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What We Already Know about This Topic

• Understanding the elimination kinetics of inhaled anesthetics is of 
more practical importance than understanding their uptake kinetics

• Normal lungs are assumed to play a major role in the elimination of 
inhaled anesthetics in the early rapid stages and a negligible role 
subsequently

• The fraction of cardiac output that is completely cleared of anes-
thetic in one pass is the fractional clearance

What This Article Tells Us That Is New

• A mathematical model of inhaled anesthetic elimination was devel-
oped in a post hoc analysis of anesthetic partial pressures measured 
in mixed venous and arterial blood samples after simultaneous 
administration of desflurane and sevoflurane to seven piglets under 
normal, low, and high ventilation/perfusion ratio conditions

• After a brief and rapid decline in alveolar anesthetic partial pres-
sure, the fractional clearance of anesthetic became constant, and 
incomplete clearance from the lungs slowed tissue washout

• Slowing of tissue elimination by incomplete lung clearance became 
more pronounced at low ventilation/perfusion ratios, and was 
predicted to become more pronounced as blood/gas solubility 
increases

The time course of inhaled anesthetic uptake and elimi-
nation has been the topic of many previous studies.1–36 

The majority of these studies have focused on kinetics of 
anesthetic uptake; the kinetics of inhaled anesthetic elimina-
tion have received less attention. An understanding of anes-
thetic uptake is of fundamental importance for the clinical 
practice of anesthesia. In some ways, however, an understand-
ing of elimination kinetics is of more practical importance. 
During uptake, overpressure techniques can be very effective 
in speeding uptake in arterial blood and in brain. No simi-
lar option exists for speeding elimination.1,2,32 Additionally, 
induction of anesthesia in adults is almost universally expe-
dited by use of intravenous drugs, again with no equivalent 
option to speed emergence. Finally, workflow tasks during 
uptake of inhaled anesthetics, for example prepping and 
draping, can proceed in parallel, whereas delays in emergence 
might directly influence operating room efficiency.

aBStract
Background: Kinetics of the uptake of inhaled anesthetics have been well 
studied, but the kinetics of elimination might be of more practical importance. 
The objective of the authors’ study was to assess the effect of the overall 
ventilation/perfusion ratio ( 

.
V

A
/

.
Q  ), for normal lungs, on elimination kinetics of 

desflurane and sevoflurane.

Methods: The authors developed a mathematical model of inhaled anes-
thetic elimination that explicitly relates the terminal washout time constant to 
the global lung  

.
V

A
/

.
Q   ratio. Assumptions and results of the model were tested 

with experimental data from a recent study, where desflurane and sevoflurane 
elimination were observed for three different  

.
V

A
/

.
Q   conditions: normal, low, and 

high.

results: The mathematical model predicts that the global  
.
V

A
/

.
Q    ratio, for 

normal lungs, modifies the time constant for tissue anesthetic washout 
throughout the entire elimination. For all three  

.
V

A
/

.
Q    conditions, the ratio of 

arterial to mixed venous anesthetic partial pressure P
art

/P
mv

 reached a con-
stant value after 5 min of elimination, as predicted by the retention equation. 
The time constant corrected for incomplete lung clearance was a better pre-
dictor of late-stage kinetics than the intrinsic tissue time constant.

conclusions: In addition to the well-known role of the lungs in the early 
phases of inhaled anesthetic washout, the lungs play a long-overlooked role 
in modulating the kinetics of tissue washout during the later stages of inhaled 
anesthetic elimination. The  

.
V

A
/

.
Q  ratio influences the kinetics of desflurane 

and sevoflurane elimination throughout the entire elimination, with more pro-
nounced slowing of tissue washout at lower  

.
V

A
/

.
Q   ratios.
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Several types of abnormalities in the distribution of lung 
ventilation/perfusion ratios (

.
V

A
/

.
Q ) cause inefficient gas 

exchange for oxygen and carbon dioxide.37 Previous studies 
have demonstrated that several types of abnormalities in the 
distribution of lung  

.
V

A
/

.
Q   ratios can also impact the kinetics 

of inhaled anesthetic uptake and elimination.9,25,26,35,36,38 The 
traditional view, however, is that normal lungs (with efficient 
gas exchange and a unimodal, narrow 

.
V

A
/

.
Q    distribution) play  

a major role only in the early, rapid stages of elimination. 
After the completion of these early stages, lungs with normal 
gas exchange efficiency have generally been regarded as hav-
ing little influence on later, slower stages of elimination.7,15–18

In a recent experimental study, in pigs with normal 
lungs, we measured anesthetic partial pressures in mixed 
venous (P

mv
) and arterial (P

art
) blood samples at multiple 

times during uptake and elimination of desflurane and 
sevoflurane, for three different lung 

.
V

A
/

.
Q   ratios.39 In the cur 

rent study, we further analyze this experimental data and 
develop a simplified and approximate mathematical model 
of anesthetic elimination that demonstrates the dependence 
of whole-body elimination kinetics on the global  

.
V

A
/

.
Q    ratio  

for normal lungs. The study reported here is an exploratory, 
post hoc analysis of a subset of a larger data set. The objective 
was to develop a mathematical model of inhaled anesthetic 
elimination that explicitly states the dependence of washout 
kinetics on overall  

.
V

A
/

.
Q   ratio.

Materials and Methods

experimental measurements

Details of experimental methods and experimental results 
are presented in the companion experimental paper.39 In 
brief, seven juvenile, 2.5-month-old piglets (weight, mean 
± SD 25 ± 2 kg) with normal lungs were anesthetized with 
intravenous anesthetics. Subanesthetic levels of sevoflu-
rane and desflurane were administered simultaneously with 
an open circuit technique for 45 min. Arterial and mixed 
venous blood samples were collected at predetermined 
times during the 45 min washin and during 45 min of wash-
out. Sevoflurane and desflurane partial pressures in the blood 
samples were measured with a mass spectrometer–based 
method.40,41 Uptake and elimination measurements were 
carried out for three different conditions39 of alveolar min-
ute ventilation ( 

.
V

A
) and cardiac output value ( 

.
Q  ): normal  .

V
A
/

.
Q  (0.91); low  

.
V

A
/

.
Q  (0.32); and high 

.
V

A
/

.
Q  (1.73). Minute 

ventilation was varied between these three conditions by 
adjustment of respiratory rate. Cardiac output was increased 
with dobutamine infusion and decreased by inflation of a 
right atrial balloon.

Approximate and Simplified mathematical model of 
elimination

We start our simplified mathematical modeling approach 
by considering the kinetics of anesthetic elimination from 

body tissues. A single well-mixed compartment, as depicted 
in figure 1A, has a uniform anesthetic partial pressure and 
is being supplied with fresh, anesthetic-free blood flowing 
in at rate   

.
Q ,  and flowing out also at rate   

.
Q  , where the 

outflowing blood is equilibrated to the gas partial pressure 
of the compartment. The differential equation describing 
the washout of anesthetic gas from this single well-mixed 
compartment is

d Vol P t

dt
Q P tbg cmpt

bg

( ( ))
( )

λ
λ

i i
i � i= −

 
(1)

where P(t) is the gas partial pressure in the compartment and 
in exiting blood at time t; Vol

cmpt
 is the volume of the com-

partment (up to this point considered to be occupied only 
by the flowing fluid, i.e., blood),  

.
Q  is the liquid fluid flow 

(units of volume/time), and λ
bg

 is the Ostwald solubility of 
the gas in blood (units of ml gas · ml blood-1 · atm-1) that 
links gas partial pressure (units of pressure) to gas content of 
the fluid (units of volume of gas/volume of liquid). When 
gas partial pressure is expressed in atmospheres, the Ostwald 
blood gas solubility is numerically equal to the blood/gas 
partition coefficient (dimensionless). For constant blood 
flow  

.
Q  , the kinetics of gas washout, starting from an initial 

gas partial pressure of P
i
 at time zero, are well known4:

P t P ei

t

cmpt( ) =
−

i
( )
τ

 
(2)

The decay in gas partial pressure P(t) from any starting pres-
sure P

i
 is a monoexponential function of time t, with time 

constant τ
cmpt

 given by

τ
λ

λcmpt
bg cmpt

bg

cmptVol P t

Q P t

Vol

Q
= =

i i

i � i �
( )

( )
 
(2A: blood-filled tank)

The numerator of this time constant represents the total gas 
content in the compartment at time t, and the denominator 
represents how quickly this compartment is being flushed 
out by fresh blood flow.

The well-mixed compartment of interest here is filled 
not only with blood, but rather a small volume of blood 
(V

bld
) supplying a much larger volume of tissue (V

tiss
), as 

depicted in figure 1B. The gas content of the compartment 
is then (total content) = P(t)

 
· (Vol

bld 
· λ

bg
 + Vol

tiss 
· λ

tg
), where λ

tg
  

is the Ostwald solubility coefficient for gas dissolved in tis-
sue.5,23,42 Equation 2 still applies, but the monoexponential 
time constant becomes

τ
λ λ

λcmpt
bg bld tg tiss

bg

Vol Vol

Q
=

+i i

i �
 
(2B: tank with blood and tissue)

Blood volume in many body tissues is a small fraction of 
tissue volume, and most anesthetics, including desflurane 
and sevoflurane, partition preferentially from blood into tis-
sue (i.e., λ

tg
 > λ

bg
). Therefore, λ

tg 
· Vol

tiss
 >> λ

bg 
· Vol

bld
, and  
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as an approximation, the first term in the numerator can 
be neglected. Also, for a well-mixed tissue compartment, 
compartment gas partial pressure P(t) equals exiting venous 
blood partial pressure P

v
(t). The mass balance for the tissue 

compartment then becomes a slight modification of equa-
tion 1:

d Vol P

dt
Q Ptg cmpt v

bg v

( )λ
λ

i i
i � i= −  (1A)

The solution for washout from starting gas partial pressure 
P

i
 is a monoexponential decay (i.e., equation 2 still applies) 

with time constant

τ
λ

λcmpt
tg tiss

bg

Vol

Q
=

i

i �
 

(2C: tissue, approximate)

This approximation emphasizes that the important param-
eter for body tissue elimination kinetics is not the gas 
solubility in blood that describes how the gas partitions 
between a blood phase and gas phase, but rather the tissue/

blood partition coefficient λ
tg
/λ

bg
 that describes how gas 

partitions between tissue and blood.1,4,7,8,15,17,18,21,28

In the interest of arriving at simplified approximate 
equations that directly show the importance of parameter 
groups, we start by treating the entire body as one well-
mixed compartment, a composite of the traditional ves-
sel-rich, or visceral, group; the muscle group; and the fat 
group. In figure  1C, the blood flowing out of our com-
partment exits at mixed venous gas partial pressure, and the 
blood flow to the whole-body compartment is the entire 
cardiac output. Mixed venous blood is recycled back to the 
compartment through a gas exchanger (the lung) capable of 
clearing all the anesthetic gas in one pass. It is obvious that 
equation 2 still applies, and the time constant compared to 
figure 1B has not changed.

In figure 1D, we now consider a lung that does not clear 
all of the anesthetic in one pass. Partial clearance in the lung 
for the entire cardiac output can be divided conceptually 
into a partial lung blood flow that is not cleared at all and 
is recycled into the body compartment, and a partial lung 
blood flow that is cleared completely and is returned to the 

Fig. 1. (A) Stirred, well-mixed tank of volume Volcmpt, filled with blood at anesthetic gas partial pressure Pblood. blood flow Q
.
 is entering the 

tank with no anesthetic gas and exiting equilibrated to the tank gas partial pressure Pblood. λbg is the anesthetic blood-gas partition coefficient. 
(B) Well-mixed tank is now filled with blood and tissue. (C) Single well-mixed compartment with blood and tissue now represents the tissue 
for the whole body. Q

.
 flowing into and out of the body tissue compartment is the cardiac output. Gas partial pressure in the tank and equili-

brated with exiting mixed venous blood is Pmv. mixed venous blood returns to the lung, where it is completely cleared in one pass, returning 
to the body compartment at a gas partial pressure in arterial blood (Part) of zero. (D) The lung now only partially clears the anesthetic gas, 
returning a fraction (Frclr) of cardiac output (Q

.
) to the body compartment with zero gas (Pclrd = 0), and a fraction (1 − Frclr) of cardiac output 

with gas at mixed venous gas partial pressure Pmv.
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body tissue compartment as gas-free blood. It is obvious 
in figure 1D that the part of blood flow that is not cleared 
at all is simply recycled into the well-mixed compartment 
and has no role in elimination kinetics. It is also obvious 
that the effective blood flow washing out the well-mixed 
compartment is the fraction of cardiac output that is cleared 
in one pass. Consistent with traditional pharmacokinetic 
terminology, we denote the amount of blood flow that is 
completely cleared of anesthetic as “clearance,” with units 
of milliliters blood/min. The fraction of cardiac output that 
is cleared in one pass will then be called “fractional clear-
ance” and denoted as FrClr (dimensionless). The whole-
body elimination time constant becomes

τ
λ
λbody

tg

bg

tissVol

FrClr Q
= ( ) i

i �
 

(3)

If, for example, the lung fractional clearance (FrClr) was 
20% or one fifth, the overall elimination time constant 
would be increased, by the incomplete lung clearance, five-
fold compared to the intrinsic tissue time constant of equa-
tion 2C.

An illustration of the potential effect of incomplete lung 
clearance on the tissue washout time constant is shown in 
figure 2. Tissue parameter data for the plots in figure 2 were 
chosen to mimic the muscle tissue compartment for the 
population averages for the pigs of our experiments.39 A 
muscle compartment volume of 13,960 ml was estimated 

based the “standard 30-kg dog” presented by Cowles et al.,23 
scaled to our average pig weight of 25 kg. Average cardiac 
output for our piglets, for the “normal”  

.
V

A
/

.
Q   condition, 

was measured at 3,300 ml/min. The fraction of cardiac out-
put to muscle in the Cowles 30-kg dog of 0.31 was applied 
to estimate muscle blood flow at 1,023 ml/min. The tissue/
gas partition coefficient λ

tg
 for desflurane in pig muscle of 

0.56, and the blood/gas partition coefficient for desflurane 
in pig blood of 0.40, were taken from Zhou and Liu.43 For 
purposes of illustration, the single muscle compartment was 
connected in figure 2 to a lung with fractional clearance 
assumed to be constant throughout the elimination. Under 
these assumptions, the intrinsic muscle tissue time constant 
(equation 2c or equation 3 with FrClr = 1.0) is estimated as 
19.1 min. The marked effect on the muscle washout kinet-
ics of progressively decreasing lung clearance from 1.0 to 
0.2 is readily apparent in figure 2.

We next consider behavior of the lung during anesthetic 
elimination, and we divide this consideration into early 
stages of elimination, and later stages. We consider a normal, 
homogeneous lung with a single, narrow mode in the  

.
V

A
/

.
Q  

distribution. A mass balance on the lung provides the key 
differential equation4:

d
P
P

V

dt
Q P P

P

P

P

P
V

alv

b
lungeff

bg mv art
b

alv

b

A

( )

[ ] ( )

i
i � i i i �= −( ) −λ 0

 
(4)

P
alv

 is alveolar anesthetic gas partial pressure (atm), P
b
 is 

barometric pressure, V
lungeff

 is effective lung volume, and P
0
 

is standard pressure (1 atm). Effective lung volume V
lungeff

 
is the total gas capacity of the lung, given by V

lungeff
 = V

frc
  

+ V
tave

 + λ
bg 

· V
lungbld 

· P
0
 + λ

lungtiss 
· V

lungtiss 
· P

0
,5,23,29 where V

frc
  

is functional residual capacity (milliliters gas); V
tave

 is time 
averaged tidal volume in the alveolus (for example, one half 
tidal volume for a sinusoidal breathing pattern); V

lungbld
 is the 

lung blood volume; λ
lungtiss

 is the gas solubility in lung tissue; 
and V

lungtiss
 is the tissue volume of the lung. Equation 4 states 

that the time rate of change of the amount of gas in the 
lung is equal to the net delivery by blood into the alveolus 
(positive for elimination since P

mv
 > P

art
) minus removal in 

the gas phase by tidal ventilation.
Two assumptions are commonly made to simplify equa-

tion 4. The first is that alveolar gas and arterial blood, for 
any homogenous lung unit, are equilibrated to the same 
gas partial pressure.4,5,10,11,23,29,42,44,45 The second, applicable 
to later stages of elimination, is the pseudo steady-state 
assumption that the term in brackets (net delivery to the 
alveolus by blood) is approximately equal to the term in 
parentheses (net loss in expired gas).44,45 Therefore, as P

mv
, 

and P
art

 (= P
alv

), are all changing slowly together, the net 
result is that dP

alv
/dt becomes small enough to be neglected, 

and therefore the left term in brackets is approximately 
equal to the right term in parentheses. Equation 4 under 
these assumptions simplifies to the retention equation44,45:

Fig. 2. Hypothetical plots of desflurane washout from tissue to 
illustrate the potential magnitude of the effect of incomplete lung 
clearance on tissue washout kinetics. Tissue desflurane partial 
pressure (scaled to the initial pressure at the beginning of wash-
out) is plotted versus time for a single muscle tissue compart-
ment connected to a normal lung as in figure 1D, and the lung 
maintains constant fractional clearance (1, solid line; 0.7, dashed 
line; 0.4, dotted line; 0.2, dash-dot line) throughout elimination. 
The washout is monoexponential in all cases, with an intrinsic 
muscle time constant (equation 2c) of 19.1 min.
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P

P V
Q P

art

mv A

bg

=
+

1

1
0

�

i � iλ
 

(5)

The retention equation is the underlying basis for the 
multiple inert gas elimination technique that has been 
used successfully hundreds of times in describing lung gas 
exchange.37 During these later stages of elimination, the 
retention (defined as P

art
/P

mv
, the ratio of arterial to mixed 

venous anesthetic partial pressure) is predicted to become 
constant as both P

art
 and P

mv
 continue to change together. 

We refer in this manuscript to these later stages of elimina-
tion as the “retention equation plateau.”

In equations 4 and 5, λ
bg

 is the Ostwald solubility coef-
ficient, and the standard barometric pressure P

0
 of 1.0 atm 

appears in these equations to maintain dimensional con-
sistency. If instead we use the numerically equal value of 
the blood/gas partition coefficient (dimensionless) for λ

bg
, 

equation 5 takes the slightly simpler form:

P

P V
Q

art

mv A

bg

=
+

1

1
�

i �λ
 

(6: retention equation)

Fractional clearance of anesthetic gas from pulmonary 
blood is defined as the fraction of gas removed from mixed 
venous blood and can be expressed as

FrClr
P P

P

P

P
mv art

mv

art

mv

=
−

= −1
 
(7: definition of FrClr)

It is clear that if retention is constant in the latter stages of 
elimination, fractional clearance FrClr will also be constant. 
Fractional clearance can also be expressed by substituting 
the expression in the retention equation for P

art
/P

mv
, and 

rearranging:

FrClr
Q

V
bg

A

=
+

1

1
λ i �

�
 

(8)

This equation for fractional clearance has been presented 
previously.1,2,34,46 Retention and fractional clearance curves 
for a desflurane blood/gas partition coefficient in pig blood 
of 0.4043 are shown in figure 3, with three points on each 
curve corresponding to our experimental values of  

.
V

A
/

.
Q  .  

Figure 3 also shows the retention and fractional clearance 
curves, and the corresponding three points, for sevoflurane 
with a blood/gas partition coefficient in pig blood of 0.48.43

Constant fractional clearance in the later stages of elimi-
nation, where “later” is yet to be defined, will directly affect 
the terminal time constant (often called the “beta” constant 
in pharmacokinetics) for elimination for a single whole-
body compartment interacting with the lungs, as discussed 

above. Substituting the expression for fractional clearance in 
equation 8 into equation 3, we obtain the late stage termi-
nal time constant:

τ
λ
λ

λ
λlate

tg

bg

tiss tg

bg

tissVol

FrClr Q

Vol
=









 =











+

i
i � i

1

1
λλ

λ
λ

λ

bg

A

tg

bg

tiss bg

A

Q

V

Q

Vol

Q

Q

V

i �

�

i �

i � i
i �

�=








 +( )1

 

(9)

This simple connection between lung gas exchange and 
whole-body washout time constant shows that during 
later stages of elimination, lung gas exchange efficiency, 
even for normal lungs with a narrow unimodal 

.
V

A
/

.
Q  

distribution, directly affects the whole-body elimination 
time constant, because incomplete clearance directly 
reduces the effective blood flow that is washing out the 
body compartment. In the rightmost version of equa-
tion 9, the term in left parentheses is recognized as the 
intrinsic tissue time constant from equation 2C. The 
term in right parentheses is the impact of the lung in 
slowing whole body washout, and this impact of the 
lung is determined by (1) the overall lung 

.
V

A
/

.
Q   ratio 

and (2) the blood/gas partition coefficient. Equation 9 
can also be rearranged to more directly show the indi-
vidual roles of cardiac output 

.
Q  and alveolar minute 

ventilation  
.
V

alv
:

Fig. 3. Plots of the retention (defined as Part/Pmv, calculated from 
retention equation; solid lines) and the corresponding fractional 
clearance (1  − Part/Pmv; dashed lines) as a function of venti-
lation/perfusion ratio (  

.
VA/Q

.
) for a gas with blood/gas partition 

coefficient of 0.40 (matching the partition coefficient for des-
flurane in pig blood; in blue) and for a gas with blood/gas par-
tition coefficient of 0.48 (matching the partition coefficient for 
sevoflurane in pig blood; in red). The three points on each curve 
correspond to the mean  

.
VA/Q

.
 ratios in the three conditions of 

our experiments: 0.32, 0.91, and 1.73.
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τ
λ
λ

λ
late

tg

bg
tiss

bg

A

Vol
Q V

=








 +i i � �( )

1

 

(10)

Equation 10 tells us that the direct effect of increased cardiac 
output in speeding the tissue compartment washout (the  

.
Q 

in equation 2C) always dominates over the indirect effect of 
increased cardiac output in decreasing clearance and slowing 
the late-stage whole-body washout (the  

.
Q  in equation 8),  

and therefore the net effect of an increase in cardiac out-
put is to speed late-stage elimination. This result, however, 
is restricted to the assumption of a single body compart-
ment where a change in cardiac output cannot be accom-
panied by a change in the organ level distribution of blood 
flow.2,11,28 Equation 10 also helps to clarify the concepts 
of perfusion-limited elimination and ventilation-limited 
elimination.4,21,44,47 For a gas that has a solubility coefficient 
much greater than 1, or when   

.
V

A
 is much less than   

.
Q ,  

the second term in parentheses will dominate, changes in 
cardiac output will have little effect, changes in ventilation 
will have a large effect, and the late-stage elimination is ven-
tilation-limited. For a gas that has a solubility coefficient 
much less than 1, or when 

.
Q  is much smaller than    

.
V

A
,  

the 1/ 
.
Q term in parentheses will dominate, changes in ven-

tilation will have little effect, changes in cardiac output 
will have a large effect, and the late-stage elimination is 
perfusion-limited.

Early in elimination, in contrast to the later stages of 
elimination, P

alv
 is changing rapidly, and the retention equa-

tion cannot be applied to predict P
art

/P
mv

. Some insight into 
the early stages of elimination can be gained, however, by 
considering the limiting case of an anesthetic gas with a 
solubility in blood approaching zero. For sparingly soluble 
gases, the term describing net delivery in blood in equation 
4 approaches zero, and equation 4 reduces to

d
P

P
V

dt

P

P
V

alv

b
lungeff

alv

b
A

( )

( )

i
i �= −

 

(11: sparingly soluble gas)

For a gas that is sparingly soluble in tissue (λ
tg
 ≈ 0) as well as 

in blood (λ
bg

 ≈ 0), effective lung volume becomes V
frc

 + V
tave

, 
and the differential equation describing washout becomes

d P

dt

V

V V
Palv A

frc tave
alv

( )
= −

+

�
i

 
(12: sparingly soluble gas)

The solution is a monoexponential decay in alveolar partial 
pressure from starting pressure P

i
:

P t P e
V V

Vi

t

frc
frc tave

A

frc( ) = =
+−

i �
τ τ

 
(13: sparingly soluble gas)

For our piglets, functional residual capacity is estimated as 
669 ml by scaling the data of Ludwigs et al.48 to our pig 

weight of 25 kg and linearly interpolating to our set posi-
tive end-expiratory pressure of 5 cm H

2
O. An average tidal 

volume for our experiments, globally for all conditions, 
estimates tidal volume as 268 ml, giving functional residual 
capacity + ½ tidal volume as 803 ml. For the three different 
minute ventilation settings in our experiments, the three 
time courses predicted for alveolar washout for a hypothet-
ical, very low solubility gas are graphed in figure 4. Of note, 
all of the functional residual capacity time constants, even 
for low minute ventilation, are small, with this part of wash-
out completing in about 1 min or less.

For more soluble gases, the approach from P
art

/P
mv

 = 1 to 
the retention equation plateau is not easily predicted with 
simplified models, because the kinetic behavior is governed 
by the behavior of the lung kinetics interacting with the 
tissue kinetics. It can be appreciated qualitatively that the 
approach to the retention equation plateau will be slower 
than predicted by τ

frc
 because gas exiting the alveolus in 

arterial blood speeds the decay, but gas entering from mixed 
venous blood slows the decay, and P

mv
 during elimination 

will be larger than P
art

. More quantitative descriptions would 
require simultaneous solution of both differential equations 
for lung and body tissue (equations 1A and 4), either numer-
ically5,10,11,13,21,23,29,42 or analytically.4,28 Alternatively, the early 
stages of anesthetic washout can be described with experi-
mental data. In the current study, the experimental data for 
P

art
 and P

mv
 from our companion experimental study39 are 

analyzed by calculating the retention at each time point and 
plotting retention versus time.

Graphic and Statistical Analysis of experimental 
measurements

Data for P
art

 and P
mv

 were taken from our companion 
experimental study.39 For each individual animal, and 
each of the three  

.
V

A
/

.
Q conditions, arterial (P

art
) and mixed 

venous (P
mv

) mass spectrometer signals were scaled to that 
individual’s arterial signal at the end of the 45-min anes-
thetic (sevoflurane and desflurane) administration. For each .
V

A
/

.
Q  condition and each subject, the scaled P

art
 was divided 

by scaled P
mv

 to calculate the retention for that individual,  .
V

A
/

.
Q  condition, and time. Then, for each 

.
V

A
/

.
Q  condition, 

P
art

/P
mv

 was averaged for each time over the seven animals, 
99% CIs were determined using the Student’s t distribu-
tion, and values were plotted as means and CIs versus time 
(fig. 5 for desflurane and fig. 6 for sevoflurane). Scaled des-
flurane mixed venous partial pressure means and 99% CIs 
were plotted as spline-smoothed curves on a semi-log plot 
(fig.  7). Desflurane elimination kinetics in mixed venous 
blood from 20 to 45 min were compared to two theoret-
ical monoexponential washout kinetics, the intrinsic time 
constant for the muscle compartment, and the fractional 
clearance–corrected time constant (fig. 7). A similar anal-
ysis for sevoflurane was performed, with a similar plot in 
figure 8. The rationale for focusing on the muscle compart-
ment, when we restrict our attention to the time period 
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from 20 to 45 min, is presented in the appendix. The intrin-
sic muscle compartment time constants (equation 2C, or 
equation 3 with FrClr = 1) were calculated from the fol-
lowing: measured cardiac output times the fractional flow 
to muscle for the Cowles “standard 30-kg dog”23; muscle 
tissue volume from the Cowles 30-kg dog, scaled to our 
pig weight of 25 kg; pig tissue/gas partition coefficients for 
desflurane (0.56) and sevoflurane (1.17) in muscle from 
Zhou and Liu.43; and pig blood/gas partition coefficients 
of 0.40 for desflurane and 0.48 for sevoflurane from Zhou 
and Liu.43 Fractional clearance for the clearance-corrected 
muscle time constant (equation 3) was calculated (equation 
8) from measured cardiac output and alveolar minute ven-
tilation, and λ

bg
 from Zhou and Liu.43

results
Figure  5 shows the time course of calculated P

art
/P

mv
 

(retention)  during desflurane elimination, as means (over 
the seven animals at each time point) and 99% CIs. In all 
three 

.
V

A
/

.
Q   conditions, the values reached the retention 

equation plateau within 5 min. The ratio of scaled P
art

 to 
scaled P

mv
 is initially greater than 1 in all cases, reflecting the 

fact that not all body tissues were completely equilibrated 
at the end of a 45 min administration. The experimental 
values of retention on this retention equation plateau are 
compared graphically to the values calculated from the 
retention equation (applied to the average values of  

.
V

A
/

.
Q of 

0.91, 0.32, and 1.73), with the central section of the graph 
of figure 3 reproduced and aligned to the right of the data 
plot in figure 5.

Figure 6 shows the corresponding analysis for the sevo-
flurane data. There is a similar trend for retentions to reach 
a plateau after the first 2 to 5 min, especially notable in the 
time period from 2 to 10 min. Later time periods in figure 6 
are difficult to interpret; the noise in the sevoflurane data 
becomes large as the signals approach zero late in wash-
out. As a consequence of the mass spectrometer setup and 
the chosen inspired concentrations of sevoflurane and des-
flurane, the signal to noise ratio for the sevoflurane data 
analysis was on the order of 20 to 50 times smaller than 
the corresponding desflurane signal to noise ratios. The 
result is the large error bars, compared to desflurane, in the 
sevoflurane retention plots late in washout, where two very 
small quantities are divided as they both approach zero. The 
very small signal for sevoflurane in late stages of washout 
also makes the calculation of the ratio of two small num-
bers susceptible to systematic, nonrandom measurement 
errors—for example, any small amount of drift in the mass 
spectrometer baseline.

Figure 7 presents the measured P
mv

 values for desflurane 
during elimination, connected by a spline-smoothed curve 
on a semi-log plot (means with 99% CIs). Also plotted are 
the monoexponential washouts (linear on a semi-log plot) 
from the 20-min time point that are predicted for the mus-
cle compartment alone. The more rapid washout (steeper 
slope of a straight line on the semi-log plot; dot-dash line) 
is predicted by the intrinsic time constant of the muscle 
compartment (intrinsic tissue compartment time constant, 
methods), i.e., the washout that is predicted for complete 
lung fractional clearance. The slower linear, monoexponen-
tial washout (solid line) is predicted by the intrinsic muscle 
time constant corrected for the fractional clearance by the 
lung (late-stage effective time constant; see Materials and 
Methods, equation 9). Figure 8 presents the corresponding 
analysis for sevoflurane.

discussion
Our study develops a simplified mathematical model 
of inhaled anesthetic elimination that explicitly shows 
the dependence of elimination on overall lung 

.
V

A
/

.
Q ,  

in contrast to both of the two most prominent previ-
ous approaches to mathematical modeling of elimina-
tion. One prominent approach to previous mathematical 
modeling of elimination has used numerical (or, in early 
studies, analog electrical) solutions to the system of dif-
ferential equations that arise from compartmental mod-
eling.2,5,9–13,21–24,27–29,34,42,49,50 Each compartment included 
in the model (for example, lungs/central, visceral, muscle, 
and fat compartments in a four-compartment model)2,23,42 
is represented by a differential equation, and the resulting 
uptake and elimination curves can be compared to the 
experiment. Because this approach includes a differential 
equation for the lungs, equivalent or identical to equation 4,  
the effect of overall lung 

.
V

A
/

.
Q  is implicitly included. 

The numerical solutions, however, do not provide any 

Fig. 4. Predicted washout of a very low solubility gas from the 
alveolar gas spaces for a normal, homogeneous lung. Alveolar 
gas partial pressure (scaled to the beginning partial pressure) is 
plotted versus time for a fixed effective alveolar volume (func-
tional residual capacity + ½ tidal volume) of 803 ml for our 25-kg 
pigs at 5 cm H2O of positive end-expiratory pressure. The three 
alveolar minute ventilations correspond to the average  

.
VA for our 

experiments (high, 3.7 l/min, dotted line; normal, 2.9 l/min, solid 
line; low, 2.0 l/min, dashed line).

Copyright © 2021, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/135/6/1042/527481/20211200.0-00022.pdf by guest on 19 M
ay 2023



 Anesthesiology 2021; 135:1042–54 1049

 
.
VA/Q

.
 Ratio and Desflurane, Sevoflurane Elimination

baumgardner et al.

equations that explicitly show the functional form of the 
dependence of kinetics on 

.
V

A
/

.
Q  .

Another prominent approach to mathematical modeling 
of washout data is the empiric fitting of kinetic data for P

art
 

(or for P
et
) to sums of multiple exponential terms of the 

form

P A eart i

n

i
k ti=

=
−∑ 1

i i

  
(14)

Terms are empirically added to the model according to 
whether or not they improve the fit of the multiexponen-
tial curve to the data points. Carpenter et al. used five terms 
fit to prolonged (several days) washout data for multiple 
anesthetics.15,16 Because the recovered rate constants k

i
 

were substantially separated in magnitude, it was assumed 
as an approximation that each coefficient A

i
 and rate con-

stant k
i
 corresponds to a distinct tissue group, resulting 

in the five-compartment model15–18 for anesthetic elim-
ination: lungs/central compartment, vessel-rich group, 
muscle group, fat group, and the “fourth compartment,” 
attributed to intertissue diffusion.1,15–18 Earlier work inter-
preted uptake kinetics in a similar way for a four-compart-
ment model.7

The lungs/central compartment has the fastest kinetics 
compared to all the other compartments, and it has been 
assumed as an approximation7,15–18 that after the early period 
of washin or washout, the role of the lungs in later stages 
of kinetics can be neglected. The expectation is then that 
the empirically recovered time constants for each com-
partment (the time constants τ

i
 = 1/k

i
) should reasonably 

match the intrinsic tissue time constants7,15–18 as calculated 
from the equation for “intrinsic tissue compartment time 
constant,” equation 2C in the Materials and Methods. Our 
study shows that this concept is incorrect. The lung overall  .
V

A
/

.
Q  ratio, and more specifically the dimensionless param-

eter group  
.
V

A
/ ( λ

bg

.
Q ), continues to directly influence the 

terminal elimination constant for the entire elimination. 
During these later stages of elimination, it is true that the 
influence of  V

frc
/ 

.
V

A
 kinetics has decayed to a negligible 

role. The fractional clearance, however, takes on a constant 
value and plays a major role in modulating the intrinsic 
tissue time constants to determine the overall late-stage 
kinetics.

Figures  7 and 8 illustrate several features of late-stage 
desflurane and sevoflurane washout. First, although there is 
still some curvature in the time period from 20 to 45 min, 

Fig. 5. experimental measurements of Part/Pmv (retention, defined as anesthetic gas partial pressure in arterial blood/anesthetic gas partial 
pressure in mixed venous blood) for desflurane, plotted versus time for the three ventilation/perfusion ratio (  

.
VA/Q

.
) conditions as means and 

99% cIs for the seven animals. High  
.
VA/Q

.
, dotted line and open squares; normal  

.
VA/Q

.
, solid line and filled circles; low  

.
VA/Q

.
, dashed line and 

open circles. For comparison to theoretical calculations of retentions for each condition (the retention equation applied to mean  
.
VA/Q

.
 for that 

condition), the middle section of the retention curve from figure 3, for desflurane, is reproduced and aligned to the right of the experimental 
data plots.
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Fig. 6. experimental measurements of Part/Pmv (retention, defined as anesthetic gas partial pressure in arterial blood/anesthetic gas partial 
pressure in mixed venous blood) for sevoflurane, plotted versus time for the three ventilation/perfusion ratio ( 

.
VA/Q

.
) conditions as means and 

99% cIs for the seven animals. High  
.
VA/Q

.
, dotted line and open squares; normal  

.
VA/Q

.
, solid line and filled circles; low  

.
VA/Q

.
, dashed line and open 

circles. To separate the overlapping cIs, at each time point the three means and cIs are plotted with a slight time offset. For comparison to 
theoretical calculations of retentions for each condition (the retention equation applied to mean  

.
VA/Q

.
 for that condition), the middle section of 

the retention curve from figure 3, for sevoflurane, is reproduced and aligned to the right of the experimental data plots.

Fig. 7. Scaled desflurane mixed venous partial pressure means and 99% cIs for the seven animals, plotted with a smoothed spline curve on 
a semi-log plot (dashed line, open circles). ln(Scaled Pmv) is the natural logarithm of the scaled mixed venous partial pressure Pmv. Also plotted 
are the monoexponential washouts, from the time = 20 min point, predicted by a single muscle compartment connected to the lungs, for the 
intrinsic muscle group time constant (dot-dash line) and for the effective, or clearance-corrected (Frclr-corrected), time constant (solid line).   .
VA/Q

.
, ventilation/perfusion ratio.
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the washout during this time is a close approximation to 
a monoexponential washout that would plot as a straight 
line on a semi-log plot. This is consistent with the antic-
ipation that this period of washout can be approximately 
represented by a single muscle compartment connected to 
the lungs, as described in the appendix. Second, the clear-
ance-corrected time constant for a monoexponential mus-
cle compartment washout is generally a better predictor 
of the experimental data than the intrinsic time constant, 
supporting our point that incomplete lung clearance slows 
washout during the entire elimination. Third, the clear-
ance-corrected time constant makes a very good prediction 
of the experimental washout kinetics. This fit of theory to 
experimental data is striking, considering that this match 
did not use any adjusted parameters for “best fit.” Finally, 
the correction for lung clearance makes little difference 
when lung fractional clearance approaches 1.0 (figs. 7C and 
8C, high 

.
V

A
/

.
Q  ), i.e., when 

.
V

A
/

.
Q  is high and/or solubility 

is small. When clearance is not close to 1.0, however, the 
uncorrected washout time constant substantially overesti-
mates the speed of washout (figs. 7B and 8B, low 

.
V

A
/

.
Q  ).  

Of note, desflurane and sevoflurane are two of the least sol-
uble inhaled anesthetics. These effects will be even more 
pronounced for higher solubility gases.

The dimensionless group 
.
V

A
/ ( λ

bg

.
Q ), highlights two 

important factors in anesthetic elimination: the role of over-
all lung  

.
V

A
/

.
Q , and the role of the blood/gas partition coef-

ficient. Even for normal lungs with efficient gas exchange 
for oxygen and carbon dioxide, and a narrow unimodal .
V

A
/

.
Q  distribution, the overall lung  

.
V

A
/

.
Q  ratio has a direct 

effect on anesthetic elimination kinetics. In general, higher .
V

A
/

.
Q  ratios produce higher fractional clearance in the lung 

(fig. 3) and therefore less slowing of tissue washout kinetics 
(equation 9 for τ

late
).

It has been taught intuitively for many years that lower 
blood gas solubility leads to faster overall uptake and elim-
ination kinetics,1–3,6,9–11,13,24 a fact completely consistent 
with experimental data,6,14–20,23,24 mathematical models of 
kinetics solved numerically2,5,9–11,13,23,24,34 or analytically,4,28 
and routine clinical experience. Surprisingly, however, it is 
hard to find in previous literature any equation that directly 
shows a connection between the overall terminal elimina-
tion time constant and blood gas solubility. Equation 9 for 
τ

late
 directly makes a connection between the beta elimi-

nation half-life in the later stages of elimination, and blood 
gas solubility.

Our two companion studies, i.e., the current model-
ing study and the experimental study that provided the 
data for analysis, have several limitations. First, the current 
study was an exploratory post hoc analysis of a subset of a 
larger data set. This type of analysis is recognized as a way 
to generate hypotheses, but is not appropriate for testing 
of hypotheses. Second, we did not perform a complete 
factorial design with three levels each of cardiac output 
times three levels of ventilation. Rather, our experiments 
explored a limited subset of all nine possible conditions, 
with cardiac output and ventilation both changing between 
conditions. Third, cardiac output was varied in the desired 
directions, but there was no way to assess or influence the 
distribution of blood flow that could have accompanied 
these changes. Redistribution of blood flow between body 
compartments can impact elimination kinetics beyond the 
change in cardiac output alone. Both of the maneuvers to 
manipulate cardiac output (dobutamine to increase cardiac 

Fig. 8. Scaled sevoflurane mixed venous partial pressure means and 99% cIs for the seven animals, plotted with a smoothed spline curve 
on a semi-log plot (dashed line, open circles). ln(Scaled Pmv) is the natural logarithm of the scaled mixed venous partial pressure Pmv. Also 
plotted are the monoexponential washouts, from the time = 20 min point, predicted by a single muscle compartment connected to the lungs, 
for the intrinsic muscle group time constant (dot-dash line) and for the effective, or clearance-corrected (Frclr-corrected), time constant (solid 
line).   

.
VA/Q

.
, ventilation/perfusion ratio.
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output; atrial obstruction to decrease cardiac output) could 
have changed distribution of flow as well as total flow. 
Additionally, both hypocarbia and hypercarbia can change 
the blood flow distribution. Fourth, an optimal condition 
for studying the kinetics of anesthetic elimination would 
be a starting point of complete equilibration of all of the 
body tissues to the same anesthetic partial pressure. Our 
45-min administration obviously did not completely 
equilibrate all body tissues. Fifth, we did not directly mea-
sure the 

.
V

A
/

.
Q  distributions in our piglets. Previous mea 

surements of  
.
V

A
/

.
Q  distributions in this model, however,  

have demonstrated normal distributions with a single nar-
row 

.
V

A
/

.
Q   mode, minimal shunt, and minimal alveolar dead  

space.36 Based on the close matching of   
.
V

A
 and  

.
Q    for 

normal lungs, our mathematical model further makes the 
approximation that matching between  

.
V

A
  and  

.
Q   is perfect,  

i.e., that the distribution is a single, idealized spike in both  .
V

A
 and  

.
Q  . Finally, in the interests of arriving at relatively 

simple equations for kinetic time constants, we recognize 
that many approximations were made that do not represent 
the full complexity of anesthetic kinetics. In particular, rep-
resentation of the whole body with a single time constant 
does not address the known complexity of multiple tissues 
and multiple compartments.

conclusions

The ratio of alveolar minute ventilation, 
.
V

A
, to cardiac out-

put, 
.
Q  , influences the kinetics of inhaled anesthetic elimi-

nation throughout the entire elimination. After a brief and 
rapid decline in alveolar anesthetic partial pressure, the frac-
tional clearance of anesthetic by the normal lung becomes 
constant, and incomplete clearance from the lung slows the 
anesthetic washout from tissues. The increase in the elim-
ination time constant for body tissues is a function of the 
dimensionless group  

.
V

A
/ (λ

bg
 
.
Q  ) that combines 

.
V

A
,  

.
Q ,  and 

the blood/gas partition coefficient λ
bg

. Slowing of tissue 
elimination by incomplete lung clearance becomes more 
pronounced at low 

.
V

A
/

.
Q  ratios, and is predicted to become 

more pronounced as blood/gas solubility increases.
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appendix

rationale for the Approximation that the 20- to 45-min 
Washout Period reflects a Single compartment, the 
muscle compartment, connected to the Lung

The functional residual capacity–dominated early time 
constant produces a very rapid early decrease in desflurane 
and sevoflurane elimination, decaying in less than 5 min as 
shown by the rapid approach to the retention equation pla-
teau for all 

.
V

A
/

.
Q   (figs. 5 and 6). The visceral group time con 

stant can be estimated from Cowles et al.23 and Mapleson's 
data5 on compartment volumes and fractional flows, com-
bined with tissue partition coefficient data for the vari-
ous central organs from Zhou and Liu.43 We estimate, for 
desflurane, in our pigs the intrinsic visceral time constants 
for the normal, low, and high 

.
V

A
/

.
Q  conditions, respectively,  

at 2.5, 1.3, and 3.7 min, and the clearance-corrected time 
constants at 3.5, 2.8, and 4.5 min. The corresponding esti-
mates for sevoflurane for intrinsic visceral time constants 
are 3.8, 1.9, and 5.7 min, and the clearance-corrected time 
constants are estimated as 5.8, 4.8, and 7.3 min. Thus, after 
the first 20 min of elimination and approximately two to 
three effective visceral group time constants, the low arte-
rial partial pressures (figs.  2 through 5 of the companion 
manuscript39) will be roughly matched in venous visceral 
blood with low venous partial pressures, and the visceral 
group will contribute little to the mixed venous washout 
kinetics. That leaves the muscle and fat groups (and possibly 
the intertissue diffusion group). Fat fractional flow, however, 
is about one tenth of the muscle fractional flow, limiting 
its contribution to mixed venous partial pressures. In addi-
tion, in our experiment, fat was very poorly equilibrated 
after 45 min, making it even less effective as a gas source for 
the mixed venous blood. It is therefore reasonable that the 
washout during 20 to 45 min is approximately monoexpo-
nential, since the washout is approximately described by a 
single muscle compartment.
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