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Pharmacokinetics of inhaled anesthetics and the general anesthetic

equation — a reappraisal

J. F. A. HENDRICKX

Potent inhaled anesthetics are administered in
a variety of ways. For many practitioners, the choi-
ce of the breathing system and fresh gas flow
(FGF) may depend in part on habit and on how they
have been taught to administer these agents. Lucien
Morris, inventor of the copper kettle, has reviewed
many of the reasons “why anaesthetics are given by
habit instead of individual plan and thoughtful
reasoning” (1). Many anesthesiologists have been
reluctant to incorporate low FGF techniques into
their clinical practice, even though (1) the advanta-
ges of lower FGF are well described (less waste
and consequently costs and pollution, conservation
of heat and humidity, educational value) ; (2) tech-
nology has evolved up to a point where most of the
clinically relevant gases in a circle system can be
monitored online ; and (3) the theoretical principles
of low-flow anesthesia have been described in
extensu by Lowe and ErRNST more than 2 decades
ago (2).

Over the last ten years, we have explored the
pharmacokinetics of modern inhaled anesthetics in
a circle system with the use of technology that is
currently available to every clinician. Many of our
studies are based on the theoretical framework of
Lowe and ERrnsTt, the general anesthetic equation
(GAEQ). In this mini-review, we highlight some
aspects of our clinical research that may help the
clinician understand what happens when the FGF is
lowered (especially at and below 1 L/min). We
emphasize, however, that we do not aim to present
an uptake model that can be used to construct rigid
administration schedules to be sed in blind faith by
the interested anesthesiologist. Rather, we present
principles and monitoring techniques that allow the
clinical application of many of the observations we
have in made regarding low-flow anesthesia.
Lucien Morris has said that “Safe anesthesia requi-
res the dedicated attention to the patient by a safe
anesthesiologist no matter which method, device,
or kind of apparatus is in vogue” (1).

THE CONCEPTS OF THE GENERAL ANESTHETIC EQUATION
(GAEQ)

According to Lowe and Ernsr, the delivered
concentration (vaporizer dial setting) required to
attain and maintain a constant end-expired concen-
tration in a circle system can be predicted for any
FGF if the following are known : (1) uptake of O,,
N,O, and potent inhaled anesthetic ; (2) CO, and
H,O production ; and (3) alveolar and deadspace
ventilation. Figure 1 displays the circle system,
with the patient attached (2). The amounts of gases
delivered (common gas outlet), inhaled, and exha-
led can mathematically be quantified. By rearran-
ging the components of these equations, a formula
can be derived that mathematically expresses the
vaporizer dial settings over time required to attain
and maintain a constant end-expired concentration
with a range of FGF : the GAEq (Fig. 1) (2). Even
though many more factors are involved, and a more
complex description can be used (incorporating
factors like nitrogen wash-out, physiological versus
anatomical dead-space ventilation, generalization
to STPD conditions, etc.), this equation has didac-
tic value and can be used as a first approach to
study the kinetics of gases and vapors in a circle
system.

A three-dimensional plot can be constructed
that displays the “anesthetic continuum”, the vapo-
rizer dial settings over time for any FGF for every
agent at every desired end-expired concentration
(Fig. 2) (2, 3). Of all these factors, the uptake pat-
tern is of paramount importance : the uptake pat-
tern will reflect itself in the way the anesthesiolo-
gist has to adjust the vaporizer dial setting (or
liquid injection rate during closed-circuit anesthe-
sia) over time. It should be clear that uptake of a
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Vi = fresh gas flow (L/min)

Cii = delivered (common gas outlet) concentration (%)

VT = minute ventilation (L/min)

VD = minute dead space ventilation

VA = minute alveolar ventilation

U = uptake of O, (Vo,), N,O (Qu0), and anesthetic vapor
(Qu) (L/min)

E = minute elimination of CO, (V) and water vapor
(Vo) (L/min)

fR = fraction rebreathed

1-fR = fraction of exhaled vapor exhausted from the system

Amount of vapor delivered
Amount of vapor inhaled
Amount of vapor exhaled

Caa X Vi
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CixVp+CyxV,

By rearranging these factors, the general anesthetic equation
can be derived :

_Qu[Ve+(U-E)-Vp x fR] + (1-fR) C, x V,, [V1 + (W-E)]

C
’ Vai+ (U-E) Vu

Fig. 1. — Amounts of gases (= concentration X volume) deli-
vered to the circle system and inhaled and exhaled by the
patient. Modified after Lowe and ERrnsT (2).

potent inhaled anesthetic by the individual patient
is the same regardless of the method employed to
deliver it (assuming the same end-expired concen-
tration is obtained) (2). Whether an open, semi-clo-
sed, or closed system is employed, a quantitative
relationship exists between the desired arterial or
alveolar concentration and the required delivered
concentrations at any specific FGF (2). What deter-
mines end-expired concentration is patient uptake,
alveolar minute ventilation, and inspired concen-
tration of the anesthetic. How you get the desired
inspired concentration depends on the FGF : in a
circle system, with high FGF (> minute ventila-
tion), the dial setting is virtually identical to the
inspired concentration. With lower FGF, because of
rebreathing, the dial setting will have to be higher
than with high FGF to get the desired inspired con-
centration : the lower the FGF, the more the exha-
led gas (with the lower expired concentration
secondary to uptake) will dilute the inspiratory
mixture. To maintain the end-expired concentration
constant, the vaporizer dial setting has to be incre-
ased accordingly. The lower the FGF, the more the
uptake pattern will therefore be reflected in the
vaporizer dial settings (Fig. 3). In the extreme of
FGF, during closed-circuit anesthesia, the liquid
injection rate will exactly match uptake if we igno-
re leaks from the circuit and if we assume gases
being sampled by the gas analyzer [+ 200 ml/min]
are redirected to the anesthesia circuit.

UPTAKE PATTERNS OF INHALED ANESTHETICS

Two uptake patterns have dominated the anes-
thesia literature : the square root of time (SqRT)

Fig. 2. — The general anesthetic equation for sevoflurane in O, at 0.6 MAC. Figure on the left uses a linear scale for fresh gas flow
(FGF), figure on the right a logarithmic scale. The latter highlights the increase in vaporizer dial settings needed with lower fresh gas
flows. Time (min) on X-axis ; sevoflurane vaporizer dials setting on Y-axis ; and FGF (L/min) on the Z-axis. Modified from ref 3.
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With high FGF (FGF higher than minute ventilation) (left), all gases and vapor not being taken up by the patient escape via the pop-off
valve. Because there is no rebreathing, C, will equal C;. The course of Cp, required to attain and maintain a constant C, is presented
by the lower curve (in the middle) labeled “High FGF”. With lower FGF (FGF lower than minute ventilation) (1), rebreathing
occurs (2). The exhaled gas with the lower expired concentration (Ce) (due to uptake from the alveoli) dilutes the inspiratory mixtu-
re (3). Consequently, C, will decrease (4). To maintain the same C; and consequently C,, Cp, will have to be increased (5), increasing

C,, restoring the desired C,. The C, course over time is presented by the curve labelled “low FGF”.
FGF = fresh gas flow ; CD = delivered or vaporizer concentration ; C, = inspired agent concentration ; C, = alveolar agent

concentration ; C = expired agent concentration. ) = pop-off valve ; # = sodalime absorber

Fig. 3. — Effect of lowering fresh gas flows on vaporizer dial settings required to maintain a constant alveolar concentration of a

potent inhaled anesthetic.

model and the more familiar four compartment
(4C) model, recently modified to the five compart-
ment (5C) model (2, 4-8). Note that, when uptake
patterns are compared in this paper, it is always
assumed that the end-expired concentration is
maintained constant.

According to the SqQRT model, the rate of
uptake is inversely proportional to the square root
of time (Vt) (2). The model was developed by
Lowe and ERrNsT to predict vaporizer dial settings or
liquid injection rates during closed-circuit anesthe-
sia. An identical amount of agent (called the “unit
dose”) is taken up during each successive SqQRT
interval (0-1, 1-4, 4-9, 9-16, 16-25, etc). This unit
dose is a calculated as the product of cardiac out-
put, blood/gas solubility and the fraction of the
MAC administered. In addition, a “prime dose” is
given to obtain the desired concentration in the cir-
cle system, FRC and the blood.

The original 4C model grouped tissues in
4 groups according to their time constants and
capacity to absorb anesthetic agent : the vessel-rich
group, muscle group, fat group and vessel-poor
group. More recently, the 4C has been changed to a
five compartment model : the lung has been intro-
duced as the first compartment from which uptake
occurs, the vessel-poor group which absorbs negli-
gible amounts of vapor has been deleted and a-fifth

X3

intertissue diffusion” compartment has been

added (9). Uptake by the individual organ can be
predicted if organ volume, organ blood flow and
tissue solubility of the agent is known. The model
assumes that no alveolar-arterial gradient exists
and that uptake is perfusion-limited.

Using liquid injection closed-circuit anesthe-
sia to determine uptake, we found that both models
overestimate initial uptake (first 15 minutes), and
underestimate uptake thereafter (10-11). Uptake
varied significantly between patients, and there
were no consistent correlations between uptake and
patient demographic parameters. These findings
were confirmed when we used Fick’s method to
measure uptake (Fig. 4) (12-14). The reasons for
the discrepancies between our data and the models
are multiple and have been reviewed elsewhere (10).
The almost constant rate of uptake (= uptake per
unit of time) between 15 min and 60 min should
facilitate low-flow techniques because there may
be less of a need for frequent vaporizer dial setting
changes, and therefore no need to continuously
titrate the injection rate or vaporizer dial settings
according to a complex mathematical model.

CLINICAL EVALUATION OF THE GENERAL ANESTHETIC
EQUATION (GAEQ) INv O,

The uptake pattern of a potent inhaled anesthe-
tic should be reflected in its GAEq, in 2 particular
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Fig. 4. — Fick-derived sevoflurane uptake

in that part of the GAEq presenting dial settings
with low FGF (2). We have clinically evaluated the
GAEq for halothane, isoflurane, sevoflurane, and
desflurane using O, as the carrier gas at
0.65 MAC (3, 15-17). We previously determined
the accuracy of the vaporizer used in this study, and
we solved the problem of N, accumulation when
redirecting gas sampled by the gas analyzer to the
circle system to allow the use of FGF below
400 ml/min. (18-19). Figure 5 illustrates the deli-
vered (= vaporizer dial setting) sevoflurane con-
centration into a circle system required to provide
an end-expired sevoflurane concentration (Et,.,) of
0.65 MAC (1.3%) for 6 different FGF. This graph
contains the same information as figure 2. Several
important findings deserve mention.

[- -]

N W s U &

Sevofurane vaporizer dial setting (%)

First, a similar pattern emerges for each FGE.
After 15 min, no or only a limited number of furt-
her vaporizer dial settings are needed during the
ensuing 45 min. For example, at a FGF of 1 L/min,
the vaporizer dial setting to maintain the Et,.,, at
1.3% is not different at 60 min than at 15 min (1.9 +
0.3% at 15 min and 2.0 = 0.3 at 60 min).

Secondly, the lower the FGF, the higher the
vaporizer dial setting. This can be explained by
rebreathing (see above). Similarly, rebreathing ex-
plains why the uptake pattern is more reflected in
the vaporizer dial settings with lower FGF.
Compare the uptake pattern from figure 4 with
figure 5 : the uptake pattern is reflected in the vapo-
rizer dial settings during the use of lower FGF. At
one extreme of FGF, closed-circuit anesthesia, the
vaporizer dial setting will closely match the uptake
pattern (assuming a constant end-expired concen-
tration, and no or minimal loss of gas through leaks
and gas analyzer). At the other extreme, 8 L/min
FGF (FGF >> minute ventilation), the uptake pat-
tern is hardly recognizable in the vaporizer dial set-
tings except during periods of high anesthetic
requirements (= first few minutes of the anesthe-
tic).

Third, vaporizer settings at 0.2 L/min were
very different from those predicted by Lowe and
ErnsT for closed-circuit anesthesia, with sevoflurane
rate of uptake decreasing less than predicted.
Similarly, the vaporizer dial settings according to
the 4C model were found to consistently under-pre-
dict halothane vaporizer dial settings because the 4C
model underestimates uptake after 15 min. (17).

FGF (L/min)
~m—= SqRT
—o—0,2
—a—(0,5

——]

Time (min)

SqRT = Vaporizer concentrations predicted by the square root of time model for closed-circuit anesthesia.

Fig. 5. — The general anesthetic equation of sevoflurane in O, at 0.65 MAC (1.3.% end-tidal)
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Fig. 6. — Vaporizer/end-expired ratio’s (VEER) at 10, 15 and
55 min for isoflurane, sevoflurane, and desflurane in O, to
maintain 0.65 MAC.

Fourth, vaporizer setting variability increases
with lower FGF : the lower the FGF, the more the
uptake will influence the composition of the inspi-
ratory mixture (see comments above) and therefore
the vaporizer dial setting (20). Because uptake
differs up to 50% between patients, vaporizer set-
ting variability increases with lower FGF (10, 20).

The GAEq patterns differ between agents :
agents with lower blood/gas solubilities have lower
vaporizer/end-expired ratios (VEER). Agents can
be compared based on their VEERs. We construc-
ted such a plot, the log(flow) — VEER plot
(Fig. 6) (21). In this figure, the VEERSs after 10, 15
and 55 min for a wide range of FGF (hence the
logarithmic scale) are presented for 0.65 MAC. The
FGF at which the VEER starts to increase signifi-
cantly is lower for agents with a lower blood/gas

partition coefficient. It has been suggested that the
agents with a lower blood/gas partition coefficient
would be more “user-friendly” because their VEER
is lower — there is less of a discrepancy between the
vaporizer dial setting and the end-expired concen-
tration.

LOW-FLOW ANESTHESIA AFTER OVERPRESSURE INDUC-
TION WITH SEVOFLURANE (22)

Our GAEq data can be used to construct simp-
le administration schedules. The GAEq for sevo-
flurane indicates that, after the end-expired concen-
tration has been maintained at 1.3% for 15 min, a
vaporizer dial setting of 1.9% will maintain Et,.,, at
approximately 1.3% during the ensuing 45 min
with a FGF of 1 L/min (Fig. 7). We hypothesized
that, after overpressure induction with sevoflurane
in O,/N,O, enough sevoflurane would have been
administered to increase the concentration of
sevoflurane in the tissues responsible for the high
initial uptake phase (0-15 min) at or above 1.3%. A
single vaporizer dial and FGF setting change from
8 to 1.9% and from 8 L/min (O,/N,O 30%/70%) to
400 ml/min O, and 600 ml/min N,O, respectively,
immediately after overpressure induction would
therefore suffice to attain and maintain Et.,, at
1.3%. Et,, after 3 min was 4.88 + 1.12%, and
decreased slowly after reduction of FGF to 1.83 +
0.19%, 1.59 + 0.18%, and 1.52 + 0.19% at 10, 20,
and 30 min, respectively.

This example illustrates how previously deri-
ved pharmacokinetic parameters can be clinically

End-expired concentration (%)

..... QT
T T T '
15 20 25 30
Time (min)
wws 1 Overpressure induction (0-3 min).
i) : placement of laryngeal mask ; fresh gas flow and vaporizer dial setting decreased to 1 L/min and 1.9% respectively.

Fig. 7. — Sevoflurane end-expired concentrations after a single vaporizer (8 to 1.9%) and fresh gas flow (6 to 1 L/min O,/N,O) setting

change after overpressure induction.
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Fig. 8. — Effect of N,O on vaporizer dial settings required to attain and maintain 0.65 MAC sevoflurane with a total fresh gas flow

of 0.5 or 1.0 L/min.

applied to simplify low-flow anesthesia techniques.
The number of relatively simple administration
schedules that one could develop is almost unlimi-
ted. Other authors have been developing such
administration schedules on more or less elabora-
ted models based upon previously acquired uptake
data (23).

ErrecT OF N,O ON SEVOFLURANE VAPORIZER DIAL SET-
TINGS DURING LOW-FLOW AND MINIMAL-FLOW ANESTHE-
sia (24)

The Et.., attained after 20 and 30 min using
the low-flow technique described in the previous
paragraph with O, and N,O as the carrier gas was
1.59 = 0.18% and 1.52 = 0.19%, respectively,
which is higher than the 1.3% predicted by the pre-
viously derived GAEq for sevoflurane in O, (3).
This finding was unexpected. One important factor
had been overlooked : the GAEq as described in
figure 4 was obtained using O, as the carrier gas.
Because uptake of a second gas of a delivered gas
mixture might decrease the amount of carrier gas
and potent inhaled anesthetic leaving the circle sys-
tem through the pop-off valve, we hypothesized
that the vaporizer settings required to maintain a
constant end-expired sevoflurane concentration
(Ete.,) during minimal- (MFA, FGF of 0.5 L/min)
or low-flow anesthesia (LFA, FGF of 1 L/min)
would be lower when sevoflurane is administered
in O»/N,0 than in O..

To explore this issue, fifty-six patients recei-
ving general anesthesia were randomly assigned to
1 of 4 groups (n = 14 each), depending on the car-
rier gas and FGF used : group Ox.5L (O,, MFA) ;

group NOx.5L (O/N,O, MFA after 10 min high
FGF) ; group Ox1 L (O,, LFA) ; and group NOx1L
(O./N,O, LFA after 10 min high FGF). The vapori-
zer dial settings required to maintain Et..., at 1.3%
were compared between groups. Vaporizer settings
were higher in group Ox.5L than in groups
NOx.5L, OxIL, and NOxIL ; vaporizer settings
were higher in group NOx.S5L than in group
NOx1L between 23 and 47 min ; and vaporizer set-
tings did not differ between groups OxI1L and
NOxI1L (Fig. 8).

Two factors affecting the pharmacokinetics of
gases and vapors in a circle system may explain
these findings. First, when N,O is used, more car-
rier gas is taken up by the patient and less gas and
vapor will leave the circle system through the
pop-off valve. As a result, the vaporizer dial setting
required to maintain a constant Et,,, is lower when
N,O is used (compare group Ox.5L vs. NOx.5L).
Second, because there is more rebreathing with
lower FGF, more exhaled gas (with the lower expi-
red concentration due to uptake by the patient) will
dilute the fresh gas concentration to produce a
reduced concentration of the vapor in the inspired
gas. Consequently, the vaporizer dial setting will
have to be higher to maintain the same inspired and
alveolar (end-expired) concentrations. This pheno-
menon explains the differences between groups
Ox.5L and Ox1L and between groups NOx.5L and
NOx1L. The effect of both henomena on the vapo-
rizer dial setting required to maintain Et,,, constant
apparently becomes insignificant with higher FGF
(in this study 1 L/min) : when the amount of gas
and vapor lost through the pop-off valve relative to
the amount taken up by the patient increases, the
effect of N,O and sevoflurane uptake on vaporizer
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Fig. 9. — Course of F,0, when breathing air in a circle system.

dial setting decreases. Above a certain FGF, vapo-
rizer dial settings required to maintain a constant
Et.., remain virtually the same. This phenomenon
explains the absence of a difference between
groups Ox1L and NOxI1L.

AIR/O, MIXTURES IN A CIRCLE SYSTEM (25-28)

The carrier gas has a significant effect on the
vaporizer dial settings required to attain a certain
end-expired concentration of a potent inhaled anes-
thetic. While the kinetics of N,O in a circle system
have been described, less is known about the kine-
tics of air/O, mixtures at reduced FGF, even though
air is commonly used as a component of gas mix-
tures during anesthesia. Previously published
mixing charts for O,/air were intended for use with
non-rebreathing systems (commonly used in inten-
sive care unit ventilators) (25).

The problem of using air in a circle system
can be best understood by considering what hap-
pens if one breaths from a circle system while run-
ning a total FGF of 1 L/min air. This FGF would
provide 210 ml/min O, and 790 ml/min N,. A
hypoxic inspiratory mixture rapidly ensues becau-
se 0, consumption is 200-250 ml/min — due to
rebreathing, the inspired 0, concentration will
progressively decrease while N, accumulates.

We studied the course of the inspired 0, con-
centration (F,0,) in a circle system when using air
with different FGF in adult volunteers. While the
volunteers were breathing air from a circle system
through a tightly fitting face mask, the FGF of air
was progressively reduced 26 from 8 to 4, 2, and
1 L/min. (26). In all volunteers breathing only air,
a hypoxic mixture (F,0, < 21%) developed (Fig. 9).
At 8 and 4 L/min, F,O, plateaued at 18.6 + 0.8 and
15.9 = 1.3% after 3 min, and SPO, did not change
from baseline in any subject. At 2 and 1 L/min, FO,
dropped precipitously to 13.4 + 1.4 and 11.8 =
0.8% within 2.5 min, and all volunteers were in-
structed to discontinue breathing from the circle
system because the S,0, decreased below 95% and
were administered 100% O..

Next, we determined which O,/air mixtures
ensured an F,O, of 30% with each of the 27 fol-
lowing total FGF : 8, 4, 2, 1, 0.8 and finally
0.5 L/min. (27). The composition of the O,/air mix-
ture to maintain F,O, at 30% in all volunteers
depended on the total FGF. The relative proportion
of O, flow over total FGF of 8, 4, 2, 1, 0.8 and
0.5L/minwas 15+ 1,18 +2,25+3,43+5,48 =6,
and 71 £ 6%, respectively (Fig. 10).

In an ensuing clinical study in patients under-
going cardiac surgery, we examined the course of
the inspired O, concentration when administering

80

\

60

40

20 A

Fig. 10. — Ratio (%) of O, FGF/air FGF needed to maintain the inspired O, concentration at 30% with FGF raging from 0.5 to 8 L/min

in volunteers breathing in a circle system.
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various combinations of air and O,. During mini-
mal-flow anesthesia (total FGF = 500 ml/min), a
combination of O, (L/min) with air (L/min) of
0.2/0.3, 0.3/0.2, and 0.4/0.1 led to an FO, of
32.6 £4.2,50.8 + 3.6, and 71.7 = 1.6% (28). The
study limb examining the combination of
0.1 L/min O, with 0.4 L/min air was aborted becau-
se it led to hypoxic mixtures. This study points out
that minimal-flow anesthesia with O./air mixtures
can be easily practiced given appropriate equip-
ment, monitoring, and knowledge.

It is intriguing that an inspired hypoxic mix-
ture can form with apparently “safe” (non-hypoxic)
mixtures being delivered at the common gas outlet
with the use of air in a circle system, especially
with low FGF. Under these conditions N, accumu-
lates, leading to hypoxic gas mixtures due to O,
uptake by the patient and rebreathing of O,-deple-
ted exhaled gases. Similarly, O,/N,O proportioning
devices purport to deliver (= common gas outlet) at
least 25% of O.. If the proportioning device would
deliver 200 ml/min O, and 600 ml/min N,O (or
even 400 ml/min), it is likely that an inspiratory
hypoxic mixture would develop because N,O upta-
ke at an end-expired concentration of 60-65% is
approximately 250-300 ml/min after approximate-
ly 15 min. When reducing FGF, it is important to
start thinking in terms of amounts of agent (O,
N0, air, potent inhaled anesthetic) to be adminis-
tered to maintain a certain partial pressure rather
than focusing on the partial pressure or concentra-
tion in the delivered gas (common gas outlet) only.

CONCLUSION

A circle breathing system is frequently used to
administer potent inhaled anesthetics to adult
patients because it has the potential to reduce anes-
thetic waste and consequently costs and environ-
mental pollution by enabling the anesthesiologist
to use lower FGF. Agent analysis is ubiquitous in
many modern operating rooms and has the poten-
tial to reduce large part of the uncertainty that may
exist with regard to the concentration of anesthetic
agents that exist in the circle system, which many
perceive as a dangerous “black box” when used
with reduced FGF. Because O, consumption, N,O
uptake (during maintenance at 0.65 MAC), and gas
sampling rate by the analyzer are all in the order of
magnitude of 200 ml/min, FGF of 400-600 ml/min
can be easily used if no major circuit leaks exist.
When sampled gases are redirected and when N,O
is not part of the anesthetic, even lower FGF can be

used. Yet, despite all this technology, it is almost
paradoxical that many anesthesiologists seem
reluctant to reduce FGF below an ill-defined (per-
sonal preference) lower limit/threshold. While part
of the explanation may be historical (see Lucien
Morris), a gap in knowledge and appropriate trai-
ning as well as lack of good, easy to apply admini-
stration schedules may have deterred many clini-
cians from embracing low-flow techniques more
enthusiastically. In this review article, we have
tried to “demystify” the kinetics of potent inhaled
anesthetics in a circle breathing system with redu-
ced FGF. After reevaluating existing uptake pat-
terns, the concept of the general anesthetic
equation is invoked to explain why and when redu-
ced FGF increase the discrepancy between the
vaporizer dial setting and the end-expired concen-
tration. A combination of a better understanding of
the factors that govern the kinetics in a circle sys-
tem and the use of anesthetic gas monitoring bring
the use of potent inhaled anesthetics with FGFG
ranging from closed-circuit to high-flow within the
realm of every clinician.

How to waste the least amount of gas when
using a circle system ? When lowering FGF, the
relationship between the dialed vaporizer setting
and the end-expired concentration changes : a
higher vaporizer dial setting is needed to maintain
the same inspired and consequently end-expired
concentration because of rebreathing. The same
applies to the concentrations of the carrier gases
that are administered : the composition of the inha-
led mixture no longer matches that of the delivered
(common gas outlet) concentration. An analysis of
this relationship requires consideration not only of
the delivered concentration, but also of the amount
of gas or vapor needed (1). Rather than adhering to
administration schedules, a thorough understan-
ding of some of the quantitative concepts outlined
in this review will help the clinician understand
what happens in the circle system when FGF is
reduced.
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