe if the plunger should stick to the barrel during
equilibration. The headspace volume cannot be assumed to remain constant, as
significant volume changes can occur, especially when high concentrations of N2O
are present in the blood sample. However, the volume of gas drawn up into the
syringe at the commencement of each equilibration ( VG0 ) is precisely known, and

VG1 and VG2 can be calculated with much better precision from the partial pressure
changes of N2 in the headspace. N2 has negligible solubility in blood, and its partial
pressure is calculated after each equilibration by subtraction of the sum of all the
other gas partial pressures (including water vapor pressure) from atmospheric ( PB ).

VG1 = VG0

where

P1N2
P0 N2

∑ Pgases

= VG0

PB − ∑ P1gases − P1H 2O
PB − ∑ P0 gases − P0 H 2O

Equation (4.6)

is the sum of the partial pressures of all the gases measured by the gas

analyser after each equilibration. In each case PH 2O is determined by the known
saturated water vapour pressure at the measured temperature. Since a similar equation
applies to the second equilibration
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VG2 = VG0

P2 N2
P0 N2

= VG0

PB − ∑ P2 gases − P2 H 2O

Equation (4.7)

PB − ∑ P0 gases − P0 H 2O

then combining equations (4.6) and (4.7) with (4.5)

⎡ PB − ∑ P1gases − P1H 2O
P0 = P1 ⋅ ⎢
⎢⎣ PB − ∑ P2 gases − P2 H 2O

⎛ P
⎞ ⎤
⋅ ⎜ 1 − 1⎟ + 1⎥
⎝ P2
⎠ ⎦⎥

Equation (4.8)

where, P1 and P2 are the measured partial pressures in the syringe after the first and
second equilibrations, PB is atmospheric pressure,

∑ Pgases

is the sum of the partial

pressures of all the gases measured by the gas analyser after each equilibration, and

PH 2O is the known saturated water vapour pressure at the measured temperature.
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Results

Characterization of the performance of the gas analyser:

Absolute accuracy and linearity:

Mean [standard deviation] measured concentrations of sevoflurane delivered from the
microsyringe into the 1L flask filled with O2, were 3.33 [0.02]% and 6.45 [0.07]%.
These underestimated the expected concentrations by 0.03% and 0.06% respectively.
In relative terms, in each case, this represented an underestimate of 0.9% of the actual
concentration.

Accuracy in the presence of other gases:

There was a progressive underestimation of sevoflurane concentration with increasing
N2O concentration, which was statistically significant (r = -0.81, p < 0.001) (Figures
4.2 and 4.3). The line of best fit followed the following equation

y = 1.062 – 0.073x

Equation (4.9)

In the presence of 60% N2 O, this produced a relative underestimate of sevoflurane of
3% of the actual concentration. This proportional error was maintained across a range
of sevoflurane concentrations from 0.5 to 3.5%

(p < 0.001). There was no

demonstrable error in measurement of isoflurane or desflurane with N2O relative to
the measurement made in O2.
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Figure 4. 2.

The relationship between N2O concentration and error in measured

sevoflurane concentration, relative to that measured in pure O2 (1.7%). There was a
statistically significant (r = -0.81, p < 0.02 on the t-test) tendency to underestimate
this value with increasing N2O concentration. The line of best fit followed the
equation y = 1.062 – 0.073x.
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Figure 4.3.

The error in measured sevoflurane concentration in a mixture of 60%

N2O and 40% O2, relative to that measured in pure O2.
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Similarly, no significant effect of CO2 on measured concentration of sevoflurane,
isoflurane or desflurane was found (Figure 4.4). No difference in sevoflurane
concentration in O2 saturated with water vapour was demonstrable between samples
obtained with standard sampling tubing and Nafion tubing. This confirmed
empirically that either the sampled gas was fully dehydrated by the internal Nafion
tubing within the device, or that the presence of residual water vapour causes no error
in sevoflurane measurement.

Figure 4.4. The effect of CO2 on measured sevoflurane concentration.
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Measurement of volatile agent partial pressure in blood:

Measurements of sevoflurane partial pressure in tonometered blood at six different
reference concentrations are shown in Figure 4.5. The double headspace equilibration
method underestimated the reference partial pressure by 4.5% of the actual
concentration (p < 0.001 on the paired t-test). 95% confidence limits for the bias at
each reference concentration are shown, as well as those for individual measurements,
which were overall + 9.6% of the actual concentration.

Figure 4.5. The relative error in measurements of sevoflurane partial pressure in
blood tonometered at six different reference sevoflurane concentrations in O2. The
relative error (y axis) is expressed as a proportion (%) of the actual reference
concentration (x axis). The heavy vertical bars indicate the 95% confidence limits for
the mean bias, and the thin vertical bars indicate the 95% confidence limits for
individual measurements.
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Figure 4.6 shows the results for sevoflurane partial pressure measured in the presence
of 60% N2O. Correction of both reference concentration and measured partial
pressures of sevoflurane was done with each equilibration for the presence of N2O,
according to Equation (4.9). The mean bias (at three different reference
concentrations) was -4.7% of the actual concentration, which was not significantly
different from that in the absence of N2O. This confirmed the method compensated
accurately for the changes in headspace volume (typically 2-3 mL) produced by
equilibration of high concentrations of N2O in blood.

Figure 4.6 . The relative error in measurements of sevoflurane partial pressure in
blood tonometered at three different reference sevoflurane concentrations in 60% N2O
and 40% O2. The relative error (y axis) is expressed as a proportion (%) of the actual
reference concentration (x axis). The heavy vertical bars indicate the 95% confidence
limits for the mean bias, and the thin vertical bars indicate the 95% confidence limits
for individual measurements
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The accuracy of the method in measurement of partial pressure of desflurane and
isoflurane, the other volatile agents used in current anaesthetic practice, is shown in
Table 4.1 and Figure 4.7. The reference concentrations chosen approximated MAC
values: for desflurane this was 5.8% and for isoflurane 1.1%. Data for sevoflurane at a
reference concentration of 2.3% are included for comparison, as well as data for N2O
at a typical inspired concentration of 64%. The gases are ordered according to the
measured solubility. The accuracy and precision of the method were consistent
regardless of the solubility of the gas. Table 4.1 also lists the measured blood/gas
partition coefficients for these four gases (mean [standard deviation]), corrected to
370C according to published data describing the effect of temperature on solubility of
anaesthetic agents in blood (Alliot et al 1973, Yang et al 2004). These corrected
values slightly overestimate values found in standard texts (Eger 1995).
Underestimation of the true partial pressure will lead to this, and correction of
measured partial pressure to the reference tonometered partial pressure would bring
the calculated partition coefficients into closer agreement with these quoted values.
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Table 4.1. Relative error in measured partial pressures in blood (mean bias [standard
deviation]) for desflurane, sevoflurane and isoflurane relative to reference
concentrations approximating 1 MAC in tonometered blood, and for N2O at a typical
inspired concentration of 64%. Both bias and standard deviation are expressed as a
proportion (%) of the actual reference concentration. The measured blood/gas
partition coefficient (mean [standard deviation]) corrected to 370C is also shown.

Blood/gas partition
Reference Partial pressure
coefficient at 370C

Gas
conc. (%)

Bias [sd] (%)
Mean [sd]

Desflurane

5.8

- 4.6 [3.8]

0.45 [0.02]

N2 O

64

0.3 [2.7]

0.52 [0.03]

Sevoflurane

2.3

- 2.5 [2.3]

0.74 [0.04]

Isoflurane

1.1

- 3.9 [3.3]

1.40 [0.03]
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Figure 4.7. The error in measurements of partial pressure of desflurane, sevoflurane
and isoflurane in blood tonometered at reference concentrations (in O2) of 5.8%, 2.3%
and 1.1% respectively, as well as N2O at 64%. The gases are ordered according to the
measured solubility. The heavy vertical bars indicate the 95% confidence limits for
the mean bias, and the thin vertical bars indicate the 95% confidence limits for
individual measurements.

72

Discussion

Those published studies which have measured volatile agent partial pressure in blood
by multiple headspace equilibration using gas chromatography were reviewed by
Smith et al. They found that only a few studies reported the results of formal
validation of their technique using tonometry (Smith et al 1997, Dwyer et al 1991). In
their own study, Smith et al reported a mean underestimate for volatile agents of 2.3%
of the actual concentration, with 95% confidence limits for an individual
measurement of + 8.5% of the actual concentration. For sevoflurane they found a
4.5% underestimate + 7%. Dwyer found a 4% underestimate + 7% against tonometerd
isoflurane in blood. Our bias and confidence limits for sevoflurane over a wide range
of concentrations, were comparable to these, and confirm that measurement of
volatile agent partial pressure in blood can be done as well using the commonly
available clinical gas analyser we employed.

In these studies, the negative bias relative to the tonometered reference concentration
is due to a number of likely sources of error. These include cooling of equilibration
syringes immediately after removal from the warm water bath, and inevitable loss of
gas to atmosphere when expelling gas and bubbles from the syringe prior to drawing
up headspace gas for each equilibration. Inadequate equilibration time is an unlikely
explanation in our study, as the time allowed for the tonometry and for the syringe
equilibrations well exceeded the required time (Wagner et al 1974).

Trapping of equilibrated gas in small bubbles prior to the second equilibration was
identified by Smith et al (1997) as a significant potential source of error with
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measurement in whole blood, which is prone to foaming. They dealt with this by
performing their second equilibration using only a 2mL fraction of a larger blood
sample used for the first equilibration, which allowed blood free of bubbles to be used
for the second equilibration. We did not do this, but retained all 10mL of blood for
our second equilibration, with results not significantly different from theirs. We
subsequently found that flocculation of blood could be eliminated by addition of a
small drop of the anti-foaming agent dimethicone. Use of this did not appear to affect
the accuracy of our assay, but did make the blood specimens more convenient to work
with, while not altering the calculated partition coefficient of the volatile agent in the
sample.

Previous commentators have questioned the suitability for research purposes of
infrared analysers for measurement of volatile agent concentrations in the presence of
other gases such as N2O, water vapor and CO2 that also absorb infrared radiation. In
addition, there is a concern that overlap of infrared absorption spectra of these gases,
or related phenomena such as collision broadening, might impair their accuracy
(Severinghaus 2006). We therefore validated our double headspace equilibration
technique for measurement of volatile agent partial pressures in blood against
tonometered blood, and demonstrated accuracy comparable to that achieved by
previous studies using gas chromatography, both in the presence and absence of N2O.
This confirms the reliability of our results. Careful characterization and calibration of
the device is important if these potential sources of error are to be adequately
addressed. We used one commonly available clinical gas analyser for this study, and
any other device should undergo similar characterization if it is intended to be used
for this purpose. This principle also applies to use of gas chromatographs which,
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despite the advantage that they distinguish between different gas species, still require
calibration against known standards prior to use (Flynn et al 1989). We chose to use
simple volumetric measurements as our primary calibration standards for this study.
These were accurate, precise and reproducible, and provided a robust validation of the
gas analyser’s performance. A direct comparison of results using the gas analyser and
gas chromatography would be of further interest, although it would not improve the
reliability of our findings.

Despite the apparently significant error in sevoflurane measurement we demonstrated
associated with the presence of high concentrations of N2O, the effect on the accuracy
of the double headspace equilibration assay was negligible. It should be noted that the
correction to the calculated partial pressure of sevoflurane in the tonometered blood
samples, produced by adjustment of sevoflurane headspace concentrations using
Equation (4.9) was only in the order of 1% (relative). No significant effect was caused
by the presence of CO2. In addition, our data also suggested that sampled gas was
effectively dehydrated by the internal Nafion tubing within the analyser, eliminating
the presence of water vapor as a source of error in measurement of other gases.

In particular, our results support the precision and practicality of using the calculated
N2 concentration in the headspace gas, to automatically determine the relative
equilibration volumes in the syringe for Equation (4.8). This avoided potential errors
in volume measurement that could occur where the plunger of the glass syringe did
not move freely, and the headspace gas was not at atmospheric pressure. This
approach is convenient where room air is used for the equilibration, although any
insoluble gas would be suitable. However, it would be unsuitable where gas
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chromatography was employed instead, if N2 was used as carrier gas for the assay, as
is commonly done.

The advantage of the clinical gas analyser as a tool for the technique is its
accessibility and ease of use. These devices are commonplace in the operating theatre
environment, familiar to anaesthetists and readily available for clinical research
purposes. Interfacing with computers is not difficult using the analog signal from the
device (Nickalls and Ramasubramanian 1995), which provides a precise measurement
and recording of gas concentration data. We found the accuracy of the analyser used
in the study excellent when calibrated using the manufacturer’s proprietary calibration
gas mixture, and the stability of the calibration was well maintained over time. Its onsite availability means that blood samples do not need to be processed distant to the
point of contact with the patient, avoiding transportation and time delays and reducing
the potential for error in processing the samples using the multiple equilibration
method.

The greater accessibility of measurements provided by a clinical gas analyser may
allow more frequent measurements of blood partial pressures in studies investigating
the pharmacokinetics of anaesthetic agents. The majority of published studies use
expired alveolar gas concentrations, because of the ease with which this data can be
obtained, despite the fact that it is arterial blood partial pressures that are of most
direct interest in determining anaesthetic effects on body tissues. This is especially
relevant during inhalational anaesthesia, which substantially widens alveolar-arterial
(“A-a”) difference for both respiratory and anaesthetic gases (Landon et al 1993, Frei
et al 1991, Nunn and Hill 1960, West 1969). Accuracy of results in studies
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investigating A-a difference for anaesthetic gases, where expired and arterial gas
partial pressures are compared, may be assisted when the same device is used for both
measurements.

Conclusion

The reliability was tested of a method for the measurement of volatile anaesthetic gas
partial pressures in blood by a double headspace equilibration technique, using a
clinical infrared gas analyser. Accuracy and precision of measurement was
comparable to that achieved by previous studies employing gas chromatography. The
assay that was validated was suitable for use for clinical studies into the
pharmacokinetics of the commonly used volatile anaesthetic agents and N2O.
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Chapter 5. The rate of alveolar-capillary uptake of nitrous
oxide and sevoflurane following anaesthetic induction.

Introduction

The general principles of design of systems for measurement of gas uptake during
anaesthesia were discussed in Chapter 3, which described a novel system for the
measurement of gas uptake from a breathing system. Previous studies investigating
the physiology and pharmacology of inhalational anaesthesia by measuring the rate of
gas uptake have used systems of various designs. Virtually all have measured gas
uptake from the breathing system, rather than alveolar-capillary uptake.

The actual rate of early uptake of anaesthetic gases by pulmonary blood is likely to be
considerably less than that measured at the level of the mouth or the breathing circuit.
This is because much of the initial uptake of a foreign gas from the breathing system
will consist of “washin” or equilibration of the alveolar gas compartment (the
functional residual capacity, FRC) with the newly introduced inspired gas mixture
(Lin 1994). This distinction may be important, as it is alveolar-capillary uptake of
anaesthetic gases following induction that determines the speed with which an
adequate depth of inhalational anaesthesia is achieved. Direct measurement of uptake
of anaesthetic gases by pulmonary blood, using the Fick principle, is rarely done
(Hendrickx 2004). Uncertainty about the actual rate of early nitrous oxide uptake by
pulmonary blood has contributed to controversy about the clinical significance of the
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second gas effect, which is driven by alveolar-capillary uptake of N2O (Lin and Wang
1993, Sun et al 1999, McKay et al 2000, Hendrickx 2004, Hendrickx et al 2006).

To properly characterise the pharmacokinetics of early anaesthetic gas uptake by the
lungs, we measured the time course of uptake of sevoflurane and N2O during the first
30 minutes following induction of anaesthesia in patients, by measuring the rate of
gas uptake both from the breathing circuit, and at the alveolar-capillary level using the
reverse Fick method.
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Methods

Following approval by the local institutional research ethics committee, and with
written informed patient consent, 8 patients scheduled to undergo elective coronary
bypass surgery at the Austin Hospital, Melbourne, were recruited to the study.

Prior to surgery patients were cannulated in accordance with routine anaesthetic
management with a peripheral arterial line and pulmonary artery catheter (Edwards,
California, USA). Following a period of 1-2 minutes of pre-oxygenation, anaesthesia
was induced with a mixture of fentanyl, a benzodiazepine, propofol and a
neuromuscular blocker. Maintenance of anaesthesia was achieved using an infusion of
propofol titrated according to depth of anaesthesia with the assistance of bispectral
index monitoring. Following endotracheal intubation, controlled ventilation was
initiated using a 7800 series ventilator (Datex-Ohmeda, Finland) attached to a DatexOhmeda Aestiva/5 anaesthetic machine, with tidal volumes of approximately 7-10
mL/kg at a rate of 10 – 12 breaths/min using a Mapleson D (Bain circuit) breathing
system.

When stable hemodynamics and end-tidal CO2 partial pressure had been achieved for
at least 5 minutes, the fresh gas mixture was set to either 6.0 or 7.5 L.min-1 depending
on body weight (2.0 or 2.5 L.min-1 each of medical air, O2 and N2O) with sevoflurane
0.5%, giving a approximate fresh gas concentrations of O2 40%, N2O 33% and the
balance N2, and measurements of gas uptake rate commenced.
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Alveolar-capillary gas uptake measurements:

The reverse Fick gas uptake rate measurements were obtained by taking simultaneous
paired 8-10 mL blood samples drawn from the arterial line and the distal lumen of the
pulmonary artery catheter into 10 mL glass syringes, followed immediately by an
average of 3 cardiac output measurements made by right heart thermodilution using a
10mL bolus of room temperature saline. Sevoflurane and N2O partial pressures in the
blood samples were obtained by a headspace equilibration technique, as described in


Chapter 4. The rate of uptake of each gas species ( Vgas
Fick ) was determined by the
reverse Fick method.

⎛ P gas − PV gas ⎞


Vgas
Fick = ⎜ a
⎟ λ × Q
PB
⎝
⎠

Equation (5.1)

where Pa gas is the meaaured arterial partial pressure of the gas species, PV gas is the
mixed venous partial pressure, and Q is the cardiac output measured by thermodilution.

This process was carried out at three points in time during the pre-cardiopulmonary
bypass period. The first measurement was made within the first 2 minutes after
commencement of ventilation with the fresh gas mixture, and subsequent
measurements were made at 5-8 minutes and 15-30 minutes.
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Measurement of gas uptake from breathing system:

It was decided that, because it was intended to record the rapid changes in gas uptake
seen immediately after induction of inhalational anaesthesia, a method was required
which was continuous and had the most rapid response time achievable. As described
in the Discussion section of Chapter 3, the method developed using CO2 as an
extractable marker gas was found to be too sensitive to minor fluctuations in the
patient’s FRC during surgical manoeuvres, and required prolonged averaging of
measured exhaust flows to minimise these artefacts. For this reason, it was decided


that measurement of the rate of gas uptake from the breathing circuit Vgas
circuit
was to be done at each time point by a adaptation of the Haldane method called
continuous indirect calorimetry (Stuart-Andrews et al 2004, 2006, 2007). The uptake
rate for each gas species was calculated as the difference between measured fresh gas
flow and mixed exhaust gas flow for each gas.


Vgas
circuit = VFgas − VXT ⋅ FXgas

Equation (5.2)

where VFgas is the fresh gas flow rate for that gas species, VX T is total mixed exhaust
gas flow rate, and FXgas is the measured fractional concentration in mixed exhaust
gas. Values for VFgas were set visually on the Aestiva/5 bobbin rotameters, and this
value entered on the computer. The rotameters had been previously calibrated using a
1 Litre dry gas syringe, which was therefore the primary calibration standard for all
flow measurements.
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VX T was calculated using the principle of conservation of N2 between fresh gas and

mixed exhaust gas streams within the breathing circuit (the Haldane transformation)

VXT =

VFN 2
FX N 2

Equation (5.3)

FX N 2 was calculated by subtraction of all other fractional gas concentrations from

unity. These were measured by sidestream sampling by a Datex-Ohmeda Capnomac
Ultima rapid gas analyser from distal to the bellows of the ventilator, and averaged
over 15 seconds. Analogue data from the analyser was downloaded to a desktop
computer via an A-D converter card (National Instruments, Texas, USA). Gas uptake
rates were corrected to BTPS (body temperature and pressure saturated) for
comparability with the corresponding reverse Fick measurements.

Periodic (half hourly) recalibration of the system was performed, to correct for
analyser drift, by sampling of fresh gas during a 30 second apnoeic period. The fresh
gas concentrations measured by the gas analyser were then corrected to those
delivered by the nominated rotameter flows, effectively calibrating the analyser
against the rotameter settings. In addition it was found that for sevoflurane, a
correction based on a prior one-point dynamic calibration of the measurement system
was required, where ventilation of a silicone bag of suitable compliance (in place of
the patient) was done to establish the measurement offset of the system where the real
uptake rate was zero. For sevoflurane, this correction averaged 1.1 (+ 0.5) mL/min,
and was applied in each patient to all subsequent measurements of sevoflurane uptake
from the breathing circuit.
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Data analysis:

For comparability and to aid characterisation of best fit curves, all measured gas
uptake rates were normalised according to body surface area (BSA) to a BSA of


1.8m2. For the relationship of Vgas
circuit to time, a line of best fit was obtained
using an exponential Levenberg–Marquardt curve-fitting algorithm.


No assumptions were made a priori about the shape of a best-fit curve for Vgas
Fick
versus time. Instead it was assumed that the time course of the measured difference



between simultaneous measurements of Vgas
circuit and Vgas
Fick , which represent
washin of gas into the patient’s FRC, was described by an exponential function, and a
curve versus time for this also obtained using a Levenberg–Marquardt algorithm.


Subtraction of this best-fit washin curve from that obtained for Vgas
circuit gave the

best-fit curve for Vgas
Fick .
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Results

5 male and 3 female patients were recruited to the study. Mean age was 73 years
(range 58-84 years), mean body weight was 71.5 kg (range 51-94 kg), and mean body
surface area (BSA) was 1.82 m2 (range 1.54-2.16 m2). Demographic, haemodynamic,
ventilatory and other patient data recorded at each measurement point are summarised
in Table 5.1.

Table 5.1.

Demographic, haemodynamic, ventilatory and other patient data. All

values are expressed as mean and standard deviation (SD). RR: respiratory rate, VTE :
expired tidal volume, PIP: peak inspiratory pressure, MAP: mean arterial pressure,
HR: heart rate, FiO2: inspired O2 concentration, SpO2: arterial O2 saturation, CO:
cardiac output, Temp: nasopharyngeal temperature, BIS: bispectral index, pH: arterial
pH, pCO2: arterial CO2 partial pressure, pO2: arterial O2 partial pressure: Hb: arterial
haemoglobin concentration.
Variable Units

Mean

SD

Variable Units

Mean

SD

RR

/min

12.1

2.1

CO

L/min

3.00

0.7

VTE

mL

694

90

Temp

0

35.2

0.7

PIP

cmH2O

22.4

2.6

BIS

30.3

6.6

MAP

mmHg

69.9

12.6

pH

7.44

0.0

HR

/min

58.9

17.4

pCO2

mmHg

38.0

4.1

FiO2

%

36.8

1.4

pO2

mmHg

183

23

SpO2

%

99.8

0.4

Hb

g/dL

11.9

1.6

C

85



A total of 24 simultaneous measurements of Vgas
circuit and Vgas
Fick were made.

Vgas
circuit , the normalised measured rate of uptake of gas from the breathing circuit
as a function of time is shown in Figures 5.1a and 5.2a, for sevoflurane and N2O
respectively. The line of best fit is also plotted. In addition, for comparison, Figure
5.1a shows the function described by Vagts and Lockwood (1998) for sevoflurane
uptake rate into a breathing system obtained from patients, adjusted for fresh gas
concentration. Figure 5.2a also shows the curve described by Severinghaus (1954),
adjusted for fresh gas concentration, for N2O uptake rate.


Figure 5.1b shows the measured rate of alveolar-capillary uptake ( Vgas
Fick ) of
sevoflurane as a function of time, along with the best-fit curve obtained as described


above. The corresponding data for Vgas
Fick for N2O are shown in Figure 5.2b. The
peak rate of alveolar-capillary uptake of N2O from this best-fit curve was 233 mL/min
at the inspired concentration of 33% administered to our patient group.
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Figure 5.1a. The measured rate of uptake from the breathing circuit ( Vgas
circuit )
for sevoflurane versus time (x), normalised to a BSA of 1.8m2. The exponential
function of best fit is also plotted (heavy line), and the function obtained from patients
by Vagts and Lockwood (1998) for sevoflurane uptake rate into a breathing system,
adjusted for fresh gas concentration (broken line).
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Figure 5.1b. The measured rate of alveolar-capillary uptake ( Vgas
Fick ) of
sevoflurane versus time (x), normalised to a BSA of 1.8m2. The bi-exponential bestfit curve is also plotted (heavy line).
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Figure 5.2a. The measured rate of uptake from the breathing circuit ( Vgas
circuit )
for N2O versus time (x), normalised to a BSA of 1.8m2. The single exponential
function of best fit is also plotted (heavy line), and the function described by
Severinghaus (1954) for N2O uptake rate from a breathing system, adjusted for fresh
gas concentration (broken line).
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Figure 5.2b. The measured rate of alveolar-capillary uptake ( Vgas
Fick ) of N2O
versus time (x), normalised to a BSA of 1.8m2. The bi-exponential best-fit curve is
also plotted (heavy line).
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For Vgas
Fick for sevoflurane, an excellent approximation to this best fit curve (in
mL/min) was described by the function:

For N2O, this function is given by:
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Discussion

These data provide a useful estimate of the pattern of change in the rate of uptake of


N2O and a volatile agent by pulmonary blood ( Vgas
Fick ) during the minutes
following their introduction to the patient, assisted by direct measurement using the
reverse Fick method. The results illustrate the significant difference from the data
provided by previous studies measuring uptake into or from a breathing system.

Previous workers have investigated the rate of uptake of volatile agents using the Fick
principle (Hendrickx 2004) but not in the context of N2O anaesthesia. Our data for


Vgas
circuit of N2O agree well with the equation of Severinghaus (equation (1.1)),
when adjusted for inspired concentration (Figure 5.2a). For sevoflurane, our data
approximate the equation of Vagts and Lockwood (1998) after several minutes
(Figure 5.1a). The initially higher uptake of sevoflurane described by their formula is
probably explained by the fact that they measured the rate of injection of liquid
sevoflurane into a circle absorber system required to maintain a stable end-expired
concentration. This measures uptake of sevoflurane by both patient and breathing
system, unlike our study where the Mapleson D system we used was fully primed by
high flow with the desired fresh gas mixture prior to measurements commencing. Our
data agree well with those of Hendrickx who maintained measured end-tidal
concentrations at 0.65 MAC during their experiment (Hendrickx 2004).

The bi-exponential curve fit that was employed is a relatively simple approach. More
sophisticated multi-variate models have been applied to gas kinetics by previous
authors, as had the two-exponential model (Hendrickx et al 1998, Hendrickx 2004).
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For both sevoflurane and N2O, the best-fit curves for Vgas
circuit we obtained from
the Levenberg–Marquardt curve fitting algorithm were exponential functions which
approached an asymptote after 30 minutes causing them to begin to diverge from the
curves described by these authors. However, this approach proved satisfactory in
allowing us to examine the nature of gas uptake at the alveolar-capillary level
immediately following induction of inhalational anaesthesia, which was our principle
focus.

Only one previously published study has attempted to estimate the rate of true
alveolar-capillary uptake of anaesthetic gas during this early period. Lin (1994)
calculated the difference between the rate of uptake of N2O estimated in patients
following its introduction, and the rate of gas washin subsequently measured in vitro
into a simple simulator. This difference represented the physiological uptake of N2O
by pulmonary blood in the patients. He showed that this difference rose rapidly from
zero, as alveolar concentration rose, and peaked at under 300 mL/min before
declining. Lin noted that this was substantially less than the maximum rates predicted
by the well known formulae of Severinghaus and others (Severinghaus 1954, Munson
et al 1978, Virtue et al 1982), and suggested that this had implications for our
understanding of the pharmacokinetics of inhalational anaesthetic induction,
particularly regarding the magnitude and importance of the second gas effect. Lin
pointed out, quite correctly, that the second gas effect is driven by the alveolar
concentrating effects induced by rapid uptake of N2O from the alveolus by pulmonary
blood (Stoelting,and Eger 1969, Watanabe et al 1993, Taheri and Eger 1999). He
suggested that this effect could not be significant when the real uptake of N2O at the
alveolar-capillary interface was so much lower than described by these formulae.
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Unlike these previous studies, we directly measured alveolar-capillary uptake of N2O
and sevoflurane, by the reverse Fick method. From a qualitative viewpoint, our data
confirm the pattern of gas uptake predicted by Lin (1994) for N2O, and demonstrate a


similar pattern for sevoflurane. Vgas
Fick for both gases rose to a peak at 3-4 minutes

and then declined exponentially to meet the curve of Vgas
circuit within 10 minutes,
when washin of inspired gas into the FRC is expected to be complete. From this point
in time the formulae of Severinghaus for N2O, and Vagts and Lockwood for
sevoflurane, describe the rate of gas uptake by pulmonary blood well.


However, the peak rate of alveolar-capillary uptake ( Vgas
Fick ) of N2O we obtained
from the best-fit curve of Figure 5.2b was 233 mL/min, which was considerably
higher than that suggested by Lin (1994) if adjusted for inspired N2O concentration
(32% measured in our study, as opposed to 80% in Lin’s study). For instance, if
scaled to a typical inspired N2O concentration of 70%, peak N2O uptake rate derived
from our study data would be 487 mL/min, with 95% confidence intervals of 401
mL/min and 573 mL/min. A possible reason for this difference from Lin’s data may
be faster delivery of the fresh gas mixture to the lungs after its introduction in our
study, due to the high fresh gas flows used in a Mapleson D breathing circuit, in
contrast to the potentially slower achievement of washin into the lungs if a higher
volume, lower flow system, such as a circle system, is used. Nevertheless, our data
indicate that during the first few minutes, peak rates of uptake of N2O by pulmonary
blood are substantial.
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Conclusion

In summary, we measured the rate of alveolar-capillary uptake of sevoflurane and
N2O by pulmonary blood using the reverse Fick method, and demonstrated a quite
different pattern of uptake during the first several minutes of inhalational anaesthesia
from that described by published formulae which reflect gas uptake from the
breathing system. Despite the finding that the rate of alveolar-capillary uptake during
the first several minutes is lower than that of uptake from the breathing system, the
peak rate of uptake of N2O by pulmonary blood was still considerably greater than
previously suggested.
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Chapter 6. Construction of a multi-compartment computer
model of time dependent lung gas exchange

Introduction
Multi-compartment modelling of physiological “log normal” distributions of expired
alveolar ventilation ( V˙AE ) and blood flow ( Q˙ ) in the lung has been used to
investigate the causes of reduced efficiency of gas exchange with worsening V˙ / Q˙
!
scatter in the lung (Kelman 1970, West!1969). Early models did not take into account
!
the interdependent nature of uptake and elimination of multiple soluble
alveolar

gases. More sophisticated models were later applied to scenarios representing
multiple gas exchange during inhalational anaesthesia (Dantzker et al 1975,
Olszowska and Wagner 1980, Peyton et al 2001). These were steady state models,
restricted to modelling of the lung only. They did not attempt to plot changes in gas
uptake rates over time.

Time dependent models of gas uptake have been published before and since, such as
were done by Eger, Mapleson and others using body circulation-time models (Eger
1963, Mapleson 1973). These models were designed to plot the time course of uptake
or elimination of anaesthetic gases by the body, but generally modelled lung gas
exchange within a single alveolar lung compartment. Subsequent models, such as the
Gas Man® simulation program, which is widely used for educational purposes, have
not attempted to incorporate more sophisticated representations of V˙ / Q˙ relationships
in the lung (Gage JS 1992, Van Zundert et al 2010). These models are unhelpful for
!
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the purpose of examining the precise mechanisms of lung gas exchange, especially
during inhalational anaesthesia where the interactions of multiple gases are modelled.

The multi-alveolar compartment computer model described in this thesis introduces a
mathematical basis for calculating changes within each compartment over time, as
well as uptake of gases by body tissue compartments, providing a “real time”
simulation of changing lung gas exchange. The combination of both these types of
model into one permits the effect of V˙ / Q˙ inhomogeneity on gas uptake during
periods of sudden change in critical input variables to be explored, such as following
€ €
induction of inhalational anaesthesia.

Validation of the data output of the model was made by comparison with published
data for changes in alveolar partial pressures and overall anaesthetic gas uptake rates
by the lung versus time.
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Methods

The computer model was constructed using Labview 7 (National Instruments, USA),
a graphical programming language, on an Apple Macintosh Powerbook computer
(Apple Corporation, Cupertino, USA). The method for generation of log normal
distributions of V˙AE and Q˙ has been described in detail previously, but is presented
here again for completeness (Peyton 2004). Distributions were generated with a loge
€
€ (log SD) varying between zero (homogeneous lung) and 2.0 which
standard deviation

represents a lung with moderately severe inhomogeneity of V˙AE Q˙ . For any given
mode and log SD, identical results are obtained with a primary distribution of either
€ to obtain maximal precision
Q˙ or V˙AE (West 1969). Ten compartments are adequate

of results for global (whole lung) output variables from such a model (West 1969).
€

€

Generation of log normal distributions:

A frequency distribution of expired alveolar ventilation per unit volume of lung ( V˙AE
/Vol) or blood flow per unit volume ( Q˙ /Vol) is generated as described by West
€
(1969). The distribution is Gaussian in shape when the abscissa ( V˙AE /Vol) is plotted

logarithmically. Description of€a log normal distribution in terms of a “mean” is
€
unhelpful and the distribution can be best described in terms of two parameters - the

mode (or V˙AE /Vol of peak frequency) and the log SD (Kelman 1970). The position
of the first standard deviation with a log normal distribution can be located as that
€
point where the frequency is 60.65% of the mode frequency on the left of it. This is

also the point of maximal negative slope. Second and third and negative standard
deviations will be placed equidistantly along the abscissa. The magnitude of the log
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standard deviation of the distribution can be varied around the mode and both can be
specified.

The equation used is:

y=

€

⎛ 1 ⎛ (x − µ) ⎞ 2 ⎞
1
exp⎜⎜ − ⎜
⎟ ⎟⎟
σ 2π
⎝ 2 ⎝ σ ⎠ ⎠

Equation (6.1)

where y = frequency or relative volume of lung
x = log e V˙AE per unit volume ( V˙AE /Vol) or ( Q˙ /Vol)

µ = log e mode V˙AE /Vol
€
€
€
σ = log e standard deviation (log SD) of V˙AE /Vol or Q˙ /Vol
€
Figure 6.1. shows the nature of this function for two values of σ (log SD).
€

€

Figure 6.1. Two log normal frequency distributions described by equation (6.1)
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From this function, a range of values of V˙AE /Vol or Q˙ /Vol spanning 4 log SD either
side of the mode is taken. From this range the distribution is divided into a number of
€
€
compartments evenly spaced along the abscissa.
The components of the distribution

can be evenly scaled so that the total V˙AE of the compartments combined equals any
given specified value. If either V˙AE /Vol or Q˙ /Vol is made equal for each
€
compartment, the resultant distribution of V˙AE Q˙ ratios will also be log normal.
€

€

The output of this subroutine is€a series of paired values for V˙AE and Q˙ for each
compartment which when summated equals the selected total V˙AE and Q˙ and gives a
€
€
desired overall V˙AE Q˙ ratio and has a predetermined variance. Figure 6.2 shows a
€
€
pair of distributions of V˙AE and Q˙ for a moderately severe degree of inhomogeneity
€
of V˙AE Q˙ (log SD = 2.0). In contrast to the homogeneous lung, where both curves
€
€
would be centred on the same mode compartment and V˙AE Q˙ identical in all
€

compartments, the distribution of Q˙ is skewed to the left (lower V˙AE Q˙
compartments) relative to that of V˙AE .
€
€

€
€
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Figure 6.2. Typical physiological log normal distributions of V˙AE and Q˙ for a severe
degree of inhomogeneity of V˙AE Q˙ (log SD = 2.0) generated by a 50 compartment
€

model.
€

€
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Alveolar gas exchange calculation within a compartment:

For any given compartment, equations (1.2) and (1.3) from Chapter 1 combine to give

PI
PA
V˙AI . G − V˙AE . G = Q˙ (CcG
ʹ′ − CvG )
PB
PB

€

Pcʹ′
Given that PAG = Pcʹ′G and Ccʹ′G = λG . G
PB

€
then

€

⎛
⎞
PI
Pcʹ′
Pcʹ′
V˙AI . G − V˙AE . G = Q˙ ⎜ λG . G − CvG ⎟
⎝
⎠
PB
PB
PB

€

Equation (6.2)

Equation (6.3)

In a model in which a nominated distribution of expired alveolar ventilation is used (a
V˙AE - based model), the independent variables for this equation are V˙AE , Q˙ , PI G ,
CvG , λG and PB . PB is dry gas barometric pressure (barometric pressure minus

€

€
€
water vapour pressure), assumed to be 713 mmHg at body temperature€ of 37oC, and

€

€ €
€ gas volumes
are measured at STPD. λG embodies the appropriate temperature

correction (West 1969).
€

Equations (6.2) and (6.3) permit the calculation of Pcʹ′G for all gas species in the
alveolar compartment and from this, for V˙AI after calculation for all compartments.
This requires an iterative solution, using €the bisection technique in this model,
€
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knowing that PAG for all gases sum to equal PB . For n gas species, there are n +1
equations with n +1 unknowns ( PAG for each gas species and V˙AI ).
€

€

!
Finally arterial partial€pressure PaG is calculated from the flow-weighted sum of
Pcʹ′G from all compartments using the distribution of Q˙ . Mixed alveolar (end-tidal)
€
partial pressure PAG is similarly calculated from the flow-weighted sum of Pcʹ′G from
€

!
all compartments using the distribution of V˙AE .
€

€

!
A further level of numerical iteration allows for target values for gas exchange for

each gas species to be nominated as the independent variable, and PaG and PAG
calculated to meet these targets.
€

€

O2 and CO2 partial pressures and acid-base computation:

The relationship between partial pressure and gas content for O2 and CO2 in both endcapillary and mixed venous blood was expressed using the routines of Kelman
(Kelman 1966, 1967) for CO2 and O2 which characterize the dissociation curves of
these gases. In this way the modelling incorporates the Bohr and Haldane effects on
O2 and CO2 carriage within each compartment in the presence of widely varying

V˙AE Q˙ ratios.

€

As well as estimating the different acid-base status of mixed venous and pulmonary
arterial blood it is necessary to take into account the acute disturbances in acid-base
balance that occur within compartments particularly in the face of relatively extreme

V˙AE Q˙ ratios that are seen in some of these. Widely varying O2 haemoglobin
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saturations and CO2 partial pressures are seen across the compartments and the Bohr
and Haldane effects produced vary widely, affecting O2 and CO2 carriage. For this
purpose the Hendersen-Hasselbalch equation was used to relate PCO2 and pH, in
conjunction with the following equation (Siggaard-Andersen 1974) relating base
excess of the blood to plasma pH and bicarbonate and haemoglobin content (Hb):

Base excess = [1 − Hb.0⋅ 023][(HCO3− − 24⋅ 41) + (2⋅ 3.Hb + 7⋅ 7)( pH − 7⋅ 4)]

Equation (6.4)
€

where all variables except pH are expressed in mmol/l.

It was assumed that within the time course of pulmonary blood transit no acute
buffering of acid base changes produced by acute changes in PCO2 occurred other
than that of the CO2- HCO3- - carbonic anhydrase system. The base excess was
assumed to remain unchanged with the exception of the shift in the blood buffer line
produced by acute changes in Hb - O2 saturation ( SO2 ) which was characterized by
the following equation (Siggaard-Andersen 1974) relating base excess to
haemoglobin saturation and also to pH and HCO3-:

ΔBase excess = 0⋅ 19.Hb(1 − SO 2 )

€

Equation (6.5)

The interdependent nature of CO2 carriage, pH and Hb - O2 carriage requires an
iterative approach for its solution. This requires a single repeat iteration only to
achieve sufficient precision (Kelman 1970).
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V˙AE - based model:

€

Where a nominated distribution of V˙AE is employed, the calculation is somewhat
simplified, as pointed out by Farhi and Olszowska (1968) by the fact that the value of

PACO 2

€

(and

€
Cc'CO 2 ) is predetermined (allowing for acid-base buffering

considerations) as it depends in the model only on V˙AE , Q˙ and CvCO 2 , not on V˙AI .
€
Thus:
€

PACO 2 =

€

863(Cc'CO 2 −CvCO2 ).
VAE
Q

€

€

€

Equation (6.6)

This type of model is referred to as a “constant outflow” model (Korman and
Mapleson 1997) because the expired alveolar ventilation from each compartment is
fixed.

For both O2 and CO2, their arterial content ( CaO2 and CaCO2 ) is finally determined
by flow-weighted summation of the output of Ccʹ′O2 and Ccʹ′CO2 from each lung

€
€
compartment. A further iterative recalculation of acid-base effects as described above
€ for Ca€ and Ca
is required at this stage to obtain final values
O2
CO2 .

€
€
This series of equations are the basis for previous models using steady state
assumptions for gas exchange i.e. they assume equilibrium between all independent
and dependent variables.
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Non-steady state or time dependent model:

Where the effects of a change in an input variable are being modelled, for example,
the introduction or cessation of N2O in the inspired gas mixture, a steady state model
will not provide information about the time course of gas exchange that follows. In
this situation, the steady state equation (6.2)

PI
PA
V˙AI . G − V˙AE . G = Q˙ (CcG
ʹ′ − CvG )
PB
PB

€

is not true. A mass balance equation that allows for calculation of the rate of change
in PAG with time ( dPAG dt ) is needed.

€

€ t the mass of gas G in an alveolar compartment is
At any time

V.

€

PAG
PB

Equation (6.7)

where V is the volume of the compartment. The alveolar compartment volume V
consists of three component volumes, the alveolar gas compartment volume(VA), the
pulmonary blood volume of the compartment and the pulmonary lung tissue volume
of the compartment. For the latter two, the effective volume for a gas G is given by
the volume multiplied by the partition coefficient of G on that compartment. Thus

V = VA + VB.λG + VT .λG

Equation (6.8)
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Distributions of each component were derived from the data of Brudin et al which
provide relationships between VA, VB and VT and V˙ Q˙ (Brudin et al 1994). For a
continuous ventilation model such as this, these volumes are constants.

€
The rate of change of mass of G in the compartment is the difference between flow of
G into the compartment in inspired gas and mixed venous blood, and flow out of the
compartment in expired gas and end-capillary blood

V.

€

dPAG ˙ PI G ˙
PA
PA
= VAI .
+ Q.CvG − V˙AE . G − Q˙ .λG . G
dt.PB
PB
PB
PB

Equation (6.9)

If the other variables are considered constant (independent), this is a function of
dPAG dt in terms of PAG . If the starting value for PAG is known ( PAG t =0 ), PAG at

any time t ( PAG t ) can be calculated by integration of dPAG dt with respect to t, and
€

€
taking antilogs

€

€

€

€

€
PAG t =

€

c ⎡
c ⎤
+ ⎢ PAG t =0 − ⎥e−mt
m ⎣
m ⎦

Equation (6.10)

where
PI
V˙AI . G + Q˙ .CvG
PB
c=
V

and

PA
PA
V˙AE. G + Q˙ .λG . G
PB
PB
m=
V

At t = ∞ , this equation equals the steady state equations (6.2) and (6.3).
€

€

€
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PAG t obtained from equation (6.10) is treated like PAG in the steady state model, with
calculation of V˙AI after calculation for all compartments, using the bisection

€

€
technique in this model, knowing that PAG t for all gases sum to equal PB .

!

€ in this process. In the V˙AE !
Some approximations are made
- based model, V˙AI at any
time t is a dependent function of PAG . However, any error arising from this is
€
!
minimised by the iterative process by which V˙AI is obtained by summation of all
€
compartments. Another approximation
lies in the calculation of PAG t for O2 and

!
CO2, where the solubility coefficient is not a constant, but will be dependent to some

extent on PAG t . This was considered a negligible source of€error. Given the relatively
small changes in arterial O2 and CO2 content modelled in these scenarios at each time

€
point, the dissociation curves for these two gases can be assumed to exhibit piecewise
linearity and be treated as constants.

Body tissue gas uptake and elimination:

For each inert gas, mixed venous content CvG was calculated using a multicompartment body tissue model, consisting of vessel rich group (viscera), muscle
(lean) and fat compartments, with €residual mass representing bone cortex. The
corresponding mass-volume conversion factors and compartmental blood flows and
blood volumes were taken from the data provided by Mapleson (1973). In similar
fashion to the components of lung volume V, the effective volume of each
compartment is dependent on the tissue/blood partition coefficient of each gas
species. Blood-tissue partition coefficients for these compartments were taken from
published sources (Mapleson 1973, Eger 1995). Uptake of G in each compartment
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was calculated according to the proportion of blood flow to each and the partition
coefficient. Full equilibration of G with each compartment by perfusing blood was
assumed. Finally, CvG at any given time t was calculated from the flow-weighted
sum of outputs from all body compartments. This calculation was modified using a
€ function”, in which the time taken for blood to traverse each body tissue
“transit time

compartment was estimated according to the cardiac output and the proportion of total
blood flow and blood volume in each.

In contrast to the inert gases, CvO2 and CvCO2 were simply calculated from CaO2
and CaCO2 by transposing the Fick equation for each gas and nominating a fixed

€
€
physiological value for V˙O2 and V˙CO2 .

€

€
€
For all gases,€ the calculated
CvG was used as an independent variable for the

calculation of PAG t at a subsequent time t. To simulate the effects of recirculation
€
time, a delay was added before this value of CvG was used, based upon total blood

€ and cardiac output. For each recalculation of PA t the time interval t was set
volume
G
€
at 0.1 minutes (equivalent to the duration of one breath at a breath rate of 10

breaths/minute).

€
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Validation of model using published data

To determine if this model provided realistic results for the uptake rate of anaesthetic
gases over time, output data from the model was compared with published data.

Gas uptake from the breathing system:

To test calculations by the model for the uptake rate of anaesthetic gases over time
from the breathing system, the model was tested against the predictions of the
formulae of Severinghaus for N2O, and the measurements of uptake of N2O made in
the series of patients undergoing pre-cardiopulmonary bypass cardiac surgery (see
Chapter 5). This data was scaled to match the inspired N2O concentration modelled.

A healthy anaesthetised patient was modelled who weighed 70 kg, with a lung
alveolar volume (VA functional residual capacity FRC) of 2.0 L and lung tissue
volume (VT) of 0.5 L. A typical degree of V˙ / Q˙ inhomogeneity (log SD of the
distribution of Q˙ = 0.75) was modelled. Overall V˙AE and Q˙ were set at 3.2 and 4.0
€ €
L/min respectively, and V˙O2 and V˙CO2 at 200 mL/min and 160 mL/min respectively,
€
€
€
and maintained at this throughout the simulated time course (30 minutes).

€ by weight was as follows: viscera (“vessel rich group”)
Distribution of€body tissue

8.9%, lean tissue 56.1% and fat 17.4%, with the remainder representing the blood
volume (5.0 L) and bone cortex (consistent with the data provided by Mapleson
(1973). An inspired concentration of O2/N2O of 35%/65% was modelled.
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In addition, using the same values for these input variables, the model was used to
calculate the rate of rise of FA/FI of the commonly used anaesthetic gases as a
function of time, following introduction of inhalational agent. This data was
compared to published data (Yasuda et al 1991).

Alveolar-capillary gas uptake:

To determine if this model provided accurate results for the alveolar-capillary uptake
rate of anaesthetic gases over time, data from the model was compared to the
measurements made in our series in patients undergoing cardiac surgery, described in
Chapter 5, for uptake of both N2O and sevoflurane. Values for physiological variables
in the model were as follows: overall V˙AE and Q˙ were set at 2.9 and 3.0 L/min
respectively, and V˙O2 and V˙CO2 at 170 mL/min and 130 mL/min respectively. Fresh
€
€
gas concentrations were O2 40%, N2O 32% and sevoflurane 0.6% with the balance N2.
€
€
These values
closely
approximated those recorded during the experiment in this

elderly patient group. Distribution of body tissue by weight was viscera 8.9%, lean
tissue 40.0% and fat 35.0%, using an estimate of body fat based on mean age and
body mass index of the patient sample, provided by published formulae (Deurenberg
et al 1991). The log SD of the distribution of Q˙ was set at 1.0.

€
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Results

Gas uptake from the breathing system:

Figure 6.3 shows the rate of uptake of N2O at the mouth calculated by the model in a
70 kg patient breathing a 1:2 mixture of O2/N2O, in comparison with the formula of
Severinghaus (1954). Measured data from the series of patients during cardiac surgery
(see Chapter 5) is also shown, scaled to a matching concentration of 65%.

Figure 6.3.
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Figure 6.4 shows data from the model for the calculated rate of rise of FA/FI of the
commonly used anaesthetic gases as a function of time, following introduction of
inhalational agent. The curves generated by the model agree with published data
(Yasuda 1991) to within 5% (relative) at all time points, with the exception of
halothane, where it was lower by 10% at 30 minutes.

Figure 6.4. Calculated rate of rise of FA/FI of the common anaesthetic gases
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Alveolar-capillary gas uptake:

Figure 6.5 shows the rate of alveolar-capillary uptake of N2O calculated by the model,
in comparison with that measured in patients during cardiac surgery, breathing a
mixture of O2 40%, N2O 32% and sevoflurane 0.6% with the balance N2 (see Chapter
5).

Figure 6.5

The rate of alveolar-capillary uptake of N2O calculated by the model,

in comparison with that measured in patients.
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Figure 6.6 shows the rate of alveolar-capillary uptake of sevoflurane calculated by the
model, in comparison with that measured in patients during cardiac surgery, breathing
sevoflurane 0.6% in O2 40%, N2O 32% and N2 (see Chapter 5).

Figure 6.6

The rate of alveolar-capillary uptake of sevoflurane calculated by the

model, in comparison with that measured in patients.
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Discussion

As pointed out in Chapter 1, computer modelling has been a useful tool in exploring
and explaining the nature of respiratory gas exchange in the lung, and this has been
extended to uptake and elimination of inert gases (Olszowska and Wagner 1980).
Improvements in computing capabilities have assisted this process, and these concepts
were extended to include the behaviour of anaesthetic gases (Dantzker et al 1975,
Dueck et al 1980, Peyton et al 2001).

These earlier models were continuous ventilation models, of the kind employed here.
These models have had a certain appeal because mathematical solutions for gas
exchange can be obtained using analytical equations of the sort described above. This
allowed solutions for relatively complex gas exchange scenarios to be obtained in an
era when computing power was still low and access to fast computers difficult.
However, these models have been criticised by some authors as being physiologically
unrealistic in modelling tidal ventilation (Hahn and Farmery 2003). These
commentators have promoted the use of “step-by-step” tidal ventilation models
relying on numerical analysis and integration by Simpson’s method or other
approximation, at each step. This is now much more achievable in the current era of
fast, inexpensive desktop computers.

There are several factors contributing to differences in the results generated by the
model described here relative to the typical clinical situation. The model uses
nominated distributions of expired alveolar ventilation ( V˙AE based model), consistent
with a “constant outflow” principle, but an alternative model based on distributions of
€
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V˙AI (“constant inflow”) have been described. The latter requires a further level of

iterative computation, and can lead to quantitatively different results. The different
!

nature of the constant outflow and constant inflow principles have been explained by
Korman and Mapleson (1997). It is unclear whether one type of model better
describes a particular mode of ventilation (e.g. spontaneous breathing or pressure
controlled ventilation versus volume controlled ventilation) (Peyton et al 2001). The
model takes no account of the time constant and washin time of the breathing circuit
itself which, for a circle system with its large capacitance, will be substantial where
low fresh gas inflows are employed. In the clinical study of gas uptake described in
Chapter 5, a Mapleson D partial rebreathing system with high fresh gas flow was used
to minimise this source of delay in delivery of the selected gas mixture to the patient.
Other factors include inter-individual variability in any of the input variables, such as
compartment volumes and partition coefficients, recirculation time and incomplete
equilibration of gases within lung or body tissue compartments. Other published
models of body gas uptake have used a larger number of body tissue compartments
than the four used here (Kennedy and French 2011).

Despite these reservations, the multi-compartment computer model employed here
appears to give satisfctory agreement with empirical data for overall lung gas
exchange, as presented above. The data presented in Figure 6.4 compare closely with
the measured values for the rate of rise of FA/FI in the first 30 minutes of anaesthesia
in healthy volunteers made by Yasuda et al (Yasuda 1991). The curves generated by
the model agree with their data to within 5% (relative) at all time points, with the
exception of halothane, where FA/FI was overestimated at 30 minutes by 10%.
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Data generated by the model predict that alveolar-capillary uptake of N2O reaches a
relatively high peak rate soon after the introduction of N2O to the breathing system.
The data comparing predicted with measured rates of N2O and sevoflurane uptake in
Figures 6.4 to 6.6 suggest that the model may still overestimate the early rise to peak
uptake rates by 15-25%. For alveolar-capillary uptake this may be partly due to the
response time of the continuous measurement system used in the study in Chapter 5.
The system used a high flow Mapleson D breathing system to minimise delay in
delivery of gas mixtures to the patient. However, it had a finite response time.
Measurements were updated every 15 seconds but the 95% response time is likely to
be 3 times this, and measured changes may lag behind real changes in gas uptake by
up to a minute. Nevertheless, as pointed out in Chapter 5, the likely peak rate of
alveolar-capillary uptake of N2O is substantial, and much higher than that estimated
by Lin (1994) when adjustment is made for the inspired N2O concentration modelled
(32% here versus 80% in Lin’s study). The implications of this for the second gas
effect have already been mooted in Chapter 1, and are worthy of further exploration.

118

Conclusion

A multi-alveolar compartment computer model of the lung incorporating simulation
of time-dependent changes in gas exchange by the lung and by body tissue
compartments was constructed. Satisfactory agreement with published empirical data
has been demonstrated for the overall rate of uptake of multiple anaesthetic gases
from the breathing system and across the alveolar-capillary membrane during the
minutes following induction of inhalational anaesthesia. The model is a suitable tool
for investigating the predicted effect of different levels of V˙ / Q˙ inhomogeneity on the
rate of uptake of N2O and other alveolar gases in the minutes following induction of
inhalational anaesthesia.

! !
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Chapter 7.

Modelling of the effect of ventilation-

perfusion inhomogeneity on anaesthetic gas uptake rate

Introduction

The computer model described in the previous chapter permits the effect of V˙ / Q˙
inhomogeneity on gas uptake during periods of sudden change in critical input
€ €
variables to be explored, such as following induction of inhalational anaesthesia.

This model was used to investigate the effect of different levels of V˙ / Q˙
inhomogeneity on the predicted rate of uptake of N2O and sevoflurane in typical
€
combinations in anaesthetised patients. The rate of uptake of N2O and €sevoflurane

was calculated both from the breathing system (“at the mouth”) and by pulmonary
blood (“alveolar-capillary uptake”).
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Methods

The rate of uptake of N2O and sevoflurane was modelled over the first 30 minutes of
anaesthesia from t = 0. In all the scenarios, the modelled patient was fully preoxygenated with 100% O2 prior to t = 0. An inspired gas mixture of 2% sevoflurane in
either pure O2, or 30% O2/68% N2O, was introduced at t = 0. Overall V˙AE and Q˙
were set at 3.2 and 4.0 L/min respectively, and V˙O2 and V˙CO2 at 200 mL/min and 160
€
€
mL/min respectively. V˙ / Q˙ inhomogeneity was simulated using 20-compartment log
normal distributions.

€

€

€ €

The rates of N2O and sevoflurane uptake were calculated for:

Scenario A:

A single lung compartment, simulating a theoretical lung with no V˙ /

Q˙

inhomogeneity (log SD of the distribution of Q˙ ~ 0).

Scenario B:

€
A lung with a mild degree of V˙ / Q˙ inhomogeneity, with log SD of the

€

distribution of Q˙ = 0.75.

€

Scenario C:

€ €
A lung with a moderate degree of V˙ / Q˙ inhomogeneity, with log SD

of

€
the distribution of Q˙ = 1.25.

Scenario D:

€ €
A lung with a severe degree of V˙ / Q˙ inhomogeneity, with log SD of
€
the distribution of Q˙ = 1.75.
€ €

€ and interactions of gas uptake and their relationship to V˙
To explore the mechanisms

/ Q˙ inhomogeneity, the distributions of N2O and sevoflurane uptake rates across 20
€
lung compartments and the corresponding distributions of V˙AE and Q˙ were plotted at
€
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the 3 minute time point for both homogeneous (Scenario A) and inhomogeneous
(Scenario D) lungs.

The predicted values for mixed alveolar and arterial sevoflurane partial pressures over
the first 30 minutes were compared for inspired mixtures of both pure O2, and 30%
O2/68% N2O, for the inhomogeneous lung (Scenario D).
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Results
Data generated by the multi-compartment model for scenarios A to D are shown in
the following Figures 7.1 to 7.3.

Figure 7.1

Uptake of 2% sevoflurane in 98% O2 at the mouth and at the alveolar-

capillary interface, at four levels of V˙ / Q˙ inhomogeneity (log SD of the distribution
of Q˙ ).
€ €
€

A.

Log SD ~ 0

B.

Log SD = 0.75

C.

Log SD = 1.25

D

Log SD = 1.75
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Figure 7.2

Uptake of 2% sevoflurane in 68%/30% N2O/O2 at the mouth and at the

alveolar-capillary interface, at four levels of V˙ / Q˙ inhomogeneity (log SD of the
distribution of Q˙ ).
€ €

A. € Log SD ~ 0

B.

C.

Log SD = 1.25

D

Log SD = 1.75

Log SD = 0.75
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Figure 7.3

Uptake of 68% N2O in 30% O2/2% sevoflurane at the mouth and at the

alveolar-capillary interface, at four levels of V˙ / Q˙ inhomogeneity (log SD of the
distribution of Q˙ ).
€ €

A. € Log SD ~ 0

B.

C.

Log SD = 1.25

D

Log SD = 1.75

Log SD = 0.75

Figures 7.1 to 7.3 show that the predicted rate of alveolar-capillary uptake of N2O
peaks at a high level in the first 2 minutes of administration, approaching 1 L/min.
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Comparison of Figures 7 .1 and 7.2 shows that the rate of alveolar-capillary uptake of
sevoflurane is significantly higher with 68%/30% N2O/O2, than with O2 alone,
consistent with the second gas effect. This difference appears relatively greater with
more severe V˙ / Q˙ inhomogeneity. Figure 7.4 below plots the ratio of predicted peak
uptake rate of sevoflurane with 68%/30% N2O/O2, relative that of sevoflurane in to O2
€ €
alone (“relative
increase”), at the four levels of V˙ / Q˙ inhomogeneity modelled.

Figure 7.4.

€
The ratio of peak rate€of uptake of sevoflurane with 68%/30%

N2O/O2, relative to that of sevoflurane in O2 alone (“relative increase”), at the four
levels of V˙ / Q˙ inhomogeneity, calculated by the model.

€ €
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The distributions of blood flow and expired alveolar ventilation are shown in Figure
7.5 below for the homogeneous lung (Figure 7.5 A) and for the lung with severe V˙ /
Q˙ inhomogeneity (Figure 7.5 D). The rate of uptake of N2O at 3 minutes after
€
commencement of delivery of 68%/30% N2O/O2 is also plotted in each Figure. It can
€

be seen that uptake of N2O follows the distribution of blood flow closely.

Figure 7.5.

Distributions of expired alveolar ventilation, blood flow and uptake

rate of 68% N2O in O2, modelled in lungs with and without V˙ / Q˙ inhomogeneity (as
indexed by the log SD of the distribution of Q˙ ). Twenty compartments are plotted,
€ €
from low V˙ / Q˙ ratio (left side) to high V˙ / Q˙ ratio (right side).
€
! !
A. Log SD ~ 0

! !

D.

Log SD = 1.75
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Figure 7.6 shows the corresponding distribution of the rate of uptake of sevoflurane
across the 20 compartments at the same time point (2% inspired sevoflurane is
modelled). The heavy line is the rate of sevoflurane uptake calculated when
accompanied by 68%/30% N2O/O2. The thin line is the rate of sevoflurane uptake
calculated when accompanied by 98% O2. Uptake of the second gas also follows the
distribution of blood flow, but is skewed further to the left in the inhomogeneous lung
(Figure 7.6 D), following the distribution of uptake of N2O. In doing so, the uptake of
sevoflurane is further increased. This is consistent with the second gas effect.

By summation of the area under these uptake curves, it can be calculated that the
relative increase in total uptake of sevoflurane due to the second gas effect is greater
(1.49 times) in the inhomogenous lung, than in the homogeneous lung (1.24 times).
The resulting PaG for sevoflurane at the 3 minute time point was 9.2 mmHg for
sevoflurane in 68%/30% N2O/O2, compared with only 6.0 mmHg for sevoflurane in
98% €
O2. The difference in end-tidal sevoflurane partial pressure ( PAG ) was much
less (11.8 mmHg for sevoflurane in 68%/30% N2O/O2, compared with 10.6 mmHg
for sevoflurane in 98% O2.

€
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Figure 7.6

Distributions of the rate of uptake of 2% sevoflurane accompanied by

either 68%/30% N2O/O2, or 98% O2, corresponding to those modelled in Figure 7.5.
The calculated arterial ( PaG ) and end-tidal ( PAG ) partial pressures for sevoflurane
are given below each plot. Twenty compartments are plotted, from low V˙ / Q˙ ratio
€
€
(left side) to high V˙ / Q˙ ratio (right side).
! !
!
A. Log	
  !SD	
  ~	
  0	
  

D. Log SD = 1.75

PaG with N2O/O2: 11.3 mmHg

PaG with N2O/O2: 9.2 mmHg

PAG with N2O/O2: 11.3 mmHg

PAG with N2O/O2: 11.8 mmHg
€

€
€

PaG with O2

: 9.1 mmHg

PAG with O2

: 9.1 mmHg

€

€

€

€

€

PaG with O2

: 6.0 mmHg

PAG with O2

: 10.6 mmHg
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The predicted rate of rise of sevoflurane partial pressures in mixed alveolar gas ( PAG )
and arterial blood ( PaG ), over 30 minutes for the lung in scenario D is shown in
€ O.
Figure 7.7 for 2% inspired sevoflurane in either 68%/30% N2O/O2 or 98%
2
€

Figure 7.7

The rate of rise of PaG and PAG for sevoflurane at a 2% inspired

concentration in either 68%/30% N2O/O2 or 98% O2 for a modelled lung with log SD
€ D).
1.75 of the distribution of €Q˙ (scenario

€

The relative increase calculated by the model in PaG was greater than that for PAG ,
and this difference remained substantial at 30 minutes.
€

€
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Discussion

As discussed in previous Chapters, computer modelling became a useful tool in
exploring and explaining the nature of respiratory gas exchange in the lung, and this
was extended to uptake and elimination of inert gases. Application of these concepts
to soluble gas species such as anaesthetic gases followed. These models showed that
increasing V˙ / Q˙ scatter reduced the efficiency of uptake of soluble gases, including
those used in inhalational anaesthesia (Eger and Severinghaus, 1964, Dantzker et al
€
1975,€Olszowska and Wagner 1980).

The models used were steady state models, and did not attempt to plot changes in gas
uptake rates over time, although Dantzker et al did use such a model, employing
physiological distributions of inspired alveolar ventilation ( V˙AI based model) to
predict the time course of collapse of low V˙ / Q˙ compartments due to perfusion€
driven uptake of alveolar gas in excess of V˙AI to those compartments, and used this
€
as an explanation for the phenomenon of€absorption atelectasis (Dantzker et al 1975).
€

Unexpected interactions between gas uptake and V˙ / Q˙ inhomogeneity were found by
us when this physiological modelling was extended to typical combinations of
€
N2O/O2. At low, maintenance phase levels €
of N2O uptake, the greater uptake of O2 by

the lung was predicted to cause a “reverse” concentrating effect on alveolar N2O.
Interestingly, this effect became more pronounced at more severe levels of V˙ / Q˙
scatter (Peyton et al 2001). The interaction of V˙ / Q˙ inhomogeneity and these
€ €
competing concentrating and second gas effects required further exploration,
using a

model such as that described here.

€ €
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Second gas effect on accompanying volatile agent at induction:

The early rate of alveolar-capillary N2O uptake predicted by the model peaked at a
high rate, approaching 1 L/min, although this was somewhat lower in the
imhomogeneous lung. This rate of uptake, which is higher than that measured by us in
the clinical study in Chapter 5 after scaling according to the different inspired
concentration of N2O modelled (68% versus 32%), may in part be due to the tendency
of the model to overestimate the early rate of rise of uptake of N2O and sevoflurane,
as shown in Figures 6.5 and 6.6. However, it is also due to the concentration effect
itself, where alveolar-capillary uptake of a gas produces a relatively smaller
decrement in the alveolar concentration in the lung where a high inspired
concentration is breathed, and thus promotes a more rapid rate of uptake and faster
rise in FA/FI (Eger 1962).

Comparison of Figures 7.1 and 7.2 shows that the rate of alveolar-capillary uptake of
sevoflurane is significantly higher with 68%/30% N2O/O2, than with O2 alone. This is
consistent with the second gas effect, produced by the rapid uptake of N2O. This
difference appears relatively more substantial in the lung with more severe V˙ / Q˙
inhomogeneity. This is an interesting finding, as it suggests that the second gas effect
€ €
may be more pronounced on alveolar-capillary uptake and on arterial partial
pressures

of volatile agent, than on partial pressures measured at the mouth, especially in the
presence of significant levels of V˙ / Q˙ scatter. The influence of increasing V˙ / Q˙
scatter on the second gas effect as measured at the mouth was minimal but its
€ €

€ €
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influence on the second gas effect on alveolar-capillary uptake of sevoflurane was
substantial (Figure 7.4).

This possibility is of more than theoretical importance, for two reasons: firstly,
arterial partial pressures more closely reflect those achieved in the brain than do
expired partial pressures, and are therefore of more clinical relevance to anaesthetic
depth. Secondly, anaesthesia itself produces significant increases in

V˙ / Q˙

inhomogeneity in patients (Rehder et al 1979, Dueck et al 1980, Bindislev et al 1982,
€ €
Hedenstierna et al 1983, Lundh and Hedenstierna 1983, Lundh and Hedenstierna

1984).

The underlying mechanism for magnification of the second gas effect, related to V˙ / Q˙
scatter, is explained using the model. Figure 7.5 shows that uptake of N2O follows the
!
distribution of blood flow closely. The uptake of soluble gases such as!anaesthetic

agents is largely perfusion-driven. Figure 7.6 shows that uptake of the second gas also
follows the distribution of blood flow, but is skewed further to the left in the
inhomogeneous lung (Figure 7.6 D), following the distribution of uptake of N2O. In
doing so, the uptake of sevoflurane is further increased by the second gas effect. The
increase in total uptake of sevoflurane due to the second gas effect is relatively greater
(1.49 times) in the inhomogenous lung, than in the homogeneous lung (1.24 times).
This phenomenon occurs from a lower baseline in the inhomogenous lung, due to the
reduced efficiency of gas exchange that results from V˙ / Q˙ inhomogeneity. However,
the second gas effect compensates largely for this inefficiency, and the total rate of
€ €
uptake of sevoflurane across all the compartments
is roughly the same (2.3 mL/min)

in the inhomogeneous lung with N2O/O2 as it is with pure O2 in the perfectly
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homogeneous lung (2.2 mL/min), in the two scenarios described by Figures 7.5 and
7.6.

The compartmental distribution of sevoflurane partial pressures in end-capillary blood
( Pcʹ′G ) matches the distribution of uptake rates shown in Figures 7.6 A and D, since
mixed venous partial pressure is identical in all compartments. The resulting partial
€

pressures of sevoflurane in mixed alveolar gas ( PAG ) and arterial blood ( PaG ), listed
in Figure 7.6, suggest that the second gas effect measured at the mouth may
€ of the second gas
significantly underestimate the effect€on arterial partial pressures

where V˙ / Q˙ scatter is present. This is illustrated by Figure 7.7. The model predicted
that the relative increase in PaG due to the second gas effect was much greater than
€ €
that for PAG .
€
€The slope of the curves in Figure 7.7 also suggested that the magnitude of the second

gas effect, particularly on arterial partial pressures, remained significant well after 30
minutes. This is of interest, because the second gas effect was traditionally considered
to be significant only during the early washin phase of rapid N2O uptake, and was
considered to become insignificant after several minutes. This has implications for the
effect of N2O administration during low, maintenance phase levels of N2O uptake.
Hendrickx et al found a measurably higher end-tidal sevoflurane concentration in
patients breathing N2O/O2 mixtures, even after 60 minutes of administration of N2O
(Hendrickx et al 2006). Such an effect on volatile agent raises the additional
possibility of an ongoing second gas effect on arterial oxygenation, which may also
not be confined to the immediate post-induction phase of inhalational anaesthesia.
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Persisting second gas effect on arterial oxygenation.

In a further exploratory analysis, the model was used to calculate the predicted
magnitude of the second gas effect on PaO2 at low, maintenance phase level of N2O
uptake of 100 mL/min. This is estimated by Severinghaus’s formula to be reached at
around 100 minutes after commencement of a 70%/30% N2O/O2 mixture. The model
was set to “steady state” mode, with t = ∞ and V˙O2 and V˙CO2 were set at 250 mL/min
and 200 mL/min respectively. The FIO2 was set at 30% for all scenarios, with the
€
€
€of the distribution of Q˙ was simulated
balance being either N2O or N2. Inhomogeneity
using ten-compartment distributions with log SD increasing from ~ 0 to 1.75. The
results are shown in Figure 7.8.

Figure 7.8

€

Effect on PaO2 of increasing log SD of the distribution of Q˙ for a

modelled patient breathing 30% O2 in either N2, or in N2O with a simulated steady
state V˙N 2O of 100 mL/min.

€

€
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Figure 7.8 shows that the model predicts a significantly higher PaO2 where a
70%/30% N2O/O2 mixture is breathed, even at a low rate of N2O uptake. The effect
was most marked at moderate levels of V˙ / Q˙ inhomogeneity. This parallels the
findings for sevoflurane in Figure 7.7 above. A similar mechanism for this is revealed
€ €
in Figure 7.9 below, showing the distributions
of uptake of O2 in a lung with log SD

of the distribution of Q˙ of 1.5, where both a 70%/30% N2O/O2 mixture is modelled,
and a 70%/30% N2/O2 mixture. Uptake of N2O in low V˙ / Q˙ compartments promotes
O2 uptake in€excess of that seen where N2 is the balance gas.
€ €

Figure 7.9

Distributions of blood flow and O2 uptake across ten compartments

where the log SD of the distribution of Q˙ was 1.5. In the presence of inspired N2O,
V˙O2 is considerably higher in low V˙ / Q˙ compartments than where N2 is present

€

€
instead, producing a much higher PaO2.
€ €
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Conclusion

A model of inhalational anaesthesia with N2O/O2 and a volatile agent which combines
physiological distributions of V˙ / Q˙ scatter with a body circulation-time model
suggests that the rate of alveolar-capillary uptake of N2O is sufficient in the minutes
€ €
following induction to produce
a significant second gas effect. The magnitude of the

effect is greater on arterial partial pressures than on end-tidal partial pressures of the
second gas. This effect appears relatively more powerful where V˙ / Q˙ scatter is
significant. The second gas effect on arterial partial pressures of the second gas may
€
therefore be greater than what is measured at the mouth. This is€at odds with available

published data (Sun et al 1999). The effect on arterial partial pressures may be
sufficiently powerful to continue to produce a clinically important effect even at low,
maintenance phase rates of N2O uptake. Clinical studies to verify these predictions are
warranted.
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Chapter 8.

Magnitude of the second gas effect on

arterial sevoflurane partial pressure.

Introduction

Severinghaus and subsequent investigators demonstrated that when the inspired
concentration (FI) of N2O is high, the early rate of uptake of N2O by the lungs is up to
1L/min (Severinghaus 1954, Munson et al 1978, Virtue et al 1982, Robinson et al
2004). Frumin, Salanitre and Rackow (1961) postulated that this would substantially
affect the concentration of other alveolar gases, and experimental data in dogs
confirmed that arterial PO2 was elevated immediately following commencement of
N2O (Heller and Watson1962).

Epstein et al (1964) demonstrated a similar effect on the alveolar concentration (FA)
of an accompanying volatile agent. In the first ten minutes of N2O administration,
FA/FI for halothane was higher when it was given in 70% N2O than in 10% N2O, and
they called this the “second gas effect”. They attributed this to the further drawing in
of inspired gas caused by the rapid uptake of N2O. Stoelting and Eger, in an
experiment in dogs following prolonged halothane breathing, showed that FA/FI for
the volatile agent rose above 1.0 when N2O was introduced (Stoelting and Eger 1969).
This elegantly demonstrated that the effect was also due to an active concentrating
effect on the second gas, within the alveolar compartment, caused by the uptake of
N2O, and this finding has recently been confirmed in patients breathing the relatively
insoluble anaesthetic Xenon in N2O (Taheri and Eger 1999).
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Other studies in humans have confirmed the existence of the second gas effect under
clinical conditions, by demonstrating a faster rate of rise in FA/FI for volatile agents in
the presence of high concentrations of N2O (Watanabe et al 1993, Hendrickx et al
2006). These studies have all used measured end-expired volatile agent concentrations
to obtain FA. However, only one study has attempted to demonstrate the second gas
effect on arterial blood concentrations. Sun et al measured serial arterial blood
concentrations of enflurane in 14 patients, and found no difference between patients
breathing N2O or N2O-free gas mixtures (Sun et al 1999). Their data led them to
question the validity of the second gas effect as a clinical reality, and subsequent
commentators have suggested that the effect is not clinically significant (McKay et al
2000).

The data obtained from the computer model presented in Chapters 6 and 7 is at odds
with this finding, and indeed suggests that the second gas effect on arterial partial
pressures may be more powerful, not less so. To gather further evidence on this
matter, we measured arterial and end-tidal partial pressures of sevoflurane in patients
following induction of anaesthesia to determine the existence and magnitude of the
second gas effect.
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Methods

With approval from the local institutional human research ethics committee, Austin
Hospital, Melbourne, and with informed consent, 14 patients were recruited to the
trial and randomly allocated to one of two groups. Eligible patients were adults, ASA
Grading 1-3, undergoing general surgery, with a body mass index (BMI) of less than
30, and with no evidence of lung disease on the basis of history, examination,
treatment or spirometry where available. The control group (n = 7) were to receive
general anaesthesia with a fresh gas mixture of 2% sevoflurane in oxygen, and the
N2O group (n = 7) were to receive 2% sevoflurane in a 1:2 mixture of O2/N2O instead.

Peripheral intravenous and radial arterial cannulation was performed and patients
were sedated with midazolam 1.5-2.0 mg. Following pre-oxygenation, anaesthesia
was induced with propofol, (1.5-2.0 mg/kg), an opioid and non-depolarising
neuromuscular blocker. The trachea was intubated and volume controlled ventilation
commenced by an Aestiva/5 anaesthesia machine (Datex-Ohmeda, Helsinki, Finland)
with its integrated compliance compensated ventilator, with tidal volumes of 7-10
mL/kg at a rate of 9-12 breaths/min, via a circle absorber breathing system, to achieve
a stable end-tidal carbon dioxide partial pressure of 30-33 mmHg. All patients were
initially ventilated with 100% oxygen and anaesthesia maintained with intravenous
propofol at a starting rate of 5.0 mg/kg/hr, subsequently adjusted throughout the
measurement period according to bispectral index (BIS, Aspect Medical Systems,
Norwood, Massachusetts) monitoring using a target BIS value of 40.
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When stable haemodynamics and end-tidal carbon dioxide partial pressure had been
achieved for 5 minutes, a baseline arterial blood gas sample was taken, following
which the allocated fresh gas mixture was commenced at a fresh gas flow rate of 9
L/min to minimise washin time into the breathing system and keep the inspired partial
pressure constant. Further 10 mL arterial blood samples were collected into
heparinized glass syringes at 2, 5, 10 and 30 minutes following this point for the
measurement of arterial sevoflurane partial pressure ( Pa sevo ). Simultaneous recording
of tidal gas concentrations sampled at the patient filter of the breathing system was
made at each of these times to allow measurement of sevoflurane partial pressures in
inspired ( PI sevo ) and end-expired ( PA sevo ) gas. Values from 5 consecutive breaths were
taken and averaged for each measurement. Ventilatory and haemodynamic data from
patient monitors and arterial the blood gases from the analyser (ABL 625,
Radiometer, Denmark) were recorded at each sampling time, as well as
nasopharyngeal temperature and BIS.

All measurements of sevoflurane in sampled tidal gas were made by sidestream
sampling by a single Capnomac Ultima gas analyser (Datex-Ohmeda, Helsinki,
Finland) calibrated according to the manufacturer’s recommendations using their
proprietary calibration gas cylinder. Analog data from the device was downloaded in
real time via a 12-bit analog-digital converter card (USB 6009, National Instruments,
Austin. Texas) to a notebook computer (Powerbook G4, Apple Corp. Cupertino,
California) for storage, display and analysis, which was done using Labview 7.0
(National Instruments, Austin. Texas). This gives a resolution of 0.0025% (absolute)
for sevoflurane concentration measurement.
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Measurement of Pa sevo in each arterial blood sample was done using a double
“headspace” equilibration method, as described in Chapter 4. This approach was
shown to reliably deal with the significant volume changes that occur in the
headspace gas during equilibration when high concentrations of N2O are present in
the blood sample. The accuracy of the Capnomac gas analyser had been characterised
as described in Chapter 4.

The ratio of PA and Pa for sevoflurane to its inspired partial pressure PI was then
calculated ( PA / PI sevo and Pa / PI sevo ) for each sampling time.

Statistical Analysis:

Comparison of PA / PI sevo between the control and N2O groups was made at each
sampling time interval, and overall, using an unpaired t-test. The same was done for

Pa / PI sevo . In addition, the mean difference overall between the two groups in
PA / PI sevo was compared with that for Pa / PI sevo using a paired t-test. A significance
threshold of p < 0.05 was used, which was adjusted at each of the four sampling time
point using a Bonferroni correction for multiple comparisons. Comparison between
the two groups over the measurement period in both PA / PI sevo and Pa / PI sevo was
also done using 2-way ANOVA which was loked for the presence of a group-time
interaction.

142

Results

There were 4 female and 3 male patients recruited to each group. There were 3 exsmokers and one current smoker in the control group and two ex-smokers in the N2O
group. Comparison of demographic and other characteristics between the two groups
is listed in the Tables. Average [standard deviation] values from all patients for
baseline PaO2, PaCO2 and haemoglobin are given in Table 8.1.

Table 8.1.

Comparison of baseline demographic and blood gas data between the

two groups, using an unpaired t-test. Values are mean [standard deviation]. PaO2:
arterial oxygen partial pressure, PaCO2: arterial CO2 partial pressure, Hb =
haemoglobin concentration.

Variable	
  

Control	
  group	
   N2O	
  group	
  

p	
  value	
  

Age	
  (years)	
  

64.3	
  [17.2]	
  

63.3	
  [10.5]	
  

0.9	
  

Height	
  (cm)	
  

163	
  [14]	
  

166	
  [11]	
  

0.66	
  

Weight	
  (kg)	
  

80.8	
  [18.6]	
  

78.3	
  [6.5]	
  

0.76	
  

PaO2	
  (mmHg)	
  

433	
  [112]	
  

393	
  [104]	
  

0.5	
  

PaCO2	
  (mmHg)	
   38.8	
  [3.9]	
  

38.2	
  [3.8]	
  

0.76	
  

Hb	
  (g/dL)	
  

14.2	
  [2.4]	
  

0.08	
  

11.9	
  [2.0]	
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Table 8.2 gives values for variables (ventilatory and haemodynamic variables,
temperature and BIS) which were measured over the four sampling times. There was
a higher end-tidal carbon dioxide partial pressure in the N2O group at the 5, 10 and 30
minute points, suggesting this group was relatively underventilated compared with the
control group, although the associated difference in measured minute ventilation was
not statistically significant. There was also a significant difference in BIS (40.7 in the
control group vs 25.4 in the N2O group, p = 0.004) at the 5 minute measurement
point.

Table 8.2.

Patient data at each measurement point.

Variable	
  

Time	
  (min)	
   Control	
  group	
  

N2O	
  group	
  

p	
  value	
  

2	
  

30.0	
  [1.6]	
  

31.1	
  [4.3]	
  

0.26	
  

5	
  

29.5	
  [1.9]	
  

32.2	
  [3.4]	
  

0.03	
  

10	
  

29.6	
  [1.9]	
  

32.7	
  [2.9]	
  

0.008	
  

PE'CO2	
  (mmHg)	
   30	
  

29.8	
  [2.1]	
  

33.5	
  [2.9]	
  

0.003	
  

2	
  

6.2	
  [1.8]	
  

5.8	
  [1.3]	
  

0.55	
  

5	
  

6.1	
  [1.3]	
  

5.5	
  [1.2]	
  

0.39	
  

10	
  

6.2	
  [1.2]	
  

5.5	
  [1.2]	
  

0.26	
  

30	
  

6.2	
  [1.4]	
  

5.5	
  [1.1]	
  

0.94	
  

2	
  

20.4	
  [2.9]	
  

19.4	
  [1.5]	
  

0.43	
  

5	
  

19.9	
  [2.9]	
  

17.7	
  [1.5]	
  

0.11	
  

10	
  

19.9	
  [2.7]	
  

18.3	
  [2.1]	
  

0.24	
  

30	
  

21.0	
  [3.4	
  

18.6	
  [2.2]	
  

0.14	
  

MV	
  (L/min)	
  

PIP	
  (cmH2O)	
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Table 8.2. (cont)
Variable	
  

MAP	
  (mmHg)	
  

HR	
  (/min)	
  

Temp	
  (0C)	
  

BiS	
  

Time	
  (min)	
  Control	
  group	
  

N2O	
  group	
  

p	
  value	
  

2	
  

85.0	
  [16.1]	
  

90.9	
  [11.3]	
  

0.45	
  

5	
  

78.3	
  [12.5]	
  

77.7	
  [17.6]	
  

0.94	
  

10	
  

77.7	
  [16.0]	
  

82.6	
  [11.0]	
  

0.52	
  

30	
  

92.9	
  [16.3]	
  

85.7	
  [10.2]	
  

0.34	
  

2	
  

69.9	
  [13.5]	
  

70.3	
  [10.2]	
  

0.95	
  

5	
  

67.3	
  [13.8]	
  

64.7	
  [11.5]	
  

0.71	
  

10	
  

68.7	
  [18.6]	
  

60.1	
  [10.8]	
  

0.31	
  

30	
  

76.7	
  [16.9]	
  

61.7	
  [13.2]	
  

0.10	
  

2	
  

36.0	
  [0.5]	
  

35.7	
  [0.5]	
  

0.20	
  

5	
  

35.9	
  [0.5]	
  

35.6	
  [0.5]	
  

0.23	
  

10	
  

35.9	
  [0.5]	
  

35.5	
  [0.5]	
  

0.15	
  

30	
  

35.9	
  [0.4]	
  

35.4	
  [0.3]	
  

0.053	
  

2	
  

50.1	
  [12.2]	
  

38.6	
  [16.0]	
  

0.15	
  

5	
  

40.7	
  [6.6]	
  

25.3	
  [8.5]	
  

0.004	
  

10	
  

42.1	
  [8.5]	
  

33.9	
  [11.5]	
  

0.15	
  

30	
  

35.0	
  [17.6]	
  

35.6	
  [6.9]	
  

0.94	
  

Comparison of ventilatory, haemodynamic, temperature and BIS data between the
two groups, using an unpaired t-test. Values are mean [standard deviation]. MV =
minute ventilation, PIP = peak inspiratory pressure, MAP = mean arterial pressure,
HR = heart rate, Temp = nasopharyngeal temperature, BIS = bispectral index
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Figure 8.1 shows PA / PI sevo and Pa / PI sevo for both control and N2O groups. Fitted
curves are added to indicate rate of rise in each variable from zero. Where N2O was
present, PA / PI sevo was significantly higher than in the control group at 2 minutes
(9.8% higher, p = 0.011) and 5 minutes (p = 0.003), but this difference declined and at
10 minutes and 30 minutes did not reach statistical significance using a t-test adjusted
for multiple comparisons.

The effect of N2O on Pa / PI sevo was considerably more powerful, however. At 2
minutes it was 23.6% higher in the N2O group, this difference declining to 12.5% at
30 minutes (p < 0.01 at 2, 5 and 30 minutes).

Across the measurement period overall, both PA / PI sevo and Pa / PI sevo were higher in
the N2O group (p < 0.001). This overall difference was significantly greater than the
effect on PA / PI sevo (p < 0.05).

Two-way ANOVA confirmed a statistically significant difference between the control
and N2O groups in both PA / PI sevo and Pa / PI sevo over the period of measurement (p
< 0.001 for each variable). This found no evidence of a group-time interaction for
either PA / PI sevo (p = 0.63) or Pa / PI sevo (p = 0.93), confirming that the difference
between control and N2O groups in both PA / PI sevo and Pa / PI sevo was consistent
across the measurement period.
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Figure 8.1.

The partial pressures of sevoflurane (as a fraction of inspired partial

pressure) in end-expired gas ( PA / PI sevo , diamonds) and arterial blood ( Pa / PI sevo ,
squares). Fitted curves are added to indicate rate of rise in each variable from zero.
Heavy lines = N2O group, thin lines = Control (no N2O) group. Error bars (+ 1
standard error) are shown for each sampling time point.
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Discussion

Several studies, in animals and humans, have demonstrated a higher rate of rise of
PA/PI for a volatile agent where a high concentration of N2O is administered
(Stoelting and Eger 1969, Taheri and Eger 1999, Watanabe et al 1993, Hendrickx et
al 2006), confirming the existence of the second gas effect, as originally demonstrated
more than 40 years ago (Epstein et al 1964). Our results are consistent with this. The
magnitude of the effect of N2O uptake on PA / PI sevo we found was similar to that
recently demonstrated by Hendrickx et al, and similar also to the effect on PA/PI for
desflurane shown by Taheri and Eger. However, the second gas effect we found on
arterial sevoflurane partial pressure was much more substantial, and this has not
previously been shown.

Most prior studies in this area have used gas chromatography to measure the partial
pressure of volatile agent. Our technique used a clinical infrared gas analyser to
measure sevoflurane in both tidal gas and blood samples, which allowed processing of
all samples on site immediately following collection. Chapter 4 describes the
validation process for this assay. This process revealed a modest linear error in the
measurement of sevoflurane concentration in increasing concentrations of N2O (see
Figure 4.2). A linear correction was introduced for this to raw sevoflurane
measurements from the analyser, as described in Chapter 4, but it should be noted that

PA / PI sevo was virtually unaltered by this correction. This was because PA/PI for N2O
was close to 1.0. The same correction imposed on Pa / PI sevo was also negligible, for
similar reasons.
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The traditional explanation of the second gas effect used a simplified model designed
to show how large volume uptake of N2O within a lung compartment concentrates the
other alveolar gases (Stoelting and Eger 1969). This is reproduced in part in Figure
8.2. This traditional model depicts an inspired N2O concentration of 80%, with 19%
oxygen and 1% “second gas”, and uptake by blood of 50% of the inspired volume of
N2O as a single step. This simplified model only considers uptake of the N2O and not
of the other gases. The resulting increase in the concentration of the oxygen and
second gas due to the concentrating effect is shown to the right. The second gas has
been concentrated to 1.7%. The concentrations in blood leaving the lung have been
added at the bottom of the diagram. This single step ignores, for simplicity, the further
step of indrawing of further inspired gas to replace the lost volume, which was
included in Stoelting and Eger’s original diagram. This is discussed further below.

In reality, the rate of uptake of N2O by pulmonary blood is not as great as the 50%
depicted in the traditional diagram, partly because of rapidly rising mixed venous N2O
partial pressure. In addition, the high rate of uptake in the first few minutes of N2O
breathing is largely due to washin of N2O into the patient’s functional residual
capacity (Lin and Wang 1993, Lin 1994). This has led some commentators to
question the significance or even the reality of the second gas effect. The only
previous study to compare arterial blood concentrations of volatile agent between
control and N2O groups, was conducted by Sun et al in patients breathing a low
inspired concentration (0.2%) of enflurane. They were unable to find any difference
between their groups in enflurane concentrations in blood over the first 5 minutes, and
concluded that “the second gas effect is not a valid concept” (Sun et al 1999).
However, their finding was not surprising, given the fact that they were unable to
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show any second gas effect on end-expired volatile agent concentrations in their
subjects either. Their failure to do so contradicts all other published studies in this
area (Stoelting and Eger 1969, Taheri and Eger 1999, Watanabe et al 1993,
Hendrickx et al 2006).

Figure 8.2.

The traditional diagram depicting the mechanism for the second gas

effect in a simplified model of the lung with an inspired N2O concentration of 80%,
19% oxygen (O2) and 1% “second gas” (left side). The increase in the concentration
of the O2 and second gas is shown to the right, where half of the inspired volume of
N2O is taken up by blood (heavy lines at bottom). The concentrations of the gases in
blood leaving the lung are shown at the bottom.

150
In fact, the effect observed in this study is predicted by the computer modelling
described in Chapter 7. The mechanism for the second gas effect, in the presence of
physiological distributions of ventilation and blood flow in the lung, is described
much more precisely by the model than by the traditional diagram of Stoelting and
Eger adapted in Figure 8.2 above. The magnitude of the effect was overestimated by
the model in the scenario shown in Figure 7.7, when compared with the measured
partial pressures in this clinical study, as shown in Figure 8.1 above, but there are
clear qualitative similarities, with a larger second gas effect on arterial than on endtidal partial pressures.

The second gas effect we found on arterial sevoflurane partial pressures was
substantial. Pa / PI sevo rose more than 20% faster in the N2O group for the first 5
minutes post-induction. An effect of this magnitude possibly has significant clinical
implications. At a given inspired concentration of volatile agent, the rate of induction
of anaesthesia may be expected to be significantly faster with N2O, not only because
of the additional anaesthetic effect of N2O itself, but because of a much faster rate of
rise of arterial volatile agent partial pressure as well. Our finding of a significantly
lower BIS score in the N2O group at 5 minutes after introduction of the inhalational
mixture is therefore of interest. It has been shown that N2O produces little or no
independent depression of bi-spectral index (Barr et al 1999, Wong et al 2006), which
suggests that the difference we observed was due to the higher early arterial
sevoflurane partial pressures achieved in the N2O group. From this data it appears that
a measurable effect on depth of anaesthesia accompanies the second gas effect on
arterial volatile agent partial pressure, although this interpretation is clouded by the
use of intravenous propofol in our study. A larger study, possibly using inhalational
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induction of anaesthesia, may provide a clearer picture of the clinical effect
accompanying this pharmacokinetic phenomenon.

Our data suggest that in the other previous studies in this field, the focus on endexpired volatile agent concentrations has overlooked the real magnitude and
significance of the second gas effect. Although end-expired anaesthetic gas
concentrations are more easily and non-invasively measured, it is arterial partial
pressures that are more clinically important, as they most directly determine the depth
of anaesthesia. The second gas effect on arterial partial pressures we found was 2-3
times more powerful than that measured on end-expired partial pressures.

The reasons for this lie in the effect of ventilation-perfusion scatter on the distribution
of gas uptake in the lung, depicted in the modelling data of Figures 7.6 and 7.7. The
uptake of soluble gases, and the interaction between them, is perfusion driven and
takes place largely in lung compartments of moderately low V˙ / Q˙ ratios. These
compartments receive most of the blood flow and predominantly determine the
€ €
composition of gases in arterial blood. Typical levels
of alveolar deadspace

ventilation, where gas uptake is low, dilute the potent changes in volatile agent
concentration produced by the second gas effect in more poorly ventilated lung units,
so that the second gas effect measured at the mouth appears relatively weak.

These subtleties are not revealed by the simple one-compartment model in Figure 8.2.
However, this diagram can be simply modified to illustrate the mechanics of gas
uptake across multiple lung compartments (see Figure 8.3).
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Figure 8.3.

Modified version of Figure 8.2 in which the hypothetical lung is

divided into two compartments, so that the left hand compartment now receives 3/4 of
the blood flow. Uptake of N2O in the compartments is kept proportional to their blood
flow. The resulting concentrations of the alveolar gases in each compartment are
shown, as well as the flow weighted concentrations in blood leaving the lung.
Inhomogeneity of blood flow has exaggerated the second gas effect.

In Figure 8.3, the hypothetical lung of Figure 8.2 is divided into two compartments, in
which the blood flow is unevenly distributed so that the left hand compartment now
receives 3/4 of the blood flow. As before, 50% of the N2O is taken up in total, but this
uptake is distributed between the compartments in proportion to their blood flow. The
resulting concentrations of the alveolar gases in each compartment are shown, as well
as the flow-weighted final concentrations in blood leaving the lung. The concentration
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of the second gas in arterial blood is now 2.2%. The inhomogeneous lung has
produced a more powerful second gas effect on arterial concentrations than the single
compartment lung. This will not be reflected in the volume-weighted concentration of
second gas in combined expired alveolar gas from the two compartments.

Figures 8.2 and 8.3 represent the component of the second gas effect that has been
referred to as the “concentrating effect”, which Korman and Mapleson referred to as a
“constant inflow” model, and does not include further uptake of inspired gas to
replace the lost volume (“constant outflow”). Their more complete adaptation of the
original simplified diagram depicted in Figure 8.2, showed that the final equilibrium
concentrations achieved are the same as those calculated by the constant inflow
model, although the volumes taken up are different (Korman and Mapleson 1997).
The presence of a higher end-tidal carbon dioxide partial pressure in the N2O group in
our study suggests that the N2O group was relatively underventilated compared to the
control group. This presumably occurred because of the lower expired minute
ventilation associated with the uptake of N2O in this group, consistent with a
“constant inflow” model. The simple 2-compartment model described in Figure 8.3
ignores inhomogeneity of ventilation of the compartments, which would further
accentuate the difference between the second gas effect on arterial blood and end-tidal
gas concentrations.

The influence of ventilation-perfusion inhomogeneity also explains how a relatively
low total rate of N2O uptake still produces a significant second gas effect. The
concentrating effects produced are powerful enough to remain substantial, even after
total N2O uptake rates decline to low levels, as occurs during maintenance phase
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anaesthesia. Hendrickx et al showed a persistent second gas effect on end-tidal
sevoflurane concentrations in anaesthetized patients, and suggested this was driven by
ventilation-perfusion scatter (Hendrickx et al 2006). Their conclusions were prompted
by the findings of lung modeling using physiological distributions of ventilation and
perfusion, which predicted a persisting second gas effect on PaO2 (Peyton et al 2001).
This is investigated in the next chapter.

Conclusion

In a study in 14 patients randomised to induction of inhalational anaesthesia with
sevoflurane in either 70%/30% N2O/O2 or pure O2, the second gas effect on arterial
sevoflurane partial pressures was significant in magnitude, and considerably more
powerful than the accompanying effect on end-tidal concentrations of sevoflurane.
This finding is consistent with the results of our lung modelling, which shows that the
difference arises from the effect of ventilation-perfusion scatter on gas exchange
during inhalational anaesthesia.
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Chapter 9.

Persisting second gas effect on oxygenation

during nitrous oxide anaesthesia.

Introduction

Explanation provided by previous authors for the concentrating and second gas effects
of N2O uptake on the alveolar partial pressure of O2 and volatile agents relied on a
high rate of uptake of N2O (Eger 1962, Stoelting and Eger 1969). Available data
showed that the initial rapid uptake of N2O was followed by sharp exponential
decline, and this pattern was confirmed by later studies (Severinghaus 1954, Munson
et al 1978, Virtue et al 1982). It was assumed that the second gas effect, if a real
clinical phenomenon, was not significant after the first several minutes of an
inhalational anaesthetic. However, Nishikawa et al found a measurable effect on endtidal O2 concentration and PaO2 up to 30 minutes after commencement of N2O
(Nishikawa et al 2000). Previous studies in the field have been variously uncontrolled
for important physiological factors that might potentially influence the effect, such as
cardiac output, V˙ / Q˙ matching, or time.

€ €
As shown
in Figure 7.8 and 7.9, computer modelling predicts that the better arterial

oxygenation that results may not be short lived, but may persist almost indefinitely
and some experimental data may support this prediction (Dueck et al 1980). This
prolonged effect is only predicted to be significant in the presence of moderately
severe degrees of V˙ / Q˙ inhomogeneity, and is due to ongoing N2O uptake in low V˙ /

Q˙ lung units (Peyton et al 2001). These levels of V˙ / Q˙ inhomogeneity are typical of
€ €

€
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anaesthetised patients, even those with healthy lungs (Rehder et al 1979, Dueck et al
1980, Bindislev et al 1982, Hedenstierna et al 1983, Lundh and Hedenstierna 1983,
Lundh and Hedenstierna 1984). However, modelling by previous authors predicts that
N2O accelerates absorption atelectasis in regions of low V˙ / Q˙ and may worsen
shunting intraoperatively (Dantzker et al 1975, Joyce et al 1993, Nunn and Hill
€ €
1960). In the face of these conflicting factors, the influence
of N2O administration on

arterial oxygenation remains unclear under clinical conditions during anaesthesia.

We conducted a randomised controlled study to test the hypothesis that arterial
oxygenation will still be significantly better after a minimum of half an hour of
inhalational anaesthesia in a clinical population anaesthetised with a typical inspired
mixture of 30% O2 and 70% N2O, and to quantify the effect. In addition to blood gas
measurement, a number of important physiological variables, which might influence
pulmonary gas exchange, were measured and controlled for, and the rate of N2O
uptake at the time of blood gas sampling was directly measured.
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Methods

With prior approval by the local institutional human research ethics committee, 20
patients who were to undergo elective coronary artery bypass surgery were recruited
to the study at the Austin Hospital, Melbourne. Patients were randomly assigned to
one of two groups. To maximise statistical power, each patient acted as their own
control, with an initial set of blood gases being followed by a second set for
comparison at an identical FIO2 of 30%. In the first group (the “intervention” group),
N2O was introduced after the initial blood gas sampling. The second group (the
“control” group) were studied as a comparator, and to identify any independent effect
on PaO2 of time or of other unidentified factors. In the control group, blood gas and
other measurements were made according to the same protocol but without
substitution of N2 with N2O.

Patients were cannulated in accordance with routine anaesthetic management with a
peripheral arterial line and pulmonary artery catheter inserted via the internal jugular
vein. Following 1-2 minutes of pre-oxygenation of the patient, anaesthesia was
induced with a mixture of fentanyl, a benzodiazepine, propofol and a neuromuscular
blocker. Maintenance of anaesthesia was achieved using isoflurane (0 -1.0%) with or
without a propofol infusion, titrated against anaesthetic depth monitored with the
assistance of bispectral index (BIS). Following endotracheal intubation, controlled
ventilation was initiated with tidal volumes of 7-10 mL//kg at a rate of 9 – 12
breaths/min, on an Aestiva/5 anaesthesia machine (Datex-Ohmeda, Finland) with a
standard circle absorber breathing system. Positive end-expiratory pressure (PEEP)
and lung recruitment manoeuvres were avoided. The inspired gas mixture was
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precisely set at 30% O2 and 70% N2 at a fresh gas flow rate of 70-100 mL/kg/min,
during which time positioning and surgical preparation of the patient proceeded.

After a minimum of 5 minutes post sternotomy, the first set of baseline measurements
were performed. These consisted of paired arterial and mixed venous blood gas
samples, cardiac output (average of 5 thermodilution measurements using room
temperature saline), mean arterial pressure and heart rate, FIO2, tidal volume, peak
inspiratory pressure, respiratory rate, partial pressures of end-tidal CO2 (PE’CO2) and
isoflurane (PE’Iso) and patient nasopharyngeal temperature. Alveolar dead space was
calculated from the PaCO2 to PE’CO2difference (Pa-E’CO2), and pulmonary shunt
fraction (Qs/Qt) was calculated from O2 – haemoglobin saturation values according to
the shunt equation (Lumb 2000).

In patients randomised to the intervention (N2O) group, the fresh gas flow mixture
was then changed to deliver an inspired mixture of 30% O2 and 70% N2O at the same
fresh gas flow rate. Flows were carefully adjusted so that FIO2 was identical to
baseline, as measured by the gas analyser. Ventilatory parameters and PE’CO2 were
also kept at baseline level. This was maintained up to completion of surgical
harvesting of the internal mammary arteries. In both intervention and control groups,
at this point (a minimum of half an hour after commencement of N2O), a repeat set of
measurements was made. As far as possible, depth of anaesthesia and intravenous
fluid replacement were adjusted so as to achieve haemodynamic measurements
similar to those present at the time of the first set of measurements.
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Blood gas samples were analysed immediately at point of contact in the operating
suite on an ABL 625 blood gas analyser (Radiometer, Copenhagen). This analyser
uses a platinum PO2 electrode operating at – 0.63V which remains accurate in the
presence of N2O (Albery et al 1978). The electrode was calibrated daily to confirm its
stability due to the possibility of silver ion deposition on the platinum cathode, which
can cause interference in PO2 measurement by N2O. All blood gases were normalised
to 37oC for comparison.

Immediately following completion of blood gas sampling, in the intervention (N2O)
group, measurement of the rate of N2O uptake was then made employing the
technique described in Chapter 3, using CO2 as extractable marker gas to measure
fresh gas and exhaust gas flows. This system permits gas exchange measurement in a
breathing system without the need for an insoluble marker gas such as N2 in the
inspired mixture. This measurement involved temporary substitution of the existing
breathing circuit for a measuring system which consisted of a Bain circuit with a
length of exhaust gas mixing tubing attached and cylinders of soda lime in fresh gas
and expired gas limbs of the circuit. All measurements were completed and N2O
ceased prior to cannulation for cardiopulmonary bypass.

Comparison of baseline demographic and physiologic data between intervention
(N2O) and control groups was done using a t-test for unpaired data. The primary
endpoints were (a) the intra-group change in PaO2 between first and second sets of
measurements, analysed using parametric testing (t-test for paired data) after
confirmation of normality of data using the Kolmogorov-Smirnov test, and (b) the
difference between the change in the two groups (unpaired t–test). A p value of < 0.05
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was considered statistically significant. Secondary endpoints were intra-group change
in PaCO2 and PaCO2 - PE’CO2 difference, and Qs/Qt between first and second sets of
measurements, analysed by the paired t- test.
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Results

Data was collected from 20 patients ranging in age from 51 to 81 years and in weight
from 60 to 96 kg. 10 patients were randomised to the intervention (N2O) group and 10
patients to the control group. Table 9.1 compares baseline values for measured
variables from both groups. Baseline PaO2 was higher in the control group than in the
intervention group but this did not achieve statistical significance (132.2 mmHg vs
108.4 mmHg respectively, p = 0.08). However, there was no statistically or clinically
significant difference in measured alveolar dead space, as reflected in the Pa-E’CO2,
or in measured Qs/Qt. No other significant baseline differences between the groups
were found. In particular, no differences in tidal volume or rate, haemodynamics or
FIO2 were present.

Mean time between first and second sets of measurements was 47.5 minutes for the
intervention group and 45.5 minutes for the control group. For the intervention group,
the mean rate of uptake of N2O at the time of the second set of measurements was 207
mL/min (standard deviation 84 mL/min). Table 9.2 compares changes in measured
variables between first and second measurements, for both the intervention and
control groups.

162
Table 9.1.

Baseline demographic data comparing intervention group (where N2O

was to be introduced) versus control group showing mean values, standard deviation
[SD] and p value for an unpaired t-test, comparing the two groups.
Variable
Age years

Intervention (N2O) Control (no N2O) Unpaired t - test
group [SD]
group [SD]
p value
67.0[7.9]
66.8 [9.8]
0.96

BSA m2

1.93 [0.16]

1.94 [0.16]

0.82

HR /min

63.7 [16.9]

63.4 [11.2]

0.96

MAP mmHg

78.0 [10.5]

83.1 [9.8]

0.27

CO L./min

3.69 [0.72]

3.81 [0.69]

0.73

RR /min

10.5 [1.2]

10.3 [1.2]

0.71

VT mL

627 [103]

671 [104]

0.35

FIO2 %

29.5 [1.3]

29.8 [0.6]

0.51

Temp 0C

34.7 [0.7]

34.9 [0.7]

0.58

PE’CO2 mmHg

27.3 [1.8]

27.1 [3.2]

0.86

PaCO2 mmHg

35.4 [2.4]

35.1 [3.5]

0.62

Pa-E’CO2 mmHg

8.4 [1.8]

7.9 [2.0]

0.59

PE’Isoflurane %

3.6 [2.5]

3.7 [2.3]

0.96

PaO2 mmHg

108.4 [26.2]

132.2 [31.7]

0.08

Hb g/dL

12.2 [1.7]

11.6 [2.0]

0.54

PvO2 mmHg

37.2 [1.8]

37.3 [2.6]

0.95

Qs/Qt %

6.9 [3.3]

5.2 [1.9]

0.18

Abbreviations: BSA body surface area, HR heart rate, MAP mean arterial pressure,
CO cardiac output, RR respiratory rate, VT tidal volume, FIO2 inspired O2
concentration, Temp patient temperature, Hb haemoglobin, Qs/Qt shunt fraction.
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Table 9.2.

Change (Δ) in measured variables in the intervention group (where

N2O was introduced) and the control group, showing mean values [standard
deviation] and p value for significance of the change (paired t-test). Note for intergroup comparison of changes: *, **: p < 0.05
Variable

Intervention

Paired t - test

Control

(no Paired t - test

(N2O) grp [SD] p value

N2O) grp [SD]

p value

ΔTime min

47.5 [17.8]

45.5 [18.4]

ΔHR /min

- 6.1 [8.2]

0.04

1.0 [15.5]

0.84

ΔMAP mmHg

0.6 [5.1]

0.72

0.3 [8.0]

0.91

ΔCO L./min

- 0.14 [0.68]

0.54

-0.12 [0.74]

0.61

ΔRR /min

0.3 [0.7]

0.19

- 0.2 [0.4]

0.17

ΔVT mL

15 [32]

0.17

- 11 [30]

0.28

ΔFIO2 %

0.3 [0.5]

0.08

0.1 [0.3]

0.34

ΔTemp 0C

- 0.3 [0.2]

0.001

- 0.2 [0.3]

0.04

ΔPE’CO2 mmHg

0.6 [2.1]

0.38

- 0.9 [1.7]

0.13

ΔPaCO2 mmHg

2.1 [2.9]

0.05

- 0.2 [2.8]

0.87

ΔPa-E’CO2 mmHg

1.4 [0.1]

0.01

0.8 [1.8]

0.21

ΔPE’Isoflurane %

-0.1 [0.3] **

0.05

0.1 [0.2] **

0.36

ΔPaO2 mmHg

13.5 [13.5] *

0.01

0.7 [10.3] *

0.83

ΔHb g/dL

0.3 [0.4]

0.06

0.0 [0.6]

0.83

ΔPvO2 mmHg

1.3 [4.4]

0.36

- 1.1 [1.3]

0.03

ΔQs/Qt %

1.0 [4.7]

0.50

- 0.1 [1.2]

0.71
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Primary end-point: change in PaO2

Kolmogorov-Smirnov testing confirmed that the distribution of change in PaO2
within each group was consistent with a normal distribution (p = 0.72 for the
intervention group, and p = 0.99 for the control group). In the intervention group, the
mean change in PaO2 between first and second sets of measurements after
introduction of N2O was an increase of 13.5 mmHg. This was statistically significant
on the t – test (p = 0.01). The direction of change in PaO2 was positive in 8 of the 10
patients. In contrast, in the control group, mean change was 0.7 mmHg (p = 0.83) (see
Figure 9.1). The change in the intervention group was significantly greater than that in
the control group (p = 0.03).

Secondary end-points:

Pa-E’CO2 in the intervention (N2O) group increased from 8.5 mmHg to 9.9 mmHg
after introduction of N2O. This was statistically significant on the t – test (p = 0.01)
and equates to a 17.2% increase in alveolar dead space. In the control group, there
was no clinically or statistically significant change (8.0 to 8.8 mmHg, p = 0.21).
There was no clinically or statistically significant change in Qs/Qt in either the
intervention or the control groups.

No statistically significant change occurred in any other measured variable, with the
exception of patient temperature, which declined by a small amount in both
intervention and control groups (0.3 0C and 0.2 0C respectively).
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Figure 9.1.

Change in PaO2 in the two groups with time duration between first and

second measurements indicated on the x – axis. The intervention (N2O) group is
indicated by the heavy solid lines, and the control (no – N2O) group by the broken
lines.
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Discussion

There are a number of factors that determine the level and efficiency of arterial
oxygenation during inhalational anaesthesia, and these have been explored by
previous authors. At a regional lung level, the volume uptake effects of N2O can be
expected to contribute to accelerated absorption atelectasis, particularly in regions of
low V˙ / Q˙ ratio (Dantzker et al 1975, Joyce et al 1993). In an attempt to demonstrate
the adverse effect of this phenomenon on arterial oxygenation, Nunn and co-workers
€ €
compared PaO2 in patients after prolonged administration of O2/N2O mixtures versus

O2/N2 (Nunn 1964, 1965, Webb and Nunn 1967). They unexpectedly found a
significantly higher PaO2 in the O2/N2O group (25 mmHg after 40 minutes), but were
unable to explain this finding using then existing theory. The assumption that, after
several minutes of anaesthesia, the concentrating effects of N2O uptake on alveolar
oxygenation were trivial, remained unchallenged (Hess et al 2004).

Dueck et al (1980), investigating the effects of V˙ / Q˙ inhomogeneity on gas exchange
during O2/N2O anaesthesia using a computer model, reported that PaO2 might be
€
significantly raised by the presence of N2€
O, well past the initial induction phase of the

anaesthetic. Data from the computer modelling in Chapter 7 support this (Peyton et al
2001).

In view of these theoretical predictions, a prospective randomised study was
warranted, deliberately designed to confirm and quantify these persisting effects. The
study protocol minimised potential bias by carefully standardising all relevant aspects
of anaesthetic management, both across the two randomisation groups, and
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longtitudunally within each patient, and made no assumptions regarding potential
confounding physiological factors, such as changes in cardiac output, or the actual
rate of N2O uptake. Our findings confirm that PaO2 is higher with typical O2/N2O
mixtures used in inhalational anaesthesia in comparison with O2/air mixtures at an
identical FIO2. While the magnitude of the increase in PaO2 was modest, there was
evidence of increased V˙ / Q˙ inhomogeneity after N2O administration, with a
significant increase in the end-tidal to arterial gradient for CO2 in the intervention
€
group. The absence€ of a similar change in the control group supports the hypothesis

that N2O triggers worsened V˙ / Q˙ scatter, probably as a result of absorptive collapse of
poorly ventilated alveoli, a complication prevented by retention of N2 in the alveolar
€ €
gas mixture. This is
important, as it suggests that the improvement in arterial

oxygenation caused by ongoing concentrating and second gas effects occurs despite
this accompanying competing factor.

However, no concomitant increase in measured shunt fraction was demonstrable in
the intervention group. This is presumably because shunt fraction is calculated using
O2 content variables. The shunt equation is unable to discriminate a change in shunt
fraction, due for instance to absorption atelectasis in unventilated lung segments, in
the presence of improvements in blood oxygenation caused by factors operating in
other lung segments, such as the concentrating and second gas effects described here.
If shunt fraction is estimated using CO2 content variables instead, a rise in shunt
fraction of 7.1% (p = 0.031) is seen in the intervention group, with no statistically
significant rise in the control group.
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The finding of a persisting increment in PaO2 in patients breathing O2/N2O mixtures
in comparison with O2/N2 parallels the findings of Hendrickx et al for sevoflurane
(Hendrickx et al 2006). They showed that end-tidal sevoflurane concentrations were
higher after introduction of sevoflurane to the inspired gas mixture in patients who
had been breathing O2/N2O for an hour or more in comparison with patients breathing
a N2O-free mixture.

The measured level of N2O uptake in our study was relatively low, as expected after
45 minutes of N2O administration. At this stage the concentrating and second gas
effects of the phase of rapid N2O uptake early in the course of the anaesthetic are
customarily considered to have passed. The magnitude of the increase in PaO2 we
found after half an hour or more of N2O administration was similar to that in the study
by Hess et al (2004), and to the study by Nishikawa et al (2000). The latter performed
serial measurements of PaO2 following administration of N2O, demonstrating a brief
rise which became statistically insignificant at 30 minutes in comparison with a
baseline measurement. In our controlled study, which measured the ongoing effect
after this point, we additionally measured cardiac output and N2O uptake to confirm
the assumptions inherent in the study design, namely unchanged pulmonary blood
flow, and low “steady state” levels of N2O uptake.

Data from the multi-compartment model in Chapter 7 (Figures 7.8 and 7.9) confirm
the suggestion made by Dueck et al and provide some insight into the underlying
mechanism. Most of the uptake of N2O occurs in lung units of moderately low V˙ / Q˙
ratio. Even at relatively low total rates of N2O uptake, significant ongoing
€
concentrating and second gas effects on alveolar O2 partial pressure are €
predicted in
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these lung units, which would last almost indefinitely. Because a large proportion of
the pulmonary blood flow perfuses these lung segments, the predicted effect on
arterial O2 content are substantial.

The higher PaO2 with N2O found in this study supports the predictions of this
modelling, which was repeated using the values for the inputs variables measured in
the study group. Figure 9.2 shows the predicted relationship between PaO2 and the
degree of V˙ / Q˙ inhomogeneity (as indexed by the log SD of the distribution of Q˙ )
derived from a 10 compartment lung model. The nominated values for input variables
€ €
(ventilation,
blood flow, inspired concentration, mixed venous O2 and€CO2 partial

pressures) were the mean baseline values measured in the intervention group of the
current study and the N2O uptake rate was 200 mL/min. Figure 9.2 shows that PaO2 is
higher at all points with 70% N2O as opposed to 70% N2 as balance gas, but the
difference is greatest at a log SD of 1.0 to 1.5. This represents a moderately severe
degree of V˙ / Q˙ inhomogeneity, and is typical of the level of V˙ / Q˙ scatter seen in
anaesthetised patients (Rehder et al 1979, Dueck et al 1980, Bindislev et al 1982,
€ €
€ €
Hedenstierna
et al 1983, Lundh and Hedenstierna 1983,
Lundh and Hedenstierna

1984). While the measured increase in PaO2 of 13.5 mmHg in our study was less than
that predicted by the modelling at this log standard deviation, this is explained by the
worsening of V˙ / Q˙ inhomogeneity we observed, reflected in the 17% increase in
alveolar dead space after introduction of N2O. This would have moved patients
€
slightly €to the right on the graph, as indicated by the heavy line in Figure 9.2.
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Figure 9.2. The relationship between PaO2 and the degree of V˙ / Q˙ inhomogeneity, as
indexed by the log standard deviation of the distribution of pulmonary blood flow (log
€ €
SD) derived from a 10 alveolar compartment lung model,
using baseline input values

measured in the study. Curves are shown for inspired mixtures of 30% O2 in 70% N2
and 70% N2O with a N2O uptake rate of 200 mL/min. The baseline positions of the
control and intervention groups are indicated, and the measured change in the
intervention group.

Figure 9.2 also illustrates that the effect of N2O on PaO2 is largely driven by the
significant levels of V˙ / Q˙ scatter seen in anaesthetised patients. Considering the lung
as a single homogeneous V˙ / Q˙ compartment instead (log SD zero, left side of Figure
€ €
9.2), at the expired
ventilation rates present in our patient group (mean value of 7.0
€ €
L/min), the measured
rate of N2O uptake would be expected to produce only a 4%

difference in alveolar O2 partial pressure. This would have translated into a mere 7
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mmHg rise above the measured baseline PaO2 in our intervention group (assuming no
accompanying deterioration due to absorption atelectasis).

Other explanations for the effect of N2O on PaO2 have been proposed. In the study by
Hess et al a higher PaO2 was found in patients administered O2/N2O mixtures in
comparison with O2/compressed air, which the authors attributed to the presence of
nitric oxide (NO) contaminants (Hess et al 2004). Their conclusions were
enthusiastically endorsed by an accompanying editorial (Marczin 2004). However,
their measured alveolar NO concentrations were very much lower than those used
therapeutically for pulmonary vasodilatation and were in fact similar in their two
groups. A more likely explanation of their finding is a persisting second gas effect in
their N2O group (Peyton et al 2005).

A number of deliberate aspects of our study design require discussion. We chose to
measure change in PaO2. Using patients as their own controls maximises statistical
power by eliminating inter-patient variability in the primary comparison, which we
expected to be greater than changes in PaO2 within each patient. Our data confirmed
this, the standard deviation of the baseline PaO2 being approximately twice as great as
that of the change in PaO2, for both control and intervention groups.

The drawback of our approach is that it necessitated that blood gas measurements in
the presence of N2O were made later in the course of the anaesthetic than those
without N2O. However, there is no likely mechanism for a systematic spontaneous
improvement in blood gas exchange with time during anaesthesia and surgery,
especially since there was no clinically significant difference in other potential causes
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of a higher PaO2, such as changes in ventilatory parameters or cardiac output.
Volatile anaesthetic agents are known regional pulmonary vasodilators, but the
alveolar volatile agent concentration was kept constant. There was a statistically
significant fall in end-tidal isoflurane concentration in the intervention group (0.02%)
compared with the control group, but this was far too small to influence V˙ / Q˙
matching in the lung, which is not seen clinically at concentrations of less than 1% for
€ €
isoflurane. Lastly, no parallel change in PaO2 was found in the control group
who did

not receive N2O, suggesting that the presence of N2O was the causative factor for the
rise in PaO2 in the intervention group, rather then the passage of time or other
unidentified factor. The study was sufficiently powered to confirm that the difference
in change in PaO2 between the intervention and control groups was statistically
significant. The small decline in patient temperature seen in both groups, though
statistically significant, was not sufficient to produce the change in PaO2 seen in
either group.

We chose to use a control group rather than reversing the order of administration of
the gases. This was done partly because of time constraints, since full washout of N2O
from body tissues would have been required to avoid the well-described influence of
diffusion hypoxia on PaO2 (Fink 1955). Furthermore it is likely that, if N2O were
administered first, any absorptive alveolar collapse it induced would continue to
affect blood PaO2 for some considerable time after it was replaced by N2. This would
have obscured any fundamental difference in lung gas exchange with N2O as opposed
to N2.
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Statistical comparison of the intervention and control groups was potentially clouded
by the trend toward a higher baseline PaO2 in the control group. Although this did
not achieve statistical significance, and was not accompanied by significant
differences in baseline deadspace or shunt fractions, it suggests possibly better
baseline lung function than in the intervention group, despite randomisation. The two
groups were similar in clinical makeup, with 62% of patients in the intervention group
and 57% of patients in the control group having a history of smoking at some stage in
the past (mean of 25 pack-years versus 23 pack-years respectively). One patient in the
intervention group had a history of mild chronic obstructive pulmonary disease.
Figure 9.2 indicates the mean baseline point for both groups, and shows that overall
log SD would be approximately 0.2 greater for the intervention group, if the observed
difference in PaO2 were statistically significant. However, the focus of the study was
on comparison of change in PaO2 within each group. At these points on Figure 9.2,
both groups lie on equally steep parts of the curve. The modelling therefore predicts
that changes in PaO2 in the face of changes in V˙ / Q˙ inhomogeneity or gas mixture
would be similar in the two groups, making them suitable for comparison.
€ €

Because the focus of our study was on persisting concentrating effects induced by low
levels of N2O uptake, we deliberately delayed taking the second measurement for as
long as possible after commencement of N2O. For this reason it was not practical to
delay the beginning of surgery, and the second measurement was taken during
mammary artery harvesting. We chose a cardiac surgical patient group simply
because of the availability of routine pulmonary artery cannulation for cardiac output
and shunt measurement for the purposes of the study protocol. Notwithstanding the
ethical imperative to choose this group over others for the study, there may be some
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reservations about extrapolating our findings to other surgical groups, given that our
patients had an open mediastinum. However, the mean measured rate of N2O uptake
was consistent with that generally seen in anaesthetised patients at 45 minutes. In
addition, the profile of respiratory and smoking history in our patient sample was
typical of a broader elderly surgical population, and the modelling data presented in
Figure 9.2 further supports the generalisability of our findings to other surgical
groups. Mean measured PaO2 in our patients was consistent with a moderate degree
of V˙ / Q˙ scatter (log SD of 1.0 – 1.25) as predicted by the model. This level of V˙ / Q˙
inhomogeneity is similar to that measured in a number of previous studies in patients
€ €
€ €
of varying age groups anaesthetised for a variety of surgical procedures,
and the

effects we observed can therefore be expected in a wide cross section of anaesthetised
patients.

Conclusion

A randomised controlled study of the effects of N2O uptake on arterial oxygenation
confirmed that, despite evidence of increased V˙ / Q˙ scatter, PaO2 remained
significantly higher at 45 minutes following introduction of N2O than in patients
€
where N2O was not present. This demonstrates€the presence of a persisting second gas

effect on arterial oxygenation predicted by multi-compartment computer modelling of
gas exchange.
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Chapter 10.

Nitrous oxide diffusion and the second gas

effect on emergence from inhalational anaesthesia

Introduction

As described in previous Chapters, a number of studies have shown that the second
gas effect produces an increase in alveolar concentrations of oxygen and of
accompanying volatile anaesthetic agent (Stoelting and Eger 1969, Taheri and Eger
1999, Watanabe et al 1993, Hendrickx et al 2006), caused by the concentrating effect
of N2O uptake on the partial pressures of the other gases in the alveolar mixture. A
more powerful effect on arterial volatile agent partial pressures was demonstrated by
us in the study described in Chapter 8.

During emergence from N2O anaesthesia, rapid elimination of N2O from the lungs
dilutes other alveolar gases, producing alveolar “diffusion hypoxia”. This
phenomenon is driven by the same mechanism as the second gas effect, but in the
reverse direction. Description of the syndrome by Fink pre-dated demonstration of the
second gas effect at induction by some years (Fink 1955). The clinical problem it
caused was readily managed by supplemental oxygen and Fink’s work helped
promote routine oxygen administration during recovery from anaesthesia (Cheney
2007). However, the relative importance of this dilutional effect on oxygenation was
questioned by Rackow et al, who showed, as did other authors, that dilutional
hypocapnia and consequent hypoventilation contributed to the clinical syndrome,
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along with airway obstruction in the recovering patient (Rackow et al 1961, Frumin
and Edelist 1969, Scheffer et al 1972).

A similar dilutional effect on accompanying volatile anaesthetic agent can be
predicted on the same theoretical grounds as the effect on alveolar oxygen and carbon
dioxide, and an acute reduction in end-tidal halothane concentrations was
demonstrated by Masuda and Ikeda with sudden cessation of N2O (Masuda and Ikeda
1984). The magnitude of the effect on blood partial pressures and its likely impact the
speed of emergence from inhalational anaesthesia are undetermined. We conducted a
randomised controlled study examining the effect of N2O elimination on the rate of
fall of sevoflurane concentrations in end-tidal gas and arterial blood at the end of an
inhalational anaesthetic.
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Methods

With approval by the Human Research Ethics Committee at Austin Health,
Melbourne, eligible patients were recruited to the study. Eligible patients were adults
capable of giving informed consent who were undergoing general surgery anticipated
to take one hour or more, requiring general anaesthesia where placement of an arterial
blood pressure monitoring line for haemodynamic monitoring was considered
appropriate by the attending anaesthetist. Exclusion criteria included patients with a
history of severe lung disease, defined as forced expiratory volume in one second
(FEV1) less than 1.5 L or FEV1/FVC (forced vital capacity) less than 50%,
symptomatic ischemic heart disease, super obesity (body mass index greater than 45),
pregnancy, past history of severe post-operative nausea and vomiting, critically ill or
immunocompromised patients, Vitamin B12 or folate deficiency, or the presence of
any gas-filled, space-occupying lesion.

Patients recruited were randomised using sealed envelopes to receive an anaesthetic
maintenance gas mixture of either sevoflurane in air-oxygen (Control group) or
sevoflurane in a 2:1 mixture of N2O-oxygen (N2O group). After intravenous (IV)
access and radial arterial line placement was achieved, and premedication with 1-2
mg midazolam IV, monitoring with electrocardiography, invasive blood pressure,
SpO2, tidal gas concentration and bispectral index (BIS) was established and the
patient was preoxygenated. Anaesthesia was induced with IV propofol 1.5-2.5 mg/kg,
opioid (1-2 µg/kg fentanyl and/or morphine 0.05-0.1 mg/kg IV) and a neuromuscular
blocker. The trachea was intubated and controlled ventilation at a frequency of 12-15
breaths/min via a circle absorber breathing system was established. At this point the
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allocated study gas mixture was commenced and anaesthesia maintained with this
mixture, with the inspired sevoflurane concentration adjusted after the induction
phase to achieve a BIS of 40-60. Nasopharyngeal temperature and expired tidal
volume were monitored and ventilation adjusted to achieve an end-tidal carbon
dioxide concentration of 28-33 mmHg. Normothermia was maintained using a forcedair warming device.

At the end of surgery, a baseline arterial blood sample (10 mL) was collected into a
gas-tight 20 mL heparinised glass syringe sealed with a 3-way stopcock, with an
additional 1 mL sample for respiratory blood gas analysis. Simultaneous recording of
tidal gas concentrations over 20 seconds was made using a Datex Capnomac Ultima
rapid gas analyser (GE Healthcare/Datex Ohmeda, Helsinki, Finland) that was
calibrated according to the manufacturer’s protocol with proprietary calibration gas
mixture. This device uses infrared absorption to measure carbon dioxide and
anaesthetic gases, and a paramagnetic oxygen analyser. This data was downloaded in
real time as analog signal to hard disk on a notebook computer (MacBook Pro, Apple
Corp, Cupertino, CA) for subsequent measurement of inspired partial pressures, and
end-tidal partial pressures at baseline (PA0 sevo). Baseline haemodynamic (heart rate,
blood pressure), ventilatory (respiratory rate and expired tidal volume) and other
monitored data (SpO2, temperature and BIS) were recorded.

After collection of this data, neuromuscular blockade was reversed with neostigmine
2.5 mg and glycopyrrolate 0.4mg IV, and the fresh gas mixture changed to 100%
oxygen at a flow rate of 9 L/min, without any alteration in ventilatory settings. After 2
minutes, a further arterial blood gas sample was collected with simultaneous
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recording of tidal gas concentrations and other monitored data, and this was repeated
at 5 minutes. The patient was loudly told to open their eyes, and this was repeated
every 30 seconds. Time to eye opening to command was noted.

Controlled

ventilation was ceased when the patient began to cough or strain, and extubation was
subsequently performed once spontaneous respiration was established at a clinically
adequate tidal volume and rate with SpO2 of 98% or greater. Time to extubation was
recorded. A further arterial blood gas sample was taken in the post-anaesthesia
recovery unit at 30 minutes.

The arterial blood gas samples were also processed at the time on the operating suite’s
blood gas analyser (ABL 700 series, Radiometer, Odense, Denmark). Arterial
sevoflurane partial pressures at baseline (Pa0 sevo), 2 minutes (Pa2 sevo), 5 minutes (Pa5
sevo

) and 30 minutes (Pa30 sevo) were measured from the 10 mL samples by the double

headspace equilibration method as described in Chapter 4.12 Recorded tidal gas
concentrations at each time point were analyzed to obtain end-tidal partial pressures at
2 minutes (PA2 sevo) and 5 minutes (PA5 sevo).

The primary study endpoints were the differences between the Control and N2O
groups in the fraction of baseline partial pressure for sevoflurane remaining in arterial
blood at 2 minutes (Pa2/Pa0 sevo) and 5 minutes (Pa5/Pa0 sevo). A similar calculation was
made for end-tidal concentrations at 2 minutes (PA2/PA0 sevo) and 5 minutes (PA5/PA0
sevo

), and for arterial and end-tidal carbon dioxide at each time point. Secondary

endpoints were comparison between the two groups of bi-spectral index at 2, 5 and 10
minutes, time to eye opening, and time to extubation.
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The null hypothesis tested was that elimination of N2O during emergence would not
reduce the measured PA/PA0 sevo and Pa/Pa0 sevo compared with those measured in the
control group.

Based upon data collected during our previous study on 14 patients investigating the
magnitude of the second gas effect on sevoflurane partial pressures following
induction of anaesthesia (see Chapter 8), we expected that an effect of roughly similar
magnitude would be present during elimination of N2O. However, given that baseline
sevoflurane concentrations were unlikely to be similar in the two groups by the end of
surgery, and allowing for a somewhat lower rate of N2O washout, we estimated that
data from 20 patients would be required for analysis.

The comparison was made using a two-tailed t-test for unpaired data with Bonferroni
correction for multiple measurements in each patient. In addition two-way ANOVA
was used to investigate whether any measured difference changed significantly over
time. Best-fit curves for the primary endpoint were generated by the least squares
method using a power function of the form f = atb + c, where t is
time, a is amplitude, b is power and c is offset. A two-tailed t-test was used for all
secondary endpoints, after Kolmogorov-Smirnov normality testing. Statistical
analyses were performed using Microsoft Excel 2008 (Microsoft Corp, Redmond,
WA). Statistical significance was set at a p value of 0.05 or less.
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Results

Twenty-one patients were recruited to the study in total, because one patient in the
N2O group, a smoker undergoing nephrectomy in the lateral position, developed acute
hypoxemia during repositioning at the end of the procedure and prior to completion of
blood sampling. This appeared to be from mucus plugging of the lower airways with
arterial desaturation to 80%, and they were withdrawn from the study. Data from 10
further patients in the N2O group (including 5 ex-smokers and 5 non-smokers) and 10
patients in the Control group (including 4 ex-smokers, 2 current smokers and 4 nonsmokers) were collected for analysis, giving data from 20 patients in total for analysis.
Demographic data and baseline measurements of relevant physiological variables are
listed in Table 10.1.

Pa/Pa0 sevo at 5 minutes was 39% higher in the control group than in the N2O group (p
< 0.04 using the t-test with Bonferroni correction). There was a trend toward a similar
difference at 2 minutes but this was not statistically significant (p < 0.08). The
difference at 30 minutes (Pa30/Pa0

sevo

) between groups was also not statistically

significant on the t-test. However, 2-way ANOVA showed no evidence of group-time
interaction (p = 0.97), suggesting that the initial difference between groups was
maintained throughout the duration of the experiment.
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Table 10.1.

Baseline and demographic data for the two groups: mean (standard

deviation).
Group

Control (n = 10)

N2O (n = 10)

p value

Age (years)

64.7 (18.4)

67.3 (13.0)

0.72

Gender (Male/Female)

5/5

4/6

Weight (kg)

72.5 (16.4)

79.1 (21.0)

0.44

Operative time (min)

132.3 (43.0)

124.2 (62.6)

0.74

MV (mL/min/kg)

79.3 (17.8)

83.5 (16.8)

0.59

PIP (cmH2O)

18.1 (4.2)

19.1 (7.5)

0.73

SpO2 (%)

98.9 (1.4)

97.2 (1.8)

0.02

Pa0 sevo/PB (%)

1.38 (0.40)

1.06 (0.36)

0.08

PA0 sevo/PB (%)

1.80 (0.30)

1.27 (0.34)

0.002

Pa0 CO2 (mmHg)

43.5 (6.5)

41.3 (3.7)

0.40

PA0 CO2 (mmHg)

31.4 (3.0)

31.3 (3.7)

0.97

HR (/min)

66.3 (10.5)

56.3 (5.9)

0.01

MAP (mmHg)

79.6 (15.5)

71.1 (5.6)

0.12

Temperature 0C

35.8 (0.7)

35.6 (0.4)

0.31

BIS

43.7 (8.5)

46.5 (8.6)

0.31

MV: minute ventilation; PIP: peak inspiratory pressure; Pa0

sevo:

baseline arterial

sevoflurane partial pressure; PA0 sevo: baseline end-tidal sevoflurane partial pressure;
PB: barometric pressure; Pa0 CO2: baseline arterial carbon dioxide partial pressure;
PA0 CO2: baseline end-tidal carbon dioxide partial pressure; HR: heart rate; MAP: mean
arterial blood pressure; BIS: bi-spectral index. SpO2: haemoglogin-oxygen saturation.
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Figure 10.1 shows Pa/Pa0 sevo for both groups versus time (curve 1: Control group,
curve 2: N2O group) from baseline to 30 minutes after cessation of sevoflurane and
N2O administration. A best-fit line is displayed for each group. Error bars at the 2, 5
and 30 minute sampling points are shown. In addition, a best-fit line for measured
N2O partial pressures in the N2O group is shown for comparison with the volatile
agent (curve 3).

Figure 10.2 displays absolute measured values for arterial sevoflurane for both
groups, expressed as concentrations, with best-fit curves superimposed. The lower
baseline arterial sevoflurane concentration (Pa0/PB sevo) in the N2O group than in the
Control group (1.06% versus 1.38%) is evident. A normalized curve was also created,
which was derived from the best-fit curve for Pa/Pa0 sevo for the N2O group (curve 2
Figure 10.1) scaled so as to maintain its position relative to the Control group,
according to:

(Normalized Pa/PB sevo in N2O group) = (Pa/Pa0 sevo in N2O group) x (Pa0/PB sevo in
Control group).

Lying between the two curves for Pa/PB sevo in the N2O and Control groups in Figure
10.2, this normalized curve indicates the specific contribution of the elimination of
N2O to the difference in sevoflurane concentrations between the groups.
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Fig 10.1.

Relative change in arterial sevoflurane and N2O partial pressure versus

time.

Pa/Pa0 sevo is shown for both groups versus time (curve 1: Control group, curve 2: N2O
group) from baseline to 30 minutes after cessation of sevoflurane and N2O
administration. Error bars (one standard error) at the 2 minute, 5 minute and 30
minute sampling points are shown, with a line of best fit. A best fit line for measured
N2O partial pressures in the N2O group is also shown for comparison with the volatile
agent (curve 3).
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Fig 10.2.

Absolute change in arterial sevoflurane concentrations versus time.

Absolute measured values for arterial sevoflurane partial pressure for control and N2O
groups are shown, expressed as percentage concentration (PB = atmospheric
pressure). The normalized sevoflurane in N2O group curve is curve 2 from Figure
10.1, scaled as described to maintain its position relative to the control group curve.
This normalized curve indicates the specific contribution of dilution by N2O diffusion
to the difference between the groups.
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The difference between the Control and N2O groups in PA/PA0 sevo was smaller than
that found for arterial partial pressures (23.7% overall) and did not achieve statistical
significance on the t-test. End-tidal carbon dioxide concentrations fell by 10% in the
N2O group at both 2 and 5 minutes, while in the Control group no significant change
occurred (p < 0.05 between groups). Relative to baseline measurements, arterial
carbon dioxide partial pressure declined significantly at 2 minutes in the N2O group
compared to the control group (- 6.6% versus - 0.8%, p = 0.05 on the t-test), but this
difference between the two groups became non-significant at 5 minutes and 30
minutes. This data is summarized in Table 10.2.
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Table 10.2.

Primary

and

secondary

endpoint

data

for

partial

pressure

measurements of sevoflurane and carbon dioxide.

Measurement point (minutes)
Endpoint

Group
2 min
N2O

p

5 min

0.32 [0.08]

Pa/Pa0 sevo

p

0.23 [0.07]
ns

30 min

0.16 [0.08]
ns

0.04

Control

0.44 [0.13]

0.32 [0.06]

0.20 [0.10]

N2O

0.18 [0.04]

0.14 [0.02]

N/A

PA/PA0 sevo

ns

ns

Control

0.22 [0.07]

0.17 [0.06]

N2O

0.93 [0.03]

0.93 [0.04]

Pa/Pa0 CO2

0.05

1.16 [0.14]
ns

ns

Control

0.99 [0.05]

0.99 [0.10]

1.07 [0.08]

N2O

0.91 [0.02]

0.91 [0.06]

N/A

PA/PA0 CO2

0.002
Control

p

0.99 [0.04]

0.05

0.97 [0.06]

Fraction of baseline partial pressure remaining in arterial blood and end-tidal gas at
each time point for sevoflurane (Pa/Pa0

sevo

, primary endpoints of the study, and

PA/PA0 sevo) and carbon dioxide (Pa/Pa0 CO2 and PA/PA0 CO2), for the Control group and
N2O group. Data are expressed as mean [standard deviation]. p values for the t-test
adjusted for the Bonferroni correction are given where statistically significant. ns =
not significant; N/A = not applicable.
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There was no significant difference in BIS between groups at 2 minutes or 5 minutes.
Figure 10.3 shows the times to eye opening and extubation for both groups. There
was one outlier in each group for both of these endpoints (more than 3 standard
deviations from the mean), who were excluded from the analysis. Both time to eye
opening and time to extubation were shorter in the N2O group (mean [standard
deviation]): 8.7 [1.3] minutes and 10.1 [2.7] minutes) than the control group (11.0
[1.4] minutes and 13.2 [3.8] minutes) (p < 0.04 for both these endpoints on the 2tailed t-test).

Fig 10.3.
groups.

Times to eye opening and extubation, in seconds, for control and N2O
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Discussion

This study demonstrates that early rapid diffusion or elimination of N2O at the end of
an inhalational anaesthetic produces a significant acceleration in the fall in partial
pressure of an accompanying volatile agent. During the first 5 minutes after cessation
of anaesthetic gas delivery, the partial pressure of sevoflurane in arterial blood
relative to baseline was 35% higher in those patients where N2O was omitted, as
compared with the group who received N2O.

The trend toward a more rapid fall in end-tidal partial pressures of sevoflurane
(PA/PA0

sevo

) in our N2O group was not statistically significant but nevertheless

parallels the findings of Masuda and Ikeda (1984). They demonstrated a smaller acute
reduction in end-tidal halothane concentrations in patients 90 seconds after cessation
of halothane where N2O was continued, compared with a subsequent measurement
where both halothane and N2O were discontinued. The clinical implications of this
manoeuvre were unclear as it did not reflect normal clinical practice. In the current
study both groups followed a standard clinical management protocol at cessation of
inhalational anaesthesia. The brief but significant fall in arterial carbon dioxide partial
pressure we measured in the N2O group is consistent with the findings of previous
studies which showed that dilutional hypocapnia is part of the syndrome of “diffusion
hypoxia” (Rackow et al 1961, Scheffer et al 1972). This difference did not persist into
the recovery phase. N2O elimination declines exponentially to relatively low rates
after the first 5 minutes (Eger 1990). The accelerated excretion of other gases from
the body might be expected to be only transient, with only a brief change in blood and
alveolar partial pressures.
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Similarly, the difference in Pa/Pa0

sevo

between the groups in our study was not

statistically significant at 30 minutes. However, a Type 2 error in the final
measurement is a possibility, since examination of the best-fit curves in Figure 1, and
the absence of any group-time interaction on 2-way ANOVA, suggest that the
difference between treatment groups in Pa/Pa0

sevo

was maintained to some extent

during recovery in the post-anaesthesia recovery unit. If this is true, the different
behavior of carbon dioxide and volatile agent is probably due to the continued
metabolic production of carbon dioxide, whereas the initial depletion of volatile agent
in body tissues produced by early N2O diffusion is not compensated in the same way.

The effect of N2O diffusion was more powerful on the partial pressure of sevoflurane
in arterial blood than on end-tidal gas. As proposed in Chapter 8, changes in blood
partial pressure are more important, as they more directly reflect those occurring in
the brain, and are therefore more likely to reflect changes in depth of anaesthesia and
speed of emergence. This difference between the effect on end-tidal and arterial
partial pressures closely mirrors that shown in the study in Chapter 8 examining the
magnitude of the second gas effect on induction of anaesthesia, and is explained by
the same mechanism. Lung regions with moderately low V˙ / Q˙ ratios contribute most
powerfully to uptake or elimination of soluble inert gases such as sevoflurane or N2O,
€
and particularly to the concentrating and diluting€effects of N2O. These lung units

receive a large proportion of pulmonary blood flow and significantly contribute to the
gas content of arterial blood. In contrast, end-tidal gas composition is heavily
influenced by the contribution of high V˙ / Q˙ lung units. These areas of the lung do not
contribute as strongly to gas exchange, and the changes in end-tidal gas composition
€ €
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produced by the second gas effect are relatively diluted by alveolar deadspace gas
from these lung units.

As pointed out in Chapter 8, failure to appreciate the effect of V˙ / Q˙ scatter on the
second gas effect has led to an underestimation of the magnitude of the second gas
€ €
effect during induction in previous studies, where only end-tidal
gas concentrations

were measured, or where lung gas exchange was modeled simplistically in a single
homogeneous lung compartment (Lin and Wang 1993, Lin 1994, Watanabe et al
1993, Taheri and Eger 1999, Hendrickx et al 2006). This misconception also applies
to N2O elimination. Rackow et al (1961) concluded that during emergence from
anaesthesia, significant hypoxemia due to N2O diffusion was unlikely since mixed
alveolar oxygen partial pressure was estimated to fall due to dilution by only 20%, but
this also ignored the importance of regional heterogeneity of lung gas exchange on
pulmonary capillary oxygenation. Other studies that have played down the clinical
importance of diffusion hypoxia have focused on relatively healthy younger patients
having minor surgery, where V˙ / Q˙ inhomogeneity is less severe (Stewart et al 1986,
Brodsky et al 1988).
€ €

Arterial sevoflurane measurements in the control group compare closely with those
made in a previous study by Katoh et al, who measured the rate of fall in volatile
agent concentration at the end of anaesthesia without N2O (Katoh et al 1992). At eye
opening mean sevoflurane concentration in arterial blood was 0.4% in their study,
compared with 0.35% (see Figure 10.2) at the same point (11 minutes) in our study in
an older patient sample than their’s. The shorter times to eye opening and extubation
in the N2O group in our study parallel the findings of a previous study by Jakobsson et
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al in forty-two patients undergoing minor surgery during spontaneous ventilation via
laryngeal mask breathing sevoflurane (Jakobsson et al 1999). Time to removal of the
laryngeal mask at the end of the procedure was 3.4 minutes shorter in the group who
had received N2O as well.

A potential confounding factor in the current study was the lower heart rate and the
trend toward a lower blood pressure observed at baseline in the N2O group (Table
10.1). This difference in haemodynamics between the groups would be estimated to
reflect a 10-20% lower cardiac output in the N2O group. The difference in heart rate
was maintained at 2 minutes after cessation of anaesthetic gas administration, but
became statistically non-significant at 5 minutes. During induction of inhalational
anaesthesia, a higher cardiac output slows the rise in end-tidal concentration relative
to inspired (FA/FI), and a similar effect is expected on gas elimination and on the rate
of fall in Pa/Pa0 sevo during emergence (Stoelting 2006). This may have contributed to
the observed difference between the two groups in our study. However, consideration
of standard diagrams of the effect of cardiac output on FA/FI shows that a difference
of 10-20% in cardiac output would produce a negligible effect (Eger 1990). To
produce a difference in arterial sevoflurane partial pressures as large as we measured,
the cardiac output in the control group would need to be approximately 3 times that in
the N2O group, or an order of magnitude greater than the estimated difference in
cardiac output in our study (Kennedy and Baker 2001).

Inclusion of N2O in the gas mixture reduces the inspired concentration and cumulative
dose of volatile agent due to its “MAC (minimum alveolar concentration) sparing”
effect. The magnitude of this effect in our study, indicated by the baseline
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concentrations in the two groups, was a 22% reduction in arterial (Figure 10.2) and a
30% reduction in end tidal sevoflurane concentrations. This was less than that
reported in earlier studies (Katoh and Ikeda 1987, Jakobsson et al 1999), which found
approximately a 60% reduction in sevoflurane MAC. The influence of BIS
monitoring may explain this difference, since BIS is unaffected by the presence of
N2O (Barr et al 1999, Wong et al 2006). BIS targeting may increase volatile agent use
with N2O for this reason. The mean end-tidal sevoflurane concentration in the large
ENIGMA study, where BIS monitoring was permitted as part of the protocol, was
only 23% lower in the group randomized to receive N2O compared with their control
group (Myles et al 2007).

As well as the reduction in baseline volatile agent concentration it allows, previous
studies have suggested that inclusion of N2O may hasten awakening due to its
different pharmacodynamic effects. Relative to their accepted MAC values, “MAC
awake” for N2O is nearly twice that for sevoflurane (Dwyer et al 1992, Katoh et al
1993). The relative contribution of diffusion and MAC sparing effects on the
reduction in volatile agent partial pressures by N2O can be estimated from our data
and is shown in Figure 10.2. The normalized curve for the N2O group in Figure 10.2
is derived from the corresponding curve (curve 2) in Figure 10.1, by scaling as
described. It indicates the specific contribution of N2O diffusion to the difference
between the groups in absolute arterial sevoflurane concentrations, and shows that
more than half of the difference was due to the dilutional effect it produced. This
indicates that most of the reduction of volatile agent concentration observed where
N2O is used was due specifically to its diffusion (pharmacokinetic) effect in our study,
with the remainder due to its direct MAC sparing (pharmacodynamic) effect.
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Arguably the diffusion or second gas effect during emergence is of more practical
importance than the well-described second gas effect on induction of anaesthesia. An
increase in alveolar and blood volatile agent partial pressure during induction can be
achieved in the absence of N2O simply by “overpressure” i.e. increasing the inspired
concentration (Eger 1962). However, this is not possible at the end of the anaesthetic
as an inspired concentration of less than zero cannot be delivered (Eger 1990).

Conclusion

In a study in 20 patients randomly allocated to inhalational anaesthesia with
sevoflurane in either N2O/O2 or O2/air mixtures, it was found that elimination of N2O
at the end anaesthesia produced a clinically significant acceleration of the fall in
concentration of accompanying volatile agent, an emergence-phase form of the
second gas effect. The effect on arterial partial pressures was, once again, more
powerful than that measured on end-tidal concentrations of the volatile agent, because
of the influence of typical levels of V˙ / Q˙ scatter seen in anaesthetised patients. This
accelerated elimination may be an important contributor to the speed of emergence
€ €
observed following inhalational
anaesthesia with N2O.
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Chapter 11.

The place of nitrous oxide in past and future

anaesthetic practice.

Historical perspective
Nitrous oxide (N2O) occupies a unique place in the applied physiology of lung gas
exchange. Due to its weak anaesthetic potency, it is customarily administered at
concentrations as high as 70%. No other therapeutic gas species is delivered to
patients at such high concentrations under routine clinical circumstances in any field
of medical practice (apart from Xenon, whose rarity and expensiveness makes its
widespread use impossible).
Our understanding of the pharmacokinetics of the anaesthetic gases has evolved
progressively over the last century. There were dramatic advances, driven by the
imperatives of war during the 1940s and during the post-war decade, in the way the
relationship of ventilation and blood flow to lung gas exchange was conceived.
Investigators on both sides of the Atlantic Ocean made enormous contributions to this
science (Otis and Rahn 1980). Centres like Rochester, New York, and Oxford and
Cardiff in the United Kingdom created the fundamental concepts which are now
taught to trainee anaesthetists worldwide. The three-compartment lung model, or
Riley model, incorporating concepts of deadspace, shunt and the “ideal” lung
compartment, is considered essential knowledge for the practicing anaesthetist (Riley
1980). The effect of these physiological factors on the efficiency of gas exchange in
the lung was investigated extensively for the respiratory gases.
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Recognition of the continuously variable nature of physiological distributions of V˙ / Q˙
ratio in the lung led to development of the O2 - CO2 diagram to explain more precisely
€ €
the observed behaviour of the respiratory gases (Fenn et al 1946, Farhi
and Rahn

1955). The role of inspired N2 in air was explored. The effect of ventilation-perfusion
mismatch on the movement of N2 in the lung was explained (Canfield and Rahn 1957)
as well as the ability of N2 to prevent absorption atelectasis, due to its low blood
solubility and retention in the alveolar space in poorly ventilated lung units (Klocke
and Rahn 1959, Klocke and Rahn 1961, Webb and Nunn 1967).
This sort of laborious theoretical investigation was transformed by the advent of
computers in the 1960s, and modeling of lung gas exchange became more
comprehensive and ambitious. It became possible to quantitatively predict the overall
uptake and elimination of gases by the lung in the presence of defined values for
overall alveolar ventilation, blood flow and V˙ / Q˙ distributions. Further development
of these models introduced other factors affecting the delivery of inspired gas to the
€ €
alveolar-capillary interface, such as stratified
inhomogeneity of ventilation and other

diffusion barriers (Scheid 1980). Factors affecting uptake by pulmonary blood such as
shunts and hypoxic pulmonary vasoconstriction were also added (Dantzker et al
1975).
Some modeling was done of the relationship of V˙ / Q˙ scatter to uptake and elimination
of inert gases over a wide range of solubility in blood (Farhi and Olszowska 1968).
€ €
This work led to the development of the
Multiple Inert Gas Elimination Technique

(MIGET) which allowed calculation of near-continuous distributions of V˙ / Q˙ ratio in
the lung from the pulmonary elimination and retention of six inert gases of widely
€ €
varying blood solubility (Wagner et al 1974, 1975). Whole body models
of gas uptake
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were created, using multiple body tissue compartments, of the kind used in the model
described in Chapter 6. These models relied on data for the solubility of these gases in
the various body tissues for accuracy.
Some investigation, both theoretical and clinical, was done on the behaviour of
N2O/O2 mixtures and its relationship to V˙ / Q˙ scatter. Dantzker et al described a
continuous inflow model which explained absorption atelectasis in low V˙ / Q˙ lung
€ €
units. Dueck et al raised the possibility
of a persisting effect on arterial oxygenation
€ €
from N2O uptake while investigating V˙ / Q˙ distributions in patients
under N2O

anaesthesia with the MIGET, but this was not explored further (Dantzker et al 1975,
€ €
Dueck et al 1980). Interestingly,
no published models attempted to combine

physiological distributions of V˙ / Q˙ ratio with body tissue uptake modelling.
While the MIGET was used extensively to investigate the effect of anaesthesia on V˙ /
€ €
Q˙ scatter and lung function, little further work has been published on the part that
€
N2O plays in this (Rehder et al 1979, Dueck et al 1980, Bindislev et al 1982,

€

Hedenstierna et al 1983, Lundh and Hedenstierna 1983, Lundh and Hedenstierna
1984). Korman and Mapleson (1997) published an excellent paper expanding the
simplified explanation of the second gas effect using the single lung compartment
model provided in the original study of Stoelting and Eger (1969). However,
investigation with realistic lung models, to obtain quantitatively accurate predictions,
was lacking. Criticisms by Lin and others that the real rate of alveolar-capillary
uptake of N2O by the lungs was too low to produce a significant effect fostered
scepticism that the second gas effect was not a clinical reality (Lin and Wang 1993,
Lin 1994, Sun et al 1999, McKay et al 2000).
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In these intervening years, the place of N2O in anaesthetic practice has become
smaller for a number of reasons, and its profile as a relatively safe adjunct in
inhalational anaesthesia has become increasingly clouded. The advent of more
modern potent volatile agents with better pharmacokinetics has reduced the need to
employ N2O routinely for its MAC-sparing effect. Improvements in multimodal
parenteral analgesia available for intra-operative use has eroded interest in its
analgesic properties. Its role in neurosurgical anaesthesia, where it helped minimize
cerebral vasodilatation by volatile agents, has been supplanted by intravenous
propofol.

Adverse effects of Nitrous Oxide
The known adverse effects of and contra-indications to N2O use are summarised in
Chapter 1. This list has grown over the last twenty years. At high inspired
concentrations it will diffuse into and expand air filled spaces in the body and is
contra-indicated in patients with pneumothorax, or intracranial air; it is considered
unhelpful in laparoscopic bowel surgery where it may distend the intestine. Unlike the
volatile anaesthetic agents, it is not a pulmonary vasodilator and may actually worsen
pre-existing pulmonary hypertension. Its immunosuppressive effects, resulting from
inhibition of methionine synthetase activity in bone marrow and DNA production,
made it contraindicated in severely ill patients, and those with Vitamin B12 or folate
deficiency where subacute combined degeneration of the spinal cord is a possibility.
This concern about immunosuppression has grown with recognition from the
ENIGMA trial and the studies of Greif et al that wound infection rates in otherwise
healthy patients are increased with prolonged exposure to N2O or to the reduced FIO2
that it necessitates (Myles et al 2007, Greif et al 1999, Greif et al 2000). ENIGMA
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also found a higher rate of pulmonary complications in patients randomised to the
N2O group. Immunosuppression and absorption atelectasis may combine to produce
this problem with N2O/O2 mixtures. Trace concentrations of N2O contaminating the
air in operating theatres have been implicated in an increased risk of miscarriage and
birth defects among hospital and dental staff, although a number of investigations
have not been able to find epidemiological evidence to confirm this (Eger 1991).
Nevertheless, N2O is avoided in anaesthesia during the first trimester of pregnancy.
A considerable body of clinical research, consisting of many small studies and
subsequent meta-analyses, has identified N2O as a contributor to post-operative
nausea and vomiting (PONV) (Tramer et al 1996, Apfel et al 2004,). Some
discrepancies exist in this literature, however. Two large studies investigated the
effect of N2O on PONV in the setting of a propofol-based anaesthetic (n = 1490) and
an enflurane or isoflurane-based anaesthetic (n = 780) (Muir et al 1987, Arellano et al
2000). Both studies found no influence on PONV. Retrospective multi-factorial
analysis of the large ENIGMA trial did identify N2O as an independent risk factor for
PONV, but this analysis was complicated by the need to separate out the difference in
propofol consumption and inspired oxygen concentration between the N2O and N2Ofree arms of the study, both of which have been suggested to reduce PONV (Leslie et
al 2008, Orhan-Sungur et al 2008, Tramer et al 1996).
The effect of N2O on methionine synthetase also interferes with homocysteine
metabolism.

Data

from

the

ENIGMA

trial

showed

that

N2 O

caused

hyperhomocysteinaemia in patients, in proportion to the duration of exposure after
one hour. This may lead to endothelial dysfunction and potentially to cardiovascular
complications. There was a trend toward an increased rate of myocardial infarction
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where N2O was used, although the ENIGMA trial was not sufficiently powered to
find a difference in this endpoint. This has led to the international multicentre
ENIGMA 2 trial, a larger randomised study designed to determine whether N2O
during major surgery in high risk patients increases the rate of myocardial infarction
and other cardiovascular complications, which is currently in progress (Myles et al
2008).
N2O, due to its symmetrical molecular structure, absorbs infrared light and, like CO2,
is a potent contributor to the “greenhouse gas effect” and atmospheric warming.
Published data provides estimates of the “global warming potential “ (GWP) of the
anaesthetic gases in current use (Shine 2010). The GWP is expressed on a per
kilogram basis, as a ratio to that of CO2. The GWP of N2O is substantial at around 300
at both 20 years and 100 years. This is because, unlike CO2, N2O is not consumed by
vegetation, and is very long-lived in the atmosphere.
The list of adverse effects makes it necessary for an even more plausible argument for
N2O to justify its continued use. This argument relates partly to its pharmacokinetic
advantages, including the second gas effect, and partly to its pharmacodynamic
properties.

201

Advantages of Nitrous Oxide
The pharmacokinetic properties of N2O remain unsurpassed among inhalational
anaesthetics, despite the advent of the modern volatile anaesthetic agents. The
blood/gas partition coefficients of sevoflurane (λ ~ 0.69) and desflurane (λ ~ 0.42) are
comparable to that of N2O (λ ~ 0.47), and are a major improvement on those of the
previous generation of volatile agents e.g isoflurane ((λ ~ 1.4), enflurane (λ ~ 1.7) and
halothane (λ ~ 2.3). However, these potent anaesthetic agents still retain considerable
lipid solubility, following the Meyer-Overton rule, which describes a close correlation
of this with anaesthetic potency (Koblin 1990). The fat/blood partition coefficient of
sevoflurane is 55. That of desflurane is somewhat lower at 30, consonant with its
lower potency and higher MAC50 of 6%. However, the fat/blood partition coefficient
of N2O is only 2.3 (Eger 1990). In contrast to the volatile agents, which continue to be
absorbed by body tissues for many hours after commencement, the ongoing uptake of
N2O by the body during maintenance phase anaesthesia rapidly becomes quite low,
and is partly due to insensible loss to the atmosphere through the skin, due to its high
partial pressure in body tissues (Cullen & Eger 1972). Among anaesthetic gases, only
the rare noble gas Xenon has comparable pharmacokinetics to N2O. This is also
administered at high concentration and has the advantage of being sufficiently potent
to be used as a sole agent, but is prohibitively expensive.
The MAC-sparing properties of N2O have received surprisingly little attention in the
literature, given the expense of the modern volatile agents sevoflurane and desflurane,
and the increasing interest in the pharmacoeconomics of anaesthesia (Suttner 2000).
The contribution that N2O makes to maintenance of cardiovascular and respiratory
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homeostasis, due to its intrinsic properties and its MAC-sparing affect, also attract
little attention in discussions of the merits of N2O these days.
Despite the concerns raised above about greenhouse gas pollution of the atmosphere
by N2O, it is estimated that only about 1% of this comes from medical use (Smith et
al 2006). The vast majority of N2O production is from agriculture, in the breakdown
of N2 - based fertilisers, and from aviation where oxidation of atmospheric N2 by jet
engines occurs. Interestingly, available data from studies into the infrared absorption
spectra of anaesthetic gases, and their longevity in the atmosphere suggest that
desflurane, which is released at a relatively high rate due to its higher MAC, and is
relatively stable in the atmosphere, has a GWP similar to that of N2O, when typical
rates of usage in clinical practice are considered (Sulbaek-Anderson et al 2010, Shine
2010). For this reason, substitution of N2O with desflurane, in pursuit of a “climatefriendly” inhalational anaesthetic that retains fast pharmacokinetics, may be both
futile and expensive.
The analgesic properties of N2O are also unique in modern practice. None of the
volatile agents in current use for anaesthesia provide analgesia, and the analgesic
effect of N2O appears to last for some time after its administration is ceased, despite
its rapid elimination from body tissues (Tomi et al 1993). A recent 12-month followup of 423 patients from the ENIGMA trial found that the group who received N2O
had rate of chronic post-surgical pain that was half of that of the control group (Chan
et al 2010). This is an interesting finding, which has not been intimated in previous
work in the field of chronic pain in humans, but is suggested by some animal data
(Richebe et al 2005, Bessiere et al 2007, 2010). It is known that N2O is an antagonist
of the N-methyl D-aspartate (NMDA) receptor, which is known to play a role in the
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spinal cord “wind up” phenomenon which is implicated in the development of chronic
pain after injury (Yamakura and Harris 2000). The only other commonly available
drug for use in anaesthesia which acts at the NMDA receptor is ketamine, which has a
number of other side effects that limit its routine use. If N2O does play a useful role in
preventing chronic post-surgical pain, it may open up an entirely new place for it in
modern anaesthetic practice. This question will be pursued in prospective fashion as
part of the ENIGMA 2 trial.

The second gas effect
Despite the contributions of the sceptics to the literature on the second gas effect,
interested research groups have continued to sporadically publish data confirming its
existence (Watanabe et al 1993, Taheri and Eger 1999). These studies all measured
end-tidal gas concentrations of the accompanying volatile anaesthetic agents, with
very consistent results. End-tidal partial pressures were generally around 10% higher
in the first few minutes where N2O/O2 was the vehicle gas mixture, in comparison
with O2 or O2/air mixtures. This difference reduced to around 5-6% after N2O had
been administered for some time (Hendrickx et al 2006).
Only the study by Sun et al measured arterial partial pressures of volatile agent (Sun
et al 1999). They could find no effect of N2O on measured enflurane partial pressures
in either blood or end-tidal gas and their findings have carried considerable weight
among reviewers (McKay et al 2000), despite the inconsistency of their findings with
other published studies. Their conclusions reinforced the views expressed by Lin and
colleagues that the second gas effect was a fiction (Lin and Wang 1993, Lin 1994).
The lack of data on blood content from other authors has allowed this view to go
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unchallenged. This is unfortunate, as there is a danger that this preconception may add
to the growing sense of irrelevancy of N2O in modern practice.
Our data clearly show that the second gas effect on arterial blood partial pressures of
volatile agent is not only real, but substantially greater than the effect measured by
previous workers on end-tidal gas concentrations. The effect is sufficiently powerful
to produce a 10-15% increase in arterial oxygen partial pressures for some
considerable time into maintenance phase anaesthesia. Restriction of the
concentrating mechanism that produces the effect to low V˙ / Q˙ lung units explains
why the effect on blood partial pressures remains significant even at relatively low
€ €
overall rates of uptake of N2O, and why the effect
observed on expired alveolar

concentrations appears weak. The effect also acts to accelerate elimination of the
second gas and potentially hasten recovery at the end of surgery.
The findings presented here seem somewhat belated. Especially when one considers
that the effect on arterial blood content was predictable from the sort of computer
modeling of lung gas kinetics that was available 30 years ago, in an era when the use
of N2O was still routine. The methodology for measurement of blood partial pressures
was also well described at that time (Wagner et al 1974). Demonstration of the real
contribution of N2O to enhanced speed of induction and emergence from anaesthesia
may have helped retain greater interest among the newer generations of anaesthetists
who are increasingly reluctant to choose it as part of their day-to-day practice.
It is likely that the lack of availability of sophisticated devices such as gas
chromatographs and mass spectrometers for measurement of gas partial pressures has
contributed to the persistence of this gap in our understanding of the second gas
effect. The less frequent routine use of arterial blood pressure monitoring lines in
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anaesthetic practice in earlier days no doubt also contributed. This is, in fact, much
less of a hindrance nowadays. Routine use of invasive peripheral arterial blood
pressure monitoring lines is much more common now, following years of experience
of the relative safety of the technique. We have shown how a high quality
measurement of blood partial pressure can be obtained using a standard clinical gas
analyser interfaced with a notebook computer. We would urge that future studies in
the field attempt to measure blood gas content, in addition to alveolar gas content, to
explore the pharmacokinetics of inhalational anaesthetic agents.

Future role of Nitrous Oxide
The place of N2O remains uncertain in future anaesthetic practice, although its
inexpensiveness and dose-reducing effects on the consumption of more costly volatile
agents is likely to maintain its use in the developing world for some time (Sharma
2008).
Over the last two decades, the traditional position where N2O was used routinely,
except in a relatively small number of defined circumstances, has been supplanted by
one where it is rarely used by a new generation of anaesthetists at all. In short, there
has been a move from “Is there a reason why I shouldn’t use N2O in this patient?” to
“Why should I ever use N2O?” This is a rather monolithic attitude to a complex
pharmacological and clinical question and, as a specialty, anaesthetists are capable of
a more sophisticated approach than this.
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The serious questions being raised about wound and pulmonary infection, endothelial
dysfunction and cardiovascular risk, arising from methionine synthetase inhibition,
relate to prolonged exposure to N2O. Its role in providing anaesthesia for minor
surgery is quite a different matter.
There is no clear evidence to support the concern that, in a properly equipped
operating theatre with ventilation and exhaust gas scavenging that meet appropriate
standards, N2O poses a health risk to either patients or staff, when used in
appropriately selected patients for procedures where there is a low risk of wound
infection. It is precisely in this large subset of patients, undergoing minor surgery on
operating lists where there is often high turnover, that the analgesic and
pharmacokinetic properties of N2O become most useful.
Our approach to the use of N2O should recognise the varied concerns,
contraindications and advantages discussed above, and our choice of anaesthetic
technique in a given patient should be targeted to the specific requirements of that
patient. This tailored decision-making should treat the consideration of N2O in the
same way as that of any other agent. This may mean balancing a number of
competing factors, as the results emerge from the investigations currently underway
on the influence of N2O on a range of important clinical outcomes.
The findings of the body of work contained in this thesis demonstrate that the
pharmacokinetic advantages of N2O include the second gas effect, and operate during
induction, maintenance phase and emergence from anaesthesia. These findings
provide support for the continued use of N2O. The pharmacokinetic advantages of
N2O have been underestimated and should not be overlooked in determining the
future place of N2O in clinical practice.
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