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Prologue and Objectives of the Thesis 
For more than 100 years now, potent inhaled anesthetics have been administered to provide 

general anesthesia. The mechanism of action of these agents remains elusive until today. Having been 
a closed-circuit anesthesia enthusiast since the early days of my anesthesiology career, I had been 
trying to inject liquid anesthetic into a circle system according to Lowe and Ernst’s square root of time 
model. When my administration rates were different from those predicted by the Lowe and Ernst 
model, I thought that I did something wrong because I firmly believed that the model was right. 
During my residency at the University of Pittsburgh (Pittsburgh, PA, USA), I went back to my 
anesthesia “roots” in the Sint-Elisabeth Hospital (Turnhout, Belgium), and started to actually measure 
isoflurane and desflurane uptake during closed-circuit anesthesia using liquid injection in a circle 
system. I was unable to reproduce the model of Lowe and Ernst. Could it be true that after 100 years 
we didn’t even know with accuracy how much of these agents is taken up by the body? Had 
complexities been overlooked? That’s what the first part of this thesis addresses: what is the uptake of 
these agents? Over the last thirty years, two uptake models have dominated the anesthesia literature (1-
4). In 1974, Eger published “Uptake and distribution”, in which uptake is described by a 4 
compartment model (5). In 1981, Lowe and Ernst published “The Quantitative Practice of Anesthesia 
– use of Closed Circuit” (6), and developed the square root of time model of anesthetic uptake. The 
work by Lowe and Ernst and Eger cannot be given enough credit, because it greatly enhanced our 
understanding of the pharmacokinetics of potent inhaled anesthetics. However, it needs to be placed in 
the proper context of the time during which these researchers conceptualized their ideas. Eger made 
use of surfacing computer technology to solve his mathematical model and used it to describe the rate 
of equilibration of various compartments as a result of changes in ventilation and circulation at 
constant inspired anesthetic concentrations (6,7). Lowe and Ernst developed the square root of time 
model after they had been able to measure blood/gas and tissue solubilities of potent inhaled 
anesthetics using flame ionization (8). Multigas analyzers were unavailable at the time. While these 
models prevail in major anesthesia textbooks, good clinical data attesting to their validity remained 
scarce: these models started to live a life on their own (1-3).  

While at first glance anesthetic uptake and uptake patterns might seem esoteric to the clinical 
anesthesiologist, the uptake pattern nevertheless greatly influences the way we administer these potent 
drugs. Along with other factors, the uptake pattern determines the general anesthetic equation. The 
general anesthetic equation describes the vaporizer settings required to attain and maintain a constant 
end-expired concentration with any fresh gas flow. A complex uptake pattern would make the practice 
of administering these drugs with low fresh gas flows quite challenging, as we would have to 
constantly change the vaporizer according to a more or less complex mathematical function. Indeed, 
the uptake pattern becomes of greater relevance when lower fresh gas flows are used, because 
coupling between the expired and inspired mixture increases due to rebreathing: the lower the fresh 
gas flow, the more the lower expired concentration will dilute the delivered mixture, hence the more 
the uptake pattern will be reflected in the vaporizer settings (or liquid injection rate, if liquid injection 
is used). At the lower extreme of this “anesthetic continuum”, closed-circuit anesthesia, the amount of 
gases and vapor added to the circle system equals the amount of gases and vapor that leave the system 
(= anesthetic uptake, gas sampling, and leaks). There is, however, a lack of good clinical human data, 
especially with the modern inhaled agents. Rather than developing increasingly complex models (18 
compartmental and beyond), we opted to explore uptake patterns. With other authors (Lin and Lerou), 
we believe that the more complex “exponential function of the time” models may have been one of the 
factors that may have discouraged many anesthesiologists to use lower fresh gas flows (9,10).  
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O2/N2O and O2/air mixtures are used as the carrier gas for potent inhaled anesthetics at reduced 
fresh gas flows. Again, few human data are available on the pharmacokinetics of these gases when 
they are administered at reduced fresh gas flows via a circle system. We also examined how N2O 
affects the general anesthetic equation of potent inhaled anesthetics and how O2/air mixtures behave in 
a circle system. 

Lowe and Ernst also used computer simulations to describe recovery and to develop the so-called 
“coasting technique”. According to Lowe and Ernst, the decay of the end-expired concentration of an 
inhaled anesthetic in a closed circuit (coasting) follows a predictable course if the end-expired 
concentration has been maintained constant prior to the coasting period, and depends on the duration 
of the anesthetic. This is analogous to the concept of context-sensitive half-times of intravenous 
anesthetics. Again, experimental verification has been virtually non-existent. On the contrary, 
computer simulations were recently used to describe decrement times of potent inhaled anesthetics in 
one of the major anesthesiology journals (11). Because one should urge caution to extrapolate 
computer simulations to the clinical setting (12), we clinically determined coasting times for 
procedures up to 100 min. 

 
Summarized, this thesis constitutes - to a large extent - a reappraisal of Lowe and Ernst’s work, 

the Quantitative Practice of Anesthesia, described by Duncan A. Holaday as “an exhaustive treatise on 
the full spectrum of interactions between patient uptake and the anesthetic circuit… that… deals 
quantitatively with all factors influencing the delivered concentration required to maintain a constant 
alveolar concentration with fresh gas flows varying from total rebreathing to no rebreathing” (6). We 
have the advantage of studying modern inhaled anesthetic agents with modern administration and 
monitoring tools, enabling us to better test and refine many of the ideas promulgated by these authors. 
The thesis addresses the following questions:  

1. What is the uptake pattern of modern inhaled anesthetics? How well do the square root of time 
model and the four compartment model predict uptake of modern inhaled anesthetics in 
humans? 

2. What does the general anesthetics equation of modern inhaled anesthetics look like? How do 
they differ between agents? Do the vaporizer settings differ from the predictions by the square 
root of time model and the four compartment model? Can the obtained pharmacokinetic 
parameters help us develop new administration schedules? What are the pharmaco-economical 
implications?  

3. What happens when O2/N2O and O2/air mixtures are introduced in a circle system at reduced 
fresh gas flows?  

4. What are the context-sensitive half-times (coasting times) of inhaled anesthetics? Could 
coasting be used clinically?  

 
The results were intriguing and surprising to us, and their clinical implications and applications proved 
very rewarding. We hope you will enjoy our exciting trip through “ gas land ” and eagerly await your 
comments and criticisms.  
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Abbreviations 
 
ASA American Society of Anesthesiologists  
BSA body surface area 
Ca arterial concentration  
CCA closed-circuit anesthesia 
CCALI closed-circuit anesthesia liquid injection  
CDagent cumulative dose (integral) of an agent  
CI cardiac index 
CNS  central nervous system  
CO cardiac output 
COHb carboxyhemoglobin 
EtX or XEt end-expired concentration of gas X 
F fraction of a gas or vapor 
 also used to denounce “concentration”, expressed in % 
FA alveolar fraction or concentration  
FD or FDel delivered fraction or concentration 

context in which it is used is important – may refer to vaporizer dial setting or to actual 
concentration at the common gas outlet 

FE end-expired fraction or concentration  
FG fat group 
FGF fresh gas flow 
FI inspired fraction or concentration 
FRC functional residual capacity  
GAEq general anesthetic equation 
LFA low-flow anesthesia (total FGF of 1000 mL/min) 
MAC minimal alveolar concentration 
MFA minimal-flow anesthesia (total FGF of 500 mL/min) 
MG muscle group 
QO organ blood flow 
SpO2 oxygen saturation (pulse oximetry) 
SqRT square root of time 
Vagent rate of uptake (derivative) of an agent 
VO organ volume  
VPG vessel poor group 
VRG vessel rich group 
√t or t1/2 square root of time 
4C four compartment  
5C five compartment 
λ partition coefficient 
λB/G blood/gas partition coefficient 
λT/G tissue/gas partition coefficient  
λT/B tissue/blood partition coefficient  
τ time constant 
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1. Introduction 
This chapter serves as an introductory chapter for this thesis, providing the reader with a very brief 

review of the possible mechanisms of action and with the physicochemical and pharmacological 
properties of potent inhaled anesthetics. By necessity, this approach implies simplification. Only those 
agents used in the clinical studies of this thesis (halothane, isoflurane, desflurane, sevoflurane, and 
nitrous oxide) are discussed, in particular those aspects that are relevant to the “quantitative 
anesthesiologist”.  

Despite much research, the molecular mechanisms of action of general anesthetics remain 
incompletely understood. The anesthetic state is a change in the response of the intact animal or human 
to external stimuli, and therefore in vitro studies are difficult to link to the anesthetic state in vivo. 
There is no apparent relation between molecular structure of general anesthetics and effect: structures 
range from steroids to elemental xenon. This suggests that there are several mechanisms of anesthesia 
rather than one unitary theory of anesthesia. Also, inhaled anesthetics work at relatively high 
concentrations when compared to other drugs, and therefore specific interactions with receptors are 
unlikely, or could occur with very low affinity, which makes this area difficult to study (1). 
 
2. Definition of anesthesia 

General anesthesia has been defined as a drug-induced change in behavior or perception; it is a 
reversible, drug-induced depression of the CNS resulting in the loss of response to external noxious 
stimuli with unconsciousness and amnesia (1). By lack of a more specific definition, anesthesia has 
been described by quoting its components, called the “4 A’s” of general anesthesia: Amnesia (with 
loss of consciousness or hypnosis), Analgesia, Akinesia (skeletal muscle relaxation) and Attenuation 
of autonomic responses and sensory reflex blockade (2).  
• Akinesia: has to be part of the anesthetic state to allow surgery to be performed. It is becoming 

evident that akinesia is obtained more at the level of the spinal cord than at the level of the brain 
(3,4). 

• Awareness, memory: these are mainly cortical processes, but spinal and supra-spinal systems 
interact (e.g. pain will increase vigilance and awareness) (5). The MAC to suppress movement 
(spinal) is higher than that to suppress memory (supraspinal) (3,4). 

• Analgesia and control of autonomic response may not be essential or necessary components, 
because “pain” is a conscious experience, and because moderate increases in heart rate and blood 
pressure are not harmful to many patients (5). 

 
3. The MAC-concept: a means to quantify anesthetic potency (1,6) 

In humans, the MAC, or Minimal Alveolar Concentration, is that alveolar concentration of an 
inhaled anesthetic at which 50 % of the patients do and 50% of the patients do not move on incision 
after a period of equilibration to ensure that the alveolar concentration reflects the brain concentration. 
It is a measure of potency of inhaled anesthetics, and allows comparison of many of the properties of 
different inhaled agents. The MAC concept has been elaborated upon:  
- MAC awake: voluntary response to verbal command in 50% of patients (7)  
- 1.3 MAC or “AD95”: prevents movement on incision in 95% of patients (8) 
- MAC-BAR: blocks adrenergic response in 50% of patients (9) 

 



Brief review of the mechanisms of action, and physicochemical and pharmacological properties of inhaled 
anesthetics 

17 

It is clear that varying stimuli require different concentrations of the inhaled anesthetics to prevent 
a clinical response. Numerous factors affect the MAC, and these have been described in extenso 
elsewhere (6,7). To enable us to study uptake patterns of inhaled anesthetics presented in this thesis, 
MAC values used in our studies had to be considered to be the same in all patients. The MAC values 
we chose were: halothane 0.75%; isoflurane 1.15%; desflurane 6.0%; and sevoflurane 2.0%.  

 
4. Mechanism of action (10-12)  

Because it remains unclear which anesthetic agent (inter)action leads to what kind of change in 
what part of the membrane affecting the function of which neurotransmission system in which part of 
the neuron located in which site of the central nervous system relevant to what part of the anesthetic 
state, many authors have considered it useful to approach the mechanism of action of inhaled 
anesthetics by describing what happens at each level of signal processing throughout the CNS (1, 10-
12) (table 1.1): 

(a) there are many possible molecular targets for inhaled agents, but it remains unclear which ones 
are relevant to the general anesthetic state; 
(b) whether a neuron fires depends on how the excitatory, inhibitory and modulatory inputs are 
connected: neuronal networks determine the ultimate response;  
(c) while general anesthesia could result from interruption of nervous system activity at many 
levels (spinal cord, brain stem, and cerebral cortex) (1), there is no good definition of 
"consciousness", neither neuro-anatomically nor neuro-physiologically (11). 
 
It is thus impossible to link molecular sites of action with mechanisms responsible for the state of 

"anesthesia" (11), and even though attempts are being made to use e.g. mathematical neural models to 
link anesthetic modulation of ion channel activity with overall systems level behavior (13), there is as 
of yet no comprehensive theory in sight.  
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Table 1.1. Mechanisms of action of inhaled anesthetics.  

Anatomic level Site of action Comments 

Macroscopic Central nervous system Interference with reticular activating system may 
result in unconsciousness. 
Interference with cerebral cortex may affect memory 
and awareness. 

 Brain vs. Spinal Cord  Anesthetics disrupt transmission throughout CNS; 
decerebration does not alter MAC. 
Spinal cord is most important for determination of 
MAC (= immobility after stimulus). 

Microscopic Axons vs. Synapses 5-10 times higher concentrations needed to block 
axonal transmission. 

 Excitatory vs. Inhibitory synapses Anesthetics may block excitatory and enhance 
inhibitory transmission. 

Molecular Presynaptic vs. postsynaptic Anesthetics may alter presynaptic neurotransmitter 
release (via changes in intracellular Ca++?) and 
modify flow of ions through postsynaptic channels. 

 Membrane Meyer-Overton rules implies hydrophobic site of 
action. 
Critical volume hypothesis purports anesthetic action 
via membrane expansion. Possible importance of 
membrane/aqueous interface. 

 Lipid vs. Protein Lipid fluidization theories cannot account for the 
production of the anesthetic state. Evidence 
accumulating for direct binding of anesthetics to 
“excitable” membrane proteins. 

Adapted from Koblin DD: Mechanisms of action, Anesthesia, 4th edition. Edited by Miller RD. New York, 
Churchill Livingstone, 1994, pp 48-73 [p 69]  
 
 
A. Macroscopic level  

At a macroscopic level, we can consider 3 potential sites of action for general anesthetics: the 
spinal cord, the reticular activating system in the brain stem, and the cerebral cortex. 
• Spinal cord: obviously anesthetic action at the level of the spinal cord does not explain amnesia or 

unconsciousness, but it does explain the inhibition of (motoric) responses to noxious stimulation. 
Indeed, anesthetic actions at the level of the spinal cord are the basis of the determination of MAC. 
Studies using decerebrated rats and selective brain and spinal cord perfusion in the goat indicate 
that immobility is mainly spinally mediated (3-5). Some volatile polyhalogenated agents that 
should behave as anesthetics based on the Meyer-Overton rule (see below) do not produce 
anesthesia: some are “nonimmobilizers” (they do not suppress movement as defined by the MAC 
concept) but could possibly cause amnesia, while other are convulsants rather than anesthetics 
(10). The amnestic effect of some of the nonimmobilizers suggests that a key selectivity factor 
present at the site mediating immobility is lacking in the site mediating anesthesia.  

• Reticular Activating System: there is a diffuse collection of brain stem neurons that is involved in 
consciousness. Anesthetic action at this level could influence the information transfer through the 
brain stem. However, the reticular activating system can be largely ablated without eliminating 
awareness (1). 
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• Cerebral cortex: this is the site of integration, storage, and retrieval of information, and therefore 
most likely (1 [p. 120]) is the basis for awareness and memory. Others would argue the 
hippocampus is crucial. 

 
In conclusion, there is no basis for identifying a single anatomic site responsible for anesthesia. 

Different anesthetic endpoints may have different anatomic sites of action: a supraspinal site involved 
in the production of amnesia and a spinal site involved in the prevention of movement to noxious 
stimuli (16). Researchers have therefore looked for other unifying principles in anesthetic action, 
namely common cellular and molecular targets that may have wide anatomic distribution, explaining 
the ability of anesthetics to affect nervous system function in an anatomically diffuse manner (1). 
 
B. Microscopic (cellular) level  

Inhaled anesthetics inhibit vital CNS functions by altering pattern-generating neuronal circuits 
(e.g. respiratory pattern generators in the brain stem, motoric pattern generators in the spinal cord [5]), 
neuronal excitability, and synaptic function (1). Clinical concentrations of inhaled anesthetics can 
depress, leave unchanged, or enhance presynaptic neurotransmitter release and the postsynaptic 
response. Higher concentrations are needed to block axonal than synaptic transmission, suggesting the 
synapse to be the more relevant site of action, but even a small decrease in action potential propagation 
could decrease the amount of neurotransmitter secreted at the synapse (9). 
 
C. Molecular level  

About a century ago, Meyer and Overton discovered that the potency of an inhaled anesthetic 
correlated with its solubility in olive oil (fig. 1.1). This suggested that all anesthetics act at the same 
molecular site (unitary theory of anesthesia), and that this site has to be hydrophobic in nature. This 
might suggest that the molecular site of action of these anesthetic compounds is located in or around a 
lipid region, such as the lipid bilayer of biological membranes. The actual site of action is probably not 
the lipid bilayer of biological membranes itself; it actually may be more related to the lipid portion of 
excitable membrane proteins, more specifically hydrophobic pockets of these proteins. This is 
indicated by the fact that even better correlations were found between potency and the octanol:water 
partition coefficient. This suggested the site to be amphipatic, having both polar and non-polar 
characteristics.  
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Figure 1.1. The Meyer-Overton rule: the product of the MAC of an anesthetic agent and its solubility in olive oil is 
constant. Adapted from Tanifuji Y, Eger EI II, Terrell RC: Some characteristics of an exceptionally potent inhaled 
anesthetic: thiomethoxyflurane. Anesth Analg 1977: 56:387-390. Reprinted with permission. 

 
There are several possible molecular targets that anesthetics might interact with to produce their 

effects on the function of ion channels and other proteins. Schematically, a few broad categories 
emerge from the literature (12):  
 
1. Lipid theories: anesthetics molecules dissolved in the lipid bilayer cause a change or “perturbation” 
in one ore more physical properties of the membrane.  
• critical volume hypothesis or membrane expansion theory: anesthesia occurs when a hydrophobic 

phase expands beyond a critical amount 
Note: this is an interesting approach from the point of view of the “quantitative anesthesiologist”. It suggests 
that at equal MAC, a similar number of molecules are needed to lead to the same degree of volume 
expansion. Because the product of MAC and an agent’s solubility in olive oil is more or less constant, 
differences in whole body uptake between agents at equal MAC values would therefore only be caused by 
differences in H2O solubility of the agent (17). 

• lipid phase transition: lipids can separate in the plane of the lipid bilayer and disturb crystalline/gel 
transition of lipids around proteins 
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• membrane disordering: by disordering the closely packed parallel array of lipid molecules fluidity 
is increased 

2. Protein theories: while anesthetics can directly interact with hydrophobic pockets on proteins, and 
while examples of stereoselectivity exist that support direct binding of inhaled agents to proteins, the 
examples currently known bare no direct relevance to the state of anesthesia (either the required 
concentration is too high or the proteins are irrelevant to anesthesia). 
• specific interaction: e.g. Xe binds myoglobin, halothane binds adenylate kinase  
• non-specific interaction: e.g. halothane binds luciferase 
• a major argument in favor of this theory is the stereospecificity of certain anesthetics, which 

strongly suggests interaction with proteins.  
3. Excitable membrane proteins: most favored theory at this time. 
• lipid and protein theories only model certain aspects of the real sites of general anesthetic action: 

the excitable membrane proteins (see next paragraph for details). 
 

In summary, while the Meyer-Overton rule suggested that the molecular site of action of these 
anesthetic compounds is located in or around a lipid region, such as the lipid bilayer of biological 
membranes, this may not be the entire picture. Indeed, anesthetics may rather interact with the 
hydrophobic pockets of proteins that are located within the lipid bilayer of membranes.  
 
D. Anesthetic actions on ion channels (11) 

Many potential targets and interactions can be described at the molecular level. The possible 
combinations of anesthetic agents (not only inhaled agents), neurotransmitter systems, second 
messenger, and receptors are enormous, and have been presented using a “periodic table of molecular 
elements in anesthesia” (table 1.2). It is both a “daunting task” to evaluate all of these possibilities and 
unclear which are relevant to the structures responsible for the state of “anesthesia”. It has nevertheless 
become clear that anesthetics may act by several molecular mechanisms at several sites within the 
central nervous system (multisite or degenerate theories) rather than that one molecular mechanism 
exists (e.g. Meyer-Overton, GABA receptors) (unitary theory) because no effect is common to all 
synapses and all anesthetics.  
 

Significant interference with voltage-dependent ion channels requires higher concentrations than 
those to produce anesthesia, and therefore interest has been aimed at the ligand-gated ion channels as 
the site of action of not only volatile but also intravenous anesthetics (18). More specifically, the 
GABAA receptor, a ligand-gated ion channel, up until recently was considered to be a very likely site 
of action of volatile anesthetics and, with greater certainty, intravenous anesthetics such as thiopental, 
propofol, etomidate, and the neurosteroids (19). However, anesthetics such as cyclopropane do not 
have this effect on the GABAA receptor, and genetically modified rats lacking components of the 
GABAA receptor are still anesthetized by normal concentrations of inhaled anesthetics. Ketamine 
probably acts through a completely different mechanism (inhibition of glutamate receptors), 
suggesting that there are at least several molecular mechanisms of anesthesia. More recently, however, 
the role of ion-channels has been seriously questioned (20). 
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Table 1.2. Periodic table of molecular elements in anesthesia (11). 
ELG* ILG*                     INR* JUN* VLG* MIS* ENDO Inert 

5HT3                                 He 

ATP Rya                     ATP-i CON Ca MEC NO Ne 

AMPA InsPI3       IUPHARM  receptors       G/Ach   Cl MIT CO Ar 

NMDA cAMP mAch Ade Adr Ang Bra Can Che Cho Cor Dop Kir   Ke NUC CO2 Kr 

nAch cGMP End EAA HIS 5-HT Mic Mit Neu Nuc Opi Pros lfhQ   Kv OSM End Xe 

GABAA CFTR   Prot Som VIP Oxy               Na SYN Enk Rn 

GLY Kca                   Bil             

                                    

  Gas N2O Eth Chl Hal Enf Iso Des Sev Cyc Div MXF Flx Etc tcE Alc   

  I.V. Thi Amo mHx Pro Eto Ket Mid Flu Fro Mor Fen Rem Coc Lid Bup   

 
The possible combinations of anesthetic agents (not only inhaled agents), neurotransmitter systems, second messenger, and receptors is 
enormous. The table contains the molecular components involved in anesthetic action, including the inhaled agents (Gas), the intravenous 
anesthetics (I.V.), endogenous compounds (ENDO), noble gases (Inert), receptors as defined by the International Union of Pharmacology 
(IUPHAR) and ion channels as originally defined by the Ion Channel Network, including extracellular ligand-gated (ELG), intracellular 
ligand-gated (ILG), inward rectifying potassium (INR), junctional (JUN), voltage-gated (VLG), and miscellaneous (MIS) ion channels.  
 
Gas: (from left to right) nitrous oxide, diethyl ether, chloroform, halothane, enflurane, isoflurane, desflurane, sevoflurane, cyclopropane, 
divinyl ether, methoxyflurane, fluroxene, ethyl-chloride, trichloroethylene, alchol. I.V.: (from left to right): thiopental, amobarbital, 
methohexital, propofol, etomidate, ketamine, midazolam, flunitrazepam, droperidol, morphine, fentanyl, remifentanil, cocaine, lidocaine, 
bupivacaine. ENDO: (Top to bottom) nitric oxide, carbon monoxide, carbon dioxide, endorphin, enkephalin. Ion channels (from the top of 
each column): ELG: 5-HT3, ATP-gated (P2X), AMPA, and kainate, NMDA glutamate receptor, nicotinic Ach receptor, GABAA receptor, 
glycine receptor. ILG: ryanodine, InsP3-sensitive Ca2+-release receptor, cAMP-activated cation channel, cGMP-activated cation channel, 
CFTR channel, Ca2+-activated K+ channel. INR: ATP-inhibited K+ channel, G/Ach muscarinic-activated K+- channel, Kin inwardly rectifying 
K+ channel, Ifhq native hyperpolarization-activated cation channel. JUN: connexins. VLG: Ca2+ channel, Cl- - channel, Ke (Keag, KELK, Kerg), 
ether a-go-go K+ channel, Kv delayed rectifier K+ channel, Na+ channel. MIS: mechanosensitive channel; mitochondrial membrane channel; 
nuclear membrane channel; aquaporins; synaptophysin channel. IUPHAR receptors: Left to right, first row: muscarinic Ach receptor; 
adenosine receptor, adrenoreceptor, angiotensine receptor, bradykinin receptor, cannabionoid receptor, chemokine recptor, cholecystokinin 
receptor, corticotropin-releasing factor receptor, dopamine receptor; Left to right, second row: endothelin receptor, excitatory amino acid 
receptor, histamine receptor, serotonin receptor, melanocortin receptor, melatonin receptor, neuropeptide Y receptor, nucleotide receptor 
(P2X receptor, P2Y receptor), opioid receptor, prostanoid receptor; Left to right, third row: protease-activated receptor, somatostatin, 
vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypeptide receptor, vasopressin and oxytocin receptor. 
 
Adapted from Urban BW: Current assessment of targets and theories of anaesthesia. Br J Anaesth 
2002; 89:167-83. Reprinted with permission. 
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5. Structure formulas of agents used in clinical studies in this thesis 

 
6. Physicochemical properties (21-24) 
 
Table 1.3. Physicochemical properties. 

 Density (20) 
at 20 °C MW 

Vapor/ 
Liquid* 

Liquid/ 
Vapor 

Boiling 
point at 

760 mm Hg 

Vapor 
pressure at 

20 °C 

λRubber/Gas
 (22) 

Bag 
λPlastic/Gas

 (22-24) 
Circuit tubing 

λPlastic/Gas
 (22-24)

ETT 

 g/mL g mL/mL mL/L °C mm Hg    

Halothane 1.868 197.4 227.1 4.403 50.2 243 
120 

(23 °C) 
128 233 

Isoflurane 1.5019 184.5 195.4 5.119 48.5 238 
62 

(25 °C) 
58 114 

Desflurane 1.4651 168 209.3 4.778 23.5 664 19.3 16 35 

Sevoflurane 1.5203 201 181.5 5.509 58.5 160 29.1 31 68 

Nitrous 
oxide 

 44   -88 39000 
1.2 

(23 °C) 
  

MW = molecular weight. ETT = endotracheal tube. 
* Vapor/Liquid indicates the amount of vapor (mL) that is obtained from one mL of liquid anesthetic at 1 atm and 20 °C. Thus, 1 mL liquid 

halothane gives 227.1 mL halothane vapor. Formula: 1 mL liquid = (Density.1000.24)/MW mL vapor. 

Figure 1.2. Structure formulas of agents 
used in clinical studies presented in this 
thesis. 
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7. Various partition coefficients (25-26) 
 
Table 1.4. Partition coefficients (26,27)  

  CNS Liver Heart Kidney Blood MG FG VPG 
Halothane λT/B 1.94 2.07 1.84 1.16 1 3.38 51.1 1.2 
 λT/G 4.79 5.13 4.6 2.85 2.57* 9.49 136 3.084 
Isoflurane λT/B 1.57 1.75 1.61 1.05 1 2.92 44.9 2.0 
 λT/G 2.09 2.34 2.18 1.39 1.38* 4.4 64.2 2.76 
Desflurane λT/B 1.29 1.31 1.29 0.94 1 2.02 27.2  
 λT/G 0.54 0.55 0.54 0.4 0.424* 0.94 12  
Sevoflurane λT/B 1.7 1.85 1.78 1.15 1 3.13 47.5  
 λT/G 1.15 1.25 1.21 0.78 0.68* 2.38 34  

* The bold numbers are the blood/gas partition coefficients. 
 
8. Pharmacological properties (27) 

Many textbooks describe the pharmacological properties of inhaled anesthetics well. The 
following table 1.5 may serve as a quick reminder of the main properties of those agents that were 
used in the clinical studies presented in this thesis.  
 
Table 1.5. Pharmacological properties.  

 Halothane Isoflurane Desflurane Sevoflurane N2O 
Cardiovascular      

BP ↓↓ ↓↓ ↓↓ ↓ N/C 
HR ↓ ↑ N/C or ↑ N/C N/C 
SVR N/C ↓↓ ↓↓ ↓ N/C 
CO1 ↓ N/C N/C or ↓ ↓ N/C 

Respiratory      
TV ↓↓ ↓↓ ↓ ↓ ↓ 
RR ↑↑ ↑ ↑ ↑ ↑ 
PaCO2      

Resting ↑ ↑ ↑↑ ↑ N/C 
Challenge ↑ ↑ ↑↑ ↑ ↑ 

Cerebral      
CBF ↑↑ ↑ ↑ ↑ ↑ 
ICP ↑↑ ↑ ↑ ↑ ↑ 
CMRO2 ↓ ↓↓ ↓↓ ↓↓ ↑ 
Seizure ↓ ↓ ↓ ↓ ↓ 

Neuromuscular      
ND MRx ↑↑ ↑↑↑ ↑↑↑ ↑↑ ↑ 

Renal      
RBF ↓↓ ↓↓ ↓↓ ↓ ↓↓ 
GFR ↓↓ ↓↓ ? ? ↓↓ 
Urinary output ↓↓ ↓↓ ? ? ↓↓ 

Hepatic blood flow ↓↓ ↓ ↓ ↓ ↓ 
Metabolism2 15-20% 0.2% <0.1% 2-3% 0.004% 

1 Controlled ventilation 
2 Percentage of absorbed anesthetic undergoing metabolism 
N/C = no change; ? = uncertain  
Adapted from Morgan GE, Mikhail MS, Murray MJ: Section III. Clinical Pharmacology. Chapter 7. Inhalational 
Anesthetics. In: Clinical Anesthesiology, 3d edition. New York, Lange Medical Books/McGraw-Hill, 2002, pp 
127-150 (table 7.6 p 118) Reprinted with permission. 
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9. Summary 
Not only does it remain difficult to define what exactly constitutes “anesthesia” because a good 

neurophysiological definition of consciousness is lacking, the mechanisms of action of inhaled 
anesthetics itself remain unknown. Nevertheless, the relationship between the partial pressure of an 
inhaled anesthetic and the two clinically most relevant end-points (akinesia and amnesia) is described 
by a steep and narrow dose-response curve via the MAC and MAC-awake concepts. Physicochemical 
properties, partition coefficients, and pharmacological properties are schematically presented so they 
can be readily consulted when needed. 
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1. Definition of uptake of inhaled anesthetics and methods to measure it 
Although it seems that “uptake” is a very simple term, there has been a lot of confusion regarding 

this term because it has been used to describe different processes. The term “uptake” is frequently 
used to describe the amount of anesthetic that is taken up by the body over time (resulting in a 
cumulative dose vs. time curve, or uptake curve), but “uptake” is also used commonly to describe 
“instantaneous” uptake or “rate of uptake” at any given time (the derivative). “Uptake pattern” 
describes the “morphology” of the uptake curve. In this thesis, we will use the term “uptake” to 
describe the uptake pattern (cumulative dose over time), and “rate of uptake” to describe the 
derivative, unless specified differently.  

There is even more confusion regarding the techniques to determine anesthetic uptake. 
Importantly, there is no standard method, or “gold standard”, to determine uptake. This can complicate 
the comparison of uptake measurements from different investigators, also because different techniques 
to determine uptake describe different aspects of uptake. For example, uptake determined by vaporizer 
dial setting or liquid anesthetic infusion rate directly into the circuit during closed-circuit anesthesia 
does include the amount of vapor necessary to prime the anesthesia circuit and the patient’s functional 
residual capacity (FRC). Corrections can be made for gases sampled by the multigas analyzer, for 
leaks of the system, and for the amount of agent degraded by sodalime (the latter being hard to 
quantify though), but such corrections are not always performed. On the other hand, uptake 
determined by the Fick method (tissue uptake = [arterial content - venous content] x cardiac output) 
does clearly not include priming of the circuit and FRC, and it does not include uptake by blood or 
lung tissue. Therefore, it is very difficult to directly compare uptake by these two very different 
techniques. When the goal is to develop a model that can be used by clinicians, the Fick-determined 
uptake may not be appropriate. Also, if the clinician is not going to redirect sampled gases to the 
circuit, then even correcting uptake for sampled gases and leaks is not indicated. On the other hand, if 
the goal is to determine the effect of cardiac output on uptake, then it is better to correct the uptake 
data for the losses from sampled gases, and the Fick method to determine uptake may be more 
appropriate. Thus, the method used to determine uptake will be determined by the goal of the 
investigator.  

 
2. Classical compartmental or physiological modeling?  

There are two main techniques to model the pharmacokinetic behavior of drugs. While the kinetics 
of intravenous agents have been most frequently described by classical compartmental modeling using 
plasma concentration decay curves, the analysis of the kinetics of inhaled agents has often relied on 
physiological modeling. The four-compartment (4C) model (1) and physiological multi-
compartmental models addressed in this chapter are physiological models; the compartmental analysis 
by Wissing (2-3) is a classical compartmental model; and the square root of time (SqRT) model (4) 
and the five-compartment model (5-9) may be neither. The SqRT and 4C model have dominated the 
anesthesia literature over the last thirty years (10-14). These models have also been widely used to 
predict vaporizer settings with different fresh gas flows: Lowe and Ernst used the SqRT model to 
develop the “General Anesthetic Equation” concept (4) (Chapter 5), while James Philip used the 4C 
model in his simulation software Gas Man® (Med Man Simulations, Inc., Boston). More recently, the 
five-compartment (5C) model has been introduced and used to predict vaporizer settings (12). Our 
reservations towards this model from a conceptual point of view are expressed in this chapter, and its 
vaporizer setting predictions are evaluated in chapter 5.  
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A. Classical compartmental modeling 
During classical compartmental modeling of the pharmacokinetic behavior of intravenous agents, 

a (poly)exponential curve is sought that best describes (“fits”) the decay in plasma concentration over 
time, either graphically by “stripping” off exponentials using residuals, or by the least squares method 
(linear or nonlinear regression). The more complex the model, the more parameters it will have and 
the greater the uncertainty will be in accurately determining the values of the parameters. Statistical 
criteria exist to help the researcher in choosing the appropriate number of exponentials that can be fit. 
Usually 3 compartments (or a 3-exponential curve fit) or less suffice to adequately describe the 
concentration vs. time curve. Let us examine the three-compartmental model more closely. The time 
course of the drug’s concentration can be described in three mathematically equivalent ways (15-17): 
(a) three volumes and three clearances; (b) five rate constants and a scaling factor; or (c) a tri-
exponential equation. The volume-clearance scheme is useful to visualize how the drug moves 
throughout the body (fig. 2.1a). In the rate constant-scaling factor scheme (fig. 2.1b) each “micro-rate 
constant” kij defines the rate of drug transfer from one compartment i to another compartment j. V1 is 
the scaling factor; V2 and V3 are not independent parameters here. The mathematical form of the three-
compartment exponential equation is most commonly used (fig. 2.1c). A, B, and C are called 
“coefficients”; α, β, and γ (occasionally called λ1, λ2, and  λ3) are “exponents” or “hybrid rate 
constants”. Their values will determine the shape of the uptake curve. The exponents usually differ in 
size by one order of magnitude. While the volume-clearance and the rate constant-scaling factor 
scheme parameters are mathematically easily interconverted, the coefficients and exponentials of the 
tri-exponential fit are related to the volumes and clearances and to the rate constants and scaling factor 
in a slightly more complex manner.  

The compartments are purely mathematical, not anatomical or physiologic. None of the 
parameters tells us anything about how the underlying system works, which is not a goal of classical 
compartmental modeling. This kind of modeling does not predict tissue concentrations, and cannot 
predict the effects of renal failure, liver disease, or altered cardiac output or blood flow distribution. 
Nevertheless, classical compartmental modeling is very useful to guide drug dosing (multiple doses 
and continuous infusion) because they describe the drug’s kinetics in the blood for that particular 
population that has been tested (which could also be patients with renal or hepatic failure). Also, the 
classical compartmental models are assumed to be linear with respect to the dose, indicating that if the 
dose is doubled, the plasma concentration will be doubled also. This assumption is generally valid for 
most drugs when used within clinically acceptable doses. 

When classical compartmental modeling is done to describe the uptake of inhaled agents, it is 
usually done by fitting the rate of uptake over time, or the cumulative dose over time. 
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Figure 2.1. Three-compartmental model. 
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Figure 2.1a. The volume-clearance 
scheme. Reproduced from 
reference 15 with permission.  

 

Figure 2.1b. The rate constant-
scaling factor scheme. 
Reproduced from reference 15 
with permission. 

 

Figure 2.1c. Mathematical three 
exponential scheme. Reproduced 
from reference 15 with 
permission. 
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B. Physiological modeling 
The building blocks for a physiological model are also labeled “compartments” but here each 

“compartment” refers to a tissue group for which uptake can be described by a differential equation if 
tissue volume, tissue flow, and tissue solubility are known. Said differently, for each organ in the 
body, “volumes and clearances” are analyzed and assembled into physiologically and anatomically 
accurate models of an entire animal or human (15-17). Arterial and venous blood volumes are also 
compartments in the physiological model. Physiological models may also include “compartments” 
representing components of the delivery system. While the compartments from classical models are 
derived from actual plasma concentration courses, this is not true for physiological models – here 
everything starts the other way around: compartments are defined, the course of tissue drug 
concentrations is calculated and the combination of all these processes will ultimately define the 
course of the plasma (or alveolar) concentration. The number of compartments is only limited by the 
availability of data on tissue size, tissue blood flow, and partition coefficients. The disadvantage of 
physiological modeling is that for many drugs other than inhaled agents the tissue solubilities are 
unknown, but IF they are known, the model may be very appropriate (18). The main advantage of a 
physiological model is that it allows us to predict tissue concentrations and simulate the effect of 
changes in cardiac output or distribution of blood flow. In addition, the effects of a drug on cardiac 
output and distribution of blood flow can be incorporated into the model. 
 
C. How and why model? What can a model do and what can a model not do for you? 

 
How model? The decision on which model to develop or to use depends on several factors, 

including the kind of data that is available, and the goals of the researcher. 
First, the kind of data itself determines the way in which the data will be analyzed and described in 

terms of a model. For intravenous agents, the plasma concentration over time curves after a bolus can 
be well and fairly simply described by classical compartmental models. Usually, there is incomplete 
information on the solubility of intravenous anesthetics in the body tissues, and therefore physiological 
models are infrequently used. However, if enough physiologic information is available (=tissue 
solubility, tissue volumes and perfusion), and this for enough tissues, a physiological model can be 
used to describe the kinetics of intravenous agents; the main advantage of this technique is that tissue 
concentrations can be predicted. For example, a physiological model predicted lidocaine plasma 
concentrations remarkably well (18). The uptake of inhaled agents over time (instantaneous or 
cumulative) can be described by classical compartmental models (19). Because the solubilities in 
tissues have been measured for currently used inhaled anesthetics, physiological models such as the 
4C model have been very popular to describe their pharmacokinetics. Finally, the choice of the model 
also depends on the goal of the investigator. Is the investigator mainly interested in a description of 
plasma concentrations (classical compartmental model), or is (s)he interested in effects of changes in 
cardiac output on certain tissue concentrations (physiological model)? For simulation purposes, an 18-
compartment physiological model (see below) may prove more useful than simpler physiological 
models because many more parameters (weight, cardiac output, volume status, renal disease, liver 
disease, etc.) can be modified and their effects observed. For teaching purposes, Eger’s 4-compartment 
model (and/or one of its electrical or hydraulic analogues) has been proven to be an excellent tool (1). 
The square root of time model has been found to be clinically useful by many closed-circuit anesthesia 
enthusiasts over the last 25 years. 
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Any model ultimately is as good or bad as the data it is based on. And for any model, the ability to 
predict an individual’s response will always be limited by biological variability. 

  
Why model? A pharmacokinetic model is not needed to provide clinical care (17). However, in 

general, modeling may give us a better insight into the choice and administration method of drugs 
based on their pharmacokinetic properties (17). We believe that the question “Why model the kinetics 
of potent inhaled anesthetics” can not be answered without placing it in the proper historical context 
(also see chapter 3). When studying the pharmacokinetics of inhaled agents, it has to be appreciated 
that two different techniques have been used: (a) the evolution of the alveolar fraction over inspired 
fraction (FA/FI) ratio over time when using a high fresh gas flow (FGF) and fixed inspired fraction (FI) 
(high FGF with constant FI technique), or (b) the course of the vaporizer settings (or liquid injection 
rates) required to maintain a constant alveolar fraction (FA) (constant FA technique). Each of these two 
techniques was developed for its own reason, and was influenced by the technology available to the 
clinical anesthesiologists at the time these theories were developed. With the high FGF with constant 
FI technique, a certain inspired partial pressure is administered using a calibrated vaporizer and high 
FGF to avoid rebreathing to ensure the inspired matches the delivered concentration at a time when no 
end-tidal gas-analysis existed. The alveolar concentration will approach the inspired concentration 
over time. With the constant FA technique, which historically was initially used by CCA enthousiasts, 
a certain amount of anesthetic is given to attain and maintain a constant alveolar concentration. 
Indeed, the single most important reason that the SqRT model was developed was to allow the clinical 
use of CCA at a time where multi-gas analyzers did not exist. The CCA enthusiast needed a model to 
have some idea of where to set the vaporizer or how much liquid to inject, and then could modify that 
based on clinical experience.  

With the high FGF with constant FI technique, uptake models themselves are not used to help in 
the administration of these agents, but FA/FI graphs do graphically explain the effect of ventilation, 
cardiac output, shunting, blood/gas partition coefficients etc. (chapter 3). The user can choose a more 
appropriate anesthetic agent with a more rapid response based on these FA/FI curves, i.e., the 
anesthetics with a lower solubility has not only a more rapid rise of FA/FI (approached the inspired 
concentration more rapidly) but also approaches the inspired concentration more closely (= less of a 
discrepancy between FA and FI), which has been interpreted as allowing more titratability. Also, the 
clinician can estimate what the FA is based on the FI and the time point in the anesthetic for each 
different anesthetic, and this without a multigas analyzer. The “modeling” by Eger using FA/FI curves 
gives the user information on how to use these drugs and which ones to choose. The use of high FGF 
and a constant inspired concentration also explains why Eger’s concept of MAC was so well accepted: 
it told the clinician what vaporizer setting to use during high FGF.  

 
Did I model uptake? Why did I study the uptake of inhaled anesthetics? Did I want to model too? 

Not really. The main impetus for me to examine the uptake of inhaled anesthetics was to find an 
uptake pattern rather than to create another uptake model. I was looking for a simple uptake pattern 
that could facilitate the use of low-flow anesthesia. The identification of simple uptake patterns 
(chapter 4) would allow us to more readily understand and apply the kinetics during the use of lower 
fresh gas flows. The virtually constant uptake during the 15-60 min interval (chapter 4) allowed us to 
develop an administration schedule during which the vaporizer setting could be left unchanged for this 
period of time (chapter 5). If “simple” uptake patterns can be identified, simple administration 
schedules can be designed, facilitating the clinical use of inhaled agents with reduced FGF, especially 
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now that end-tidal gas-monitoring allows fine-tuning of the administration schedule (chapter 5). The 
idea of using the uptake patterns to facilitate the administration of inhaled anesthetics is corroborated 
by Rietbrock et al (3) and Lerou (20). Ross Kennedy, who very recently evaluated Heffernan’s 
multicompartmental physiological model (21), suggested that models might be useful as the basis for 
some form of automated anesthesia machine in which a controller uses certain rules and strategies 
(22). Even though these models might function in and by themselves, and even though it may be 
possible to improve the accuracy of such “automated anesthesia” by further refinement of the models, 
providing feedback with end-expired anesthetic agent concentrations may allow greater improvement 
of the utility of such methods of automated anesthesia delivery systems than by developing more 
complex models - which again illustrates how the “how model?” answer depends on the “why 
model?” answer. With the advent of end-expired gas analysis and anesthesia machines, like the 
Physioflex (very recently “replaced” by the “Zeus” anesthesia machine, Dräger), that use closed-loop 
end-tidal feedback closed-circuit liquid-injection, we could do away with uptake models of inhaled 
anesthetic agents all together. Because there is no online continuous monitoring for intravenous 
agents, kinetic modeling of intravenous anesthetics has had a more direct impact on the administration 
of these agents: computer-assisted controlled infusion pumps do exactly this (23). This is not unlike 
the development of the SqRT model of inhaled agents at a time when end-expired agent analysis was 
unavailable to steer the administration of inhaled agents in a closed-circuit. Who knows what complex 
a model would have been developed and used clinically to steer isoflurane closed-circuit anesthesia 
liquid-injection pumps if end-expired agent analysis would not have been available!  
 
3. The four-compartment (4C) model 

In his work “Uptake and Distribution”, Eger has laid the foundation of much of the 
pharmacokinetic analysis of potent inhaled anesthetics as we know it today (1). The didactically very 
appealing 4C model has been simulated using hydraulic and electrical analogues. The 4C model 
assumes that anesthetic uptake by an organ is a perfusion-limited, exponential process that can easily 
be calculated at constant arterial concentration when the size of the organ, the solubility of the 
anesthetic vapor in the organ, and organ perfusion are known (1,4). According to Dr. Eger, models that 
can be understood in terms of anatomy, physiology, and physics will be accepted as paradigms that 
can be used as ways of thinking. Organ vapor capacity depends on the size of the organ and the 
solubility of the agent in that particular organ: the larger the organ, and the more organ-soluble the 
agent, the more agent will be stored in that organ. The rate at which the partial pressure in the organ 
increases, and eventually saturates (=equals the partial pressure in the arterial blood), depends both on 
the organ’s capacity (the more can be stored at the same partial pressure, the longer this will take), and 
on organ blood flow (the higher blood flow, the faster it will equilibrate with the arterial partial 
pressure, and therefore the faster it will saturate). This rate is commonly described by a time constant, 
which has the unit of time and which mathematically is the quotient of tissue storage capacity divided 
by blood flow. After 1, 2, 3, 4, and 5 time constants, the organ is 63.2, 86.5, 95.02, 98.17, and 99.33 % 
saturated, respectively. After 4 time constants, an organ is considered to be fully saturated. Based on 
both tissue storage capacity and blood flow, Eger grouped organs and tissues into the VRG, MG, FG 
and VPG group (vessel rich group, muscle group, fat group and vessel poor group, respectively) (1). 
Mathematically, organ uptake can be derived as follows:  
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1. Alveolar concentration = f . MAC  mL vapor/dL gas (%) 

2. Arterial blood concentration (Ca) = f . MAC . λB/G  mL vapor/dL blood (%) 

3. Organ concentration = f . MAC . λT/G mL vapor/dL of tissue (%) 

3. Organ capacity = f . MAC . λT/G 
. VO mL vapor 

4. Organ time constant (τ) = (VO
.λT/B)/QO  min 

5. Organ uptake = (Ca 
. QO) . e-t/τ  mL vapor/min 

 = amount delivered . fraction absorbed 

6. Cumulative organ uptake = (f . MAC . λT/G 
. VO) . (1-et/τ) mL vapor/min 

 
f = fraction of MAC     dimensionless 
MAC = Minimal Alveolar Concentration   mL vapor/dL gas (%) 
VO = organ volume      dL 
QO = organ blood flow     dL/min 
τ = organ time constant     min 
λB/G = blood/gas partition coefficient    dimensionless 
λT/G = tissue/gas partition coefficient    dimensionless 
λT/B = tissue/blood partition coefficient    dimensionless 
Ca = arterial concentration (f . MAC . λB/G)   mL vapor/dL (%) 
 
It is very important to mind the dimensions. They may differ from one chapter to another.  
 
Also note that, while λT/B is used to calculate the time constant of an organ, λT/G is used to calculate its 
capacity. Nevertheless, organ storage capacity is calculated as Ca . λT/B . VO: because λT/G = λT/B . λB/G, 
the formula for organ capacity can be written as f . MAC . λB/G . λT/B . VO or f . MAC . λT/G . VO. 
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Example: halothane uptake by muscle at 1.3 MAC in a 100 kg patient according to Lowe and Ernst (4 
[p. 57]). 
MAC = 0.75%; f = 1.3; VO = 42.6 kg or assumed to be 426 dL; QO = 8 dL/min; λB/G = 2.4; λT/B = 1.3; 
λT/G = 3.12 
 
Arterial blood concentration (Ca) = f . MAC . λB/G = 1.3 . 0.75 . 2.4 = 2.34 mL vapor/dL (%) 
Organ concentration = f . MAC . λT/G = 1.3 . 0.75 . 3.12 = 3.04 mL vapor/dL 

Organ capacity = f . MAC . λT/G 
. VO = 1.3 . 0.75 . 3.12 

. 426 =1296 mL vapor 

Organ time constant (τ) = (VO 
. λT/B) / QO = 426 . 1.3 / 8 = 69 min 

Organ uptake (instantaneous) = (Ca 
. QO) . e-t/τ (mL vapor/min) 

 = amount delivered . fraction absorbed 

Cumulative organ uptake = (f . MAC . λT/G 
. VO) . (1-et/τ) mL vapor over time  

 
 Organ uptake (mL vapor/min) Cumulative uptake (mL vapor) 

After 0 time constant (0 min) 1.3*0.75*2.4*8*e(-0/69) = 18.7 1.3*0.75*3.12*426*(1-e(-0/69)) = 0 

After 1 time constant (69 min) 1.3*0.75*2.4*8*e(-69/69) = 6.9 1.3*0.75*3.12*426*(1-e(-69/69)) = 819 

After 2 time constants (138 min) 1.3*0.75*2.4*8*e(-138/69) = 2.5 1.3*0.75*3.12*426*(1-e(-138/69)) = 1121 

After 3 time constants (208 min) 1.3*0.75*2.4*8*e(-208/69) = 0.93 1.3*0.75*3.12*426*(1-e(-208/69)) = 1231 

After 4 time constants (277 min) 1.3*0.75*2.4*8*e(-277/69) = 0.34 1.3*0.75*3.12*426*(1-e(-277/69)) = 1272 

After 5 time constants (346 min) 1.3*0.75*2.4*8*e(-346/69) = 0.13 1.3*0.75*3.12*426*(1-e(-346/69)) = 1287 

 
A more elaborate example of uptake calculated according to the 4C model is presented for sevoflurane 
in chapter 4 (enclosed paper 4.2). 
 
4. The square root of time model 

The SqRT model was developed by Lowe and Ernst to facilitate the practice of closed-circuit 
anesthesia (4). The concept is depicted in fig. 2.2. When the arterial concentration is maintained 
constant, the same amount of agent is taken up during each subsequent “square root of time” interval 
(0-1, 1-4, 4-9, 9-16, etc min). When time is placed on a linear scale, the cumulative dose is depicted by 
a square root curve. When the square root of time is used in the X-axis, the cumulative dose is 
presented by a straight line. Not shown on the figure is the dose needed to prime the circuit, FRC, and 
blood pool.  

 
Figure 2.2. Square root of 
time principle. Cumulative 
dose (without the prime 
dose) of a hypothetical agent 
has a linear relationship with 
the square root of time. An 
identical amount (unit dose) 
is taken up in each 
subsequent time interval (0-
1, 1-4, 4-9, 9-16, 16-25, etc., 
min). 
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It has remained unclear to me how exactly the model came to be, and whether it should be labeled 
a physiological model or not. According to their monograph (4 [p.8]), Lowe and Ernst conceived their 
model after it had became possible to measure solubilities of several agents in all human organs (24). 
The compilation of that information generated a computer printout of individual organ uptake. Lowe 
then demonstrated “the exponential saturation equation”, but it is unclear to me how they developed 
this. Lowe and Ernst refer on page 9 to “Reference 26: Lowe HJ. Dose-regulated Penthrane® 
(Methoxyflurane) Anesthesia. Abbott Laboratories, Chicago, 1972”. An inquiry with the company 
could not reveal any further information. Having ultimately been able to obtain a copy of this booklet 
from James Philip (Boston, USA), it still has not become entirely clear to me how the model was 
derived. In this booklet, a graph with organ uptake plotted versus the reciprocal of the square root of 
time illustrates how the sum of organ uptake approximates a square root of time function (fig. 2.3). 
However, because large amounts of the methoxyflurane were dissolved into the rubber components of 
the circuit, it is unclear how these “clinical” data could be used to support the model (fig. 2.4). It is 
very likely that the uptake pattern of N2O described by Severinghaus (a square root of time pattern) 
(25) did influence them. Harry Lowe (°1919) died in November 1999. Together with Eger’s work 
“Uptake and Distribution” (1), Lowe and Ernst’s work (4) is a “must read” for all interested in 
quantitative aspects of the uptake of inhaled anesthetics. 

Like the 4C model, the SqRT model is quoted in most contemporary anesthesia textbooks and 
journals, interestingly mainly when uptake is discussed as it relates to the practice of closed-circuit 
anesthesia (10-14). When desflurane became commercially available in the USA, we calculated that 
during closed-circuit anesthesia, the new and hence more expensive agent “desflurane” was actually 
less expensive than isoflurane (not generic yet at that time) according to the SqRT model because of 
the much lower blood solubility for desflurane. Our letter was readily accepted for publication in 
Anesthesiology (13), which again illustrates the widespread acceptance of the SqRT model. The 
formulas are presented in chapter 4: enclosed papers 4.1 and 4.2.  
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Figure 2.3. Graph with organ uptake 
plotted versus the reciprocal of the 
square root of time. Lowe HJ. Dose-
regulated Penthrane® (Methoxyflurane) 
Anesthesia. Abbott Laboratories, 
Chicago, 1972. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 2.4. Significant amounts of 
methoxyflurane dissolved in the circuit had 
superimposed on uptake by the patient, 
which we believe confounded interpretation 
of the actual uptake pattern by the patient. 
Lowe HJ. Dose-regulated Penthrane® 

(Methoxyflurane) Anesthesia. Abbott 
Laboratories, Chicago, 1972. 
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5. The five-compartment model 
Recently the 4C model was modified to a five-compartment (5C) model (5-9). In comparison with 

the 4C model, the VRG, MG and FG are retained; the VPG is deleted because its contribution to 
uptake is considered insignificant; and a lung and an “intertissue diffusion” compartment are added 
(fig. 2.5). The intertissue diffusion group is considered to represent fat adjacent to well-perfused 
tissues. 

 

 
 
Figure 2.5. The five-compartment model (9). Reprinted with permission. VRG, vessel rich group; MG, muscle 
group; 4th Compt, 4th compartment; and FG, fat group. 

 
Let us more closely examine the paper by Yasuda in which the exhaled concentrations of 

desflurane, isoflurane, and halothane were measured using gas chromatography, up to a week after 
these agents had been concomitantly administered for 30 min (9). Two methods of compartmental 
analysis were used on the same data. In the first type of analysis, their so-called “hybrid analysis”, 
multi-exponential (multicompartmental) functions of the form Σ Aie

-λit were fit to the wash-out data, 
with a five-compartment model providing the best fit. For each compartment, hybrid time constants 
(τi) were calculated from the exponent “λi“ called “rate constant” by the authors (τi = 1/λi). In a second 
analysis of the same wash-out data, rate constants were also calculated according to a five-
compartment mammillary model (fig. 2.5). Note that “mammillary” model is not the same as 
“physiological” model, but means “a multicompartmental model having a central compartment from 
which the drug is distributed to other compartments”, as opposed to “catenary”, which does not have a 
central compartment from which the drug is distributed to other compartments (18 [p183]). The next 
step in the approach taken by these authors, however, might be considered controversial, a fact that is 
being acknowledged by the authors on several occasions in their paper: they related the parameters of 
the exponential curves (exponents and time constants) to known physiological processes and 
anatomical compartments. Thus, the first, second, third, fourth, and fifth compartment were interpreted 
as representing lungs, VRG, MG, intertissue diffusion, and the FG. According to Hull, however, “…it 
is often suggested that some particular tissue or organ (such as the brain) be ‘in’ one compartment or 
another, [but] such suggestions are ill-founded because parameters of the fit to the uptake data contain 
no information that might support such assumptions” (16, 18 [p 176]). Similarly, Wissing argues that a 
precise allocation of several hypothetical peripheral compartments to anatomical defined tissues is 
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hardly feasible (3). Furthermore, the 5C model does not allow us to easily simulate changes in uptake 
when parameters such as weight or cardiac output are changed. In addition, preliminary data indicate 
that kinetics of inhaled anesthetics differ during wash-in and wash-out (26), possibly limiting the 
usefulness of the wash-out data to describe wash-in processes. Because of these controversies, we 
opted not to further explore the 5C model. 
 
6. Multi-compartmental physiological models 

Using modern computer technology, the number of differential equations that can be solved 
simultaneously is enormous, spurring the development of models with ever-increasing numbers of 
compartments (20,21,27-43). In addition, some of the models simulate how a drug affects its own 
uptake by e.g. altering cardiac output (i.e. non-linear pharmacokinetics). These sophisticated 
physiological models offer advantages over simpler models (for the study of interactions among 
ventilation, circulation, and the uptake and distribution of inhaled agents), and provide the basis for 
training simulators. However, it is important “not to be carried away with uncritical enthusiasm, 
because these models require an immense amount of detailed information, much of which must be 
assumed, estimated, or simply guessed” (18 [p209]). The 18-compartmental model by Fukui, for 
example (fig. 2.6, 29-30), carries over 88 equations and 124 parameter settings. As mentioned in the 
introduction of this chapter, how complex a model is needed depends on the goals. The more complex 
models should be preferred only if they offer a better representation of what actually happens, 
compared to a simpler alternative (44). To that regard it is interesting to note that, when evaluating the 
predictive performance of their own multicompartmental model, Lerou mentioned that “… we could 
have confidence in our [multicompartmental] model’s predictions when anesthetic uptake grossly 
matched that of Lowe’s model” (35), in other words, the more simple model which the authors felt 
was “correctly” describing uptake was used to support the more complex model.  

Interestingly, already in 1981 Lowe and Ernst mentioned that clinical tests of many mathematical 
models that had been described at that time (including the models of e.g. Eger and Fukui- Smith- 
Zwart) had not been done (2 [p55]). Heffernan’s 10-compartmental model that was described more 
than 20 years ago (31-32) has only been evaluated clinically very recently (21). And as already 
mentioned, Lerou’s multicompartmental model was supported in part by comparing its predictions to 
those of the SqRT model, implying that the SqRT model is the “gold standard”.  
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Figure 2.6. 18-compartmental model (29-30). Outline of a multiple model for halothane, proposed by Fukui and 
Smith. Eighteen-compartment (digital) models for the disposition of halothane and carbon dioxide are linked to 
two-segment (analogue) pulmonary and 15-segment cardiovascular models, which include a baroreceptor loop. 
Reproduced with permission from: Fukui Y, Smith NT. Anesthesiology 1981;54: 119-124. Reprinted with 
permission. 
 
7. Classical compartmental analysis 

Although physiological models are appropriate to model the uptake of inhaled anesthetics 
(cumulative dose) over time, Shafer recently argued that physiological models are not well-suited for 
the analysis of partial pressure-versus-time curves obtained in a clinical setting: they are relatively 
complex, and it is impossible to fit all parameters (of the model) simply by observing the time course 
of the alveolar ventilation, and the inspired and expired fraction as available from clinical data used in 
routine practice (19). In order to do so, a poly-exponential model based on clinical data similar to that 
used to describe the concentration time course of intravenous drugs would be preferable. Wissing 
estimated the pharmacokinetic parameters of desflurane, isoflurane and sevoflurane by calculating 
uptake from inspired and end-expired agent concentrations and ventilatory parameters obtained during 
routine anesthesia. A classical compartmental model (with two compartments) described the data 
adequately (3-4). Differences in distribution volumes and clearances between agents were noticed. No 
further data or studies have been reported by this group at the time of writing of this thesis. Although 
the use of a classical compartmental model here is justified, we believe that there may be a problem 
with the methodology of that study: the error in the calculation of uptake from anesthetic 
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concentrations and in- and expiratory volumes is high, because one “attempts to tease out a relatively 
small difference between two larger and variable numbers” (45).  

In several of the uptake studies presented later in the thesis, classical compartmental analysis was 
used by fitting (poly)exponential functions to the uptake data.  
 
8. Summary 

The uptake of inhaled anesthetics has been most frequently modeled using physiological models, 
such as the four-compartment model. It is imperative to understand that a model’s ability to predict an 
individual’s response is always limited by biological variability. Modern technology enables us to 
reevaluate existing models, and newly gained insights may facilitate the administration of these agents 
with reduced fresh gas flows, which provoked my interest in uptake patterns.  
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1. Introduction 
As mentioned in chapter 2, the clinical pharmacokinetics of inhaled anesthetics have been 

described in two different ways: (a) the evolution of the FA/FI ratio over time when using the high FGF 
with constant FI technique, or (b) the vaporizer settings (or liquid injection rates) required to maintain 
a constant alveolar concentration (constant FA technique), which historically has grown out of an 
interest for closed-circuit anesthesia. In this chapter we will present the effects of ventilation, cardiac 
output, and blood solubility on uptake when using the two different anesthetic techniques that have 
been used to describe the pharmacokinetics of inhaled anesthetics, namely high FGF with constant FI 
technique, and constant FA during CCA technique. While high flow anesthesia can also be used to 
attain a constant alveolar concentration by adjusting the delivered and consequently inspired 
concentration, and while the use of closed-circuit anesthesia does not necessarily imply the alveolar 
concentration has to be maintained constant, a high FGF with constant FI technique, and constant FA 
during CCA technique have historically evolved as the two different anesthetic techniques that have 
been used clinically and didactically to describe the pharmacokinetics of inhaled anesthetics. Note that 
the approach taken in this chapter ignores the use of intermediate flows which could be referred to as a 
“hybrid approach”. 
  

The constant inspired concentration perspective: 
High fresh gas flows, constant inspired concentrations, FA/FI curves, Eger EI II 

 
After reliable vaporizers for the modern potent inhaled anesthetics became available, 

anesthesiologist (finally) became able to administer an inspired mixture with a reliable concentration 
(partial pressure) if high fresh gas flows were used. The use of high fresh gas flows avoided 
rebreathing which would lead to a discrepancy between the delivered and inspired mixture (chapter 5) 
and was advocated by the manufacturers because only high flows supposedly yielded correct delivered 
concentrations by the vaporizer (1). The alveolar concentration then approaches the inspired 
concentration over time – and it is this process that is being described by FA/FI curves. Most of the 
early published FA/FI curves are based on computer simulations in which the FI is typically held 
constant (2 [p55]). It is very important that one you should ALWAYS assume FI is constant and FGF 
is high when considering Eger’s FA/FI curves (3 [p 85]). Eger describes different knees on the curve to 
indicate the saturation of several components of the partial pressure cascade: first “knee” = FRC; 
second “knee” = VRG; third “knee” = MG.  
 

The constant alveolar concentration perspective: 
Closed-circuit anesthesia, constant alveolar concentration, administration schedules to deliver 

“amounts”, Lowe and Ernst 
 

After gas-chromatography (flame ionization) had become available, Lowe and Ernst were able to 
calculate the uptake of inhaled agents by the tissues of the human body. A computerized printout of 
uptake by these tissues generated the square root of time model (Chapter 2). Only a crude agent 
analyzer (Narko-test) was available to monitor halothane concentrations in the circuit. Even though 
infrared analyzers were produced in the 1950’s, they were not readily available to most 
anesthesiologists. Because Lowe and Ernst were able to predict anesthetic uptake by the body, it 
became clinically feasible to use a closed-circuit yet provide “reliable” end-expired concentrations of 
inhaled anesthetics in the circuit without the availability of end-tidal gas monitoring. Administration 
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schedules were provided in the appendices of their book (2) and used by many interested clinicians. 
Lowe and Ernst shifted the focus from the inspired to the alveolar concentration. The use of a constant 
alveolar rather than constant inspired concentration facilitated the simulations of tissue uptake, and, 
by applying the underlying uptake model, enabled anesthesiologists to administer a certain amount to 
maintain a certain constant alveolar partial pressure. The focus here is on the vaporizer setting or the 
injection rate of the liquid anesthetic needed to maintain the end-expired concentration constant, rather 
than the FA/FI curves. 
 
Effect of ventilation, cardiac output and blood/gas partition coefficient on the kinetics of inhaled 

agents: the constant inspired or the constant alveolar concentration perspective? 
 

The distinction between those two approaches becomes very important when one starts to consider 
the effects of alveolar minute ventilation, cardiac output, and blood/gas partition coefficients on the 
kinetics of inhaled agents. When using the high fresh gas flow, constant inspired concentration 
technique, the effects of these factors have been well described by Eger using FA/FI curves (figs. 3.1-
3.3): the rate of rise of FA/FI (and therefore - as is usually implied - induction of anesthesia) is faster 
for an agent with a lower blood/gas partition coefficient, with a lower cardiac output, and with higher 
alveolar minute ventilation. However, when these agents are administered by closed-loop end-tidal 
feedback with a system that can provide enough agent to attain and maintain a constant end-expired 
concentration, the rate of rise of the alveolar concentration would be unaffected by the agent’s 
blood/gas partition coefficient or by ventilation, and an increased cardiac output would hasten 
induction. Note that, when injecting liquid anesthetic, very high partial pressures can be reached, the 
maximum being the vapor pressure of the agent: halothane: 243 mm Hg (32%); isoflurane: 238 mm 
Hg (31%); sevoflurane: 160 mm Hg (21%); and desflurane: 664 mm Hg (87%), all at 20 °C! In other 
words, the way in which the agents are administered determines the relative importance of solubility, 
cardiac output and ventilation on the kinetics of these agents during induction and maintenance. This 
is discussed in more detail in the remainder of this chapter.  

 

Figure 3.1. The FA/FI ratio rises more rapidly if ventilation is 
increased. Solubility modifies this impact of ventilation: the 
effect is greatest with the most soluble anesthetic (ether) and 
least with the least soluble anesthetic (N2O). Source: Eger EI 
II: Anesthetic uptake and action. Baltimore, Waverly Press, 
1974. Reprinted with permission. 
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2. Effect of ventilation on uptake 

Classical description using FA/FI curves (3) 
Increased ventilation causes a more rapid rate of rise of FA/FI (shift of the curve to the left) 

because FRC wash-in is faster, and because the time constant (FRC/alveolar ventilation) becomes 
shorter. Consequently, induction of anesthesia would be faster (fig. 3.1). When one looks at the 
maintenance phase (e.g. after 20 min), it can also be appreciated that an increase in ventilation also 
shifts the curve upwards.  

 

Figure 3.2. If ventilation is held constant, increases in cardiac 
output will increase uptake and retard the rate of rise of the 
alveolar concentration (FA) toward the inspired concentration
(FI). The effect is greatest with the more soluble anesthetic. 
Source: Eger EI II: Anesthetic uptake and action. Baltimore, 
Waverly Press, 1974. Reprinted with permission. 

 

Figure 3.3. The rate of increase of alveolar 
concentration (FA) toward the inspired concentration 
(FI) is inversely related to the blood:gas partition 
coefficients of the agents. Adapted from Yasuda N, 
Lockhart SH, Eger EI II, et al. Comparison of kinetics 
of sevoflurane and isoflurane in humans. Anesth Analg 
1991; 72:316-324. Reprinted with permission. 
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Lin’s perspective (4) 
Lin argues that increased ventilation per se may not increase agent uptake to the extent that the 

FA/FI graphs suggest (fig. 3.4). In the FA/FI graph, uptake is not represented by FA/FI itself, but rather 
by the area above the FA/FI curve, called “fraction of uptake” or [1- FA/FI] (fig. 3.4).  

 

 
 
More precisely, Lin argued that uptake is the difference between the amount that enters and leaves 

the lungs (measured at the mouthpiece). Mathematically, Lin expresses the rate of uptake therefore as 
[Rate of uptake] = CI * [1- FA/FI] * VA  
 
CI = inspired concentration (%) 
FA = alveolar anesthetic fraction 
FI = inspiratory anesthetic fraction 
VA = alveolar ventilation (L/min).  

If ventilation increases, the curve of FA/FI vs. time will rise. The fractional uptake [1- FA/FI] will 
decrease when the ventilation increases, resulting in no net change in the rate of uptake. The reverse 
happens when ventilation decreases.  
 

Personal view 
The value of Lin’s approach is that he pointed out that uptake is indeed not represented by the 

FA/FI curve itself, but that (a) mass balances should be used to measure uptake using gas fractions and 
respiratory volumes (amount in minus amount out); (b) that the focus should be on (1- FA/FI); and (c) 
that the first part of the FA/FI curve mainly presents FRC wash-in, with uptake across the alveolo-
capillary membrane reaching a maximum only after a few minutes. Like the approach by Eger, Lin’s 
approach is useful for didactical purposes, but it has to be understood that since Lin uses Eger’s FA/FI 
curves, it is implied that FI is kept constant and FGF is high. More importantly, Lin ignores that a 
difference does exist between in- and expiratory volumes.  

Regardless of any technique used, a higher ventilation will speed up induction by shortening 
the time constant of lung wash-in.  

The theoretical effects of ventilation on the kinetics has been well described by Lowe and Ernst 
(2). First, it has to be stated whether a constant FI or FA technique is used. When using a high flow 
constant inspired concentration technique, higher ventilation will increase uptake: the alveolar 
concentration will rise, as indicated by the higher FA/FI ratio. A higher FA implies uptake will be 

Figure 3.4. According to Lin, in the FA/FI graph, uptake 
is not represented by FA/FI itself, but rather by the area 
above the FA/FI curve, called “fraction of uptake” or [1-
FA/FI]. The initial rise in FA/FI (striped area) indicates 
FRC washin. Source: reference 4. 
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higher, because the increased arterial partial pressure will lead to a higher uptake by the tissues. When 
using a technique that opts to maintain a constant alveolar concentration, mass balances within the 
different parts of the circle system have to be considered. These mass balances have been well 
described by Lowe and Ernst, and led to the description of the general anesthetic equation, which 
predicts the vaporizer settings needed to attain and maintain a constant end-expired concentration of 
an anesthetic in a circle system with any fresh gas flow (chapter 5). The effect of ventilation depends 
on the fresh gas flow used: closed-circuit anesthesia, high fresh gas flows (= non-rebreathing system), 
or partial rebreathing. Let us consider these separately.  

During closed-circuit anesthesia and with the goal of maintaining a constant FA, ventilation does 
not “seriously” influence uptake: ventilation will only alter the inspired concentration, but leave the 
alveolar unchanged. There will also be no need to adjust the vaporizer setting or adjust the liquid 
injection rate. This is inherent to the technique itself: when the uptake pattern of an inhaled anesthetic 
is known, an amount of agent is administered according to this pattern to attain and maintain the 
desired end-expired concentration: “During closed circuit anesthesia, a specified amount is delivered 
into the system. The delivered amount is intended to satisfy the predicted tissue uptake. It is a 
prescribed and limited amount. Alterations in alveolar or dead-space ventilation or shunt therefore do 
not seriously affect the arterial concentration if the proper dose is delivered into the circuit.” (2 [p 
137]).  

With the use of high fresh gas flows (= non-rebreathing system), and with the goal of maintaining 
a constant alveolar concentration, a hypoventilated patient will require a higher inspired concentration 
to maintain a constant desired alveolar concentration, and the vaporizer setting will therefore have to 
be increased. Conversely, the inspired concentration to maintain a constant alveolar concentration has 
to be reduced with increased ventilation (2 [p 133]). With high FGF, if you aim for a constant FA, 
changing the ventilation will therefore not change uptake but the vaporizer setting or injection rate 
will have to be adjusted in the opposite direction of the change in ventilation. If ventilation increases, 
[1- FA/FI] decreases, and uptake does not change, but only because FA is maintained constant by 
changing the vaporizer setting or infusion rate (and therefore FI) accordingly.  

In between closed-circuit and non-rebreathing systems lies the vast no-man’s land of partial 
rebreathing (2 [p 138]). Semi-closed systems are the most complicated, and the quantitation of 
anesthetic delivery is less predictable. During the maintenance phase of low flow anesthesia (FGF 
1L/min), a step change in ventilation does not change the delivered to end-expired difference, but 
affects the differences between delivered and inspired concentration and between inspired and end-
tidal concentration AND the FA/FI ratio (fig. 3.5) (5).  
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Fig. 3.5. Effect of changes in minute 
ventilation on delivered, inspired, and 
end-expired isoflurane concentration 
during maintenance with an O2 FGF 
of 1 L/min and a constant vaporizer 
setting of 2 % (5). Minute ventilation 
was changed by adjusting the 
respiratory rate, with a constant tidal 
volume. Changing minute ventilation 
only alters the inspired isoflurane 
concentration, leaving the end-
expired concentration constant. The 
constant end-expired concentration 
suggests that uptake did not change 
significantly. Reprinted with 
permission. Source: reference 5. 

  
When changing ventilation during the maintenance phase of low flow anesthesia when uptake is 

known to be decreasing only very slowly, the delivered-alveolar concentration difference is mainly 
determined by the fresh gas flow used (the lower FGF, the higher the difference – chapter 5), but the 
[delivered-inspired] and [inspired - end-expired] difference is more a function of ventilation.  

 
In summary, in a closed system, if the goal is to keep FA constant, ventilation does not effect 

uptake and only leads to a change in the inspired concentration! (But note that, while this has been 
historically the case, the use of CCA does NOT necessarily mean that a constant FA has to be used!). 
In an open system, one either has to accept that an increase in ventilation will increase FA and 
consequently uptake when FI is maintained constant, or that one has to decrease the vaporizer setting 
or liquid injection rate to maintain a constant FA, which will lead to a lower FI because uptake (the 
difference of VI*FI – VE*FA) has to be constant because FA is not allowed to change. In between 
closed-circuit and non-rebreathing systems lies the vast no-man’s land of partial rebreathing (2 [p 
138]). According to Lowe and Ernst, semi-closed systems are the most complicated, and the 
quantitation of anesthetic delivery is less predictable.  
  
3. Effect of cardiac output on uptake 

According to Eger (3), a higher cardiac output increases uptake and therefore decreases the rate of 
rise of the alveolar concentration towards the (constant) inspired concentration (or: the FA/FI curve is 
shifted down), slowing induction (fig. 3.2). It is assumed that even though blood flow to the central 
nervous system is higher (assuming proportional blood flow distribution), the partial pressure of the 
anesthetic in the arterial blood is lower. On the contrary, a higher cardiac output will hasten induction 
with intravenous induction agents. When the end-point is a constant alveolar concentration, anesthetic 
uptake is also higher with a higher cardiac output but the vaporizer setting or liquid injection rate will 
have to be increased to maintain the end-expired concentration constant. While Eger is teaching us that 
a higher cardiac output should slow induction (defined as the rate of rise of the brain concentration) 
when FI is held constant, a higher cardiac output should hasten induction when FA is held constant, 
although these assumptions have yet to be proven in vivo.  
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4. Effect of blood/gas partition coefficients on uptake 
Eger showed that, when using a constant FI and high FGF, a lower blood solubility results in an 

upward shift of the FA/FI curve, suggesting that the speed of induction is faster (3; fig. 3.3). However, 
when the aim is a constant FA, the rate of rise of the end-expired concentration is independent of the 
blood/gas partition coefficient, and depends only on the rate of injection of the liquid anesthetic or the 
maximum vaporizer output (fig. 3.6) (6). Again, note that, when injecting liquid anesthetic, very high 
partial pressures can be reached, the maximum being the vapor pressure of the agent: halothane: 243 
mm Hg (32%); isoflurane: 238 mm Hg (31%); sevoflurane: 160 mm Hg (21%); and desflurane: 664 
mm Hg (87%) (at 20 °C)! 

 

 
Figure 3.6. When overpressure is used during an open-loop feedback closed-circuit anesthesia liquid injection 
technique, the rate of rise of the end-expired isoflurane, desflurane, and sevoflurane (here expressed as MAC 
equivalents) is identical, and thus becomes independent of λB/G (6). Commonly used pharmacokinetic principles of 
uptake of potent inhaled anesthetics do not apply when an overpressure closed-circuit anesthesia liquid injection 
technique is used. Reprinted with permission.  

 
Is uptake higher or lower for an agent with a lower blood/gas partition coefficient? 

Another source of confusion concerns the relationship between blood/gas partition coefficients and the 
amount of agent taken up by the patient. Uptake is frequently said to be higher for the agent with a 
higher blood/gas partition coefficient (thereby causing a slower rate of rise of FA/FI). However, here 
again it needs to be pointed out that the FA/FI ratio does not actually represent uptake: at clinically 
equivalent FA (equal MACs), a patient takes up MORE (mL liquid/min) desflurane than iso- or 
sevoflurane, even though the desflurane curve rises both faster and higher than of iso- or sevoflurane 
(table 3.1). This again underscores the fact that the FA/FI curve in and by itself does not 
QUANTITATE uptake. When discussing amounts of uptake, the absolute value of FA has to be 
considered!  
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Table 3.1. Average uptake of inhaled anesthetics (mL liquid/min) between 30 and 45 min, calculated toward an 
end-expired concentration of 1 MAC.  

 
Uptake  
(mL liquid/min) 

Technique Source 

Halothane 0.075 Fick Chapter 4.5 
Isoflurane 0.079 CCALI Ref 7 
 0.077 CCALI Chapter 4.2 
 0.061 Fick Chapter 4.5 
Desflurane 0.113 CCALI Ref 8 
 0.115 CCALI Chapter 4.2 
Sevoflurane 0.080 CCALI Ref 9 
 0.087 CCALI Chapter 4.3 
 0.064 Fick Chapter 4.5 

Technique: technique used to determine uptake. CCALI: closed-circuit anesthesia liquid injection. Fick: Fick-
derived uptake. 
 
5. Summary 
Ventilation, cardiac output and blood/gas partition coefficient of a potent inhaled anesthetic all affect 
the kinetics of the agent. Historically, “high flow anesthesiologists” have focused on what happens 
when these factors are changed while maintaining a constant inspired concentration. “Closed-circuit 
enthusiasts” have focused on what happens in a circle system while maintaining the alveolar 
concentration constant. The effect of ventilation, cardiac output and blood/gas partition coefficient 
takes on a different meaning with these two different approaches. In other words, the delivery method 
determines the impact of cardiac output, ventilation, and agent solubility on the kinetics of inhaled 
agents. Technology has evolved up to a point where this distinction may become important: the 
Physioflex anesthesia machine (and more recently the Zeus anesthesia machine Dräger) for example 
uses closed-loop closed-circuit liquid-injection technology that aims to rapidly obtain and then 
maintain a desired FA. 
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1. Introduction 
In this chapter, I will present studies where uptake of inhaled anesthetics is quantified in two 

different ways: by closed-circuit anesthesia liquid injection (CCALI) and by Fick’s method. First, we 
measured isoflurane and desflurane uptake using CCALI: uptake is defined by the amount of liquid 
anesthetic required to maintain a constant alveolar anesthetic concentration during closed-circuit 
anesthesia. (2. Uptake measurement using the closed-circuit anesthesia liquid injection [CCALI] 
technique). However, the effect of cardiac output was unaccounted for: an increase in cardiac output 
(as a response to surgical stimulation) may increase tissue perfusion and subsequently uptake by those 
tissues. We therefore measured sevoflurane (CCALI) while measuring cardiac output using a 
pulmonary artery catheter (3. Influence of cardiac output on uptake). While these data confirmed the 
conclusions from our first CCALI study, it was argued that we could not be certain that the amount of 
agent injected in the circuit was actually taken up by the patient because an undefined and difficult to 
quantify amount of agent could have been taken up by circuit components. For sevoflurane, in 
particular, soda lime could possibly absorb and degrade such amounts of agent that interpretation of 
the CCALI data becomes difficult, especially during the first 15 minutes (4. Absorption of anesthetics 
by circuit components). Because it therefore remained unclear how much agent was actually taken up 
by the patients tissues, an alternative method of measuring uptake was used to study halothane, 
isoflurane, and sevoflurane uptake: Fick’s method (5. Uptake measurement using the Fick technique). 
Still, all studies so far were limited in time (one hour). No conclusion could be drawn regarding to 
what happened with the uptake pattern after one hour. We therefore measured isoflurane and 
desflurane uptake in patients undergoing liver resection and liver transplantation in which CCALI was 
used for periods up to 4 and 10 hours, respectively (6. Uptake during long procedures). But even these 
long procedures remain too short to assess uptake by very slowly saturating tissue groups. In one 
patient, we tried to get a glimpse at what might have happened with tissue saturation after 1 week of 
isoflurane administration (7. Uptake after 1 week of isoflurane anesthesia).  
 
2. Uptake measurement using the closed-circuit anesthesia liquid injection (CCALI) technique 

In one of my earliest publications, I presented the CCALI technique and the effects of mode of 
ventilation on uptake of desflurane and isoflurane. Our findings were compared with the Lowe and 
Ernst square root of time (SqRT) model. 
 
 
 
 

Enclosed paper 4.1 
Uptake of desflurane and isoflurane during closed-circuit anesthesia with spontaneous and 
controlled ventilation. 
Hendrickx JFA, Soetens M, Van der Donck A, Meeuwis H, Smolders F, De Wolf AM. 
Anesth Analg 1997; 84:413-8. Reprinted with permission. 
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 In response to our manuscript, Dr. Eger wrote an editorial where he explores why our findings 
may differ from the SqRT model (1). He argues that uptake may have been increased by a higher 
cardiac output as a result of surgical stimulation. In addition, loss of anesthetic through the surgical 
wound may contribute to a seemingly higher uptake, thereby giving the (false) impression that the rate 
of uptake is fairly constant.  
 
3. Influence of cardiac output on uptake 

After reading Dr. Eger’s comments, we set out to address one of his critiques: the effect of  
cardiac output was unaccounted for. We therefore measured sevoflurane uptake (CCALI) while 
measuring cardiac output to account for the effect of cardiac output on uptake, or to exclude the effects 
of a changing cardiac output on uptake. 
 
 

Enclosed paper 4.2 
Sevoflurane pharmacokinetics: effect of cardiac output. 
Hendrickx JFA, Van Zundert AAJ, De Wolf AM. 
Br J Anaesth 1998; 81:495-501. Reprinted with permission. 
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There are three important observations from that study. First, cardiac output was remarkably stable 

throughout the study, and surgical stimulation did not seem to affect cardiac output. This was probably 
related to the use of 1.3 MAC, a concentration at which the hemodynamic response to surgical incision 
is likely to be blunted. Because uptake, determined under conditions of a more or less constant cardiac 
output, still deviated from the models, one of Dr. Eger’s comments could be refuted. Second, the 
SqRT and the four compartment (4C) model still did not accurately predict anesthetic uptake, even 
when measured cardiac output was used in the formulas of these models. And third, there was some 
relationship between uptake and cardiac output.  

 
4. Absorption of anesthetics by circuit components 

Up until now in this chapter, we demonstrated that uptake of inhaled anesthetics differs from the 
SqRT and the 4C model, even when taking the effect of cardiac output into account. But one may 
wonder whether our CCALI data actually represent uptake by patient tissues, and therefore can be 
used to assess existing models: a certain amount of agent injected in the circuit can be lost from the 
circuit and therefore does not represent uptake by the tissues. It has been shown in vitro that, with 
sevoflurane in particular, an amount of agent may be absorbed and/or degraded by the soda lime 
absorbent (2). We confirmed that this is relevant in the clinical setting: replacing even a small soda 
lime canister has a dramatic effect on sevoflurane kinetics during closed-circuit anesthesia in 12 
patients (fig 4.1). When replacing a compact soda lime canister during sevoflurane CCA, a significant 
amount of sevoflurane can be absorbed by the newly inserted soda lime canister. The effect dissipates 
over the course of 10 min, and the effect is likely to be more pronounced when larger canisters are 
used.   
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Figure 4.1 A and B. Effect of replacing a small soda lime canister with a fresh one on vaporizer settings during 
the maintenance phase of CCA aiming to keep the end-expired sevoflurane concentration at 2 %. At 30 min, 
insertion of a new soda lime canister resulted in a decrease in end-expired sevoflurane concentration (A) despite 
maximum vaporizer setting (B). Unpublished observations. 
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5. Uptake measurement using the Fick technique. 
Because the absorption and/or degradation of a certain but difficult to quantify amount of agent by 

the soda lime absorbent may confound the interpretation of CCALI data, we measured uptake using a 
different method than CCALI: Fick’s method. 
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Enclosed paper 4.3 
Fick-derived Halothane, Isoflurane and Sevoflurane Uptake. 
Hendrickx JFA, Van Zundert AAJ, Grouls REJ, Frietman P, Deloof T, Mortier E, De Wolf AM.
Submitted for publication.  
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Abbreviated title: Fick-derived uptake of inhaled agents. 
 
Summary statement: We calculated the uptake of inhaled anesthetics using Fick’s method after 
measuring arterial and mixed-venous anesthetic concentrations and cardiac output. The results 
confirmed our previous observations, where we determined the uptake pattern using closed-
circuit anesthesia liquid injection techniques, that the rate of uptake between 15 and 60 min only 
decreases to a small degree.  
 
Abstract 
 
Background: Closed-circuit anesthesia liquid injection (CCALI) has been used to measure 
uptake of potent inhaled anesthetics. Because some of the injected anesthetic may have been 
degraded and absorbed by circuit components, uptake of halothane, isoflurane, and sevoflurane 
was determined in humans using Fick’s method. 
Methods: Twenty-eight patients undergoing cardiac (n=25) or major vascular surgery (n=3) 
were randomly allocated to receive general anesthesia with one of three agents at 0.65 MAC: 
halothane (n=9), isoflurane (n=10), and sevoflurane (n=9). The end-expired concentration of 
halothane, isoflurane, and sevoflurane was maintained at 0.50, 0.75, and 1.3 %, respectively. 
Cardiac output was measured using a pulmonary artery catheter. Halothane, isoflurane and 
sevoflurane concentrations in mixed-venous and arterial blood were quantified by gas 
chromatography at 0, 3, 6, 10, 15, 20, 30, 45, and 60 min. Uptake was calculated according to 
Fick’s principle, and compared with available CCALI data. 
Results: Within each patient, rate of uptake fluctuated significantly. The average rate of uptake 
pattern could be mathematically described as: halothane rate of uptake (mg/min) = 68.6+70.1*e-

t*0.0314 (R2=0.9335); isoflurane rate of uptake (mg/min) = 56.6+46.8*e-t*0.0611 (R2=0.8706); and 
sevoflurane rate of uptake (mg/min) = 59.1+ 28.3*e-t*0.1057 (R2=0.9335). Rate of uptake 
correlated poorly with patient demographic parameters (r2 < 0.47). The arterio-venous anesthetic 
content difference did not correlate with cardiac output or cardiac index. 
Conclusions: Fick-derived uptake of halothane, isoflurane, and sevoflurane is similar to our 
previously observed CCALI-derived uptake patterns: the rate of uptake between 15 and 60 min 
only decreases to a small degree.  
 
Introduction 
Recent investigations using a closed-circuit anesthesia liquid injection (CCALI) technique to 
measure patient uptake indicate that the uptake pattern of potent inhaled anesthetics may not be  
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accurately predicted by the square root of time (SqRT) and four-compartment (4C) models.1-8 
However, degradation or adhesion of agents by circuit components may not have been 
completely accounted for, which may confound the interpretation of the CCALI data.9 In 
addition, the end-expired anesthetic concentration tends to oscillate for approximately 5 
minutes, which coincides with the period of highest uptake.10 We therefore calculated halothane, 
isoflurane and sevoflurane uptake in humans using Fick’s method with a high FGF, thereby 
accurately maintaining end-expired concentrations. 

 
Materials and Methods  

After obtaining Institutional Review Board approval and written informed consent, 28 ASA 
physical status II-III patients undergoing cardiac (n=25) or major vascular surgery (n=3) were 
randomly allocated to receive general anesthesia with one of three agents: halothane (n = 9), 
isoflurane (n = 10), and sevoflurane (n = 9). All patients had good left ventricular function 
(LVEF > 50%). 

The patients’ age, weight, and height were recorded and body surface area (BSA) 
calculated. All patients were premedicated with lorazepam (1 mg orally) the evening before and 
the morning of surgery. After applying routine monitors, a peripheral intravenous catheter and 
left radial artery catheter were inserted. After preoxygenation (O2 fresh gas flow 8 L/min) for 3 
min, etomidate (0.3 mg/kg), sufentanil (2-3 µg/kg), and rocuronium (0.7 mg/kg) were 
administered intravenously. The trachea was intubated, mechanical ventilation was started, and 
diazepam (0.05 - 0.1 mg/kg) was administered. While placing a pulmonary artery catheter 
(PAC) (Swan-Ganz Continuous Cardiac Output Thermodilution Catheter, Ref 744HF75, 
Edwards Lifesciences LLC, Irvine, CA), 500 mL hydroxy-aethyl starch 6 % (Fresenius Kabi 
N.V., Schell, Belgium) was infused. To minimize the effect of fluid administration on blood 
solubility, no further fluids were administered during the subsequent study period. After 
placement of the pulmonary artery catheter, 0.65 minimal alveolar concentration (MAC) of 
either halothane (0.50 %), isoflurane (0.75 %), or sevoflurane (1.3 %) was achieved as rapidly 
as possible using overpressure induction with an ADU vaporizer (Aladin® cassette ADU 
anesthesia workstation, Datex-Ohmeda, Helsinki, Finland) and oxygen and air fresh gas flows 
of 3 L/min each; thereafter 0.65 MAC was maintained with the same FGF settings. An ADU 
anesthesia machine (Datex-Ohmeda AS/3 Anesthesia Delivery Unit, Finland) was used with 
soda lime as the absorber. 

When signs of light anesthesia developed, an additional bolus of sufentanil (0.1 µg/kg) was 
administered intravenously. Light anesthesia was defined as tachycardia (heart rate [HR] > 125 
% of preinduction values or HR > 100 beats/min) or hypertension (mean arterial pressure 
[MAP] > 125 % of preinduction values or MAP > 100 mm Hg). Hypotension (MAP < 75 % of 
preinduction values or MAP < 60 mm Hg) was treated with 5 mg ephedrine or 100 µg 
phenylephrine, depending on the heart rate. If PAC data or transesophageal echocardiography 
showed signs of left ventricular dysfunction, dobutamine was titrated to restore cardiac output to 

a cardiac index >2.0 L.min-1.m-2 and/or to maintain mixed venous saturation > 70%. 
Bradycardia was treated with 0.25 mg atropine boluses. 

Inspired and expired gases were analyzed by an agent analyzer (Datex-Ohmeda Compact 
Airway Module M-CAiOV, Datex-Ohmeda, Helsinki, Finland) that was calibrated before each 
study. Capnograms were normal in all patients; the anestheticogram was displayed continuously  
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to ensure reliable end-tidal anesthetic concentrations. All data (including respiratory, gas, and 
hemodynamic data) were downloaded into a spreadsheet every 10 seconds. Arterial and mixed-
venous blood samples were drawn at 0, 3, 6, 10, 15, 20, 30, 45, and 60 min after the start of the 
administration of the inhaled anesthetic, and the corresponding cardiac output was recorded. 
Because tissue/gas solubility increases by 3.03 to 4.28 % for every degree Celsius that tissues 
cool, central blood temperature was recorded.11 However, because blood temperature changes 
during the study period were minimal, no corrections for changes in temperature were made. 
Hemoglobin concentrations were determined at 3 and 60 min.  
 
Gas chromatographic (GC) analysis  

Halothane, isoflurane and sevoflurane concentrations in mixed-venous and arterial blood 
were quantified by gas chromatography (Carlo Erba GC 6300 Vega, Interscience, Breda, the 
Netherlands) on a glass column (2.5 m x 1.4 x 2 mm) packed with 10 % OV-101 coated on 
Chromosorb WHP 80-100 mesh (Interscience, Breda, the Netherlands) using a head-space 
technique and flame ionization detection (Carlo Erba FID 40, Interscience, Breda, the 
Netherlands). The carrier gas was helium at 150 kPa. Hydrogen and air pressures to the detector 
were 50 and 100 kPa, respectively. The temperature of the injection port, column, and FID were 
125, 60, and 120 °C, respectively. Blood samples were drawn into 3 mL plastic syringes 
containing 200 IU dry lithium heparin (Quik A.B.G.®, Marquest Medical products, Inc., 
Englewood, CO, U.S.A.) at the selected times and immediately stored and transported on ice. 
After receipt in the laboratory, samples were immediately homogenized and 50 µL of the blood 
transferred to a 10.0 mL glass vial (Interscience, Breda, the Netherlands). Samples were stored 
at 4 °C. At the time of analysis, within 48 hours after sampling, the vial was placed in a vortex-
evaporator (Labconco Buchler 432-2100, Beun-De Ronde, the Netherlands) and vortexed at 600 
rpm during 10 min at a constant temperature of 43 °C to equilibrate blood and gas phase. Under 
these conditions > 99.5% of the analyte is in the gas phase. A 100 µL sample of the equilibrated 
gas phase was drawn in a gas-tight syringe (model 250 R-GT, Sigma) and injected in the gas 
chromatograph. Retention times of halothane, isoflurane and sevoflurane were 2.64, 2.19 and 
1.83 min.  

Stock solutions of halothane, isoflurane and sevoflurane were prepared by adding 60 µL of 
the liquid anesthetic to 12.00 mL l-propanol (extra pur, Merck, Darmstadt, Germany). 
Calibration curves (5-points) of halothane, isoflurane and sevoflurane, run on each analysis day, 
were constructed from the least-squares linear regression of the peak-area ratios versus 
concentrations over the range 5-80 µg/mL after evaporation of exactly weighed amounts of the 
stock solution in 1000 mL Schott-Duran flasks (volume exactly measured). Linear correlation 
coefficients were always > 0.999. 

The limit of quantification (LOQ), defined as the concentration corresponding to a signal-to-
noise ratio of 5, was determined in quintuplicate and found to be 2 µg/mL. Interassay precision 
was evaluated by analyzing spiked blood samples containing 10 and 40 µg/mL of the anesthetic 
on 5 separate days over a period of one month. Coefficients of inter-assay variation were < 7.5% 
(10 µg/mL) and <5% (40 µg/mL) for all three anesthetics. 

Samples remained stable for at least 72 hours under the conditions mentioned, e.g. transport 
on ice and storage at 4 °C (tested in tenfold; paired t-test). Three control samples, prepared by  
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spiking heparinized blood with weighed amounts of the stock solution, were included in each 
patient-series; the level of acceptance was set at nominal value ± 5%. 

Because adsorption of anesthetics to plastics has been reported, sampling in the plastic 
syringes was compared to sampling in glass syringes. No statistically significant difference 
could be observed under the conditions mentioned above (n=10; paired t-test; tested for 
concentrations of 10 and 40 µg/mL). 

Fick-determined rate of uptake (mg/min) was calculated as cardiac output * (arterial 
concentration - mixed venous concentration). Values are presented as mean ± standard deviation 
(SD).  

 
Statistical analysis 

Average rate of uptake curves were fit (non-linear regression) to mono-, bi-, and tri-
exponential mathematical models (Table Curve 2D Automated Curve Fitting Software, Jandel, 
San Rafael, California; GraphPad Prism, GraphPad Software, Inc., San Diego, California). 
Exponential functions were chosen because of their simplicity, and because exponential 
functions are used frequently to describe biological processes (tissues ultimately have to 
saturate, which is an exponential process). The goodness of fit was determined by R2 values, 
residuals, sum of squares, number of runs, confidence limits of the variables, and visual 
inspection. 

At 3, 6, 10, 15, 20, 30, 45, and 60 min, Fick-derived uptake was correlated with age, height, 
weight, and BSA, and the arterio-mixed venous content difference was correlated with both 
cardiac output and cardiac index (linear regression analysis).  
 
Results  

Demographic data are presented in table 1. The desired end-expired concentration was 
reached within 20 seconds in all patients and remained stable at 0.65 MAC after 1.5 min. 
Changes in hemoglobin concentration and central blood temperature were small during the 
study period (table 1), and therefore should not have affected the uptake calculations. Arterial 
and mixed-venous concentrations, end-expired concentrations, and cardiac output and index 
data are presented in table 2. Rate of uptake calculated by Fick’s method is presented in fig. 1-3. 
Within each patient, rate of uptake could fluctuate significantly. A two-exponential function 
described the average rate of uptake pattern in the three groups no better than a one-exponential 
function: halothane rate of uptake (mg/min) = 68.6+70.1*e-t*0.0314 (R2=0.9335); isoflurane rate of 
uptake (mg/min) = 56.6+46.8*e-t*0.0611 (R2=0.8706); and sevoflurane rate of uptake (mg/min) = 
59.1+ 28.3*e-t*0.1057 (R2=0.9335). Rate of uptake correlated poorly with patient demographic 
parameters (r2 < 0.47). The arterio-mixed venous content difference did not correlate with 
cardiac output or cardiac index (table 3). 

Dobutamine (3-4 µg.kg-1.min-1) was administered to 1 patient in each group. In addition, 
one patient in the halothane and 3 patients in the other two groups received 1-3 boluses of 
phenylephrine (100 µg); two patients in the isoflurane and sevoflurane group were given 
atropine (0.5 mg); and one patient in the sevoflurane group received a single bolus of ephedrine 
5 mg.  
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Table 1. Patient demographics, hemoglobin concentrations and blood temperatures.  

  Halothane Isoflurane Sevoflurane 

Number of patients 9 10 9 

Age (yr) 61±14 67±9 73±4 

Height (cm) 164±11 167±5 168±7 

Weight (kg) 74±14 72±11 68±11 

BSA (m2) 1.81±0.21 1.80±0.14 1.76±0.16 

Hb 3 (g/100 mL) 11.9±2.0 11.5±1.0 10.9±1.6 

Hb 60 (g/100 mL) 11.7±1.7 11.1±0.8 9.8±2.8 

T3 (°C) 35.8±0.3 36.4±0.5 35.5±0.7 

T45 (°C) 35.3±0.3 35.6±0.8 35.0±0.7 

T60 (°C) 35.3±0.5 35.6±0.9 34.6±0.8 

Hb = hemoglobin concentration at 3 (Hb 3) and 60 (Hb 60) min; T = central blood temperature at 3 (T3), 
45 (T45), and 60 (T60) min. Results are presented as mean ± standard deviation.  

 
 
 

 
Figure 1. Halothane rate of uptake (mg/min): experimental data (Fick) versus closed-circuit anesthesia 
liquid injection (CCALI) studies. Ross data from reference 13. All data have been corrected, if necessary, 
towards 0.65 MAC. 
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Figure 2. Isoflurane rate of uptake (mg/min): experimental data (Fick) versus closed-circuit anesthesia 
liquid injection (CCALI) studies. Hendrickx and Lockwood data from references 3 and 1, respectively. All 
data have been corrected, if necessary, towards 0.65 MAC. 

 

 
Figure 3. Sevoflurane rate of uptake (mg/min): experimental data (Fick) versus closed-circuit anesthesia 
liquid injection (CCALI) studies. Hendrickx and Vagts data from references 4 and 5, respectively. All data 
have been corrected, if necessary, towards 0.65 MAC. 

 



Chapter 4 

80 

 
Table 2. The end-expired concentration, arterial and mixed-venous concentration, and cardiac output, in 
the three study groups. 

Halothane 0 min 3 min  6 min 10 min 15 min 20 min  30 min 45 min  60 min 

Et (%) 0.00±0.00 0.52±0.03 0.51±0.01 0.51±0.03 0.52±0.02 0.54±0.04 0.54±0.03 0.51±0.04 0.54±0.03

Ca (µg/mL) 0.0±0.0 40.7±6.3 44.2±8.4 50.8±7.3 51.8±8.3 52.9±7.0 54.1±6.8 52.4±9.1 51.6±9.7

CV (µg/mL) 0.0±0.0 12.3±2.3 19.2±4.9 24.0±5.8 26.9±5.9 29.3±6.5 33.7±7.1 33.3±6.2 33.7±6.6

CO (L/min) 5.2±1.0 5.1±1.0 4.9±1.1 4.9±1.1 4.7±1.4 4.7±1.2 4.7±1.3 4.7±1.4 4.5±1.2 

CI (L.min-1.m-2) 3.0±0.8 2.9±0.7 2.7±0.7 2.7±0.7 2.6±0.9 2.7±0.7 2.6±0.8 2.6±0.8 2.5±0.6 

          

Isoflurane 0 min 3 min  6 min 10 min 15 min 20 min  30 min 45 min  60 min 

Et (%) 0.00±0.00 0.77±0.04 0.76±0.02 0.74±0.01 0.75±0.02 0.76±0.02 0.76±0.01 0.76±0.03 0.75±0.02

Ca (µg/mL) 0.0±0.0 35.9±5.2 41.1±6.1 40.1±5.5 42.2±6.4 42.2±5.1 43.7±6.9 44.1±5.3 42.1±5.6

CV (µg/mL) 0.0±0.0 13.8±5.4 17.8±4.9 22.0±6.9 25.4±4.8 26.4±5.4 29.3±6.7 30.7±4.6 29.5±5.1

CO (L/min) 4.5±1.9 4.7±1.9 4.5±1.4 4.6±1.4 4.9±1.6 4.6±1.3 4.9±1.8 4.7±1.1 4.6±1.1 

CI (L.min-1.m-2) 2.5±1.0 2.6±1.0 2.4±0.7 2.5±0.7 2.7±0.8 2.5±0.7 2.7±1.0 2.6±0.5 2.5±0.5 

                    

Sevoflurane 0 min 3 min  6 min 10 min 15 min 20 min  30 min 45 min  60 min 

Et (%) 0.00±0.00 1.29±0.04 1.30±0.04 1.31±0.02 1.32±0.02 1.28±0.03 1.29±0.03 1.30±0.01 1.30±0.02

Ca (µg/mL) 0.0±0.0 32.5±7.8 38.8±5.5 39.9±6.5 40.4±6.3 42.2±5.3 44.1±5.2 42.9±3.6 44.0±4.7

CV (µg/mL) 0.0±0.0 11.4±2.5 17.2±3.2 21.4±3.8 24.7±3.8 24.5±4.4 29.9±3.2 30.2±3.5 30.9±4.6

CO (L/min) 4.3±1.2 4.0±0.9 4.0±0.9 3.9±0.7 4.0±0.9 4.0±0.9 4.4±1.0 4.5±1.3 4.5±1.3 

CI (L.min-1.m-2) 2.5±0.7 2.3±0.5 2.4±0.5 2.2±0.4 2.3±0.6 2.3±0.6 2.5±0.6 2.6±0.7 2.6±0.8 

Et = end-expired concentration; Ca = arterial concentration; Cv = mixed-venous concentration; CO = 
cardiac output; CI = cardiac index. Results are expressed as mean ± standard deviation. 
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Table 3. Correlation coefficients (r2) between the anesthetic arterial-mixed venous content difference and 
cardiac output and cardiac index (linear regression analysis). 

  3 min 6 min 10 min 15 min 20 min 30 min 45 min 60 min 

Halothane CO 0.09 0.09 0.00 0.01 0.27 0.09 0.13 0.00 

 CI 0.03 0.28 0.02 0.00 0.13 0.06 0.13 0.00 

Isoflurane CO 0.08 0.11 0.01 0.14 0.00 0.76 0.33 0.01 

 CI 0.07 0.08 0.03 0.11 0.00 0.77 0.48 0.45 

Sevoflurane CO 0.04 0.18 0.03 0.10 0.19 0.00 0.03 0.12 

 CI 0.05 0.07 0.00 0.00 0.09 0.03 0.00 0.04 

CO = cardiac output, CI = cardiac index. 

 
Discussion  

We both quantified uptake and described the uptake pattern of halothane, sevoflurane, and 
isoflurane at constant end-expired concentration using Fick’s method. There was no consistent 
correlation between uptake and patient demographic parameters, and neither did the arterio-
venous content difference correlate with cardiac output nor cardiac index. 

Our current data cannot be indiscriminately compared with CCALI data or theoretical 
uptake models without properly defining “uptake”. There is, indeed, no ”gold standard” to 
determine uptake, largely because each technique measures different components of the uptake 
process. Fick-derived uptake does not include prime of the anesthesia circuit and functional 
residual capacity (FRC), continuing uptake or degradation by circuit components, sampling by 
the gas analyzer, losses via leaks, and uptake by lung tissue and blood. CCALI-derived uptake 
may or may not have been corrected for prime of the anesthesia circuit and FRC, uptake or 
degradation by circuit components, sampling by the gas analyzer, and losses via leaks. In 
addition, uptake may be presented as the integrated (cumulative) dose or derivative (amount of 
uptake/time). The derivative eliminates the effect of some constant factors such as priming of 
the anesthesia circuit and FRC, and more readily identifies early saturation processes (which the 
cumulative dose may miss due to the weight of the more slowly saturating groups when 
analyzing cumulative uptake data). Even when comparing studies in which “uptake” has been 
determined by an identical technique, the end-expired concentration may differ, necessitating 
extrapolation of results to a different MAC value than was actually studied, potentially 
introducing errors, although the kinetics of potent inhaled anesthetics at these concentrations are 
likely linear. Also, the course of the end-expired concentration may not be equally stable in all 
studies, possibly distorting the uptake pattern; this may be especially pronounced at the 
beginning of the procedure when end-expired concentrations tend to fluctuate at a time when 
uptake is highest. Surgical stimulus and therefore cardiac output may vary and may complicate 
interpretation of the results.12 Other confounding factors include differences in patient 
populations. During the first 5 min, the Fick-derived and the CCALI-derived uptake can 
therefore not be compared because of the intrinsic differences in the techniques. But after 5-10 
min, most of the differences in uptake determined by those techniques (such as priming of 
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circuit and FRC, lung and blood uptake) should have become very small, especially if the 
CCALI data have been corrected for circuit component uptake, leaks, and continuous gas 
sampling. Therefore, after 10 min, we feel that it is justified to do a direct comparison between 
the data from these techniques, especially if uptake rates (mg/min) and uptake patterns are 
compared rather than cumulative doses.  

With these caveats in mind, let us compare our Fick-derived rate of uptake data with 
available CCALI data (fig. 1-3).1,3,4,5,13 In these CCALI studies, sampled gases were redirected 
to the circuit or were corrected for, and data were corrected for circuit leaks. Fick-derived and 
CCALI-derived rate of uptake has been recalculated to 1.3 MAC end-expired concentration. For 
all agents, initial Fick-derived rate of uptake was, as expected, lower than CCALI-derived rate 
of uptake because of wash-in of the circuit and FRC, and uptake by circuit components, blood, 
and lung tissue. Uptake by other tissues during this 1-4 min period of non-constant, rapidly 
increasing end-expired concentrations are more variable and difficult to account for. The Fick-
derived isoflurane and halothane rate of uptake is similar to the CCALI-derived data, however, 
the Fick-derived rate of uptake of sevoflurane is about one third lower than that determined by 
CCALI. Besides differences in patient population, uptake and degradation/adhesion by circuit 
components may have contributed to the difference in sevoflurane rate of uptake. In vitro 
studies suggest that absorption and/or adhesion by soda lime could significantly affect 
sevoflurane kinetics during CCA conditions.9 While it has therefore been argued that 
sevoflurane CCALI could not be used as a means to measure sevoflurane uptake by the patient, 
this does not nihilate the value of the sevoflurane CCALI data. When discussing uptake data, the 
value of the data depends on the purpose of the investigator. While uptake by soda lime makes it 
difficult to sort out uptake by the patient, from a more practical (clinical) point of view uptake 
by circuit components must be taken into account.  

An accurate description of the uptake pattern and quantification of uptake of potent inhaled 
anesthetics by both the patient and circuit components is important to understand gas kinetics in 
a circle system, especially with lower FGF: because there is more rebreathing with a lower FGF, 
more exhaled gas (with the lower expired 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 setting will have to be higher to maintain the same inspired and 
alveolar (end-expired) concentrations and the uptake pattern by the patient will be more 
profoundly reflected in the vaporizer setting course. Rather than relying on theoretical uptake 
models, recently acquired clinical uptake data have been used to develop and simplify 
administration schedules for inhaled agents with reduced FGF, confirming that the more slowly 
decreasing uptake rate between 15 and 60 min facilitates the use of potent inhaled anesthetics at 
reduced FGF.14,15 Any uptake model for inhaled agents will have to take available clinical 
human uptake data into account and verify whether the vaporizer settings it predicts match those 
obtained in clinical practice.  

Our study population may differ from other populations, e.g., with regard to age (known to 
affect tissue solubilities), exposure of thoracic contents, or the effect of co-administration of 
other drugs. Even within our selected patient population, uptake in the individual patient is 
unpredictable and can fluctuate significantly. End-expired gas monitoring therefore is 
indispensable during the use of low fresh gas flows and CCA.  
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In conclusion, Fick-derived uptake of halothane, isoflurane, and sevoflurane confirm 

CCALI-derived uptake patterns. During the initial uptake faze, Fick and CCALI measure 
different aspects of the uptake process, but after 10 to 15 min, the Fick and CCALI-derived 
uptake patterns are similar. Preliminary data indicate that these uptake patterns are reflected the 
in vaporizer setting needed to attain and maintain a constant end-expired concentration. The 
slowly decreasing rate of uptake between 15 and 60 min implies that simplified administration 
schedules of potent inhaled anesthetics with low-flow anesthesia techniques can be developed. 
The high variability in uptake and lack of correlation between uptake and patient demographics 
parameters, however, indicates that end-tidal gas monitoring will be indispensable during the 
use of reduced fresh gas flows.  
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6. Uptake during long procedures 
Both the CCALI and Fick data confirm that initial rate of uptake (10-15 min) is higher than what 

the 4C and SqRT model predict, and lower and more constant thereafter (between 15 and 60 min after 
the start of the administration of the anesthetic). However, it remains unclear what happens to uptake 
thereafter because all studies so far were limited to one hour. We therefore measured isoflurane and 
desflurane uptake in patients undergoing liver resection and liver transplantation in which CCALI was 
used for periods op to 4 and 10 hours, respectively. We accounted for the effect of cardiac output by 
measuring it using a pulmonary artery catheter. Absorption of isoflurane and desflurane by soda lime 
is minimal. 
 
 

 

Enclosed paper 4.4 
Isoflurane and desflurane uptake during liver resection and transplantation.  
Hendrickx JFA, Dishart MK, De Wolf AM. 
Anesth Analg 2003; 96:356-62. Reprinted with permission. 
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The results from the studies lasting up to one hour prompted us to state that “uptake remained 

virtually constant between the ensuing 15 and 60 min”. The uptake patterns in patients undergoing 
liver resection or liver transplantation make it clear that this statement should not be interpreted as 
“uptake remains constant after 60 minutes”. 
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7. Uptake after 1 week of isoflurane anesthesia 
Thus, the rate of uptake continues to decrease during long procedures, and one would expect that 

eventually the body becomes saturated with vapor. However, even the long procedures in patients 
presenting for liver surgery remain too short to assess uptake by very slowly saturating tissue groups. 
As an alternate approach, wash-out data have been used to study the pharmacokinetics of potent 
inhaled anesthetics over prolonged periods of time, and such data have been used to construct the 5-
compartment model. However, whether the time constants derived from the exponentials fitted to the 
curves describing wash-out or uptake can be used to speculate on parameters of the underlying nature 
of the compartments of the exponential fits remains controversial. In addition, preliminary data 
suggest that wash-out kinetics may differ from wash-in kinetics (chapter 2.5). 

Uptake of inhaled agents after 10 hours remains poorly documented. In one patient, however, we 
have been able to document some quantitative aspects of uptake after 1 week of anesthesia. An 18 year 
old man was admitted to the ICU with intractable seizures. The patient had undergone two liver 
transplantations for fulminant hepatic failure secondary to valproate administration. Despite surgical 
resection of seizure foci and maximal medical therapy, he continued to have uncontrollable seizures, 
for which isoflurane anesthesia was ultimately attempted. Isoflurane was administered in an O2/air 
mixture using an Ohmeda Modulus II Plus anesthesia machine. Anesthetic gases were analyzed by a 
Rascal gas analyzer (Rascal II Anesthetic Gas Monitor, Ohmeda, Salt Lake City, Utah). The Rascal 
gas analyzer samples gases at a rate of 200 mL/min. In addition, air is entrained by the analyzer to 
buffer samples during its gas analysis. At the sample gas outlet of the analyzer, both sampled gases 
and air used during analysis are mixed and vented together through the gas outlet from the analyzer. 
The concentration of isoflurane was titrated to obtain burst suppression of the EEG. The fresh gas flow 
(FGF) and replacement of the soda lime canister were left to the discretion of the anesthesia providers. 
Fig. 4.2 and 4.3 illustrate the time course of the FGF and the end-expired isoflurane concentration. The 
required end-expired concentration to obtain burst suppression of the EEG progressively increased. 
Intermittently, the administration was stopped to see whether seizures reoccurred – and they 
unfortunately always did. On the sixth day, when the required end-expired isoflurane concentration 
was 1.5 %, there was no detectable inspired to end-expired gradient (Fig. 4.4). After 7 days, the patient 
continued to have intractable seizure activity when isoflurane administration was stopped. It was 
decided that further administration of isoflurane would be futile, a decision supported by previous 
reports of the same care team (3,4). The patient expired shortly thereafter.  

 
Figure 4.2. Oxygen and air fresh gas flows 
during the course of 1 week. Study period is 
indicated by the arrows. 
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Figure 4.3. Course of the isoflurane 
end-expired concentration during the 
course of 1 week. Study period is at 
approximately the 9000 min area. To 
appreciate the long duration of this 
particular therapeutic anesthetic, 
isoflurane uptake over 10 hours in 
the liver transplant patient group 
described in reference 5 is also 
presented. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.4. Course of the inspired (upper line) and end-
expired (lower line) isoflurane concentration just before the 
study period. The inspired and expired concentration are 
virtually identical, indicating tissues have reached near-
saturation. 
 
 
 

 
 

 
After obtaining informed consent from the parents, CCALI was used to measure isoflurane uptake 

by the patient. Oxygen was used as the carrier gas. The sampled gases were not redirected to the 
anesthesia circuit. When ventilating a test balloon to simulate the FRC, 1.1 mL/h liquid isoflurane had 
to be infused to replace the amount of isoflurane lost via sampling and leaks to maintain the 
concentration at 1.4-1.5 % in the circuit. Using this CCALI technique during 2 hours, no isoflurane 
uptake by the patient could be detected at an end-expired concentration of 1.4-1.5 %: the amount of 
liquid isoflurane infused to maintain the concentration in the circuit at 1.4-1.5 % was 1.1 mL/h, which 
equaled the sampling rate and leak of the anesthesia circuit. Oxygen FGF was 400 mL/min during this 
CCALI period. 

Using the same anesthesia machine and gas analyzer, coasting was studied. Coasting entails 
observing the course of the end-expired concentration of the potent inhaled anesthetic during closed-
circuit anesthesia without further administration of the potent inhaled anesthetic (chapter 6). To be able 
to work truly closed, sampled gases were now redirected to the circuit. Oxygen FGF could therefore be 
lowered to 200 mL/min during coasting, indicating true CCA conditions were present. In addition, N2 
accumulation caused by air entrainment by the Rascal served as a means to document the degree of 
“closedness” (Fig. 4.5). 
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During 2 hours of coasting, the end-expired concentration decreased only from 1.5 to 1.4 % (Fig. 4.6), 
which supports the notion that the patient’s tissues were nearly saturated with isoflurane at 1.5%.  

 

 
 

 
Figure 4.6. Course of the inspired and end-expired isoflurane 
concentration during coasting. 

 
 
 
 
 
 
 

 
 
Our report of this very prolonged general anesthetic also illustrates how the relative contribution of 

patient uptake, gas sampling and leaks on anesthetic consumption changes with the duration of 
anesthesia. After 6 days of general anesthesia, there was no measurable or minimal uptake, as 
indicated by the CCALI and coasting data, respectively. Anesthesia providers were therefore only 
administering isoflurane to compensate for loss of isoflurane (1) through sampling of gases; (2) via 
leaks in the system; (3) via the pop-off valve (scavenging of excess gas); and (4) metabolism. The 
latter amount, scavenging of excess gas via the pop-off valve, depends on the FGF. Depending on the 
FGF selected by the anesthesia provider, it may even become the overriding factor determining 
anesthetic agent consumption: while 1.1 mL/h of liquid isoflurane was needed to sustain an end-
expired concentration at 1.5 % during CCALI (FGF of 400 mL/min), consumption would increase by 
an additional 0.46 mL/h for each 100 mL/min of additional FGF. That total FGF indeed varied over 
time depending on the anesthesia provider, is illustrated by the FGF course in Fig. 4.3, especially 
during the first two days. Similarly, these calculations also illustrate how accurately measuring small 
amounts of uptake of potent inhaled anesthetics becomes virtually impossible when the uptake is 
expected to be less than the losses from the circuit and the errors in the calculations.  

Because in this particular patient, there was no measurable isoflurane uptake after 1 week of 
anesthesia, virtually all the administered isoflurane was being “distributed” to the environment, be it 
the operating room or the hospital chimney. The hospital chimney could be regarded as the often 
ignored but important sixth compartment with a time constant = ∞ and capacity = ∞. It can take up 
enormous amounts of anesthetic agent - to such an extent that "Uptake and Distribution" after 1 week 

Figure 4.5. Nitrogen concentrations increased during 
coasting, indicating (near) closed-circuit anesthesia conditions 
are present. In order have true closed anesthesia conditions, 
gases sampled by the Rascal (200 mL/min) have to be 
redirected to the circuit. However, the Rascal entrains air, and 
this gas is mixed with sampled gas at the gas outlet of the gas 
analyzer. In addition, endogenous N2 stores may have 
contributed. While it can be considered to be an unwanted 
gas, N2 accumulation here serves as a means to document 
the degree of “closedness”. 

Coasting started 

Coasting started 
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becomes a function of the characteristics of the anesthesia machine and the FGF in excess of patient 
uptake only.  

8. Summary  
Our CCALI and Fick uptake data indicate that the 4C and SqRT model may not accurately predict 

anesthetic uptake in human adults. Dr. Eger argued in his editorial (1) that while uptake appears to be 
more complex than previously assumed, the uptake pattern we describe paradoxically simplifies the 
administration of these agents. Because the rate of uptake is more or less constant between 15 and 60 
min, the administration of these agents should be easier at reduced FGFs than previously assumed. 
This period is within the time realm of most anesthetic procedures in clinical practice. While we have 
stated that the rate of uptake is “virtually constant between 15 and 60 min”, it is clear that the rate of 
uptake decreases slightly in that time interval and continues to decrease thereafter. But is the uptake 
pattern we describe reflected in the vaporizer settings required to attain and maintain a constant end-
expired concentration, and does it facilitate the use of these agents at reduced FGFs? This question 
will be addressed in the next chapter.  
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1. Introduction: the concept of the general anesthetic equation (GAEq) according to Lowe and 
Ernst (1) 

This chapter is the cornerstone of the thesis, because it should convince the reader of how the 
“esoteric” uptake pattern is linked to clinical practice.  

In a leak-free anesthesia circle system, the delivered concentration (vaporizer setting or FD) 
required to attain and maintain a constant end-expired concentration can be predicted for any FGF if 
the following are known: (1) uptake of O2, N2O, and potent inhaled anesthetic; (2) CO2 and H2O 
production; and (3) alveolar and dead space ventilation. Figure 5.1 displays the circle system, with the 
patient attached. The amounts of gases delivered (common gas outlet), inhaled, and exhaled can be 
mathematically quantified. By rearranging the components of these equations, Lowe and Ernst derived 
a formula 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. 5.1). 

 
Figure 5.1 
Amounts of gases (= concentration x volume) delivered to the circle system and inhaled and exhaled by the 
patient. Modified from Lowe HJ, Ernst EA: The quantitative practice of anesthesia - use of closed circuit. 
Baltimore, Williams & Wilkins, 1981. 
 
Abbreviations:  
FGF = fresh gas flow (L/min) 
FD = delivered (common gas outlet) concentration (%) 
FI = inspired concentration (%) 
FA = alveolar (end-expired) concentration (%) 
FE = mixed-expired concentration (%) 
VT = minute ventilation (L/min) 
VD = dead space minute ventilation (L/min) 
VA = alveolar minute ventilation (L/min) 
U = uptake of O2 (VO2), N2O (QN2O), and anesthetic vapor (Qan) (L/min) 
E = elimination of CO2 (VCO2) and water vapor (VH2O) (L/min) 
fR =  fraction rebreathed 
1 - fR = fraction of exhaled vapor exhausted from the system 
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Amount of vapor delivered = FD x FGF 
Amount of vapor inhaled = FI x (VT + [U – E]) 
Amount of vapor exhaled = FI x VD + FA x VA 
 
By rearranging these factors Lowe and Ernst derived the general anesthetic equation (the actual 
derivation is not given though).  
 

 Qan [VT + (U - E) - VD x fR] + (1 - fR) FA x VA [VT + (U - E)] 
FD =   
 VA + (U - E) FGF 

 
Of all these factors, the uptake pattern is of paramount importance: the uptake pattern will reflect 

itself in the way the anesthesiologist has to adjust the vaporizer setting (or liquid injection rate). While 
this is basically so with any FGF, it is more pronounced during the use of reduced FGF, and most 
pronounced during CCA - the major reason for Lowe and Ernst to develop an uptake model was to 
give them an idea of how much agent to administer to keep the end-expired agent concentration 
constant during CCA without an accurate agent analyzer (chapter 3).  

Let us first approach this intuitively. First of all, it should be clear that uptake of a potent inhaled 
anesthetic by the individual patient is the same regardless of the method employed to deliver it 
(assuming the same end-expired concentration is obtained). But whether an open, semi-closed, 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. What determines end-
expired concentration is patient uptake, alveolar minute ventilation, and inspired concentration of the 
anesthetic. How you get the desired inspired concentration depends on the FGF: in a circle system, 
with high FGF (> minute ventilation), the vaporizer setting is virtually identical to the inspired 
concentration. With lower FGF, because of rebreathing, the vaporizer setting will have to be higher 
than with high FGF to get the desired inspired concentration: the lower the FGF, the more the exhaled 
gas (with the lower expired concentration secondary to uptake) will dilute the inspiratory mixture. To 
keep the end-expired concentration constant, the vaporizer setting has to be increased accordingly. 
The lower the FGF, the more the uptake pattern will therefore be reflected in the vaporizer settings.  

Let us now look at the GAEq formula again. In the one extreme of FGF, during closed-circuit 
anesthesia, the rate of vapor administration will exactly match the rate of uptake if we ignore leaks 
from the circuit and if we assume gases sampled by the gas analyzer [± 200 mL/min] are redirected to 
the anesthesia circuit. The GAEq simplifies to: 

 
FD = Qan / U 

 
indicating that the delivered concentration equals the amount of uptake of anesthetic divided by the 
amount of uptake of anesthetic, oxygen, and nitrous oxide.  

In the other extreme (non-rebreating system), it becomes 
 

FD = Qan + FA x VA 

VA +(U-E) 
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In between these two lies the “vast no-man’s land between non-rebreathing and total rebreathing 
systems”. A three-dimensional plot can be constructed that displays the “anesthetic continuum”, the 
vaporizer dial settings over time for any FGF for a certain agent at a constant desired end-expired 
concentration (Figure 5.2A and B). Again, from the figure, it can be appreciated that the lower the 
FGF, the more the uptake pattern is reflected in the vaporizer dial settings – under CCA conditions, its 
course actually matches that of the uptake pattern! This is, by the way, the reason why and how the 
SqRT model was developed (chapter 3).  

 
Figure 5.2A. Delivered concentration of enflurane 
required to maintain 1.3 MAC as a function of time 
and delivered fresh gas. Three two-dimensional 
surfaces are placed along the delivered fresh gas 
axis in preparation for a three-dimensional plot 
presented in figure 5.2B. CD = delivered 
concentration (FD); VDel = fresh gas flow (FGF). 
Adapted from Lowe HJ, Ernst EA: The quantitative 
practice of anesthesia - use of closed circuit. 
Baltimore, Williams & Wilkins, 1981. Reprinted with 
permission. 
 
 
 
 
 
 

 
 
Figure 5.2B. Three-dimensional plot of delivered 
fresh gas, delivered halothane concentration, and 
time (minutes)1/2, terms appearing in the general 
anesthetic equation. Smooth surfaces, indicated by 
dark lines, are intended to present a concave 
perspective. Dotted lines define the administration 
of closed-circuit anesthesia with 100 % O2 and with 
an O2/N2O mixture. The course of the required 
vaporizer setting to keep a certain constant end-
expired concentration for the whole range of 
closed-circuit anesthesia to non-rebreathing 
systems is plotted along the concave surface. VDel 
= fresh gas flow (FGF). Adapted from Lowe HJ, 
Ernst EA: The quantitative practice of anesthesia - 
use of closed circuit. Baltimore, Williams & Wilkins, 
1981. Reprinted with permission. 

 
 
 

 
It has not been the purpose to explore every single component of the GAEq nor to mathematically 

elaborate on it. It would be technically impossible to explore all the factors involved, e.g. nitrogen 
wash-out, physiological versus anatomical dead-space ventilation, generalization to STPD conditions, 
etc. Rather, this equation has didactic value in pointing out a concept that can be used to study the 
kinetics of gases and vapors in a circle system. In chapter 4 we describe (1) that existing uptake 
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models do not accurately describe the uptake pattern in humans and (2) that uptake remains more or 
less constant between 15 and 60 min, or, “for practical purposes, uptake between 15 and 60 min is 
constant”. According to the concept of the GAEq, these findings should be reflected in the anesthetic 
continuum of the agents we studied. This will be outlined in the next manuscript, in which we 
clinically determined the GAEq for the agents who’s uptake was described in chapter 4. While three-
dimensional plots have been used to illustrate the GAEq concept in this introduction, two-dimensional 
graphs will be used in the following manuscript. Before embarking on this study, we first had to 
determine the accuracy of the type of vaporizer used in this study (chapter 7.2) and solve the issue of 
N2 accumulation during CCA (chapter 7.3). 
 
2. Clinical evaluation of the general anesthetic equation for halothane, isoflurane, desflurane 
and sevoflurane in O2 
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ASA 2002.  
 
Abbreviated title: The general anesthetic equation. 
 
Summary statement: Vaporizer settings require less frequent adjustments than predicted by 
existing uptake models, facilitating the use of lower fresh gas flows. Vaporizer/end-expired 
ratios of potent inhaled anesthetics increase with lower fresh gas flows and increasing blood/gas 
solubility of the agent. Vaporizer/end-expired ratio, vaporizer setting variability, and the 15-45 
min decrease in vaporizer settings increase in the following order: desflurane < sevoflurane < 
isoflurane < halothane.  
 
 
Abstract  
Background: When maintaining a constant end-expired concentration (FA) of an inhaled 
anesthetic, the uptake pattern will be reflected in its vaporizer settings (FD), especially with low 
fresh gas flows (FGF). Because uptake decreases less than predicted by existing uptake models, 
the FD course with reduced FGF during the maintenance phase may be simpler than these 
models predict.  
Methods: 196 patients received 0.65 MAC of either halothane, isoflurane, sevoflurane, or 
desflurane in oxygen at an FA of 0.50, 0.75, 1.3, or 4.5 %, respectively, with 1 of 7 different O2 
FGFs, ranging from 0.2 to 8 L/min. FD course, FD coefficient of variation, and FD/FA ratios 
between 15 and 45 min were determined. The FD or FD/FA course was compared with 
predictions by the square root of time (SqRT), four (4C) and five compartment (5C) model. 
Results: A similar pattern for FD emerged for all agents at any FGF. FD rapidly decreased over 
the first 10-15 min. During the 20-45 min interval, FD decreased by ≤ 6 % for desflurane, ≤ 8% 
for isoflurane, and ≤ 14 % for halothane. Changes in the sevoflurane groups were less 
consistent. With lower FGF, both FD and FD variability increased. FD/FA was highest for 
halothane, followed by isoflurane > sevoflurane > desflurane. Existing models did not 
consistently predict FD.  
Conclusions: Congruent with findings that uptake models of inhaled agents do not accurately 
describe clinically derived uptake patterns, FD required to maintain 0.65 MAC only minimally 
decreases during the use of reduced FGF between 15 and 45 min after the start of administration 
with modern inhaled agents. This finding facilitates the practice of administering these agents 
with lower FGF, but still agent analysis is required because interindividual FD variability 
increases with FGF below 1 L/min. A FGF of 1 L/min (0.5 L/min for desflurane) provides a 
good combination of ease of use (number of FD adjustments needed) and anesthetic 
consumption. 
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Introduction 

The factors affecting gas kinetics in a circle system have been described two decades ago by 
Lowe and Ernst.1 According to their so-called "general anesthetic equation" (GAEq) the 
vaporizer setting (delivered fraction, FD) to attain and maintain a constant end-expired 
concentration (alveolar fraction, FA) of a potent inhaled anesthetic can be predicted for any fresh 
gas flow (FGF) if the following are known: (1) uptake of O2, N2O (if used), and the potent 
inhaled anesthetic; (2) H2O and CO2 production; (3) dead space and alveolar ventilation; and (4) 
leaks of the system. Therefore, it is expected that the uptake pattern will be reflected in the FD, 
especially with low FGF, because rebreathing increases the contribution of exhaled gas with a 
lower agent concentration to the composition of the inspired mixture. When FGF is high enough 
to have no rebreathing, uptake does not influence the composition of the inspired mixture: the 
inspired concentration equals FD. Clinically, a complex uptake pattern will be reflected in a 
complex FD schedule when low FGFs are used. Two uptake models have dominated the 
literature: the square root of time (SqRT) model from Lowe and Ernst and the four compartment 
(4C) model from Eger.1,2 Because recent data indicate that these models do not describe uptake 
of modern inhaled anesthetics accurately enough,3-10 FD required to attain and maintain a 
constant FA are likely to differ from the predictions by these models. More recently, the five 
compartmental (5C) model has been developed and used to predict FD.11 We therefore studied 
the FD of halothane, isoflurane, sevoflurane, and desflurane required to provide a constant FA 
(FA halo, FA iso, FA sevo, and FA des, respectively) using a circle system with FGF ranging from 0.2 
to 8 L/min O2. FD was compared with FD predicted by the SqRT model, and FD/FA was 
compared with the FD/FA predicted by the 4C and 5C model. 
 
Methods  

The study was approved by the hospitals’ Biomedical Institutional Review Boards, and 
informed consent was obtained from all patients. 196 adult ASA physical status I-III patients 
undergoing a variety of peripheral and abdominal procedures were randomly assigned to receive 
general anesthesia with either halothane, isoflurane, sevoflurane, or desflurane in oxygen.  

The patient’s age, sex, height and weight were recorded. Premedication was titrated to each 
patient’s needs. After applying routine monitoring and preoxygenation, anesthesia was induced 
with sufentanil (0.15 – 0.30 µg/kg) and either propofol (2.5-3 mg/kg) or etomidate (0.3 mg/kg). 
Tracheal intubation was facilitated by vecuronium (0.08 mg/kg) or cisatracurium (0.1 mg/kg), 
and the same agent was used to maintain muscle relaxation if required. Patients received either 
halothane, isoflurane, sevoflurane, or desflurane in oxygen at 0.65 MAC (Minimum Alveolar 
Concentration) (FA

 0.50, 0.75, 1.3, or 4.5 %, respectively) immediately after tracheal intubation, 
with 1 of 7 different O2 FGFs: 0.2 (sevoflurane group only due to inadequate vaporizer output 
with the other agents); 0.3 (except for halothane due to inadequate vaporizer output); 0.5; 1; 2; 
4; and 8 L/min. There were eight or nine patients in each group. 0.65 MAC was achieved as 
quickly as possible by using the maximum FD of 5 % halothane, 5 % isoflurane, 8 % 
sevoflurane, and 18 % desflurane, respectively. The same MAC was maintained throughout the 
procedure by adjusting FD. In the 0.2 and 0.3 L/min groups, an initial 4 L/min FGF was used 
during 30” to hasten wash-in of the circuit and functional residual capacity (FRC); in the 0.5 
L/min halothane group this initial 4 L/min FGF had to be used for 5 min to overcome high  
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initial halothane requirements which the vaporizer could not provide. Every minute FA was 
downloaded in a Microsoft Excel file, and every FD change was manually recorded. When signs 
of light anesthesia developed, additional boluses of sufentanil (0.05 - 0.1 µg/kg) were 
administered. Light anesthesia was defined as tachycardia (heart rate [HR] > 125 % of 
preinduction values or HR > 110 beats/min) or hypertension (mean arterial pressure [MAP] > 
125 % of preinduction values or MAP > 100 mmHg). Hypotension (MAP < 75 % of 
preinduction values or MAP < 60 mmHg) and bradycardia (HR < 50 beats/min) were treated 
with 5 mg ephedrine or 0.5 mg atropine, respectively.  

All patients were mechanically ventilated with tidal volumes of 6-8 mL/kg and a respiratory 
rate of 10 breaths/min. ADU anesthesia machines (Datex-Engstrom AS/3 Anesthesia Delivery 
Unit; Datex-Engstrom, Helsinki, Finland) were used, with soda lime as the carbon dioxide 
absorber. The vaporizer unit of the ADU and its performance have been described before.12 The 
FD of halothane, isoflurane, sevoflurane, and desflurane can be increased with 0.1, 0.1, 0.1, and 
0.5 % increments, respectively, and is digitally displayed. Because the circle system 
configuration influences the gas flow characteristics in a circle system, a precise description is 
needed. The Datex-Ohmeda Compact Block was used, a patented part of the circle system 
containing in- and expiratory valves, fresh gas connection, and a small disposable canister 
containing soda lime. Fresh gas continuously flows into the inspiratory limb (both during in- 
and expiration) at a site located between the inspiratory unidirectional valve and the patient. The 
tidal volume delivered by the anesthesia ventilator is compensated for this effect of FGF so that 
the inspired tidal volume is independent of FGF. The tube that connects the ventilator to the 
circle system is positioned between the exhalation unidirectional valve and the absorber. Excess 
gas is scavenged from within the bellows housing through the bellows block overflow valve (= 
ventilator pressure relief valve). The volume of the circle system is 3.4 L. The leak of the 
anesthesia machine and circuit during controlled mechanical ventilation with a peak-inspiratory 
pressure of 30 cm H2O was measured each morning by the system check leak test. The actual 
leak during the study period was calculated for each patient based on the system check leak test 
and the measured peak-inspiratory pressure and inspired-to-expired ratio, and ranged from 9 to 
27 mL/min, assuming a first order (linear) leak.  

Anesthetic gas concentrations were analyzed by an agent analyzer (Datex-Engstrom AS/3 
system; Datex-Engstrom, Helsinki, Finland) that was calibrated every morning according to the 
manufacturer’s specifications. The sampled gases (150-200 mL/min) were redirected into the 
circuit. To avoid N2 accumulation with the use of FGF of 0.2 and 0.3 L/min, 100 % O2 was used 
instead of air as the reference gas for the multigas analyzer in this study.13 

 
Data Analysis  

First, we calculated FD (expressed as mean ± standard deviation), FD change (in %) between 
20 and 45 min (with a negative sign indicating a decrease, a positive sign an increase over the 
time interval), and FD variability (coefficient of variation) for each agent’s FGF group. To 
facilitate comparison between the different agents, FD/FA values at 10, 20, and 45 min are 
plotted with log [FGF] on the X-axis.  

Second, the FD course was compared with predictions by existing models. For the SqRT 
predictions, FD was calculated as described before.1,5,6 Because the SqRT model provided by 
Lowe and Ernst is mainly used to describe vaporizer settings during closed-circuit anesthesia  
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(CCA), its predictions are visually compared with lowest FGFs in each group. For the 4C 
model, FD/FA ratios were calculated using GasMan® (Gas Man® Version 3.1.6, Med Man 
Simulations, Inc., Chestnut Hill, MA), using the individual patient’s FA values. The program 
ignores the vessel-poor group but includes the anesthesia circuit and lungs as a separate circuit. 
Uptake by the vessel-poor group may be neglected when studying uptake during the first hour. 
In all GasMan® simulations, an initial 4 L/min FGF period was used for 4 min. FD/FA 
predictions for 0.3, 0.5, and 4 L/min were visually compared with our data. For the 5C model, 
published FD/FA ratios for FGFs of 0.2, 1, and 4 L/min were used for visual comparison with our 
FD/FA data; FD/FA ratios have not been published for FGFs of 0.5 L/min.11 Because we have a 0.2 
L/min FGF group only for sevoflurane, we visually compared our 0.3 L/min FGF halothane, 
isoflurane, and desflurane groups with the published 0.2 L/min FD/FA data. 

Finally, for pharmaco-economic analysis, the cumulative amount of each agent vaporized 
with each FGF was calculated as the product of FGF and FD. The vaporization effect (vapor is 
added to carrier gas, thereby increasing FGF) is ignored. 

 
Results  

Patient demographics are presented in table 1. FA reached 0.65 MAC within 30” in groups 
0.2 and 0.3 L/min and the 0.5L/min halothane group because of the higher initial FGF (table 1). 
In three groups, initial uptake was too high relative to maximum vaporizer output, leading to 
very brief episodes of a modest decrease in FA: in the 0.3 L/min isoflurane group, FA iso 
decreased to 0.68 % at 3 and 4 minutes; in the 0.2 L/min sevoflurane group, FA sevo was 1.2 % 
between 3 and 6 min; and in the 0.3 L/min sevoflurane group, FA sevo was 1.2 % between 3 and 5 
min. As expected, in the other groups, the desired FA (0.65 MAC) was attained slower with a 
lower FGF. However, the desired FA (0.65 MAC) was not always attained faster with agents 
with lower solubility. 
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Table 1. Patient demographics, number (n) of patients in each group, and time when 0.65 MAC (∆t 0.65 
MAC) was reached.  

 FGF (L/min) 0.2 0.3 0.5 1 2 4 8 

Halothane Age (yr)   64 ± 9 59 ± 15 53 ± 18 45 ± 17 53 ± 20 

 Height (cm)   166 ± 7 172 ± 13 168 ± 5 165 ± 9 169 ± 6 

 Weight (kg)   75 ± 10 80 ± 20 77 ± 8 74 ± 11 73 ± 12 

 n 0 0 9 8 8 8 8 

 ∆t 0.65MAC (s)   29 ± 3** 177 ± 44 65 ± 16 25 ± 7 17 ± 3 

Isoflurane Age (yr)  54 ± 19 57 ± 18 39 ± 18 50 ± 17 38 ± 17 53 ± 17 

 Height (cm)  167 ± 10 172 ± 11 169 ± 8 168 ± 14 166 ± 10 168 ± 5 

 Weight (kg)  72 ± 12 74 ± 13 71 ± 12 71 ± 16 68 ± 22 68 ± 8 

 n 0 9 8 8 8 8 8 

 ∆t 0.65MAC (s)  < 30* 332 ± 101 146 ± 36 54 ± 11 40 ± 8 29 ± 13 

Sevoflurane Age (yr) 56 ± 20 47 ± 15 45 ± 13 47 ± 23 39 ± 17 51 ± 19 42 ± 18 

 Height (cm) 175 ± 8 166 ± 7 170 ± 7 172 ± 8 165 ± 7 172 ± 10 166 ± 11 

 Weight (kg) 79 ± 13 71 ± 13 67 ± 13 73 ± 14 68 ± 8 77 ± 13 74 ± 11 

 n 8 8 9 8 8 9 8 

 ∆t 0.65MAC (s) < 30* < 30* 291 ± 49 124 ± 18 71 ± 22 37 ± 12 22 ± 4 

Desflurane Age (yr)  44 ± 24 57 ± 11 52 ± 20 52 ± 17 59 ± 20 47 ± 23 

 Height (cm)  172 ± 9 169 ± 10 171 ± 8 169 ± 9 168 ± 6 168 ± 8 

 Weight (kg)  78 ± 16 82 ± 15 78 ± 13 70 ± 13 75 ± 16 75 ± 21 

 n 0 8 8 8 8 8 8 

 ∆t 0.65MAC (s)  < 30* 274 ± 63 132 ± 25 63 ± 14 38 ± 10 29 ± 4 

Initial FGF (fresh gas flow) of 4 L/min for 30 s (*) or 5 min (**).  
 

A similar pattern for the FD course emerged for all agents. At any FGF (fig. 1A - D) after 
attaining 0.65 MAC, FD decreased rapidly during the first 10-15 min, followed by a more 
gradual decrease over the next 45 min. More specifically, during the 20-45 min interval, FD 
decreased by ≤ 6 % for desflurane, ≤ 8% for isoflurane, and ≤ 14 % for halothane (table 2). For 
sevoflurane, FD decreases were ≤ 10% in the 0.2, 0.5, 2, and 8 L/min groups; however, in the 
0.3 L/min FGF group FD decreased by 18 %, in the 1 L/min FGF group FD increased by 11%, 
and in the 4 L/min group FD increased by 6 %. Overall, FD variability was larger in the lower 
FGF groups (table 3), although at times FD variability in the 8 L/min group was higher than that 
in the 4 L/min group. 
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Figure 1. The observed vaporizer settings required to obtain 0.65 MAC in O2 at several fresh gas flows 
(FGFs) and the square root of time (SqRT) predictions for halothane (A), isoflurane (B), sevoflurane (C), 
and desflurane (D). 
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Table 2. FD settings at 20 and 45 min. The % change indicates the relative change during that time 
interval, with a negative sign indicating a decrease, a positive sign an increase in FD settings. 

 FGF (L/min) 0.2 0.3 0.5 1 2 4 8 

Halothane 20 min   3.0 2.1 1.4 1.0 0.9 

  45 min   2.7 1.8 1.2 0.9 0.9 

  % change   -10 -14 -14 -10 0 

Isoflurane 20 min  3.7 2.5 1.5 1.2 1.0 1.1 

  45 min  3.4 2.5 1.5 1.1 1.0 1.1 

  % change  - 8 0 0 - 8 0 0 

Sevoflurane 20 min 6.0 4.9 3.0 1.9 1.7 1.6 1.9 

  45 min 5.8 4.0 2.7 2.1 1.7 1.7 1.9 

  % change -3 -18 -10 +11 0 +6 0 

Desflurane 20 min  8.4 7.5 6.3 5.4 5.6 5.8 

  45 min  8.0 7.4 5.9 5.4 5.5 5.8 

  % change  -5 -1 -6 0 -2 0 
 
At any time after wash-in, FD/FA was larger for the agent with the higher blood/gas partition 

coefficient: halothane > isoflurane > sevoflurane > desflurane (fig. 2). The FGF below which 
FD/FA started to increase was higher for the more soluble agents. FD/FA was larger in the 8 L/min 
FGF group than in the 4 L/min FGF group, except for the halothane groups. 

Existing models did not consistently predict FD. For the agent with the higher blood/gas 
solubility (halothane), the SqRT model overpredicted FD, and the lower the blood/gas solubility, 
the more it underpredicted FD (fig. 1). FD/FA predictions at 0.3, 0.5, and 4 L/min according to the 
GasMan (4C) model were inconsistent (fig. 3). The 5C model overestimated FD/FA in the 
isoflurane groups, and during the first 40-45 min in the 0.2 L/min desflurane group (fig. 4). In 
the halothane groups and the 0.2 L/min sevoflurane group, the 5C model underestimated FD/FA. 
FGF of 1 L/min resulted in anesthetic consumption after 1 h that was 27, 19, 15, and 14 % of the 
consumption with FGF of 8 L/min in the halothane, isoflurane, sevoflurane, and desflurane 
groups, respectively (table 4); the respective absolute amounts of agent saved are 15.5; 23.4; 
42.5; and 120.7 mL of liquid agent. FGF of 0.3 L/min resulted in anesthetic consumption after 1 
h that was 71, 75, and 48 % of the consumption with FGF of 1 L/min in the isoflurane, 
sevoflurane, and desflurane groups, respectively; the respective absolute amounts of agent saved 
are 1.5; 1.9; and 10.4 mL of liquid agent. 
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Table 3. FD coefficient of variation at 10, 20, 40, and 50 min, calculated as (100* SD/mean), and 
expressed as %.  

 FGF (L/min) 0.2 0.3 0.5 1 2 4 8 

Halothane 10 min   17 19 16 13 10 

 20 min   12 10 13 12 10 

 40 min   18 10 10 11 10 

 50 min   27 14 11 12 11 

Isoflurane 10 min  25 24 18 17 13 8 

 20 min  19 23 16 18 8 7 

 40 min  24 12 21 13 10 13 

 50 min  17 12 20 13 10 15 

Sevoflurane 10 min 16 25 22 22 11 8 7 

 20 min 25 15 23 10 14 6 5 

 40 min 24 30 19 15 10 3 13 

 50 min 20 32 20 16 7 5 7 

Desflurane 10 min  26 16 10 12 6 5 

 20 min  15 16 9 8 6 7 

 40 min  17 16 6 5 5 6 

 50 min  15 12 6 5 5 5 
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Figure 2. FD/FA at 10, 20, and 45 minutes. Fresh gas flows (FGF) below which FD/FA starts to increase 
differs between the agents. The difference between FD/FA at 20 and 45 min is small for modern agents.  
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Figure 3. Comparison between FD/FA predictions by Gas Man® (four compartment model, 4C) and those 
measured for halothane (A), isoflurane (B), sevoflurane (C), and desflurane (D) for 0.65 MAC in O2 with 
fresh gas flows (FGF) of 0.3, 0.5, and 4 L/min. 
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Table 4. (A) Consumption (mL liquid) after 60 min in each group; (B) consumption compared with that in 
the in the 8 L/min group after 60 min (%); and (C) consumption compared with that in the 1 L/min group 
after 60 min (%).  

FGF (L/min) 0.2 0.3 0.5 1 2 4 8 
A. Consumption after 60 min (mL liquid agent)
Halothane   5.6** 5.8 7.9 11.8 21.3 
Isoflurane  3.8* 4.3 5.3 6.7 13.3 28.7 
Sevoflurane 6.7* 5.6* 5.5 7.5 12.2 22.6 50.0 
Desflurane  9.6* 12.3 20.0 34.2 68.1 140.7 

B. Consumption compared with that in the 8L/min FGF after 60 min (%) 
Halothane   26 27 37 55 100 
Isoflurane  13 15 19 23 46 100 
Sevoflurane 13 11 11 15 24 45 100 
Desflurane  7 9 14 24 48 100 

C. Consumption compared with that in the 1L/min FGF after 60 min (%) 
Halothane   96 100    
Isoflurane  71 82 100    
Sevoflurane 90 75 73 100    
Desflurane  48 62 100    

Initial FGF (fresh gas flow) of 4 L/min for 30 s (*) or 5 min (**).
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Figure 4. Comparison between published FD/FA ratios according to the five compartment (5C) model and 
those measured for halothane (A), isoflurane (B), sevoflurane (C), and desflurane (D) for 0.65 MAC in O2 
with fresh gas flows of 0.3 (0.2 for sevoflurane), 1, and 4 L/min (5C data are available for FGF of 0.2 L/min, 
not for 0.3 L/min). 

 
Discussion 

We found that FD needed to maintain FA constant increased with lower FGF and increasing 
blood/gas solubility of the agent. FD/FA, FD variability, and the 15-45 min decrease in FD 
increased in the following order: desflurane < sevoflurane < isoflurane < halothane. Existing 
uptake models could not consistently predict our clinically derived FD (or for that matter FD/FA, 
because FA was constant within 5-6 min). These findings were to be expected because the SqRT 
and 4C model were recently found not to accurately describe clinical uptake in humans as 
determined by closed-circuit anesthesia liquid injection or Fick’s method.3-10 Possible reasons 
for these discrepancies have been reviewed previously.5,6 It is particularly important to compare 
uptake models at the lowest FGFs because that is where uptake is most reflected in the FD (due 
to more rebreathing).  

Because the rate of uptake in the 15-60 min interval decreases less than previously assumed, 
the pharmacokinetic basis for the GAEq (and therefore the practice of low-flow anesthesia) 
becomes easier.1 Our findings are thus important, because there is a clinical need to develop 
simple administration schedules for low-flow techniques. Complex uptake patterns will be  
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reflected in complex FD schedules, illustrated well by the tables used by Lowe and Ernst to 
guide the administration of inhaled anesthetics during CCA.1 These cumbersome methods may 
have discouraged anesthesiologists from using lower FGFs.14 Our data are used to develop 
simplified administration schedules.14,15 In one study, a single FD change sufficed to attain and 
maintain a constant FA sevo after overpressure induction with sevoflurane.15 Lerou maintained FA 
iso between predefined limits using a 3-step FGF sequence with a constant FD.14

 
For each agent, FD variability was larger with a lower FGF (table 3). Marked interpatient 

variability in uptake at a constant FA probably explains this finding. Isoflurane uptake differs up 
to 50 % between patients.5 However, even though variability is higher with lower FGF, the 
number of FD adjustments in the individual patient that is needed to attain and maintain the 
desired FA after approximately 10-15 min is minimized because the rate of uptake decreases 
little during the ensuing 45 min (table 2). Nevertheless, the high interindividual variability 
illustrates that any administration schedule will be limited by biological variability and that 
agent analysis remains an indispensable tool when using techniques involving rebreathing.  

We believe three properties may be used to define “user-friendliness” of an agent with 
reduced FGF: the FD/FA ratio, FD variability, and the number of vaporizer adjustments needed 
(indicated by the slope of the FD curve after the initial period of high uptake). At any FGF, 
agents with a lower blood/gas solubility have lower FD/FA ratios. The more soluble the agent, 
the higher the FGF threshold is below which the FD/FA starts to increase (fig. 2). Overall, FD 
variability at any particular FGF decreases as blood/gas solubility decreases (table 2). The 
number of vaporizer adjustments as indicated by the FD decrement between 20 and 45 min was 
small for the 3 modern agents (except for the sevoflurane 0.3 L/min group for unclear reasons) 
(table 2). In some instances FD (or for that matter FD/FA, because FA was constant within 5-6 
min) actually increased, possibly because uptake had increased after cardiac output increased 
when the effect of earlier administered opioids was fading. If these premises are accepted, 
desflurane is the agent most suited for use of FGF below 1 L/min, which is also the agent whose 
consumption is still lowered (in mL of liquid agent) to a clinically significant degree by 
lowering FGF from 1 to 0.5 L/min (table 4). 

Other factors affecting gas kinetics in a circle breathing system may affect FD/FA. For 
example, FD/FA is lower when sevoflurane is administered in an O2/N2O mixture than in 100% 
O2.

16 This phenomenon could be entirely explained by losses via the pop-off valve that are 
markedly different between O2 and O2/N2O mixtures with lower FGFs. In addition, vaporizer 
output inaccuracies may affect the observed kinetics – the increased FD/FA ratios with a FGF of 
8 L/min versus the 4 L/min groups is most likely due to a decrease in vaporizer output at these 
high FGFs.12 Ventilation may affect kinetics, but under conditions of a slowly declining rate of 
uptake (= maintenance phase), preliminary data indicate that during low-flow anesthesia (FGF ≤ 
1 L/min) changes in minute ventilation mainly affect the inspired concentration while leaving 
the FD/FA relationship unchanged.17 In order to completely and accurately quantitate other 
factors affecting gas kinetics in a circle system like H2O and CO2 production, and dead space 
and alveolar minute ventilation, a more complex clinical setup than used in this study would be 
needed. 
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The use of lower FGF significantly reduces anesthetic waste and consequently costs. 

Practically, a FGF of 1 L/min appears to provide a good combination of ease of use (number of 
FD adjustments needed as reflected by the slow FD decay) and consumption. After 15-20 min, 
there is no need for frequent FD adjustments with the modern inhaled agents, regardless of FGF 
(and assuming stable hemodynamics). Lowering FGF below 1 L/min does still reduce 
consumption of agents, but this is only clinically significant for desflurane because its MAC 
value is higher, therefore wasting relatively more via the pop-off valve than with the other 
agents. At the lowest FGF studied, patient uptake rather than the amount scavenged becomes the 
main determinant of agent consumption. In the extreme, variability in uptake between groups 
may be larger than the amount scavenged, indicated by the fact that sevoflurane consumption 
was higher in the 0.2 L/min FGF group than in the 0.3 L/min FGF group. We speculate that the 
small amount of sevoflurane lost via the pop-off valve was smaller than the variability in patient 
uptake between groups. The 2 % higher FD in the 0.3 L/min group with an “excess” FGF of 100 
mL/min resulted in scavenging of 2 mL/min of vapor (or 0.011 mL/min of liquid), a fraction of 
patient uptake (approximately 0.053 mL/min - data extrapolated from ref 6) that may differ up 
to 50 % between patients. The reductions in agent consumption are larger for agents with lower 
blood/gas partition coefficient because their MAC is higher and therefore relatively more is 
wasted via the pop-off valve.  

Should we be concerned that existing models do not accurately predict FD during the use of 
reduced FGFs? Maybe not. It should be noted that the single most important reason that the 
SqRT model was developed was to allow the clinical use of CCA at a time where multi-gas 
analyzers did not exist. The CCA enthusiast needed a model to have some idea of where to set 
FD or how much liquid to inject to attain and maintain a presumably constant FA, and then could 
modify that based on clinical experience and patient feedback. With the widespread availability 
of gas monitoring and the now well-documented small decrease in rate of uptake between 15 
and 60 min, one may wonder whether we need a model at all to administer these agents even at 
reduced FGF. Furthermore, automated closed-loop FA feedback control may do away with 
models all together. On the other hand, the small extra amount saved by reducing FGF by a few 
hundred mL/min (or less) using new and complex and therefore expensive new technology will 
need to be balanced against the acquisition costs and safety of these new devices. A combination 
of a contemporary anesthesia machine with an agent analyzer and a simplified clinical concept 
of the kinetics of potent inhaled anesthetics as described in this manuscript might prove to be far 
more cost-effective.  

In summary, we clinically derived the general anesthetic equation for halothane, isoflurane, 
sevoflurane, and desflurane in oxygen. Congruent with findings indicating that existing uptake 
models do not accurately describe closed-circuit anesthesia liquid injection or Fick derived 
uptake of inhaled agents in humans, these very same uptake models do not consistently predict 
the clinically required FD. Importantly, our current findings confirm that the rate of uptake of 
modern potent inhaled anesthetics minimally decreases between 15 and 60 min after an initial 
high uptake period. Consequently, there is no need for a complex regimen to steer FD during 
low-flow anesthesia during this time interval (15-60 min), facilitating the practice of low-flow 
anesthesia. At lower FGF, agent analysis is required because interindividual FD variability  
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increases. A FGF of 1 L/min (0.5 L/min for desflurane) appears to provide a good combination 
of ease of use (number of FD adjustments needed) and anesthetic consumption.  
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We thus derived the GAEq in O2 at normoventilation for halothane, isoflurane, sevoflurane, and 
desflurane. The more or less constant uptake pattern between 15 and 60 min is indeed reflected in the 
virtually unchanged vaporizer dial settings in that time interval. While the FD/FA ratio and vaporizer 
setting variability increases with lower fresh gas flows, the more constant uptake pattern does indeed 
results in only small decreases in FD/FA ratio’s between 20 and 45 min (except for the now 
uncommonly used halothane). It remains unclear, however, whether these pharmacokinetic parameters 
(FD/FA ratio’s with different FGFs and their course over time) can be applied clinically. In the ensuing 
manuscript, we examine whether the FD/FA ratio for sevoflurane at a FGF of 1 L/min (1.9/1.3 between 
15 and 60 min), derived from our GAEq data pool, can be used to create a very simple induction and 
maintenance sequence with sevoflurane in O2/N2O. 
 
3. Maintaining sevoflurane anesthesia during low-flow anesthesia using a single vaporizer setting 
change after overpressure induction 
 
 
 

Enclosed paper 5.2 
Maintaining sevoflurane anesthesia during low-flow anesthesia using a single vaporizer 
setting change after overpressure induction. 
Hendrickx JFA, Vandeput DM, De Geyndt AM, De Ridder KP, Haenen JS, Deloof T, De Wolf 
AM. 
J Clin Anesth 2000; 12: 303-7. Reprinted with permission. 
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This study indicates that the pharmacokinetic parameters from our GAEq data pool can indeed be 

used to create very simple induction and maintenance sequences. The obtained end-expired 
concentration (1.4%), however, was slightly higher than predicted (1.3%). We hypothesized that this 
may have been related to the carrier gas (O2/N2O) that was used in this study, while all of the GAEq 
data were acquired using O2 as the carrier gas. We therefore examined the effect of N2O on the 
sevoflurane vaporizer settings required to attain and maintain a constant end-expired concentration 
during MFA and LFA.  

 
4. Effect of N2O on sevoflurane vaporizer settings during minimal- and low-flow anesthesia 

 
 

Enclosed paper 5.3 
Effect of N2O on sevoflurane vaporizer settings during minimal- and low-flow anesthesia. 
Hendrickx JFA, Coddens J, Callebaut F, Artico H, Deloof T, Demeyer I, De Wolf AM. 
Anesthesiology 2002; 97:400-4. Reprinted with permission. 
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This study demonstrated that, when using O2/N2O as carrier gases, vaporizer dial settings to attain 

and maintain a constant end-expired sevoflurane concentration are significantly lower than when using 
O2 as the carrier gas with a FGF of 0.5 L/min. This effect becomes insignificant at a FGF of 1 L/min. 
While other explanations cannot be excluded, simple mass balances using the GAEq concept can 
explain our findings. The astute reader may have noticed in figure 5.2B that Lowe and Ernst were well 
aware of this – vaporizer setting during CCA are seen to be lower than with O2 only. It is unclear 
whether the data in figure 5.2B are based on observations or whether they are purely theoretical. In the 
GAEq formula for CCA (FD = Qan/U), U (the sum of O2, N2O, and agent uptake) increases with the use 
of O2 and N2O instead of O2 alone, and FD therefore has to be decreased. This again attests to the 
importance and clinical relevance of the concepts outlined by Lowe and Ernst and developed in an era 
well before the availability of modern gas analysis. Many predictions that can be made by the general 
anesthetic equation have not been validated clinically, mainly because technical limitations precluded 
accurate quantification at the time Lowe and Ernst conceptualized their ideas. Many of these 
limitations have now been overcome by: (1) availability of anesthetic gas monitoring; (2) availability 
of a sufficiently accurate vaporizer (chapter 7.2) which can be titrated with 0.1% increments; (3) 
attenuation of N2 accumulation when redirecting sampled gases (200 mL/min) by using O2 as the 
reference gas of a paramagnetic O2 analyzer (this previously precluded the use of O2 and N2O mixtures 
using a total fresh gas flow of 0.5 L/min) (chapter 7.3); and (4) availability of an anesthesia machine 
with acceptable low leaks (which are quantified during the machine check-out of the ADU!). Another 
example is the use of infusion pumps for liquid injection of potent inhaled anesthetics that permit 
accurate measurements of their uptake. It is the availability of the theory (= general anesthetic 
equation), recent data, and modern technology that actually enabled us to both formulate and test the 
hypothesis of this last study (enclosed paper 5.3): lower vaporizer dial settings are needed during 
anesthesia using a FGF of 500 mL/min when N2O/O2 is used as compared to when 100 % O2 is used. 
More refined techniques could more precisely delineate factors affecting the general anesthetic 
equation. This would include the study of factors such as H2O and CO2 production (though their 
effects are likely very small or even not measurable), or dead space and alveolar minute ventilation. 
However, technical limitations and physiologic realities still limit the anesthesiologist interested in 
using fresh gas flows below 600-700 mL/min. These are outlined in the following part of this 
manuscript, “The ideal FGF sequence - The purist versus the practical - Exploring the borders”.  
 
5. The ideal FGF sequence - The purist versus the practical - Exploring the borders 
 
A. Definition 

The ideal fresh gas flow (FGF) sequence is that consecutive series of vaporizer and/or FGF 
settings that allows the anesthesiologist to economically attain and maintain the desired end-expired 
concentration of wanted gases and vapors in a way that remains clinically convenient and avoids or 
minimizes the presence of unwanted gases (trace gases, and, depending on the technique, N2). 
Intuitively, it may be best appreciated as the optimal route of vaporizer and FGF sequence through a 3-
D representation of the GAEq (fig. 5.3). Let us first examine which FGFs a priori can be used in 
clinical practice, and then address the issue of the ideal FGF sequence. Some examples that are given 
may not directly apply to clinical practice but are nevertheless very instructive at illustrating how far 
we can technically go with reducing FGF.  
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B. Technical aspects of some types of gas analyzer of relevance to the low-flow anesthesiologist 
 

Because the characteristics of the multigas analyzer play a large role in the ideal FGF sequence, 
especially when sampled gases are redirected to the anesthesia circuit, we present a very brief review 
of some relevant technical details of commonly used analyzers. Specifically, what is the sampling rate, 
what is the reference gas (and its sampling rate), and are molecules destroyed during the analysis?  
 
Datex-Ohmeda Airway Modules  

The series of Datex-Ohmeda Airway modules use infrared technology to measure asymmetrical 
molecules of relevance to the anesthesiologist: N2O, CO2, potent inhaled anesthetics. O2 is measured 
using paramagnetic O2 analysis. N2 is not measured but calculated as balance gas: N2 = 100 - [% O2 + 
% anesthetic vapor + % N2O + % CO2]. The sampling rate by the monitor is approximately 200 
mL/min. For its paramagnetic O2 analysis, air, used as the reference gas, is entrained at a rate of 40 
mL/min. The exhaust of the analyzer contains both the sampled gas and air used as the reference gas. 
Molecules are not destroyed. For research purposes, we have modified the gas analyzer so it can use 
oxygen as the reference gas (enclosed paper 7.2). The latter technique is not endorsed by the company 
and thus not commercially available.  
 
Raman spectrometer (Rascal II) (2,3) 

When light strikes gas molecules, most of the energy scattered is absorbed and re-emitted in the 
same direction and at the same wavelength as the incoming beam (Rayleigh scattering). At room 
temperature, about 1/1,000,000 of the energy is scattered at longer wavelength, producing a so-called 
red-shifted spectrum. This Raman scattering can be used to measure the constituents of a gas mixture. 
Raman spectroscopy is the principle of operation of the RASCAL II. The Rascal II uses air (20 
mL/min) and very small amounts of argon as reference gases. In vitro, the sampling rate by the 

Figure 5.3. The quest for the ideal FGF 
illustrated with 3-D presentation of the 
GAEq. The arrows indicate possible routes 
the anesthesiologist can take to attain and 
maintain a certain desired end-expired 
concentration. 
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analyzer varied from 170 to 204 mL/min depending on the type of sampling line used. A small amount 
of air is passively drawn into the measuring cell through two filtered needle valves; this mixes and is 
expelled with the sample gas. Air is also used to prevent combustion of inhaled anesthetics when they 
are illuminated by the helium/neon laser – “air-dams” are drawn close to the windows of the 
measuring cell to reduce the local concentration of volatile agent which could combust and cause 
blackening. No breakdown products were detected by gas chromatography (2). The Rascal is no longer 
manufactured. 
 
Mass spectrometry (3) 

The mass spectrometer analyzer unit separates the components of a stream of charged particles 
(ions) into a spectrum according to their mass/charge ratios. The relative abundance of ions at certain 
specific mass/charge ratios is determined and is related to the fraction composition of the original gas 
mixture. Only a very small amount of the sampled gas (10-6 mL/sec) enters the analyzer’s high 
vacuum system, where the gas molecules are bombarded by an electron beam. This process of 
bombardment causes large molecules (like inhaled agents) to become fragmented. The sampling rate 
varies from 120 to 240 mL/min depending on the system used. Gases sampled by the mass 
spectrometer should not be redirected to the anesthesia circuit.  
 
C. The lower fresh gas flow limit  
 

I. Carrier gases 
Technical limitations and physiologic realities determine the lowest FGF that can be used in 

clinical practice. Let us assume that (a) O2 consumption in an adult is 250 mL/min and the lowest 
acceptable FIO2 is 30%; (b) N2O uptake can be described as 1000/√t mL/min when aiming at an end-
expired N2O concentration of 60-70 % - N2O uptake would therefore be 250 mL/min after 16 min; (c) 
N2 has been mostly washed-out by preoxygenation; (d) the gas analyzer used is a multigas analyzer 
using paramagnetic O2 analysis and infrared technology to measure asymmetrical molecules; (e) 
sampling rate by the gas analyzer is 200 mL/min; and (f) 40 mL/min reference gas is entrained by the 
analyzer and added to the exhaust of the gas analyzer. Based upon these premises, simple mass 
balances lead to the following conclusions:  
 

a. O2 and N2O as carrier gases  
When using O2 and N2O, the high initial N2O requirements necessitate the use of high FGFs for a 

period that depends on how little N2O the anesthesiologist is willing to accept. There are no good data 
in the literature on the interplay of N2O and N2 when FGF are lowered early after induction. After 
using an overpressure induction technique for 2.5 min with sevoflurane in O2/N2O and without 
preoxygenation and denitrogenation (sampled gases were redirected to the circuit) (enclosed paper 
5.2), FGF was reduced to 1 L/min and N2 was allowed to be washed out gradually and to be slowly 
replaced with N2O (fig. 5.4). This allows the period of high FGF to be shortened and consequently 
minimize agent consumption (permissive N2 presence).  
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Figure 5.4. Permissive N2 presence. Course of the inspired N2 and N2O concentrations (mean ± SD) during low 
flow anesthesia (FGF 1 L/min) after an overpressure induction technique for 2.5 min with sevoflurane in an 
O2/N2O mixture and without preoxygenation (Data from group I in enclosed paper 5.2). Some N2 is initially 
allowed in the circuit at the expense of suboptimal N2O concentrations, limiting the period of high FGF and 
consequently agent consumption. Thereafter, N2 is progressively replaced by N2O. 

 
Very recently, we studied very early N2O kinetics by lowering FGF (O2 and N2O) to 700 mL/min 

after a high flow FGF period ranging from 1 to 5 min; sampled gases were NOT redirected to the 
circuit because we were looking for a FGF schedule that could easily be implemented clinically 
without any modifications to the gas analyzer (4). 32 patients receiving general anesthesia for a variety 
of gynecological or urological procedures were randomly assigned to 1 of 4 groups (n = 8 each), 
depending on duration of high O2/N2O FGF (2 and 4 L/min O2 and N2O, respectively) prior to lowering 
total FGF to 0.7 L/min (0.3 and 0.4 L/min O2 and N2O, respectively). After preoxygenation for 3 min 
and tracheal intubation, the high FGF period was 1, 2, 3, or 5 min, respectively (groups 1, 2, 3, and 5). 
The end-expired N2O concentrations decreased significantly after reducing FGF in groups 1 and 2, but 
remained >50% in groups 3 and 5 (fig. 5.5). Except for 4 patients in group 5, the top of the bellows 
failed to reach the top of the bellows housing after lowering the FGF. This volume effect did not 
interfere with the delivery of the preset tidal volume, except in 1 patient in group 2. These data form a 
nice example of how a good understanding of the factors governing the kinetics of carrier gases and 
clinical research data can be used in the search of the “ideal FGF sequence”: when using O2/N2O as the 
carrier gas in an ADU anesthesia machine, a 3 min high FGF (O2 and N2O FGF 2 and 4 L/min) period 
suffices to attain and maintain clinically acceptable N2O concentrations during the subsequent low 
FGF period (O2 and N2O FGF 0.3 and 0.4 L/min). A temporary decrease in bellows volume is then 
limited and does not interfere with maintaining the preset tidal volume. This FGF pattern will have to 
be combined with a vaporizer setting schedule for potent inhaled anesthetics to facilitate the practice of 
low flow anesthesia. 
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Fig. 5.5. End-expired N2O 
concentrations after lowering 
FGF from high FGF (6 L/min) 
to low FGF (0.7 L/min) after 
different durations of high 
FGF (1-5 min) with an ADU 
anesthesia machine. Source: 
reference 4. 

 
 

 
 
 
 
 

 
 
 

After 15 min, N2O uptake is less than 250 mL/min, and FGF can be decreased to 600-700 
mL/min. This FGF should be sufficient to cover the consumption of gases: 250 mL/min O2 + 250 
mL/min N2O + 200 mL/min gas sampling. Redirecting sampled gases to the circle system would allow 
us to decrease the FGFs to 400-500 mL/min, but would lead to N2 accumulation, unless the gas 
analyzer (Datex-Ohmeda) is modified to use 100 % O2 as the reference gas. This leaves us with the 
option of redirecting the gases (with air as the reference gas), but an amount of FGF in excess of 
uptake would have to be used to attenuate N2 accumulation (5), defeating the purpose of redirecting 
the sampled gases, namely the use of “truly closed” CCA. Thus, at the moment, not redirecting the 
gases to the circuit seems to be the most practical solution.  

 
b. O2/air as carrier gases 
O2/air mixtures can easily be used at a FGF of 0.5 L/min without redirecting sampled gases 

because N2 is so insoluble that N2 mass balances are small. Before preoxygenation, tissues in the body 
are saturated with 79 % N2, at which the body stores only about 2 L N2. Assuming the FIO2 is 
maintained at 30 %, FGF could be reduced to 500 mL/min or even slightly below that (200-250 
mL/min O2 uptake and 200 mL/min gas sampling). Individual settings of the oxygen and air rotameters 
are determined by the desired FIO2 (table 7.1).  

Redirecting sampled gases would enable us to decrease total FGF even further, but eventually N2 
accumulation becomes problematic, forcing the air FGF to be reduced significantly, and eventually 
turned off. Theoretically, this is compounded by adding an extra source of N2 (32 mL/min N2 and 8 
mL/min of O2) when using air as the reference gas. Thus, this redirection of sampled gases would 
require slight adjustments of the O2 and air rotameters to avoid N2 accumulation, and, again, 
eventually the air rotameter will have to be turned off or FGF has to be increased, allowing N2 loss 
from the system. Thus, when redirecting sampled gases, CCA with O2 and air can not be used for long 
times. 

When using O2 as the reference gas, the end-expired N2 concentration was 10.1±2.9 % after 55 
min when using O2 as the carrier gas (enclosed paper 7.2). Because this increase in N2 concentration is 
small, it should be possible to use certain O2 and air combinations in CCA conditions, but it remains 
unclear (undocumented) and largely of academic interest how much the air rotameter would have to be 
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reduced over time and whether the FIO2 could be held at 30 % and N2 concentrations below 70 % 
without having to use at least a small amount of excess FGF to vent N2 after these targets have been 
reached. These issues are largely irrelevant when using O2/air at reduced FGF in normal clinical 
practice, because sampled gases are usually not redirected. In conclusion, if we use O2/air mixtures 
(MFA or CCA), then we should not redirect gases to the circuit. If, for research purposes only, we 
want to redirect sampled gases to the circuit, then we should use O2 as the carrier gas, not O2/air.  

As esoteric as it might seem to the clinician using a contemporary anesthesia machine, this issue 
might become more important when automated anesthesia delivery machines using end-expired 
feedback technology in closed-circuit conditions are introduced. If such a machine would permit the 
use of O2/N2 (note the word “nitrogen” here, not “air”) under CCA conditions, it would be 
(automatically) addressing these issues by gradually reducing the flow of N2. In addition, new 
paramagnetic O2 analyzers that no longer entrain reference gases loom around the corner and have 
already been incorporated into Dräger’s soon to be released Zeus anesthesia machine (Dräger 
Company, ESA 2003 meeting, personal communication).  
 

c. O2 as carrier gas 

♦ Sampled gases not returned  
When using 100 % O2 as the carrier gas, FGF can be reduced to the sum of O2 consumption and 

sampling rate by the gas analyzer (400-450 mL/min).  
♦ Sampled gases returned – reference gas is air 
When sampled gases are redirected to the circuit, FGF can be reduced further, but the potential for 

N2 accumulation during very long procedures (from the entrained air by the gas analyzer) may require 
FGF to exceed oxygen consumption to allow loss of gases (and N2) through the pop-off valve. The 
reason is that once circuit, FRC, and tissues are saturated with 70 % N2, the entrainment of 32 mL/min 
of N2 by the gas analyzer is higher than the N2 uptake by the patient and loss through leaks. After 
thorough preoxygenation (end-expired N2 concentration < 2.5 %), the end-expired N2 concentration 
during CCA had already increased to 35.3 % after 55 min (enclosed paper 7.2). It is expected that with 
longer procedures N2 continues to accumulate, eventually reaching > 70 %, which would result in an 
FIO2 < 30%. Serial flushing with 100 % O2 would alleviate this problem. However, under (near) CCA 
conditions, flushing the circuit wastes a lot of agent compared to the amount of agent taken up by the 
patient. This actually was the main cause for the Physioflex to have a higher agent consumption than a 
conventional anesthesia machine used with FGF of 1 L/min (6)!  

♦ Sampled gases returned – reference gas is O2 
If O2 is used as the reference gas for research purposes, O2 FGF could be reduced to 40 mL/min 

below O2 consumption by the patient because 40 mL/min O2 is added by the gas analyzer. This set-up 
has been used when studying coasting (chapter 6). 
 

II. Vaporizer issues 
Maximum vaporizer output of contemporary vaporizers limits their use with reduced FGF during 

induction because they cannot provide the large amounts of vapor needed to satisfy high initial uptake 
by the patient (chapter 5). Let us consider sevoflurane uptake for a moment (chapter 4). Between 0 and 
5 min, 2.4 ± 0.4 mL liquid sevoflurane has to be injected into the ADU circle system to attain and 
maintain an end-expired concentration of 2.6 %. This amounts to approximately 460 mL sevoflurane 
vapor. With an O2 FGF of 250 mL/min for 5 min, 460 mL sevoflurane would have to be added over 
these 5 min to 1250 mL of carrier gas, which would require a maximum vaporizer setting of about 37 
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%. Obviously, because conventional vaporizers do not reach these high performance levels, higher 
initial FGFs are needed. Obviously, liquid anesthetic injection into the circuit does not have such 
limitations. 

It is also important to realize that FGF and gas composition may affect vaporizer output (enclosed 
paper 7.1). This again underscores the need to use an agent analyzer. 
 

III. Summary 
A combination of technical limitations of vaporizer performance and high initial uptake 

requirements impose limits to the lowest FGF that can be used during a particular stage of the 
procedure.  
 
D. The ideal fresh gas flow sequence 

 
While it is possible to model the entire system and derive a theoretical FGF sequence (7), it should 

be clear that the way in which the anesthesiologist accomplishes this goal depends on the equipment 
used, the carrier gas chosen, the desired maintenance FGF, whether some N2 is allowed to remain in 
the circle system to be gradually replaced by O2 or O2/N2O, and whether sub-optimal N2O 
concentration could be tolerated for a period after reducing FGF. 
 

I. O2 and N2O as carrier gases  
a. Management of O2 and N2O FGF 
When using O2 and N2O, wash-in of N2O and washout of N2 necessitates the use of high FGF 

during a period of at least 4 time constants of the system (circuit volume/FGF). In addition, the lungs 
need to be washed-in by ventilation (time constant = FRC/alveolar ventilation). With a FGF of 6 
L/min (2 L/min O2 and 4 L/min N2O) and a circle system volume of 6-10 L, 4-8 min of high FGFs are 
needed to wash-out sufficient N2 and provide most of the N2O needed for wash-in and for the initial 
stages of high N2O uptake. The progress of this process can and should be monitored using end-
expired gas analysis. Shorter periods of high FGF go at the expense of lower N2O and higher N2, 
which may be acceptable (4). Allowing some N2 to remain in the circuit after reducing the FGF allows 
reducing the duration of high FGF and therefore the period of highest vapor consumption. As N2O 
uptake proceeds, the N2 concentration (e.g., initially up to 15-20 %) will decrease while the N2O 
concentration will build up gradually. Once the desired concentrations are reached, FGF can then be 
reduced to 1 L/min (0.4 O2 + 0.6 N2O), 0.7 L/min (0.3 + 0.4), or 0.5 L/min (0.2 + 0.3), depending on 
the management of gases sampled by the analyzer (see above). The ratio of O2/N2O will have to be 
adjusted using the prevailing O2 and N2O concentrations. This ratio is bound to increase as N2O uptake 
will progressively decrease while O2 uptake remains constant; if this is not adjusted (i.e., N2O FGF is 
not decreased), N2O concentrations in the circle system will continue to rise at the expense of O2. If, 
at any time, more N2 needs to be washed out, the total FGF can transiently be increased guided by the 
end-expired gas analysis.  
 

b. Management of the vaporizer setting  
When using N2O, there has to be an initial period of high FGF to wash-in clinically relevant 

concentrations of N2O and to washout N2. The management of the vapor is therefore secondary to the 
management of the carrier gas. Data from the GAEq can be used to guide the clinician. To attain 0.65 
MAC of isoflurane, sevoflurane, or desflurane (0.75, 1.3, and 4.5 %, respectively) with a total FGF of 
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6 L/min, preliminary interpretation of the GAEq indicates a vaporizer setting of approximately 1.4, 
1.9, and 6.5 % could be used during 5 minutes. Many strategies are possible thereafter. Either a 
sequential reduction in FGF or a single change could be used. Basically every anesthesiologist can 
construct his or her own schedule using vaporizer/end-expired ratio’s from our GAEq data. There is an 
enormous potential for clinical studies in this area. The following issues should be kept in mind when 
decreasing FGF after the initial high FGF period: 
1. Because it takes 10-15 min before the initial high vapor uptake period has passed, additional 

vaporizer changes will be needed if FGFs are reduced earlier (i.e., before 10 min). Any vaporizer 
setting change will also take more time to reach its effect (= change of the end-expired 
concentration) after FGF is reduced. If at any time more rapid changes are desired, either the 
maximum vaporizer setting has to be used (sometimes called “bolus administration”) or FGF have 
to be increased temporarily, or both. 

2. If FGF is decreased below 1 L/min, the effect of N2O has to be taken into account when 
extrapolating data from the GAEq presented in chapter 5.2 because data for the GAEq were derived 
with O2 as the carrier gas. As we have subsequently shown, vaporizer settings to attain and 
maintain the same end-expired concentration with an O2/N2O mixture is lower than with O2 as the 
carrier gas with a FGF of 0.5 L/min (enclosed paper 5.3). Further studies are needed in this area for 
agents other than sevoflurane. Some preliminary data for isoflurane are presented in the abstract 
presented in one of the ensuing paragraphs entitled “III. Carrier gas O2 and air.”.  

3. The lower the FGF, the higher the vaporizer setting has to be. However, vaporizer setting 
variability increases with lower FGF (data from enclosed paper 5.1). So even though we know that 
the rate of uptake between 15 and 60 min is more constant than previously assumed, it remains 
uncertain where exactly the vaporizer setting has to be in a particular patient, especially since there 
seems to be no correlation between uptake and patient demographic parameters (fig. 5.6). 
 

 
Figure 5.6. How to 
adjust the vaporizer 
when decreasing the 
FGF well below 1 L/min 
after a high FGF period? 
The graphs present the 
required vaporizer 
settings to obtain 1.3 % 
Et sevoflurane with a 
FGF of 0.2 L/min and 8 
L/min O2. Variability is 
higher with a FGF of 0.2 
L/min O2 (data from 
enclosed paper 5.1) 
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It remains difficult to predict what the vaporizer setting has to be when FGFs are reduced into the 
0.2-0.3 L/min range: biological variability puts a limit to the predictive value of any minimal flow and 
closed-circuit anesthesia administration schedule. It is therefore important to use end-expired gas 
analysis to help steer vaporizer dials settings in the individual patient!  
 

c. Examples of administration schedules 
An administration schedule can only be as good as the anesthesiologist using it. There is no ideal 

FGF sequence for minimal-flow and CCA techniques (or for any technique) that suits every patient. 
Rather, the principles outlined in this thesis should be combined with patient feedback (end-expired 
gas analysis, hemodynamics,…) to derive the most out of any low-flow technique. 
 
1. Hendrickx et al. 

We have presented one administration schedule in enclosed paper 5.2 (group II patients), which is 
an example of low-flow anesthesia after overpressure induction. Anesthesia was induced with 
overpressure with sevoflurane (8 %) in an 8 L/min O2/N2O mixture (3/7 ratio) for 2.5 min. After a 
laryngeal mask airway (LMA) was placed, the FGF was lowered to 1 L/min using O2 and N2O 
(0.4/0.6), the vaporizer was switched off briefly, and then the vaporizer was set at 1.9 %. The Etsevo 
concentration approached 1.3 % after 9.0 ± 1.5 min and remained nearly constant during at least 30 
min. 
  
2. Lerou et al. (8) 

After developing a model in which our CCA liquid injection data (enclosed paper 4.2) were used 
to predict uptake, Lerou (8) suggested the following sequence for isoflurane in O2/N2O: his goal was 
to attain and maintain the end-expired isoflurane concentration at 0.8-1.1 % with a constant vaporizer 
setting of 3 %, while managing the FGF as follows: a FGF of 3 L/min (2 L/min N2O, 1 L/min O2) for 
3 min, then a FGF of 1.5 L/min (1 L/min N2O, 0.5 L/min O2) for 3 min, and thereafter a FGF of 0.5 
L/min (0.2 L/min N2O, 0.3 L/min O2) for the remainder of the anesthetic. End-expired isoflurane 
concentration reached the desired 0.8-1.1 % range after 2 min (range 1.0-5.67 min). The end-expired 
isoflurane concentration was in the desired window from 3-60 min, and an average of 72 % of 
individual measurements were within the window from 3-30 min. The scheme was abandoned in six 
patients (excluded from analysis) because of hypotension. The approach by Lerou may be easier to 
grasp intuitively if we present the GAEq for isoflurane in a 3-D graph (fig. 5.7). What Lerou was 
looking for is the intersection between the GAEq and a constant vaporizer setting– this gives us the 
FGF sequence need to attain and maintain a constant end-expired concentration. Note that the graph 
presented is the GAEq for isoflurane in O2, which is likely to differ slightly from that in O2/N2O, 
mainly in the lower FGF range (enclosed paper 5.3).  
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II. O2 as carrier gas  
Vaporizer setting courses for use with O2 can be derived directly from the GAEq data. The 

duration of the initial period of high FGF depends on how rapidly and how high an end-expired 
concentration has to be achieved, and on how N2-free the circle system has to be. The GAEq data in 
this thesis were derived for 0.65 MAC values only. It is unclear at this time to what an extent a higher 
desired end-expired concentration can be met by a proportional increase in the vaporizer settings (in 
other words, whether the kinetics are linear). Again, the lower the FGF, the higher the vaporizer 
setting and the higher interindividual variability. End-expired gas monitoring allows the 
anesthesiologist to fine-tune the use of low FGF techniques.  
 
Another example of an administration schedule: Mapleson WW  
Mapleson developed a model for the ideal FGF sequence at the start of low-flow anesthesia (up to 20 
min of anesthesia), that was subsequently evaluated clinically (7,9). He assumed that no N2O was 
used. For isoflurane, the obtained end-expired concentrations were close to those predicted by the 
uptake model, but for sevoflurane and desflurane the concentrations were 0.15 and 0.2 MAC higher 
than predicted. 
 

III. O2 and air as carrier gases  
Vaporizer setting courses for use with O2 /air mixtures can be extrapolated from the GAEq data 

because N2 uptake is minimal. This has been confirmed in a preliminary study comparing isoflurane 
vaporizer dial settings during MFA with O2 vs. O2/air and O2/N2O. The required vaporizer settings to 
maintain a constant end-expired isoflurane concentration of 0.75 % with different carrier gases (air/O2, 
100% O2, and N2O/O2) and FGF of 0.5 L/min were determined in 42 patients after a 10 min 
equilibration period. Vaporizer settings (fig. 5.8) were the same in the air/O2 and O2 groups, but were 
lower in the N2O/O2 group (10). The causes of these observations are similar to those presented in 
enclosed paper 5.3.  

Figure 5.7. Concept of the FGF 
sequence for isoflurane designed by 
Lerou, illustrated by a 3-D presentation 
of the GAEq. Lerou tried to determine 
the intersection between the GAEq and 
a constant vaporizer dial setting. This 
line of intersection is the FGF sequence 
needed to attain and maintain a constant 
end-expired concentration, at the same 
time keeping the vaporizer setting 
constant. 
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Figure 5.8. Isoflurane vaporizer settings 
required to maintain end-expired 
concentration at 0.75% with 3 different 
carrier gases. Source: reference 10. 
Reprinted with permission. 

 
 
 
 
 
 

 
 
 

 
The different air/O2 mixtures that can be used during MFA and LFA have been described in 

chapter 7.4.  
 
E. Summary 

The ideal FGF sequence is the Holy Grail of the CCA purist. What is the ideal FGF sequence? The 
CCA purist has to attempt to accomplish several goals at the same time. As should be clear by now, 
some of these goals are mutually exclusive.  

Rather than a schedule based on a theoretical uptake model or empirical data or a combination of 
both, the Holy Grail will more likely turn out to be an anesthesia machine. This anesthesia machine is 
likely to use closed-loop feedback administration of potent inhaled anesthetics with automated flow 
compensation - the anesthesiologist will be able to choose the FGF and the end-expired concentration, 
and technology will take care of the rest. These machines are entering the marketplace “as we speak”. 
Their performance and safety (given the multiple CPU controlled loops) will have to be evaluated. In 
addition, one may wonder whether decreasing the consumption from 500 mL/min to e.g. 420 mL/min 
(even though a laudable goal for enthusiasts like myself when exploring the borders using 
conventional anesthesia machines) is worth the investment of these kind of new anesthesia machines. 
Knowledge of the kinetics of inhaled anesthetics, including their interplay with contemporary 
anesthesia equipment, as outlined in this thesis, give the reader the tools and knowledge to use FGFs 
well below 1 L/min. On the other hand, these new technological advances may make the complexity 
of kinetics at reduced FGF a moot issue – this complexity surely was one of the considerations in the 
search for the ideal anesthesia machine. One wonders how the manufacturers will measure O2 
concentration (paramagnetic analysis, necessitating the use of air as a reference gas? How will they 
manage the air?), how will they manage N2, or will there will be a need for serial flushing? New 
paramagnetic O2 analyzers that no longer entrain a reference gas loom around the corner and have 
already been incorporated into Dräger’s soon to be released Zeus anesthesia machine (Dräger 
Company, ESA 2003 meeting, personal communication). Serial flushing by the Physioflex (the first 
automated closed-circuit anesthesia machine) may consume such “large” amounts of vapor, that less 
anesthetic agent is used with conventional anesthesia machines using a minimal-flow technique (6).  

While the automated closed loop/automated flow compensation tools will bring the 
anesthesiologist one step further away from actually managing the vaporizer and FGF to control the 
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end-expired concentration, he or she still ought to know the kinetics of the agents and what is actually 
happening so it doesn’t turn out to be another black box. 
 
6. Economical implications 

Agent consumption of inhaled anesthetics to maintain 0.65 MAC with a range of FGF has been 
described in Enclosed Paper 5.1. Agent consumption is calculated as the product of FGF and vaporizer 
setting (%). Some points deserve to be mentioned separately. First, as pointed out in enclosed paper 
5.1 (table 4), the effect of high initial consumption due to the use of a brief period of high FGF (30 sec 
of 4 L/min) in the 0.2 L/min sevoflurane group and all 0.3 L/min groups as well as that of the initial 5 
min 4 L/min FGF in the 0.5 L/min halothane group is very significant. Minimizing the duration of the 
high FGF period is the message here. Second, the agents with the highest blood/gas solubility are 
those of which the least amount of agent (mL of liquid agent) is needed to maintain the same 
anesthetic depth for a certain period of time because they are more potent. Uptake by the tissues at the 
same MAC is higher for agents with a lower blood/gas partition coefficient (enclosed paper 4.1) 
because of their lower potency. Similarly, at the same MAC and FGF, waste via the pop-off valve (mL 
of liquid agent) will be higher for agents with a lower blood/gas partition coefficient because they are 
less potent (Meyer-Overton rule, chapter 1). For example, when 1000 mL/min FGF in excess of 
patient uptake is used, at least 1.3 % of sevoflurane (13 mL), but even more desflurane vapor is wasted 
(> 4.5 % of 1000 mL, or > 45 mL!) . Third, in table 5.1, we calculate the ratio of vapor consumed at 
the specified FGF over the vapor consumption at FGF of 8 L/min. The table indicates that lowering 
FGF is more efficient at reducing consumption for agents with the lower blood/gas partition 
coefficient. Interestingly, the agent for which this is most true, desflurane, also happens to be the agent 
that could be labeled “more user friendly” (chapter 5.2). 
 
Table 5.1. Ratio of agent consumption with the particular FGF over consumption with a FGF of 8 L/min (based on 
data from enclosed paper 5.1). 

  0.3 0.5 1 2 4 8 

Isoflurane 13 15 19 23 46 100 

Sevoflurane 11 11 15 24 45 100 

Desflurane 7 9 14 24 48 100 

 
Let us go into a little more detail and give some more clinical examples from papers presented in 

this thesis to highlight how initial high FGF period weighs very heavily on ultimate consumption.  
1. A brief period of high FGF to haste desflurane wash-in, followed by a FGF of 0.3 L/min (enclosed 

paper 5.1). The amount of desflurane vaporized when using 18 % desflurane for 30” with 4 L/min 
FGF is so large compared to the amount needed during the subsequent 0.3 L/min period, that 
consumption in the 0.3 L/min desflurane group will decrease below that in the 0.5 L/min group 
only after 14 min (with only a brief episode of suboptimal end-expired desflurane concentrations 
in the 0.5 L/min group). 

2. Low-flow anesthesia after overpressure induction with sevoflurane in O2/N2O (enclosed paper 
5.2). The calculated amount of liquid sevoflurane vaporized after 3 min was 9.8 mL. Because the 
circuit, FRC, and probably also rapidly saturating tissue groups have already been washed-in 
during overpressure induction, less than 4 mL was needed to maintain anesthesia over the ensuing 
30 min during low-flow anesthesia. Thus, 75-78 % of sevoflurane consumption occurred during 
the first 3 min of the anesthetic.  
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3. Coasting after overpressure induction (enclosed paper 6.2). During overpressure induction with 
sevoflurane in O2/N2O, 8.2 ± 1.7 mL liquid sevoflurane is consumed, yet the amount of 
sevoflurane still present in the circuit after overpressure is sufficient to maintain anesthesia for up 
to 20 min with the vaporizer shut off: the end-expired sevoflurane concentration was still 0.97 ± 
0.22 % at 20 min!  

 
Clearly one of the important messages is that the initial period of high FGF should be kept to 

a minimum if consumption is to be minimized. Allowing some N2 to initially remain in the circuit at 
the expense of somewhat suboptimal N2O concentrations may go a long way to reduce anesthetic 
agent consumption (also see ideal FGF discussion, chapter 5.5).  

It should also be clear that it is very hard to put a price tag on the economic implications of using 
lower FGF, because the issue is multifactorial. Prices vary from place to place, but knowing the price 
per mL of liquid agent should allow the reader to calculate the savings in her/his particular setting. 
Another aspect of reducing FGF is that it increases soda lime consumption - the use of minimal-flow 
anesthesia increases the consumption of soda lime two- to fourfold (11), and this has to be taken into 
account. With regard to the comparison with total intravenous anesthesia, and in particular propofol, it 
should be clear that only a very small amount of liquid agent is needed – the actual administration cost 
for inhaled agents can be made really small. However, here again, the issue is very complex: factors 
like duration of recovery room stay, incidence of nausea/vomiting, home readiness etc. also have to be 
addressed. It is even harder to “price tag” things like preserved heat and humidity, two clear 
advantages of reducing FGF. The acquisition cost of an anesthesia machine has to be taken into 
account too. In particular, the use of end-tidal closed-loop feedback technology is likely to increase the 
acquisition cost of anesthesia machines incorporating this technology. These machines will facilitate 
the use of inhaled agents with FGF well below 700 mL/min. However, one needs to realize that 
contemporary anesthesia machines can be easily used with a FGF of 700 mL/min (O2/N2O mixtures) 
or 500 mL/min (O2 and O2/air mixtures). Therefore, it remains to be seen whether the amount saved by 
lowering the FGF by another 50-200 mL/min that these newer anesthesia machines are likely to 
accomplish, are worth the investment. When agent consumption by the Physioflex (the first 
commercially available automated CCA machine) was compared with agent consumption during 
MFA, the latter was actually found to consume less because of serial flushing of the circuit by the 
Physioflex! The economics discussion at these very low FGFs revolves around small amounts of agent 
saved. While it remains a challenge to the CCA purist to try to reduce the FGF even further, it is likely 
that the “economist” looks at this from a different, more global perspective. Don’t forget that the 
overall cost of anesthesia in the global “peri-operative care bill” may be small relative to other costs. It 
is important to have a broader picture when discussing costs of inhaled anesthetics, and it is beyond 
the scope of this thesis to do so in more detail. Yet, we think our data provide a quantitative basis from 
which this discussion can start.  
 
7. Summary 

The uptake pattern of potent inhaled anesthetics is reflected in vaporizer dial settings required to 
attain and maintain the end-expired concentration with low FGFs. Uptake between 15 and 60 min is 
more or less constant for currently used agents. FD/FA ratios can be used to develop administration 
schedules. The number of combinations is unlimited (anesthetic continuum). Concomitant N2O 
administration alters the FD/FA ratio’s at the low extreme of FGFs, an effect that can be explained by 
mass balances alone. If the premise is accepted that user-friendliness of a potent inhaled anesthetic can 
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be described by the FD/FA ratio difference between 20 and 45 min, the absolute FD/FA ratio, and the 
degree of increase in vaporizer setting variability with lower FGF, desflurane may be the most user-
friendly agent. Even though the more constant uptake pattern facilitates the use of lower FGFs, the 
increase in vaporizer setting variability indicates that the “nearly constant” FD/FA ratio during 
maintenance needs to be sought guided by end-expired gas-analysis (especially with FGF << 1 L/min). 
A FGF of 1 L/min (0.5 L/min for desflurane) may combine ease of administration and economics. 
This discussion ignores the purported advantages of the use of (near) closed-circuit anesthesia 
conditions, preservation of heat and humidity (and, obviously, a great opportunity to learn about 
kinetics!). New anesthesia machines that work with closed-loop end-expired feedback mechanisms 
may turn out to be the ultimate solution for the effect of inter-patient variability with very low FGF. 
The extra amount of agent saved by further lowering FGF below 1 L/min or even 0.7 L/min, which 
can easily be done with a common contemporary anesthesia machine, will have to be weighted against 
the increased cost of these machines. In addition, the quality of heat and humidity preservation and 
safety of the new anesthesia machines using closed-loops will have to be demonstrated. The amount of 
agent needed to intermittently flush the circuit may actually increase consumption above the use of 
MFA with a conventional anesthesia machine.  
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1. Introduction: the coasting concept 

The description of coasting and its potential place in our clinical armamentarium has been well 
described by Lowe and Ernst – actually more than 10 years before its intravenous counterpart, the 
context-sensitive half-time, started to appear in the literature (1,2). This introductory chapter is a 
compilation of the description by Lowe and Ernst (1). 

Anesthesiologists are familiar with the technique of shutting off or reducing the delivered 
anesthetic concentration in anticipation of surgery completion. Experience with open systems, where 
lung clearance produces a rapid emergence, has resulted in the administration of anesthetic vapor up to 
the last minute before turning off the vaporizer. However, to reduce anesthetic waste, anesthesia can 
be maintained for a while near the end of a procedure with the use of CCA and the vaporizer turned 
off. Coasting consists of shutting off the delivered vapor several minutes prior to the completion of 
surgery without opening the system, thus allowing redistribution of anesthetic vapor to tissues where 
the partial pressure of the vapor is below that in blood (probably fat or muscle compartments). The 
coasting period or coasting time, Tc, is the time needed for the concentration of the agent to drop from 
0.65 to 0.35 MAC (while maintaining 0.65 MAC N2O). In this thesis, we also refer to “Tc” as “the 
46% decrement time” because 0.65 MAC was used during maintenance and because we believe the 
concomitant use of 0.65MAC N2O exploits the technique to its fullest potential (see below).  

In the second part of this chapter (2. Isoflurane and desflurane coasting and decrement times 
during closed-circuit anesthesia), we will focus on the 0.65-0.35 MAC decay or the 46% decrement 
times. It is always assumed that the end-expired agent concentration has been maintained at 0.65 MAC 
with 0.65 N2O prior to the coasting period. According to Lowe and Ernst, Tc can be predicted (in min) 
as the square root of the duration of anesthesia prior to coasting plus one minute or Tc = (1 + √∆t 
anesthesia) min. Why is it so interesting to use N2O during coasting, and why is the end-expired N2O 
concentration maintained at 0.65 MAC during coasting? Because in the case of 0.65 MAC of a potent 
inhaled anesthetic with N2O, the residual 0.35 MAC achieved after one coasting time is already close 
to MAC-awake (about 0.3-0.35 MAC). Because N2O is so insoluble, it is washed out from the brain 
within 4-5 time brain time constants for N2O (4 to 5 minutes), even after prolonged procedures. The 
patient should therefore recover within the time required to wash-out the N2O regardless of the 
duration of anesthesia and regardless of the inhaled agent used. To me this is where the coasting 
technique ought to have its greatest potential - if it is used along with N2O. The rapid and predictable 
emergence when using coasting with modern inhaled agents (with N2O) after prolonged anesthesia has 
been impressive to me in my clinical practice.  

This chapter provides the reader with the first steps towards unraveling coasting kinetics. There is 
no literature describing coasting with modern inhaled agents using modern anesthesia machines and 
monitoring tools. Only two clinical studies could be retrieved from the literature, one studying older 
agents in less than optimal CCA conditions (3), the other one not reporting leaks nor maintaining 
constant end-expired isoflurane concentrations (4).  

In the third part (3. Coasting after overpressure induction with sevoflurane), we have broadened 
the concept of “coasting” to also include how the amount of agent still present in the circuit and the 
patient can be used to briefly maintain anesthesia using a particular set-up: coasting after overpressure 
induction. 
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2. Isoflurane and desflurane coasting and decrement times during closed-circuit anesthesia  
Even though the theoretical framework for coasting has been well-described and even though 

many are familiar with the context-sensitive half-time concept, a good clinical description of coasting 
times for modern agents using up-to-date anesthesia equipment and monitoring is lacking. Using the 
best CCA conditions clinically attainable at this time (see chapter 5.5 and chapter 7.2), we set out to 
determine coasting times for isoflurane and desflurane for procedures up to 100 min. We also 
compared our experimentally derived coasting times with those predicted by the square root of time 
(SqRT) model, the only model that has attempted to predict coasting times during CCA. 
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Summary statement: Isoflurane and desflurane coasting times increase almost linearly during 
the first 100 min of anesthesia, and become more variable as the duration of anesthesia 
increases. There is an inverse relationship between coasting time and blood solubility. 
 
Abstract 
Background: The decay of the end-expired concentration (FA) of an inhaled agent during 
closed-circuit anesthesia after discontinuing its administration (= coasting) remains poorly 
studied.  
Methods: 148 patients undergoing peripheral or abdominal surgery were assigned to 1 of 18 
groups, depending on when coasting was started (after 4, 9, 16, 25, 36, 49, 64, 81, or 100 min), 
and whether isoflurane or desflurane was used. Prior to coasting, FA of isoflurane (FA iso) or 
desflurane (FA des ) was maintained at 0.65 MAC (0.75 or 4.5 %, respectively) in O2/N2O. 
Coasting times, Tc (time for FA to decrease from 0.65 to 0.35 MAC, or 46% decrement time) 
were compared with those predicted by the square root of time (SqRT) model.  
Results: Tc (min) varied widely among patients (coefficients of variation 18-63 %). Tc for 
isoflurane was mathematically best expressed as: Tc = 5.94 + 0.126 * ∆t (with ∆t = anesthesia 
duration prior to coasting) (R2 = 0.41) or Tc = 2.18 + 1.52 * √∆t (R2 = 0.40). Tc for desflurane 
was mathematically best expressed as: Tc = 8.00 + 1.34 * √∆t (R2 = 0.35); a linear fit expressed 
desflurane Tc as Tc = 11.7 + 0.102 * ∆t (R2 = 0.30). For ∆t > 9 min, the SqRT model 
overestimated Tc for isoflurane, and the SqRT model underestimated Tc for desflurane except 
for ∆t = 100 min.  
Conclusions: Isoflurane and desflurane Tc increase almost linearly during the first 100 min of 
anesthesia, and become more variable as the duration of anesthesia increases. Because there is 
an inverse relationship between Tc and blood solubility of the anesthetic, the SqRT model will 
underestimate Tc for less soluble agents.  
 
Introduction 

With the help of computer simulations, concepts such as the effect-site compartment 
concentration, context-sensitive half-times (and other decrement times) or mean-effect time 
have provided important new insights into the pharmacokinetics of intravenous anesthetics.1 For 
potent inhaled anesthetics a similar concept called “coasting” had already been described 10 
years earlier.2 Coasting refers to the decay of the end-expired concentration (FA) of a potent 
inhaled anesthetic during closed-circuit anesthesia after its administration is discontinued, and 
can be used to steer recovery towards the end of a surgical procedure. Lowe and Ernst argued 
that FA follows a predictable course if it has been maintained constant prior to the coasting 
period. The coasting time, Tc, of an inhaled anesthetic is the time needed for FA to decrease 
from the previously maintained 0.65 MAC (Minimal Alveolar Concentration) to 0.35 MAC, the 
MAC awake, and could be considered the 46 % decrement time. Tc is longer when the 
anesthesia duration prior to coasting is longer. When concomitantly using N2O, and if coasting 
is started at the right moment so that FA will have decreased to 0.35 MAC at the end of the 
surgical procedure, rapid wash-out of the relatively insoluble N2O using a high O2 fresh gas 
flow (FGF) should awaken the patient within 4 to 5 brain time constants of N2O (or 4-5 min), 
regardless of the duration of anesthesia prior to the coasting period. Well-documented 
decrement times would therefore be useful to guide the clinician when to stop the administration  
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of potent inhaled anesthetics during closed-circuit anesthesia (CCA). Decrement times could 
also be used to validate uptake models: a good model should be able to predict coasting times. 
Up until now, only the square root of time (SqRT) model has been used to predict Tc. 
According to this model, Tc is 1 + square root of anesthesia duration prior to the start of 
coasting, or 1 + √∆t. The formula does not involve any parameter of the potent inhaled 
anesthetic, and therefore the SqRT model considers Tc to be the same for all agents. Because 
decrement times have not been determined clinically, we determined the Tc and other decrement 
times of isoflurane and desflurane after procedures lasting from 4 to 100 min, and compared 
them with those predicted by the SqRT model.  
 
Materials and Methods 

The study was approved by the hospital’s Biomedical Institutional Review Board, and 
informed consent was obtained from all patients. 148 adult ASA physical status I-II patients 
undergoing a variety of peripheral or abdominal procedures were enrolled. The patient’s age, 
height, and weight were obtained. Patients were randomly assigned to 1 of 18 groups, depending 
on (1) the anticipated duration of surgery; (2) when coasting was started: after 4, 9, 16, 25, 36, 
49, 64, 81, or 100 min; and (3) whether isoflurane or desflurane was administered (Table 1). 

Premedication was titrated to each patient’s needs. After preoxygenation, anesthesia was 
induced with propofol (2.5-3 mg/kg) or etomidate (0.3 mg/kg). Tracheal intubation was 
facilitated by succinylcholine (1 mg/kg) or vecuronium (0.08 mg/kg). In all patients an initial 
period of a high FGF (4-8 L/min O2/ N2O of a 30/70% mixture) was used to denitrogenate the 
patient (FA nitrogen < 5 %) and to hasten wash-in of the circle system and the patient’s 
functional residual capacity (FRC). An end-expired isoflurane or desflurane concentration (FA iso 

and FA des ) of 0.65 MAC (0.75 or 4.5 %, respectively) was achieved within 1 min in all patients 
and maintained at 0.65 MAC until the start of coasting. FGF before the coasting period were left 
to the discretion of the attending anesthesiologists and ranged from 0.5 to 8 L/min. Ventilation 
was controlled and normocapnia was maintained throughout the procedure. Capnograms were 
normal in all patients, ensuring reliable FA were obtained.  

To start coasting, the circle system was closed, the administration of isoflurane or desflurane 
was discontinued, and O2 and N2O flows were titrated to keep the volume of the bellows 
constant, ensuring the top of the bellows never reached the top of the bellows housing. FA was 
downloaded every minute into a Microsoft Excel file. In order to be able to study 60 and 70 % 
decrement times while ensuring an adequate level of anesthesia, a propofol infusion was started 
when signs of light anesthesia developed. Light anesthesia was defined as tachycardia (heart rate 
[HR] > 125 % of preinduction values or HR > 110 beats/min) or hypertension (mean arterial 
pressure [MAP] > 125 % of preinduction values or MAP > 100 mmHg). Hypotension (MAP < 
75 % of preinduction values or MAP < 60 mmHg) and bradycardia (HR < 50 beats/min) were 
treated with 5 mg ephedrine or 0.5 mg atropine, respectively. 

Anesthetic gases were analyzed by the Datex-Engstrom AS/3 multigas analyzer. All patients 
were mechanically ventilated with tidal volumes of 6-8 mL/kg and a respiratory rate of 10 
breaths per minute. ADU anesthesia machines (Datex-Engstrom AS/3 Anesthesia Delivery Unit; 
Datex-Engstrom, Helsinki, Finland) were used, with soda lime as the carbon dioxide absorber. 
Because the circle system configuration influences the gas flow characteristics in the circle 
system, a precise description is needed. The Datex-Ohmeda Compact Block was used, a  
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patented part of the circle system containing in- and expiratory valves, FGF connection, and a 
small disposable canister containing soda lime. Fresh gas continuously flows into the inspiratory 
limb (both during in- and expiration) at a site located between the inspiratory unidirectional 
valve and the patient. The tidal volume delivered by the anesthesia ventilator is compensated for 
this effect of FGF so that the inspired tidal volume is independent of FGF. The tube that 
connects the ventilator to the circle system is positioned between the exhalation unidirectional 
valve and the absorber. Excess gas is scavenged from within the bellows housing through the 
bellows block overflow valve (= ventilator pressure relief valve). The volume of the circle 
system is 3.4 L. The leak of the anesthesia machine and circuit during controlled mechanical 
ventilation with a peak-inspiratory pressure of 30 cm H2O was measured each morning by the 
system check leak test. The actual leak for each patient during the study period was calculated 
based on the system check leak test and the measured peak-inspiratory pressure and inspired-to-
expired ratio, and ranged from 9 to 27 mL/min, assuming a first order (linear) leak. The sampled 
gases (150-200 mL/min) were redirected into the circuit, and 100% O2 was used as the reference 
gas to avoid nitrogen accumulation during prolonged coasting.3  
 
Data analysis 

Tc was calculated as the time needed for FA iso and FA des to decrease from 0.65 MAC (0.75 
or 4.5 %, respectively) to 0.35 MAC (0.40 or 2.4 %, respectively). All Tc versus anesthesia 
duration prior to coasting (∆t) data were fitted to 5 functions: linear, square root of time 
function, power function, and one-exponential decay with and without Y-intercept (Table Curve 
2D Automated Curve Fitting Software, Jandel, San Rafael, California; GraphPad Prism, 
GraphPad Software, Inc., San Diego, California). In addition, Tc (min) according to the SqRT 
model was calculated as 1 + √∆t and visually compared with clinically derived Tc.2  
 
Results 

Patient demographics and coasting times are presented in tables 1 and 2, respectively. The 
FA iso and FA des decay curves are presented in fig. 1 and 2, respectively. While FA iso decayed 
slower after longer duration of anesthesia, this was not always the case with FA des (in particular 
the 100 min group). Tc differed significantly between among patients as indicated by the large 
coefficients of variation (table 2).  

While most individuals had a similar coasting pattern, it was markedly slower in two 
patients (one in the 36 min desflurane group and one in the 49 min desflurane group). Because 
the coasting pattern was so different, these two patients were excluded from curve fitting 
analysis. Isoflurane Tc was mathematically best expressed as Tc = 5.94 + 0.126 * ∆t (R2 = 0.41) 
or Tc = 2.18 + 1.52 * √∆t (R2 = 0.40) (fig 3). Desflurane Tc could be mathematically best 
expressed as Tc = 8.00 + 1.34 * √∆t (R2 = 0.35); the linear fit expressed desflurane Tc as Tc = 
11.7 + 0.102 * ∆t (R2 = 0.30) (fig 4). The SqRT model slightly overestimated isoflurane Tc but 
slightly underestimated desflurane Tc.  
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Table 1. Patient demographic parameters, presented as mean ± standard deviation. 
∆t anesthesia (min) 4 9 16 25 36 49 64 81 100 

Isoflurane          

age (years) 32±12 47±20 41±15 47±19 45±13 48±16 49±18 47±20 47±18 

height (cm) 171±4 167±10 167±8 172±9 173±10 166±7 169±8 171±12 169±11 

weight (kg) 77±10 74±8 71±9 78±14 71±13 70±10 75±19 76±8 72±13 

n  7 8 11 8 8 7 13 8 8 

          

Desflurane          

age (years) 45±14 39±19 59±17 50±16 54±13 48±22 53±15 48±19 67±5 

height (cm) 169±5 175±8 166±6 172±11 170±15 162±7 169±8 169±7 171±7 

weight (kg) 69±17 74±11 72±13 71±14 73±31 64±14 72±9 71±14 77±12 

n  8 7 7 6 7 7 12 8 8 

∆t = anesthesia duration prior to coasting 
 
 

Figure 1. End-expired isoflurane (FA isoflurane) decay curves during coasting for the 9 groups with 
different anesthesia duration prior to coasting (ranging from 4 – 100 min). The thresholds to determine 
30%, 46 % (coasting time), and 70 % decrement times are indicated by the horizontal gray lines.
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Figure 2. End-expired desflurane (FA desflurane) decay curves during coasting for the 9 groups with 
different anesthesia duration prior to coasting (ranging from 4 – 100 min). The thresholds to determine 
30%, 46 % (coasting time), and 70 % decrement times are indicated by the horizontal gray lines.  

 

 
Figure 3. Individual isoflurane coasting times (Tc) versus anesthesia duration prior to coasting (∆t), with 
their linear and power function fit, and the square root of time (SqRT) model predictions. 
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Figure 4. Individual desflurane coasting times (Tc) versus anesthesia duration prior to coasting (∆t), with 
their linear and power function fit, and the square root of time (SqRT) model predictions. 

 
 

Table 2. Coasting times (min), presented as mean ± standard deviation, and coefficient of variation. 

∆t anesthesia 
(min) 

4 9 16 25 36 49 64 81 100 

Isoflurane          

Mean ± SD 5.9±1.1 7.6±2.1 8.1±1.5 8.9±2.3 9.9±2.6 13.3±4.3 14.4±6.8 14.3±4.3 19.7±10.9
Coeff. of 
variation 

18 28 18 26 27 32 47 30 55 

          

Desflurane          

Mean ± SD 8.9±3.2 13.4±2.7 13.1±3.0 14.3±3.0 18.2±11.4 23.0±11.2 21.4±5.1 21.1±6.4 17.3±5.3 
Coeff. of 
variation 

36 20 23 21 63 49 24 30 30 

∆t = anesthesia duration prior to coasting 
 

Discussion 
We described isoflurane and desflurane Tc and found that for the duration studied (≤ 100 

min), Tc increased almost linearly with ∆t. However, FA decay curves vary among patients: (1) 
coefficients of variation for Tc range from 18 to 63 %; (2) one patient in the 36 and 49 min 
desflurane group each displayed a very prolonged decay pattern; and (3) the unexpected low Tc 
in the 100 min desflurane group. The SqRT model slightly overestimated isoflurane Tc and 
slightly underestimated desflurane Tc.  
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The concept of context-sensitive half-times and other decrement times was recently applied 
to potent inhaled anesthetics using a computer simulation with high FGF ensuring rapid alveolar 
wash-out.4 However, under these conditions, Bailey argued that very likely there is an important 
delay between the FA and brain concentration (FCNS). Under conditions of slow alveolar 
washout, and certainly during coasting, FA is more likely to reflect FCNS. This has important 
implications with regard to the MAC-awake value of the agent. MAC-awake is higher during 
slow alveolar washout than during fast alveolar washout.5 Lowe and Ernst hypothesized that 
during CCA the slow, predictable FA decay and the fact that FA more closely reflects FCNS could 
be used clinically to steer recovery towards the end of a procedure.2 First, if Tc of the potent 
inhaled anesthetic is known, we could turn off the vaporizer a while before the end of the 
procedure, decreasing anesthetic waste. Secondly, emergence could be made independent of the 
duration of anesthesia and the agent used (high or low blood/gas partition coefficient) because 
the low solubility of concomitantly used N2O would ensure that the combined brain partial 
pressure of N2O and the potent inhaled anesthetic rapidly drops below the threshold to produce 
unconsciousness.  

For each agent, Tc varies among patients, and this variability increases as ∆t increases. End-
tidal gas monitoring therefore is indispensable when using coasting. It is also interesting to note 
that desflurane Tc are approximately 6 min longer than isoflurane Tc, a difference that persists 
over a wide range of ∆t. Preliminary data indicate that N2O Tc are even longer.6 It appears that 
there is an inverse relationship between Tc and blood solubility of the anesthetic, and therefore 
the SqRT model will underestimate Tc for less soluble agents. These differences in Tc among 
agents may be related to differences in tissue solubilities, because coasting is a process that 
relies on redistribution of the agent in the body. However, the exact reason for our observations 
cannot be deducted from our study results.  

Even though we clinically determined isoflurane and desfurane Tc, further studies are 
needed to assess their clinical usefulness. Technical limitations have hampered the study and 
clinical application of coasting in the past. However, multigas analyzers are now ubiquitous, and 
leaks of modern anesthesia machines can be kept well below 100 mL/min. If the sampled gases 
are redirected to the circuit, (near) CCA conditions are obtained. The influence of small leaks or 
small excess FGF on the FA decay course remains unclear, however. It is also unclear at this 
time whether the technique does indeed make emergence times (early recovery) independent of 
both the duration of anesthesia and the actual agent used.  

In summary, we described isoflurane and desflurane coasting and decrement times during 
closed-circuit anesthesia for procedures up to 100 min. Coasting times increase almost linearly 
but become progressively more variable as the duration of anesthesia prior to coasting increases, 
with some patients exhibiting markedly different decay patterns. Because there is an inverse 
relationship between Tc and blood solubility of the anesthetic, the SqRT model will 
underestimate Tc for less-soluble agents. With modern anesthesia and monitoring equipment, 
coasting may deserve a more prominent place in clinical practice.  
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 The clinically derived isoflurane and desflurane coasting times can be used to guide the clinician as 
to when to shut off the vaporizer or discontinue the liquid injection for procedures up to 100 min. The 
results should not be extrapolated beyond the conditions of this study, which were duration of 
anesthesia ≤ 100 min and use of the most truly closed system attainable at this time. It is likely there is 
a certain excess FGF above which the loss of agent via the pop-off valve starts to exceed that of the 
effect of internal redistribution. The effect of small amounts of fresh gas in excess of patient uptake 
deserves further study. The technique deserves more clinical research to better document its clinical 
potential and possibly the development of more technological features to facilitate it in clinical 
practice. Coasting is an excellent example of how we are not using the circle system and monitoring 
tools to their fullest potential. To directly quote Lowe and Ernst from their epilogue: “It is almost 
ironic that anesthesiologists check for circuit leaks daily and then proceed to administer high flow 
anesthetics, providing an extremely large leak through the pop-off valve” (ref 1, p 209). Their 
comment is still valid 25 yrs later!  
 
3. Coasting after overpressure induction with sevoflurane 

Coasting entails the temporary continuation of maintenance of anesthesia after having 
discontinued the delivery of the agent. The concentration of the inhaled agent is maintained for a while 
- it only slowly decreases due to internal redistribution from tissues with higher partial pressure to 
tissues with lower partial pressure. The amount of anesthetic already (or still) present in the patient 
and anesthesia circuit suffices to maintain anesthesia for a brief while. We have broadened the term 
“coasting” to also include how the amount of agent still present in the circuit and the patient can be 
used to briefly maintain anesthesia using a particular set-up: coasting after overpressure induction. 

 

 

Enclosed paper 6.2  
Coasting after overpressure induction with sevoflurane. 
Hendrickx JF, Vandeput DM, De Geyndt AM, DeLoof T, De Wolf AM.  
J Clin Anesth 2000; 12:100-3. Reprinted with permission. 
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4. Summary 
Coasting is a technique whereby the closed-circuit anesthesia technique allows the redistribution 

process of anesthetic vapor between body compartments after turning off the vaporizer to become the 
main determinant of how the arterial concentration and consequently brain concentration decreases. It 
can be managed in such a way that the concentration remains high enough to keep the patient 
anesthetized for a while even though no further agent needs to be administered. This idea of the uptake 
pattern taking a more prominent role in the kinetics of inhaled anesthetics at reduced FGF is exactly 
what explains the GAEq concept (chapter 5) – the lower the FGF, the more the uptake pattern will be 
reflected in the vaporizer setting, and more so at reduced FGF. In the extreme, CCA, the vaporizer 
setting course or liquid injection rate represent uptake!  

The reverse is also true – if we know the uptake pattern, we can predict vaporizer settings, 
particularly at reduced FGF (chapter 3 and chapter 5). Similarly, after having been able to theoretically 
describe the internal redistribution process using a Texas Instrument Calculator (TI-59), Lowe and 
Ernst predicted the end-expired concentration decay during coasting. Given the means at their 
disposal, their predictions could be considered to be remarkably close to our experimental findings. 
Coasting thus allows us to have FA decrease towards the end of the procedure in a more or less 
predictable fashion after the actual administration (delivery) of the agents has been stopped. The use of 
agent analysis allows one to account for inter-patient variability – again similar to what one has to do 
when FGFs are lowered and vaporizer setting variability is known to increase. 

And just like the vaporizer settings at reduced FGF can be used to evaluate uptake models when 
the effect of the uptake pattern on the vaporizer setting is greatest, decrement times during coasting 
can be used to clinically validate uptake models (even though not the major objective of this thesis – 
see chapter 2). Any valid uptake model should be able to predict the decrement times during coasting.  

Theoretical considerations suggest coasting may deserve a more prominent place in practice, and 
ongoing technological evolutions (paramagnetic O2 analysis without air entrainment) may facilitate 
this. The effect of small circuit leaks on coasting times and duration of anesthesia longer than 100 min 
prior to coasting needs to be addressed.  
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1. Introduction 
Several technical hurdles had to be overcome to study the kinetics of inhaled anesthetic agents and 

carrier gases at reduced FGFs. In order to study the required vaporizer settings at different FGF to 
obtain a constant end-expired concentration (the general anesthetic equation – chapter 5), we elected 
to use the Datex-Ohmeda ADU vaporizer, because it is the only vaporizer available that allows the 
concentration to be increased with 0.1 % increments (0.5 % increments for desflurane). In addition, its 
output was purported to be independent of carrier gas composition, which would facilitate the study of 
the effect of carrier gases on gas kinetics in a circle system (chapter 5). Because its performance had 
not been validated independently, we set out to do this (2. The ADU vaporizing unit: a new vaporizer). 
Another hurdle to overcome was the accumulation of N2. In order to work and continue to work 
completely closed, gases sampled by the gas analyzer have to be returned. Because air is used as the 
reference gas by paramagnetic O2 analyzers, N2 accumulation occurs because it re-enters the circuit 
together with the sampled gases. This necessitates serial flushing, which may introduce errors because 
the amount of agent needed for circuit wash-in is large compared to actual uptake by the patient. In 
addition, it becomes impossible to study coasting times during longer periods, especially with N2O. 
We therefore had to find a solution to this problem (3. How to avoid N2 as the unwanted gas during 
closed-circuit anesthesia?). Not only did we opt to study the kinetics of O2 and to a more limited extent 
those of N2O (chapter 5.2; 5.5; and 6.3), we also wanted to examine how air could be used at reduced 
FGF rates. The use of air can rapidly lead to hypoxic mixtures when inappropriate flow combinations 
of O2 and air as fresh gases are used. We illustrate this problem, and provide the insight needed to 
safely use air at reduced FGF (4. How to use N2 as the wanted gas with reduced fresh gas flows?). 
Finally, at the time we conceived our ideas, trace gases put into question the feasibility and safety of 
the use of sevoflurane and desflurane during closed-circuit conditions. These issues are briefly 
addressed at the end of this chapter (5. The COHb issue; and 6. The compound A issue – a few 
comments). 
 
2. The ADU vaporizing unit: a new vaporizer  

The measurement tool chosen to study the general anesthetic equation was the ADU vaporizer 
(Datex-Ohmeda). It allows for the concentration to be increased with 0.1 % increments (0.5 % 
increments for desflurane). In addition, its output was claimed to be independent of carrier gas 
composition. Because its performance had not been validated independently, we set out to do this:  

Enclosed paper 7.1  
The ADU vaporizing unit: a new vaporizer. 
Hendrickx JFA, De Cooman S, Deloof T, Vandeput D, Coddens J, De Wolf AM. 
Anesth Analg 2001; 93:391-5. Reprinted with permission. 
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The vaporizer performed well under most conditions, and the vaporizer therefore could be used to 

study the general anesthetic equation (chapter 5). The same factors affecting output of conventional 
vaporizers, however, also affected ADU vaporizer output. This is important to know when interpreting 
some of the study results. For example, because vaporizer output was lower at 8 than at 4 L/min FGF, 
vaporizer setting requirements where higher in the GAEq studies at 8 L/min FGF as compared to 4 
L/min FGF: this observation therefore is a result of underperformance of the vaporizer at the higher 
FGF, NOT a result of other factors. The effect of carrier gas composition on vaporizer output was also 
important when interpreting data in the study on the effect of carrier gas on vaporizer settings during 
reduced FGF (chapter 5.4). A change in vaporizer output had to be excluded as a possible explanation 
of the differences between vaporizer settings with O2 and O2/N2O. Finally, mechanical components of 
this CPU-controlled vaporizer may fail, which may prove particularly challenging with an agent like 
desflurane (1).  
 

 



Chapter 7 

166 

3. How to avoid N2 as the unwanted gas during closed-circuit anesthesia?  
In order to work and continue to work with a completely closed circuit, in its purest form, gases 

sampled by the agent analyzer should be returned. Because air is used as the reference gas for 
paramagnetic O2 analysis, N2 accumulation occurs because it re-enters the circuit together with the 
sampled gases. This necessitates serial flushing of the circle system, which may introduce errors 
because the amount of agent needed for circuit wash-in is large compared to actual uptake by the 
patient. In addition, it becomes impossible to study coasting times during longer periods, because N2 
concentrations will rise at the expense of O2, leading to the formation of hypoxic mixtures, and 
evenmore so when N2O is present. We modified the agent analyzer to allow it to use O2 as the 
reference gas instead of air, and quantified N2 accumulation with this modified analyzer. 
 

Enclosed paper 7.2 
Influence of the reference gas of paramagnetic oxygen analyzers on nitrogen concentrations 
during closed-circuit anesthesia.  
Hendrickx JFA, Van Zundert AAJ, De Wolf AM. 
J Clin Monit 1998; 14:381-4. Reprinted with permission. 
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It is important to realize that the modified gas analyzer is neither sold nor endorsed by Datex-
Ohmeda because only “God’s own air” reliably contains the same O2 concentration used for the one-
point calibration during the start-up procedure of the analyzer. Once another O2 source is used, the 
anesthesiologist becomes responsible for ensuring that the same mixture used during the start-up 
procedure continues to be fed to the analyzer reference gas port; if not, erroneous O2 readings may 
result.  
 
4. How to use N2 as the wanted gas with reduced fresh gas flows?  

Closed-circuit and low-flow anesthesia does not have to include the use of N2O. O2/air mixtures 
are now commonly used with a potent inhaled anesthetic when N2O is avoided. N2 helps in the 
prevention of absorption atelectasis and O2 toxicity (the latter is only rarely a concern intraoperatively 
though). However, the use of air can rapidly lead to hypoxic mixtures when inappropriate settings are 
used. We illustrate this problem, and provide the insight needed to safely use air at reduced FGF. 
 
A. What’s the problem when using air with reduced fresh gas flows?  

What happens when air is breathed from a circle system at different FGFs? The effect on FIO2 and 
oxygenation when using only air as the fresh gas in a circle system is illustrated in figures 7.1A and B 
(2). In this study, 8 awake volunteers were breathing from a circle system through a tightly fitting face 
mask. The FGF varied from 8 to 4, 2, and 1 L/min. In all volunteers, a hypoxic mixture (FIO2 < 21%) 
developed. With FGF of 8 and 4 L/min, FIO2 plateaued at 18.6±0.77 and 15.9±1.3 % after 3 min, and 
SpO2 did not change from baseline in any subject. With FGF of 2 and 1 L/min, FIO2 dropped 
precipitously to 13.4±1.4 and 11.8±0.8 % after 2.5 min, and all the volunteers were instructed to 
discontinue breathing from the circle system because the SpO2 decreased below 97 %.  

 
 
Figure 7.1A. FIO2 in 
volunteers breathing air 
through a circle system 
with different fresh gas 
flows. From reference 2. 
Reprinted with 
permission. 
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Figure 7.1B. SpO2 in 
volunteers breathing air 
through a circle system 
with different fresh gas 
flows. From reference 2. 
Reprinted with 
permission. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Let us now more closely examine why a hypoxic mixture develops in a circle system when using 

e.g. 1 L/min air as the carrier gas. It is important to consider the amounts of O2 being consumed and 
delivered, rather than only focusing on O2 partial pressures (chapter 3). Intuitively, the issue is 
actually straightforward (Figure 7.2). The FIO2 decreases for 3 reasons. First, O2 consumption (200-
250 mL/min) may be higher than the amount of O2 that enters the system with the fresh gases (210 
mL/min). Secondly, O2 will be lost from the system by sampling of gases by the analyzer when not 
redirected to the circuit – this amount of O2 lost by sampling will be relatively small. Finally, a more 
difficult to quantify amount of O2 will be lost through the pop-off valve. 

It is crucial to understand the effect of rebreathing on N2 and O2 kinetics if the anesthesiologist 
wants to use O2/air mixtures at reduced FGF because a hypoxic FIO2 will result if erroneous 
amounts of O2 and air are blended. Since this issue is not addressed to any great extent in any 
contemporary anesthesia textbook, I decided to discuss this issue at length. 
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Let us now try to quantify what happens when an adult patient breathes from a circle system with a 
FGF of 1 L/min of air. For didactic purposes, let us make the following assumptions:  
- both O2 consumption and CO2 production are 250 mL/min  
- the circle system and the FRC make up a single volume (referred to as “the container”) of 6 L in 

which there is instantaneous mixing 
- the container is expandable during one-min intervals during which the pop-off valve is closed, but 

after each min the pop-off valve is opened to bring the circuit volume back to its original 6 L 
volume by having excess gas escape  

- because N2 is very insoluble, N2 uptake by the body will be ignored, even when N2 concentrations 
rise  

- sampled gases are not redirected to the circle system, and leaks are non-existent 
 
* The container of 6 L primed with air (FIO2 0.21) contains 4740 mL N2 and 1260 mL O2 
* Within the first minute: 

210 mL O2 and 790 mL N2 will have been added with a FGF of 1 L/min 
250 mL O2 will have been consumed 
250 mL of generated CO2 will have been absorbed by the soda lime  
200 mL of gases are removed by the analyzer (= 42 mL O2 and 158 mL N2) 

* After 1 min, the volume of the container will be 6000 + 1000 - 250 - 200 = 6550 mL. 
* After 1 min, there is 1260 + 210 - 250 - 42 = 1178 mL of O2 in the container 
* After 1 min, the FIO2 is 1178/6550 = 18.0 %. 
* After 1 min, 550 mL of gas is discarded from the container to return its volume to 6 L; the discarded 

gas contains 99 mL O2 and 451 mL N2  

* After this, the container will contain 1079 mL O2 and 4921 mL N2. 

Figure 7.2. Loss of oxygen 
when breathing from a circle 
system with fresh gas flow of 1 
L/min of air. 
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Thus, within one minute, the FIO2 has decreased from 21 % to 18.0 %, and the amount of O2 in the 
container has decreased from 1260 mL to 1079 mL. If the person continues to breath from this circle 
system with a FGF of 1 L/min of air, we can calculate that after 2 min, FIO2 will be 15.3 %, after 3 
min 13.0 %, after 4 min 10.9 %, and after 5 min 9.0 %. This course is actually quite dramatic and very 
“instructive” when illustrated to the novice low-flow aspirant!  

In conclusion, it is clear that FIO2 will decrease very rapidly if an adult breaths from a circle 
system prefilled with air with a FGF of 1 L/min of air because not enough O2 will be provided for an 
awake adult with an O2 consumption of 250 mL/min! Because rebreathing will lead to mixing of 
exhaled gases with reduced FIO2 (because of O2 uptake by the patient) with the gas mixture coming 
from the common gas outlet, a discrepancy will develop between what is being dialed on the 
rotameters (= the delivered concentration, FDO2) and the FIO2. The lower the FGF, the more 
pronounced this discrepancy will be. The same principles apply as when using potent inhaled 
anesthetics at reduced FGF, whereby lowering FGF will increase the discrepancy between the dialed 
agent concentration and both the inspired and end-expired concentration of the agent under study 
(chapter 5). 

It is clear from the above that for air to be used at reduced FGF, O2 has to be added. To appreciate 
how much O2 has to be blended with air when the total FGF decreases, we determined which O2/air 
mixtures ensured an FIO2 of 30 % in 8 awake volunteers breathing from a circle system with each of 
the following total FGFs: 8, 4, 2, 1, 0.8, and finally 0.5 L/min (3). The lower the FGF, the higher the 
O2 fraction had to be to keep FIO2 at 30% (fig.7.3).  

 
Figure 7.3. The ratio of the 
O2 FGF to the total FGF 
(expressed as %) to 
maintain FIO2 at 30% in 8 
awake adults breathing from 
a circle system (3). 
Reprinted with permission. 
 
 
 

 
 
 
 
 
 
 
 
 

 
Although continuous monitoring of the FIO2 is essential when using low-flow or closed-circuit 

anesthesia, especially when O2/air mixtures are used as carrier gases, an O2/air mixing chart might be 
useful to give the anesthesiologist a starting point for the rotameters settings when using O2/air 
mixtures at reduced FGF. The settings can be fine-tuned intraoperatively based on measured FIO2. 
Many anesthesiologists are familiar with Nunn’s O2/air mixing charts for O2/air blending with 
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intensive care unit (ICU) ventilators (4), but it should now be clear that these are intended for non-
rebreathing systems only. In the next study we examined the effect of different O2/air mixtures with 
different FGFs in patients undergoing cardiac surgery. 
 
B. Clinical evaluation of the use of O2/air mixtures in circle systems.  

Enclosed paper 7.3 
Air-oxygen mixtures in circle systems.  
Hendrickx JFA, De Cooman S, Vandeput DM, Van Alphen J, Coddens J, Deloof T, 
De Wolf AM. 
J Clin Anesth 2001; 13:461-4. Reprinted with permission. 
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When using O2/air mixtures in a circle system, rebreathing causes the FIO2 to become lower than 

the delivered O2 concentration (FDO2) with FGF equal or lower than 2 L/min. The proportion of O2 in 
the FGF has to be increased accordingly. In the next paragraph we will derive some clinical guidelines 
from these results that help the anesthesiologist manage O2/air mixtures at reduced FGF. 

 
C. Development of a mixing table for use of O2/air mixtures with reduced fresh gas flows 

How to incorporate the observations from the previous paragraph into clinical practice? Let us 
examine the results from the previous study from a slightly different perspective. Figure 7.4 presents 
the relationship between the FDO2 and the FIO2 after equilibration for FGFs of 8, 1, and 0.5 L/min. 
With a fresh gas flow of 8 L/min, there is no rebreathing, and the FIO2 matches the delivered 
concentration. With low-flow anesthesia (LFA, FGF = 1 L/min), a discrepancy has started to develop 
between the delivered O2 concentration and FIO2, due to rebreathing of a gas mixture with reduced O2 
concentration, and this discrepancy is even more pronounced during minimal-flow anesthesia (MFA, 
FGF = 0.5 L/min). In figure 7.5 the O2 and air FGFs corresponding to the FDO2 are added below the 
X-axis for the 0.5 L/min group (minimal-flow anesthesia, MFA). During MFA, a combination of O2 
(L/min) with air (L/min) of 0.2/0.3, 0.3/0.2, and 0.4/0.1 led to an FIO2 of 32.6 ± 4.2, 50.8 ± 3.6, and 
71.7 ± 1.6 %. The study limb examining the combination of 0.1 L/min O2 with 0.4 L/min air was 
aborted because it led to hypoxic mixtures (FIO2 < 21 %) (fig. 7.5). This study points out that minimal-
flow anesthesia with O2/air mixtures can be practiced given appropriate equipment, monitoring, and 
the knowledge that the combination of 0.2 L/min O2 with 0.3 L/min air yields an FIO2 of 
approximately 30 % (fig. 7.5). Because O2 consumption differs among patients, the FIO2 will differ 
from patient to patient (standard deviation 4 %!), again underscoring that any schedule used to 
facilitate the administration of agents (be it air or potent inhaled anesthetics) has to be fine-tuned based 
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on patient feed-back (which include gas analysis): biological variability puts a limit to the 
predictability of any model or schedule for the individual patient! Table 7.1 presents a “mixing table” 
that might be useful to guide the clinician when using O2/air mixtures at reduced FGFs. Rule of 
thumb: the combination of 0.2 L/min O2 with 0.3 L/min air yields an FIO2 of approximately 30 %.  
 

 

 

Figure 7.4. FIO2 vs. FDO2 when using O2/air 
mixtures with different fresh gas flows (8, 1, 
and 0.5 L/min). Data are from enclosed 
paper 7.3. 

Figure 7.5 FIO2 vs. FDO2 when using O2/air 
mixtures with fresh gas flow of 0.5 L/min. 
Data are from enclosed paper 7.3. 
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Table 7.1. Mixing table for use of O2/air mixtures with reduced fresh gas flows: Minimal-Flow Anesthesia (MFA, 
FGF = 0.5 L/min) and Low-Flow Anesthesia (LFA, FGF = 1 L/min). Data are from enclosed paper 7.3. 

  O2/air FIO2 
  L/min / L/min % 
MFA 0.1/0.4 Hypoxic mixture 
  0.2/0.3 33 ± 4 
  0.3/0.2 51 ± 4 
  0.4/0.1 72 ± 2 
LFA 0.2/0.8 29 ± 2 
  0.4/0.6 45 ± 1 
  0.6/0.4 63 ± 1 
  0.8/0.2 81 ± 2 
 

It is also worth mentioning that, in contrast with an O2/N2O mixture, a MFAtechnique with O2/air 
mixtures does not require sampled gases to be redirected to the circuit. O2/N2O minimal-flow 
anesthesia cannot be used if sampled gases are not redirected to the circle system because the sum of 
O2 consumption (200-250 mL/min), N2O uptake (approximately 250 mL/min after 15 min at 65 %) 
and gas sampling (approximately 200 mL/min) is 600-700 mL/min: the use of minimal flow 
anesthesia is impossible because the ventilator bellows (or breathing bag in the spontaneous 
ventilating patient) will fail to fill up. When using paramagnetic O2 analysis, N2O can therefore only 
be used during MFA if the sampled gases are redirected, which in turn necessitates the use of 100 % 
O2 as the reference gas for the paramagnetic O2 analyzer to avoid N2 accumulation (chapter 7.3). The 
situation is different for O2/air minimal-flow anesthesia: the sum of O2 consumption (200-250 
mL/min) and gas sampling (approximately 200 mL/min) is less than 500 mL/min, and therefore the 
ventilator bellows will not fail to fill up (or, again, breathing bag in the spontaneous ventilating 
patient). In addition, redirecting gases would only complicate matters because additional N2 (from the 
reference gas – chapter 7.3) would be entering the circuit.  
 
5. The COHb issue 

Much ado about nothing: trace gaseous metabolites in the closed circuit (5). As implied by this 
letter head, the accumulation of trace gases during CCA has been one of the favorite arguments of 
CCA criticasters against its use. Halothane metabolites have been suggested to pose a problem under 
conditions of reduced FGF, an argument that was classified under the chapter of “Dragons and other 
scientific hazards” by Eger (6). Carbon monoxide (CO) was also mentioned in 1965, but had never 
posed a real “threat” - until the beginning of the nineties when desflurane was introduced into clinical 
practice. At the time the ideas for this thesis were conceived (1993-1994), the first report on CO 
intoxications during general anesthesia with desflurane started to appear in the literature (7-10). This 
was compelling reason enough for us to a) limit the duration of our first study in which desflurane 
uptake was measured using CCA liquid injection (enclosed paper 4.1) to one hour; and b) measure 
carboxyhemoglobin concentration before and after 1 hour of desflurane and isoflurane CCA (11). In 
retrospect, this (11) was the first clinical study to demonstrate that CO concentrations during 
desflurane CCA does not increase under conditions that allow the absorbent to be sufficiently wet (one 
of the advantages of CCA). It has become clear since that desflurane may interact with desiccated 
absorbent to produce very high CO levels. While initially it had been recommended that high flows (5 
L/min) be used to reduce the risk of CO intoxication, it has become clear that one has to take care not 
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to leave high FGF running at the end of a case (most intoxications occurred on a Monday morning, 
most likely because rotameters had been left wide open over the weekend) and that it may actually be 
better to use lower FGF to increase humidity of the absorbent (which dramatically reduces CO 
production). For CCA enthusiasts like myself this is yet another argument against the sloppy practice 
of high flow anesthesia and in favor of the diligent use of reduced FGF. Sevoflurane and halothane do 
not contain a -CHF2 moiety and therefore are less likely to result in sufficient CO production to lead to 
CO intoxication, even in a closed circuit that would promote accumulation. CO production with 
isoflurane under “worst case conditions” in vitro is less pronounced than with desflurane. New 
absorbents that do not contain NaOH nor KOH (e.g. Amsorb) cause minimal if any CO formation 
(12).  
 
6. The compound A issue – a few comments (13-15) 

Sevoflurane is decomposed to compound A by strong alkali-containing CO2 absorbents. 
Compound A formation and/or accumulation increases with higher temperatures, lower FGF, and 
desiccation. While compound A is nephrotoxic in rats, the relevance in humans under the conditions 
prevailing in clinical practice of anesthesia remains unclear. The activity of the enzyme responsible for 
the toxicity (renal cysteine beta-lyase pathway) is 10- to 30-fold less active in humans. Clinical studies 
using low-flow anesthesia (1 L/min FGF) in patients with and without preexisting renal dysfunction 
did not show worsening of creatinine concentrations, and certainly no patient required dialysis. More 
sensitive markers did or did not change depending on which group of researchers’ results are 
examined. According to Eger, all concerned agree that evidence for renal injury in humans is rare, 
only appears at high doses, and is transient when it occurs. It appears to be a storm in a teacup after all. 
Nevertheless, the Food and Drug Administration (FDA) in the USA has recommended not using 
sevoflurane with FGF below 1 L/min and more than 2 MAC-hours with a FGF at 1 L/min. No such 
restrictions exist in Belgium and most other European countries. There was no evidence of renal injury 
after sevoflurane CCA exceeding 5 hours (15). In 1996, when conceiving our ideas for studying 
sevoflurane uptake using CCA liquid injection and sevoflurane coasting times, the controversy was 
raging. We therefore limited the duration of all CCA studies (with sevoflurane) in this thesis to 1 hour, 
and did not study sevoflurane coasting times. Wetting the absorbent, using smaller canisters, or using 
KOH and NaOH-free absorbents (e.g. Superia or AmSorb) all reduce compound A formation. 
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1. Introduction 
The choice of this title is no coincidence – it is the title of chapter 10 in Lowe and Ernst’s work 

that has been quoted in almost every manuscript in this thesis (1). I again want to underscore that the 
principles outlined in this thesis have been described more than 20 years ago. Nevertheless, 
anesthesiologists have been reluctant to reduce FGF to 1 L/min or lower, even though FGF of 0.7-0.8 
L/min with O2/N2O or 0.5 L/min with O2 or O2/air can be used with any well-maintained 
contemporary anesthesia machine and multigas analyzer. The main disadvantage of publications like 
those by Lowe and Ernst or this thesis is that rather than facilitating the use of lower FGF, they may 
only deter the clinical anesthesiologists even more from lowering FGFs because they could be 
considered to be intimidating by the inclusion of seemingly complex theoretical principles. This stands 
in sharp contrast to the remarkable clinical simplicity of low-flow anesthesia. In this part of the thesis, 
we will guide the clinician in a stepwise fashion towards the use of near-CCA conditions. Other 
concise directions to guide the low-flow anesthesia novice can be found in references 1-3. The 
approach outlined here is not a cookbook approach in which the reader is told what FGF and vaporizer 
setting sequence to use, but rather guides him/her through a self-learning experience.  

 
2. Choose your carrier gas 
A. O2/N2O as the carrier gases 
1. Premedicate and prepare the patient as you usually do. 
2. While doing your anesthesia machine checkout, pay particular attention to any leaks. Pressurize the 

system to 20 – 30 cm H2O by attaching a breathing bag to the Y-piece connector of the circle 
system without the gas analyzer attached. The FGF needed to maintain the pressure should be 
lower than 100 mL/min, and preferably even lower. Preferentially use an anesthesia machine with 
visible ascending bellows. Also note that changing FGF may alter tidal volume with some 
ventilators, while other machines compensate for this. If needed, tidal volume should be increased 
to maintain minute ventilation when reducing FGF.  

3. Attach the sampling port to the Y-piece of the circle system, use manual or spontaneous mode, 
close the pop-off valve, fill the breathing bag, switch off any FGF, and watch for 5 minutes. You 
will notice that the bag collapses due to sampling by the gas analyzer. Try to quantitate this 
amount if you want.  

4. Monitor the patient and induce anesthesia in the usual fashion.  
5. Use your choice of agent, FGF and vaporizer setting sequence but for this guide-yourself-through 

session do use N2O. I prefer to use 2 L/min O2 and 4 L/min N2O for at least 3-5 min, but both 
duration and actual FGF can be changed based on the anticipated delay between induction of 
anesthesia and surgical stimulation. Go to the next step if you feel like your patient has reached 
the “steady state” you usually strive for. For purposes of this introduction, wait 10 min after the 
start of agent administration before going to the next step, to allow N2O wash-in and sufficient 
saturation of rapidly saturating tissue groups with the potent inhaled anesthetic.  

6. At this time, what is the end-expired N2O concentration? If it is still lower than 60%, use 2 L/min 
O2 and 4 L/min N2O, and wait until this target concentration has been reached. Then proceed to 
the next step.  

7. Note your current vaporizer setting. Lower FGF to 0.8 L/min O2 and 1.2 L/min N2O while 
maintaining the same vaporizer setting. Observe the course of the end-expired concentrations of 
the O2, N2O and agent for 4-5 minutes. What do you notice? Chances are you won’t notice any 
difference. 
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8. Again, note your current vaporizer setting. Lower FGF to 0.4 L/min O2 and 0.6 L/min N2O while 
maintaining the same vaporizer setting. Observe the course of the end-expired concentrations of 
the O2, N2O and agent for 7-8 minutes. What do you notice? Chances are you won’t notice any 
difference, or a slight decrease in the end-expired concentration of the agent. Rebreathing is 
increasing up to a point where it starts to affect the vaporizer settings required to maintain the 
desired end-expired concentration, especially with halothane and isoflurane. If needed, increase 
the vaporizer setting to increase the end-expired concentration to the desired concentration. Do not 
proceed until you are comfortable using this FGF. 

9. Note your current vaporizer setting. Lower FGF to 0.3 L/min O2 and 0.4 L/min N2O while 
maintaining the same vaporizer setting. Observe the course of the end-expired concentrations of 
the O2, N2O or agent for 10 minutes. What do you notice? Chances are you will now see that the 
end-expired concentration of the agent decreases. Rebreathing has increased even more, up to a 
point where all agents during maintenance are affected. Adjust you vaporizer setting as needed, 
guided by end-expired monitoring (and, obviously, patient response). Do not proceed until you are 
comfortable using this FGF. 

10. Again, note your current vaporizer setting. Lower FGF to 0.25 L/min O2 and 0.25 L/min N2O 
while maintaining the same vaporizer setting. Observe for at least 10 minutes. What do you 
notice? The bellows fail to come up - you have now reached the limit of lower FGF use with a 
contemporary anesthesia machine and gas monitoring. If the bellows would still come up all the 
way to the top of the bellows housing, lower FGF of O2 and N2O by another 50 mL each. Now 
slowly increase O2 and N2O FGF up to a point where the top of the bellows just start to “kiss” the 
bellows housing at end-expiration, or nearly misses it before the next inspiration. Maintain these 
FGF settings. Observe end-expired gas and agent concentrations. The required vaporizer settings 
are likely higher. The ratio of O2 and N2O is titrated towards the desired end-expired N2O 
concentration. What is the total FGF you’re running? This now equals the sum of O2 and N2O 
uptake by the patient (presumably approximately 200 mL/min each) and sampling rate by the gas 
analyzer (200 mL/min). Chances are your FGF is now in the order of 500-650 (700) mL/min – if 
not, either patient uptake is remarkably high or there exist a significant leak. Low flow anesthesia 
tests the anesthesia machine – there is no room for sloppy practice or maintenance here!  

11. Only if one is very comfortable with the previous approach, can this next step be taken by the 
interested one. Locate the exhaust port of the gas analyzer (assuming you are using a multigas 
analyzer using infrared technology and paramagnetic O2 analysis). Redirect the gas exhaust to the 
circle system, preferentially close to the common gas outlet or expiratory limb of the circle system 
using any combination of IV or gas-sampling tubing you can find. Now repeat step 9. Try to find 
the lowest FGF with the top of the bellows barely reaching the top of the bellows housing. What 
FGF are you using (less than 500 mL/min)? What vaporizer setting do you need (it is very likely 
higher than during the previous faze!). If you do this long enough (> 30 min) with the bellows just 
failing to reach the top, you will notice the sum of the inspired O2, N2O, and agent to become less 
than 100% because N2 - which is not measured - has increased due to air entrainment by the 
analyzer. 
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What if the agent concentration has to be increased rapidly?  
Preferentially maintain low FGF and maximally increase vaporizer setting while observing the 

end-expired concentration. Alternatively, increase FGF and vaporizer setting modestly. After the new 
target end-expired concentration has been reached, use same FGF as before with slightly higher 
vaporizer setting. Titrate according to end-expired concentration and clinical course. Consider adding 
an opioid if desired. 

 
What if the agent concentration has to be decreased rapidly?  

If the concentration of the potent inhaled anesthetic has to be reduced very rapidly, shut off 
vaporizer and increase FGF. If some time can be allowed for the end-expired concentration to 
decrease, shut off vaporizer and observe both the end-expired concentration and clinical course.  

Because O2 consumption is more or less constant, yet N2O uptake continues to decrease, the FIO2 
can be noticed to slowly decrease with the use of FGF of 1 L/min or lower. This process is slow, 
because a circle system with FRC combined (usually > 6 L) contains more than 1.5 to 2 L of O2 at an 
FIO2 of 30 %! So even an increase of oxygen consumption of 100 %, from e.g. 200 to 400 mL/min or 
a decrease in N2O uptake by 50 mL/min would manifest itself very slowly. Lowe and Ernst developed 
a nice table to guide the clinician when using O2 and N2O during (near) CCA conditions (Table 8.1.). 
 
Table 8.1. Guide for O2 and N2O flow management. 

 Circuit O2 concentration 

  Decreasing Constant Increasing 

 Increasing =O2  ↓ N2O ↓O2  ↓N2O ↓O2  =N2O 

Circuit volume Constant ↑O2  ↓ N2O =O2  =N2O ↓O2  ↑N2O 

 Decreasing ↑O2  = N2O ↑O2  ↑N2O =O2  ↑N2O 

Decision matrix for adjustment of N2O and O2 flows to maintain constant circuit oxygen concentration 
and volume (Adapted from Lowe HJ, Ernst EA: The Quantitative Practice of Anesthesia - Use of 
Closed Circuit. Baltimore, Williams and Wilkins, 1981). Reprinted with permission.  
 

Table 8.2 gives the reader a “ballpark figure” of the vaporizer settings required to maintain a 
constant end-expired concentration of 0.65 MAC in O2 for currently used inhaled agents for the time 
interval from 10-15 min to 60 min after the start of the administration of the agent. These numbers are 
those of the GAEq described in chapter 5.2. Note that (1) the lower the FGF, the more the end-expired 
agent concentration will have to be monitored to guide the fine-tuning of the vaporizer setting because 
vaporizer setting variability increases with lower FGF; (2) with FGF below 1 L/min, vaporizer setting 
may have to be slightly higher when N2O is used instead of O2 or O2/air (look at the end-expired 
concentration course) (chapter 5.4): (3) these values are the mean of the vaporizer settings between 15 
and 60 min presented in chapter 5.2 – they are therefore likely to be slightly higher at the beginning 
and slightly lower towards the end of this time interval. Modify based on patient response and end-
expired gas analysis. 
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Table 8.2. Example of vaporizer settings between 15 and 60 min with different agents to maintain end-tidal 
concentration at 0.65 MAC with a wide range of O2 FGF. Data are from chapter 5.2. 

FGF 0.2 0.3 0.5 1 2 4 8
Halothane N/A N/A 2.8 ± 0.5 1.9 ± 0.2 1.3 ± 0.2 0.9 ± 0.1 0.9 ± 0.1
Isoflurane N/A 3.4 ± 0.7 2.4 ± 0.4 1.5 ± 0.3 1.2 ± 0.2 1.0 ± 0.1 1.1 ± 0.1

Sevoflurane 5.8 ± 0.6 4.2 ± 0.5 2.8 ± 1.2 2.0 ± 1.8 1.7 ± 2.2 1.7 ± 2.5 1.9 ± 2.8

Desflurane N/A 8.2 ± 1.4 7.4 ± 1.0 6.0 ± 0.4 5.4 ± 0.3 5.6 ± 0.3 5.8 ± 0.3
 
With experience and a thorough understanding of the information contained in this thesis, some of 

the steps described can be shortened or omitted all together (e.g. the duration of initial high FG can be 
shortened, as described in chapter 5.5.  
 
B. Oxygen as the carrier gas 

When 100 % O2 is used as the carrier gas, the same sequence could be used, but FGF could be 
lowered to 500 mL/min when sampled gases are not returned to the circuit. Remember to increase the 
vaporizer setting guided by end-expired gas monitoring. Once comfortable, FGF can be further 
reduced up to a point where the bellows just barely reaches the top of the bellows housing at end-
expiration. If at that point gases are redirected to the circuit, the FGF can be lowered even further (and 
vaporizer setting will have to be slightly increased again) – again try to lower the FGF up to a point 
where the bellows just fails to reach the bellows housing, then minimally increase FGF again till the 
bellows just reaches the bellows housing at end-expiration or actually stays a little bit (but at a 
constant distance) below it. The true CCA anesthesiologist using a conventional anesthesia machine 
with ascending bellows is recognized by the bellows of the anesthesia machine just falling short of 
reaching the top of the bellows housing. Using 100 % O2 in step 11 will nicely show the increase in 
N2. Note that your FGF may be only 150-200 mL/min when redirecting sampled gases! 
 
C. Oxygen/air as the carrier gases 

A word of caution is in order when one starts to use O2/air combinations at reduced FGF in a 
circle system for the first time. The details have been explained at length in chapters 5 and 7. 
Basically, N2 will accumulate if the wrong proportions of O2 and air are blended because rebreathing 
will cause the O2-poor exhaled mixture to decrease the delivered O2 concentration. Therefore the 
relative proportion of O2 in the delivered mixture will have to be increased as total FGF is reduced. 
Look at the figures in chapter 7.4 to appreciate how rapidly the N2 concentration increases and O2 
concentration decreases when breathing only air in a circle system. This is kind of intuitively obvious 
– when administering 1 L/min air, only 210 mL of O2 is provided per minute! Nevertheless, O2/air 
combinations can be easily used at FGF of 0.5 L/min. Table 8.3 can help guide the clinician with the 
use of O2/air combinations with total FGF down to 0.5 L/min. As always, these O2/air ratios have to be 
adjusted in the individual patient according to the measured FIO2. As a rule of thumb, a mixture of 0.2 
L/min O2 and 0.3 L/min air will yield an FIO2 of approximately 30 %. Vaporizer management is 
similar to what was described before. To proceed in a stepwise fashion, start with high FGF and than 
gradually decrease until you comfort level is reached. There is currently no clinical advantage in 
redirecting gases when using O2/air mixtures to use even lower FGF. 
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Table 8.3. Mixing table for use of O2/air mixtures with reduced fresh gas flows: Minimal-Flow Anesthesia (MFA, 
FGF = 0.5 L/min) and Low-Flow Anesthesia (LFA, FGF = 1 L/min). Table is identical to table 7.1 Data are from 
enclosed paper 7.3. 

  O2/air FIO2 
  L/min / L/min % 

MFA 0.1/0.4 Hypoxic mixture 
  0.2/0.3 33 ± 4 
  0.3/0.2 51 ± 4 
  0.4/0.1 72 ± 2 
LFA 0.2/0.8 29 ± 2 
  0.4/0.6 45 ± 1 
  0.6/0.4 63 ± 1 
  0.8/0.2 81 ± 2 

 
Practice makes perfect. The astute anesthesiologist will discover many little details, e.g. the 

decrease in bellows positioning when applying PEEP during MFA or near-CCA conditions, the drop 
in bellows positioning when releasing the aortic cross clamp, etc. Again, I encourage all quantitative 
anesthesiologist to exchange ideas and experiences – there are still a lot of intriguing questions 
remaining with regard to what many of us do in every day practice – administer potent inhaled 
anesthetics to our patients.  
 
D. Recovery - coasting 

Coasting is the cherry on the cake for the true CCA addict. The concept is outlined in chapter 6. 
For me, coasting entails the use of the lowest FGF clinically attainable with present anesthesia 
equipment. For research purposes, the modified analyzer described in chapter 7.3 is extremely useful.  

How to proceed? The goal is to have the end-expired concentration of the potent inhaled 
anesthetic slowly decrease to 0.35 MAC towards the end of the procedure while maintaining the end-
expired N2O concentration at 65 % (0.65 MAC). If coasting is started at the right moment so that FA 
will have decreased to 0.35 MAC at the end of the surgical procedure, rapid wash-out of the relatively 
insoluble N2O using a high O2 fresh gas flow (FGF) should awaken the patient within 4 to 5 brain time 
constants of N2O (or 4-5 min), regardless of the duration of anesthesia prior to the coasting period or 
the potent inhaled agent used. 
1. If anesthesia has lasted at least one hour, turn off the vaporizer 15 min before the anticipated end 

of surgery. Use the lowest combination of O2 and N2O possible.  
2. Observe the course of the end-expired concentration. It will slowly decrease. If the end-expired 

concentration decreases too rapidly for the anticipated duration of anesthesia, either give a very 
small amount of opioid (2.5 µg of sufentanil or its equivalent), briefly increase the vaporizer 
setting to its maximum output (bolus administration), or give a small bolus of propofol. This 
sequence may have to be repeated depending on the anticipated duration of surgery.  

3. If the end-expired concentration of inhaled anesthetic is indeed 0.35 MAC or lower after coasting 
(= slow alveolar wash-out) and FGF at that time is changed to 6-8 L/min O2, the patient is very 
likely to be awake within 4 to 5 min. Minimize any stimulation during N2O washout to best 
appreciate its effect.  

4. Try to establish spontaneous respiration during the coasting period to optimize the clinical result. 
5. It remains unclear at present how long in advance coasting has to be started with longer 

procedures, and what the effect of small excess FGF is on the coasting times.  



Getting started 

191 

 
3. Summary 

“Why is anesthesia administered by habit rather than thoughtful reasoning and careful 
planning?”(4) Anesthesiologists, in particular those involved with resident training, should develop the 
habit of reducing FGF up to a point where the bellows only nearly fills the bellows housing. Time and 
time again I have seen this worry many anesthesiologists – they shouldn’t be. Anesthesia is an art and 
a science. It is the hope of the author that this chapter, combined with the remainder of the thesis, 
helps to fill the gap between those two.  
 
4. References 
 
1. Baum J: Low flow anesthesia. First English version. Oxford, Butterworth Heinemann, 1996 
2. Lowe HJ, Ernst EA: The Quantitative Practice of Anesthesia - Use of Closed Circuit. Baltimore, Williams 

and Wilkins, 1981 
3. Grogono AW. Practical guides for the use of low flow and closed circuit anesthesia. Working Panel. Appl 

Cardiopulm Pathophysiol 1995; Suppl 2:1-4  
4. Morris LE: Closed carbon dioxide filtration revisited. Anaesth Intensive Care 1994; 22:345-58 



Chapter 8 

192 

 
 



193 

 
 

Chapter 9 
 
 

Take-home messages 



Chapter 9 

194 

1. The importance of ventilation, cardiac output, and blood/gas partition coefficient on the kinetics of 
potent inhaled anesthetics depends on whether the objective is to maintain a constant inspired or 
alveolar concentration and on the mode of delivery. Because of its low potency, uptake (mL 
vapor) by the patient at equal MAC is highest for desflurane. 

2. Uptake patterns determined by closed-circuit anesthesia liquid injection differ from those 
predicted by the SqRT and 4C models. Models should be verified to make sure they produce 
meaningful results. 

3. Rate of uptake between 15 and 60 min decreases by less than 20 % for modern inhaled 
anesthetics, which can be considered to be near-constant. 

4. The amount of anesthetic agent taken up differs significantly among patients and cannot be 
predicted based on patient demographic parameters. 

5. The uptake pattern is reflected in the vaporizer settings required to attain and maintain a constant 
end-expired concentration, an effect that is most pronounced at low FGFs. This effect is starting to 
be more pronounced with the use of FGF at or below 1 L/min, because rebreathing causes the 
exhaled gases with the lower agent concentration (due to patient uptake) to dilute the inspiratory 
mixture. Therefore, with lower FGF, (a) the vaporizer setting needed to maintain a constant 
inspired and consequently end-expired concentration, has to be increased, and more so as the FGF 
is reduced more; and (b) the uptake pattern will reflect itself progressively more in the vaporizer 
setting course (GAEq concept).  

6. Because the rate of uptake decreases only minimally between 15 and 60 min, the decrease in 
required vaporizer settings over that period remains minimal, especially with FGF at or below 500 
mL/min.  

7. Because uptake differs significantly among patients, and because the uptake pattern is reflected 
progressively more in the vaporizer setting course as FGFs are reduced, vaporizer setting 
variability will increase as FGFs are reduced.  

8. The more “user-friendly” agent for use with reduced FGF would have the lower FD/FA, the lower 
decrease in FD/FA between 15 and 60 min (which is within the realm of duration of many surgical 
procedures), and have the lower vaporizer setting variability. Of the current potent inhaled 
anesthetics, desflurane is most user-friendly. 

9. While the more constant rate of uptake after 15 min may facilitate the use of lower FGF because 
there is no need to use a complex underlying uptake model, the increase in vaporizer setting 
variability actually makes it difficult to predict where the vaporizer settings will have to be in the 
individual patient after substantially reducing the FGF. Because patient demographic parameters 
cannot be used to predict uptake and therefore vaporizer settings neither, end-expired gas analysis 
has to be used to help the anesthesiologist select the appropriate vaporizer setting.  

10. The choice of carrier gas may affect FD/FA during MFA (FGF 500 mL/min): when O2/N2O rather 
than O2 or O2/air mixtures is used, less carrier gas and consequently agent is lost via the pop-off 
valve, hence vaporizer settings are lower. The effect fades at higher FGF because the amount of 
agent lost via the pop-off valve relatively to the amount taken up by the patient increases. 

11. There is no ideal FGF sequence – there are many ways to go to Rome. Technological limitations 
still prevent us from routinely using truly CCA conditions, in particular the entrainment of air by 
currently available paramagnetic O2 analyzers. After a brief (< 5 min) high FGF period to 
maximize wash-in of agent (and N2O if used) and wash-out of N2 and yet not to excessively 
increase agent consumption, a FGF of 1 L/min (0.5 L/min for desflurane) seems to be a reasonable 
compromise between ease of use and vapor consumption. A FGF of 1 L/min may not maximally 
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exploit heat and humidity conservation as with lower FGFs. Allowing some N2 to remain present 
in the circle system may help decrease the duration of the initial high FGF period. 

12. After overpressure induction with sevoflurane in O2/N2O, immediately decreasing FGF to 0.4 
L/min O2 and 0.6 L/min N2O and decreasing vaporizer setting to 1.6-1.8 % will give an end-
expired sevoflurane concentration of 1.3-1.5 %. 

13. An O2/air mixture of 0.2 L/min O2 and 0.3 L/min air can be used with a properly functioning 
conventional anesthesia machine without redirecting gases sampled by the multigas analyzer, and 
will attain and ensure an FIO2 of 33 ± 4 %. Currently, redirecting sampled gases from a 
paramagnetic O2 analyzer unnecessarily complicates the use of O2/air mixtures at reduced FGF 
due to air entrainment by the gas analyzer. 

14. Coasting may well deserve a more prominent place in clinical practice. Even though redirecting 
sampled gases from a multigas analyzer using air as the reference gas to facilitate coasting will 
increase the N2 concentration to approximately 35% after 1 hour, N2 accumulation during fairly 
short periods of coasting should not hinder its clinical application. 

15. Agent consumption using LFA with a conventional anesthesia machine is lower than with a 
closed-loop automated end-expired feedback closed-circuit anesthesia machine (Physioflex) 
because the latter intermittently flushes the circle system.  

16. The economic impact of reducing FGF well below 1 L/min is multifactorial. While the use of 
lower FGF decreases anesthetic waste and consequently costs, there is increased consumption of 
sodalime. Similarly, there is some irony in developing soon-to-be-released closed-loop automated 
end-expired feedback agent delivery tools that are supposed to decrease cost by saving agent 
consumption: the amount saved by reducing FGF by another 50-100 mL/min as compared to 
conventional anesthesia machine used with a FGF rate of 500-700 mL/min may not offset the 
difference in acquisition costs of the two anesthesia machines! Said differently: the economic 
impact of FGF reduction by an anesthesiologist knowledgeable about the kinetics of inhaled 
agents using a conventional anesthesia machine versus FGF reduction by an anesthesiologist using 
automated delivery tools remains to be calculated. An irrational fear to lower FGF to 1 L/min or 
lower because of a lack of knowledge, interest, or because of habit should not be used as an 
excuse to black-box the issue and “sell the problem off” as an automated delivery tool for potent 
inhaled anesthetics.  

17. The author’s hope: While the gaspasser may be inclined to have many of the issues raised in this 
thesis to be “black-boxed” in a next generation of (expensive) anesthesia machines and/or to 
continue to use excessively high FGF (> 0.8-1 L/min), the author hopes that the anesthesiologist 
may find some of the findings in this thesis useful to his/her clinical practice, that is (1) to the use 
of lower FGF (< 1 L/min) and (2) to the decision-making process of his/her next anesthesia 
machine purchase.  
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Future research 
 
Many aspects of the partial pressure cascade of potent inhaled anesthetics deserve further study. What 
is the impact of acute changes in cardiac output on the end-expired concentration? A change in cardiac 
output will affect dead-space ventilation, but would this be of sufficient magnitude to significantly 
alter uptake? Efforts have already been undertaken to use anesthetic uptake to measure cardiac output. 
How do wash-in compare to wash-out kinetics? How does slow alveolar wash-out compare to fast 
alveolar wash-out? To what an extent could modeling of one extreme (coasting) be used to make this 
technique (closed-circuit anesthesia) clinically useful? If automated closed-circuit anesthesia machines 
become available, how would kinetics of intravenous agents compare to those of inhaled agents?  

 Another potential area of future research is the application of modern pharmacokinetic and 
pharmacodynamic modeling techniques to some of the data presented in this thesis. While these 
modern techniques (NONMEM) have mainly been used to study intravenous agents, the time has 
come to apply them to inhaled anesthetics. In that regard, this thesis should only be considered to be 
the beginning of a more in-depth study of the pharmacokinetics and pharmacodynamics of potent 
inhaled anesthetics. 
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Summary 
 

After giving a brief review of the putative mechanism(s) of action and of the pharmacological 
properties of potent inhaled anesthetics (chapter 1), theoretical uptake models are described, with 
emphasis on the two most widely published models, the square root of time (SqRT) and the four 
compartment (4C) model (chapter 2).  

Ventilation, cardiac output, and blood/gas partition coefficient are factors that are known to 
significantly affect uptake. They do deserve separate mention in chapter 3 because the author believes 
that a lot of unnecessary confusion surrounds the relative importance of these factors. Much of this 
confusion is semantics, related to the fact that “high flow anesthesiologists” have historically focused 
on a constant inspired concentration, while closed-circuit anesthesia (CCA) enthusiasts have focused 
on the alveolar concentration; the former administer a certain inspired partial pressure toward which 
the alveolar concentration is allowed to rise, while the latter administer a certain concentration to 
attain and maintain a constant alveolar partial pressure. These “paradoxes” are clarified.  

In the ensuing chapter 4 we describe the clinical determination of the uptake pattern of potent 
inhaled anesthetics. A CCA liquid injection (CCALI) technique is used to measure isoflurane and 
desflurane uptake (chapter 4.2). The SqRT model overestimates initial rate of uptake and 
underestimate the rate of uptake thereafter. During the latter period (15-60 min), the rate of uptake 
decreases less (“remains more constant” or “remains virtually constant for practical purposes”) than 
previously assumed. In an accompanying editorial, Eger points out that a changing cardiac output may 
have been partially responsible for the discrepancies between our findings and the SqRT model. 
Therefore, in a second study using CCALI with sevoflurane, cardiac output is measured invasively, 
and the values are entered in the formulas of the SqRT and 4C model (chapter 4.3). But even when 
accounted for cardiac output, both models still overestimate initial rate of uptake and underestimate 
rate of uptake thereafter. Eger argues that the results of this study may be invalid because sevoflurane 
could have been degraded by CO2-absorbing agents. After confirming that soda lime does indeed 
affect sevoflurane kinetics under conditions present during CCA with even a small soda lime canister 
(chapter 4.4)., we therefore measured halothane, isoflurane and sevoflurane uptake using Fick’s 
principle (chapter 4.5). After placement of a radial artery and continuous cardiac output pulmonary 
artery catheter, cardiac output is measured and the arterial and mixed-venous blood content of the 
inhaled agents is analyzed by gas chromatography. The results confirm the findings of the earlier 
CCALI studies. Our results, however, have been misinterpreted as suggesting that the rate of uptake 
remains constant. This is not the case, because tissues ultimately have to saturate; this becomes really 
clear when uptake is studied over longer periods of time. Indeed, when we determined isoflurane and 
desflurane uptake during liver resection and transplantation (chapter 4.6), we found that the rate of 
uptake of isoflurane and desflurane was best described by a biexponential curve. There was significant 
interindividual variation in uptake, which was described with monoexponential, and, inconsistently, 
biexponential curve fitting, with or without a Y-intercept. Isoflurane and desflurane uptake patterns 
during prolonged procedures again differed from those predicted by the SqRT and 4C models. In 
addition, we were able to study isoflurane uptake in a patient who had been receiving isoflurane for 1 
week for intractable seizures (chapter 4.7). There was no measurable uptake – the first such 
observation in humans.  

The uptake pattern of potent inhaled anesthetics has to reflect itself in the way the vaporizer 
setting has to be adjusted to attain and maintain a constant end-expired concentration. This idea is 
conceptualized in the so-called “general anesthetic equation”, developed by Lowe and Ernst. After 
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describing this concept (chapter 5.1), we examine whether and how the uptake pattern we described 
in chapter 4 relates to the vaporizer settings required to attain and maintain a constant end-expired 
anesthetic concentration of 0.65 MAC with a wide range (0.2-8 L/min) of fresh gas flows (FGFs) 
(chapter 5.2). After determining the accuracy of the type of vaporizer used in this study (chapter 7.2) 
and solving the issue of N2 accumulation during CCA (chapter 7.3), the GAEq in O2 at 
normoventilation for halothane, isoflurane, sevoflurane, and desflurane is derived from data from 196 
patients. The uptake pattern reflects itself more in the vaporizer setting pattern at low FGFs. Again, 
existing uptake models do not accurately predict vaporizer settings. The vaporizer/end-expired 
concentration ratio increases with lower FGFs, especially with FGFs below 1 L/min. The more 
constant uptake pattern facilitates the use of lower FGFs, but at the expense of increased vaporizer 
setting variability among patients. Lowering FGFs below 1 L/min (less than 0.5 L/min for desflurane) 
increases vaporizer setting variability while waste and consequently costs is only modestly lowered. 
The clinical usefulness of the obtained pharmacokinetic parameters of anesthetic uptake is illustrated 
by using the vaporizer/end-expired concentration ratio for sevoflurane at a FGF of 1 L/min (1.9/1.3 
between 15 and 60 min) from our GAEq study to create an induction and maintenance sequence with 
sevoflurane in O2/N2O: after overpressure induction, a single vaporizer setting (to 1.9 %) suffices to 
attain and maintain a constant end-expired concentration of 1.4 % (chapter 5.3). The obtained end-
expired concentration (1.4 %), however, was slightly higher than predicted (1.3 %). We hypothesized 
that this may have been related to the carrier gas (O2/N2O) that was used, while all the GAEq data 
were acquired using O2 as the carrier gas. Indeed, when using O2/N2O, vaporizer settings to attain and 
maintain a constant end-expired sevoflurane concentration are significantly lower than when using O2 
as the carrier gas with a FGF of 0.5 L/min. This effect becomes insignificant at a FGF of 1 L/min 
(chapter 5.4). The search for the ideal FGF sequence, however, remains elusive (chapter 5.5). The 
search and development of clinically easy to apply administration schemes using pharmacokinetic data 
like the ones presented in this thesis is nevertheless important to facilitate the administration of potent 
inhaled anesthetics and carrier gases at reduced FGFs. The economical implications of our findings 
and suggestions are discussed in chapter 5.6. 

In chapter 6, the concept and appeal of another low flow technique, coasting, is addressed 
(chapter 6.1). Coasting times for isoflurane and desflurane are determined (chapter 6.2). The concept 
is further illustrated and expanded by demonstrating how this technique can be used to briefly 
maintain anesthesia after overpressure induction (chapter 6.3).  

Ancillary issues important for the conduct of many of the studies and for the anesthesiologist 
interested in working with low FGFs are addressed in chapter 7. The ADU vaporizing unit has 
particular appeal for the measurements made in many of the studies described in the previous chapters 
because it can be increased with small increments, 0.1 % for halothane, isoflurane, and sevoflurane, 
and 0.5 % for desflurane (chapter 7.2). In most studies where we used FGF of 500 mL/min or less, N2 
accumulation was attenuated by using 100 % O2 instead of air as the reference gas for the agent 
analyzer (chapter 7.3). Because in some clinical situations an O2/air mixture may be the preferred 
carrier gas combination, we examine the kinetics of this carrier gas combination with reduced FGFs 
(chapter 7.4). When using an O2/air mixture in a circle system, the ratio of O2 FGF over air FGF has 
to be progressively increased to maintain a constant FIO2 when total FGF decreases below 2 L/min. 
We illustrate how easy it is to deliver a hypoxic gas mixture with a properly functioning anesthesia 
machine when using air. Two other issues briefly deserve mention: the fate of carbon monoxide (CO) 
and compound A under CCA conditions (chapter 7. 5 and 7.6). At the time we examined desflurane 
uptake using CCALI, several case reports describing CO intoxication surfaced. Because CO 
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accumulation was raised as an issue under CCA conditions, we determined carboxyhemoglobin levels 
during isoflurane and desflurane CCA. These were not increased (chapter 7.5). We briefly review 
insights gained since our publication. Also, when we started using sevoflurane in CCA conditions, the 
compound A issue was raised. We therefore briefly review the pertinent and recent literature on this 
topic (chapter 7.6). Brief mention is made of the importance of the type of and conditions of CO2 
absorbing agents.  

For the beginning low flow enthusiast, a “How to get started” guideline is presented in chapter 8. 
It is not a “cookbook recipe” but rather a self-guiding tour. It is stressed that, rather than relying on 
one or another model, it is the application of the concepts described in this thesis combined with the 
use of anesthetic agent monitoring that is the key to success. 

In chapter 9 we briefly present the “Take-home messages” from this thesis, followed by some 
suggestions for future research chapter 10. Finally, a more exhaustive summary is presented in this 
final chapter 11. 
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Samenvatting 
 
Na een kort overzicht van de mogelijke werkingsmechanismen en de farmacologische 

eigenschappen van inhalatieanesthetica (hoofdstuk 1), worden in hoofdstuk 2 theoretische 
opnamemodellen besproken. De aandacht gaat hier in het bijzonder uit naar de twee meest 
gepubliceerde en best bekende modellen, het “square-root-of-time” model (SqRT model, letterlijk 
vertaald “vierkantswortel uit de tijd model”) en het “vier compartimenten model” (4C) model. 

De effecten van de ventilatie, het hartdebiet, en de bloed/gas verdelingscoëfficiënt op de opname 
van inhalatieanesthetica zijn reeds uitgebreid beschreven. Er bestaan echter heel wat misconcepties 
betreffende hun relatief belang. In hoofdstuk 3 wordt hierop ingegaan. Deze misconcepties zijn veelal 
semantisch, terug te brengen naar het feit dat anesthesiologen die hoge verse gasdebieten gebruiken 
zich historisch eerder concentreerden op de inspiratoire concentratie van het inhalatieanestheticum, 
terwijl anesthesiologen die met lage vers gasdebieten werken (en in het bijzonder degene die de 
gesloten systeemtechniek toepassen) zich eerder geconcentreerd hebben op de alveolaire (eind-
expiratoire) concentratie. Bij het gebruik van hoge vers gasdebieten werd eerder nagegaan hoe de 
eind-expiratoire concentratie de inspiratoire concentratie benadert, terwijl bij een gesloten systeem 
techniek steeds de eind-expiratoire concentratie zelf op de voorgrond stond. Op deze paradox wordt 
uitgebreid ingegaan.  

In het daaropvolgende hoofdstuk 4 wordt het opnamepatroon van inhalatieanesthetica bestudeerd. 
In een eerste studie wordt de opname van isofluraan en desfluraan gemeten d.m.v. een gesloten 
anesthesietechniek (CCA) waarbij de damp als vloeistof in het circuit wordt gespoten (CCALI 
techniek) (hoofdstuk 4.2). Het blijkt dat het SqRT model de initiële opname overschat en ze daarna 
onderschat. In deze laatste periode (15 - 60 min) neemt de snelheid van opname minder af dan 
voordien werd aangenomen, of anders gezegd: “ze blijft meer constant” of “blijft praktisch constant”. 
In een begeleidend editorial merkt Eger op dat de discrepantie tussen het model en onze bevindingen 
wel eens te wijten zou kunnen zijn aan hartdebiet schommelingen die niet gemeten werden. In een 
daaropvolgende studie (hoofdstuk 4.3) wordt daarom de sevofluraanopname gemeten (CCALI) en 
gelijktijdig het hartdebiet bepaald. Maar zelfs na het in rekening brengen van het hartdebiet blijkt dat 
het SqRT en 4C model nog steeds de initiële opname overschatten en ze daarna onderschatten. De 
resultaten van deze studie worden opnieuw betwist – inhalatieanesthetica en sevofluraan in het 
bijzonder, worden door soda lime geabsorbeerd en/of gedegradeerd. Het is daarom niet onmogelijk dat 
een deel van de vloeibaar toegediende damp niet door de patiënt maar eerder door het anesthesiecircuit 
wordt verwijderd. Tijdens gesloten systeemanesthesie met sevofluraan vinden wij dat het vervangen 
van een kleine soda lime canister inderdaad een klinisch significante invloed kan hebben op de 
kinetiek van sevofluraan (hoofdstuk 4.4). Daarom wordt vervolgens de opname van halothaan, 
isofluraan en sevofluraan gemeten met een andere methode, gebaseerd op het Fickprincipe (hoofdstuk 
4.5). Na het plaatsen van een arteria radialis katheter en een arteria pulmonalis katheter in patiënten 
die een cardiale ingreep ondergaan, wordt het hartdebiet gemeten en worden arteriële en gemengd 
veneuze bloedstalen afgenomen waarin de dampconcentratie wordt bepaald d.m.v. gaschromatografie. 
De resultaten van deze studies bevestigen de bevindingen van de CCALI studies. Onze resultaten tot 
dusver moeten echter niet geïnterpreteerd worden alsof ze zouden suggereren dat de opname constant 
is of blijft. De weefsels moeten en zullen uiteindelijk satureren. Dit wordt echter maar duidelijk als de 
opname over langere periodes wordt bestudeerd. Daarom wordt de isofluraan- en desfluraanopname 
gemeten in patiënten die een leverresectie of levertransplantatie ondergaan (hoofdstuk 4.6). De 
isofluraan- en desfluraanopname wordt best beschreven door een bi-exponentiële curve. De 
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interindividuele opnamevariatie is groot. De opname in de individuele patiënten wordt best beschreven 
met een mono-exponentiële en minder consistent met een bi-exponentiële curve al dan niet met een Y-
as interval. De isofluraan en desfluraan opnamepatronen tijdens deze lange procedures verschillen van 
de SqRT en 4C modellen. Ten slotte bestuderen wij ook nog de isofluraanopname in een patiënt die 
gedurende één week isofluraan had toegediend gekregen omwille van een status epilepticus 
(hoofdstuk 4.7). Na één week stelt men geen meetbare opname van isofluraan meer vast.  

Het opnamepatroon van inhalatieanesthetica moet zich reflecteren in de manier waarop de 
verdamperinstelling dient aangepast te worden om de eind-expiratoire concentratie van de damp 
constant te houden. Dit idee werd al door Lowe en Ernst uitgewerkt met hun “algemene 
anesthesievergelijking” (“general anesthetic equation” of “GAEq”). Nadat we dit concept beschreven 
hebben (hoofdstuk 5.1), onderzoeken wij of en hoe het opnamepatroon dat we beschreven hebben in 
hoofdstuk 4 zich weerspiegelt in de verdamperinstellingen die nodig zijn om de eind-expiratoire 
concentratie van halothaan, isofluraan, sevofluraan of desfluraan op 0.65 MAC (minimale alveolaire 
concentratie) te houden met O2-gasdebieten gaande van 0.2 tot 8 L/min (hoofdstuk 5.2). Na het 
bepalen van de accuraatheid van de verdamper die in deze studie wordt gebruikt (hoofdstuk 7.2) en 
nadat we een oplossing gevonden hebben voor de stikstofaccumulatie tijdens het gebruik van een 
gesloten systeem (hoofdstuk 7.3), wordt de GAEq in O2 voor halothaan, isofluraan, sevofluraan, en 
desfluraan bepaald met behulp van gegevens van 196 patiënten. Het opnamepatroon weerspiegelt zich 
meer in de verdamperinstellingen bij het gebruik van lage verse gasdebieten. Wederom zijn bestaande 
modellen niet accuraat genoeg om de verdamperinstellingen bij gebruik van lage verse gasdebieten te 
voorspellen. De verhouding van de ingestelde verdamperconcentratie over de eindexpiratoire 
dampconcentratie neemt toe, vooral bij debieten onder 1 L/min. Het vrijwel constante opnamepatroon 
vergemakkelijkt wel het gebruik van lagere verse gasdebieten, doch de variabiliteit van de 
verdamperinstellingen neemt ook toe. Het verlagen van het verse gasdebiet onder 1 L/min (voor 
desfluraan onder 0.5 L/min) doet de variabiliteit van de verdamperinstellingen verhogen, en drukt het 
dampverlies en dus ook de kosten slechts matig. Het klinische nut van de farmacokinetische 
parameters die kunnen afgeleid worden uit de GAEq gegevens wordt geïllustreerd door de verhouding 
van de sevofluraanverdamperinstelling over de eind-expiratoire concentratie met een vers gasdebiet 
van 1 L/min (1.9/1.3 tussen 15 en 60 min) te gebruiken om een inductie en onderhoudsschema met 
sevofluraan in O2/N2O te ontwerpen. Na een overdrukinductie met hoge concentraties sevofluraan in 
O2/N2O (zgn. overpressure induction), volstaat een eenmalige aanpassing van de verdamper instelling 
(van 8 naar 1.9 %) en een eenmalige aanpassing van het verse gasdebiet (naar 1 L/min) om nadien een 
constante eind-expiratoire sevofluraanconcentratie te bereiken en te behouden (hoofdstuk 5.3). De 
uiteindelijke eind-expiratoire concentratie is echter niet 1.3 % maar 1.4 %. Onze hypothese is dat dit te 
wijten kan zijn aan het gebruikte draaggas, nl. O2/N2O, terwijl in de studie van de GAEq O2 is 
gebruikt. Verder onderzoek wijst inderdaad uit dat de verdamperinstellingen bij het gebruik van 
O2/N2O duidelijk lager zijn dan wanneer O2 wordt gebruikt bij een totaal vers gasdebiet van 0.5 L/min. 
Bij een totaal vers gasdebiet van 1 L/min verdwijnt dit effect echter (hoofdstuk 5.4). De zoektocht 
naar de ideale verse gasdebietsequentie blijft onopgelost (hoofdstuk 5.5). Nochtans is het zoeken naar 
en ontwikkelen van klinisch eenvoudig toepasbare toedieningschema’s voor inhalatieanesthetica op 
basis van farmacokinetische gegevens (cfr. deze thesis) belangrijk om het gebruik van 
inhalatieanesthetica en draaggassen met lagere verse gasdebieten te vergemakkelijken. De 
economische implicaties van onze bevindingen worden besproken in hoofdstuk 5.6. 

In hoofdstuk 6 wordt nog een andere “low flow”-techniek belicht, namelijk “coasting”. Na het 
uiteenzetten van het concept en zijn klinisch potentieel, (hoofdstuk 6.1) worden de coastingtijden van 
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isofluraan en desfluraan bepaald (hoofdstuk 6.2). Het concept wordt nog uitgebreid door aan te tonen 
hoe deze techniek zelfs gebruikt kan worden om de narcose kortstondig te onderhouden na een 
overdrukinductie met sevofluraan (hoofdstuk 6.3). 

Bijkomende aspecten die van belang zijn voor studies die in deze thesis worden besproken, 
hebben ook hun waarde voor de anesthesioloog die met lage verse gasdebieten werkt (hoofdstuk 7). 
De ADU verdampingseenheid is bijzonder geschikt om de metingen uit te voeren die in menig 
hoofdstuk besproken worden. Het is bijzonder interessant om de instelling met kleine stapjes te 
kunnen veranderen - 0.1 % voor halothaan, isofluraan, en sevofluraan, en 0.5 % voor desfluraan 
(hoofdstuk 7.2). In de meeste studies waarbij verse gasdebieten van 500 mL/min of lager worden 
gebruikt, wordt de stikstofaccumulatie beperkt door 100 % O2 in plaats van lucht als referentiegas te 
gebruiken voor de multigasanalyzer (hoofdstuk 7.3). Omdat in sommige omstandigheden 
zuurstof/lucht mengsels worden gebruikt, wordt ook de kinetiek van dit gasmengsel bij lage verse 
gasdebieten bestudeerd (hoofdstuk 7.4). Om bij gebruik van zuurstof/lucht mengsels in een 
cirkelsysteem een constante inspiratoire O2 concentratie te behouden, moet de verhouding van het O2-
debiet over het lucht-debiet progressief verhoogd worden als het totale verse gasdebiet minder dan 2 
L/min bedraagt. We tonen aan hoe gemakkelijk een hypoxisch mengsel zich kan vormen met een 
normaal functionerend anesthesietoestel tijdens het gebruik van lucht. In hoofdstuk 7 worden tot slot 
nog koolstofmonoxide en compound A kort besproken, vooral dan in relatie tot het gebruik van een 
gesloten systeem anesthesietechniek (hoofdstuk 7. 5 and 7.6). Op het moment dat we met onze 
CACLI metingen met desfluraan beginnen, duiken er in de literatuur verschillende meldingen van CO 
intoxicatie op. Omdat er initieel gesuggereerd wordt dat er mogelijks een verband is met het gebruik 
van desfluraan bij lage verse gasdebieten, bepalen wij carboxyhemoglobine concentraties tijdens 
gesloten systeemanesthesie met isofluraan and desfluraan en komen tot de bevinding dat deze niet 
stijgen (hoofdstuk 7.5). Zeer beknopt overlopen we de recente inzichten op dit gebied. Op het moment 
dat we sevofluraan in een gesloten systeem beginnen te gebruiken, stelt zich dan weer het probleem 
van compound A. Daarom wordt ook hierover de pertinente recente literatuur vermeld (hoofdstuk 
7.6). Het belang van de soort en de conditie van het gebruikte CO2 absorptieagens worden kort 
toegelicht.  

Voor de beginnende low flow enthousiasteling wordt een “How to get started?” hoofdstuk 
ingelast, hoofdstuk 8. Het is geen kookboek, maar veeleer een gids die iedereen toelaat op eigen 
tempo het gebruik van lagere verse gasdebieten te exploreren. Er wordt benadrukt dat men niet zozeer 
moet terugvallen op bepaalde modellen, maar dat het succesvol gebruik van dampen en draaggassen 
met gereduceerde vers gasdebieten in tegendeel afhangt van de combinatie van het begrijpen van de 
concepten die in deze thesis worden uiteengezet en de feedback die gegeven wordt door de 
multigasanalyzer.  

Hoofdstuk 9 bevat de “take-home messages” van deze thesis, gevolgd door enkele suggesties 
voor verder onderzoek hoofdstuk 10. Tot slot volgt een meer uitgebreide samenvatting in hoofdstuk 
11. 
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surgery and aortic dissection: the role of transesophageal echocardiography. J Cardiothorac Vasc 
Anesth 2001; 15:251-8  

5. Deloof T, Cammu G, Vandeput D, Hendrickx J: “Tibia Cervicalis”: an unusual cause of difficult 
intubation. Acta Anaesth Belg 2001; 52:27 

6. Coddens J, Van Alphen J, Deloof T, Hendrickx J. Dynamic left ventricular outflow tract 
obstruction caused by afterload reduction induced by intra-aortic balloon counterpulsation. J 
Cardiothorac Vasc Anesth 2002; 16:749-51 

7. Cammu G, De Keersmaecker K, Casselman F, Coddens J, Hendrickx J, Van Praet F, Deloof T: 
Implications of the use of neuromuscular transmission monitoring on immediate postoperative 
extubation in off-pump coronary artery bypass surgery. Eur J Aneasth 2003; 20:1-7 

8. Cammu G, Boussemaere V, Foubert L, Hendrickx J, Coddens J, Deloof T: Large bolus dose 
versus continuous infusion of cisatracurium during hypothermic cardiopulmonary bypass surgery. 
Accepted for publication in Eur J Anaesthesiol. 

 
Non-peer-reviewed 
1. Casselman F, Heyndrickx G, Wijns W, Hendrickx J, Vanermen H. Images in cardiovascular 

medicine. Non-life-threatening leaflet escape. Circulation 2003; 107:e72 
 
Abstracts presented at annual meetings of the following international societies:  
ASA American Society of Anesthesiologists (published in Anesthesiology)  
IARS  International Anesthesia Research Society (published in Anesth Analg) 
ESA  European Society of Anaesthesiologists (published in Br J Anaesth, Eur J Anaesthesiol) 
ILTS  International Liver Transplantation Society (published in Liver Transplantation and Surgery) 
 
1. Hendrickx JFA, Soetens M, Van der Donck A, Meeuwis H, Smolders F, De Wolf AM: Uptake of 

desflurane and isoflurane during closed-circuit anesthesia. Anesthesiology 1995; 83: A334 
2. Hendrickx JFA, De Wolf AM: Feasibility of low-flow, minimal-flow and closed- circuit 

anesthesia using the desflurane Tec6 vaporizer. Anesthesiology 1995; 83:A440 
3. Hendrickx JFA, De Wolf AM: Costs of administering desflurane or isoflurane via a closed circuit. 

Anesthesiology 1996; 85:A39 
4. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Nitrogen accumulation during closed- circuit 

anesthesia using the Datex AS/3 multigas analyzer. Anesthesiology 1997; 87:A414 
5. Hendrickx JFA, De Wolf AM: Desflurane uptake during liver transplantation and liver resection 

using closed-circuit anesthesia. Anesth Analg 1997; 84:S497 
6. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Sevoflurane pharmacokinetics: influence of 

cardiac output. Anesthesiology 1997; 87:A360 
7. Hendrickx JFA, Dishart MK, De Wolf AM: Isoflurane pharmacokinetics during prolonged closed-

circuit anesthesia. Anesthesiology 1997; 87:A348 
8. Hendrickx JFA, De Wolf AM: Hemodynamic effects of desflurane during OLT. Liver 

Transplantation and Surgery 1997; 3:C-56 
9. Hendrickx JFA, De Wolf AM: The post reperfusion syndrome in liver transplantation: incidence, 

associated factors, and treatment. Liver Transplantation and Surgery 1997; 3:C-47 
10. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Clinical evaluation of isoflurane coasting times 

during closed-circuit anesthesia. Anesth Analg 1998; 86:S460 
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11. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Influence of the reference gas of a paramagnetic 
oxygen analyzer on nitrogen concentrations during closed-circuit anesthesia. Anesth Analg 1998; 
86:S210 

12. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Clinical evaluation of the general anesthetic 
equation for isoflurane. Anesth Analg 1998; 86:S461 

13. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Clinical evaluation of the general anesthetic 
equation for sevoflurane. Anesthesiology 1998; 89:A518 

14. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: N2O decrement times during closed- circuit 
anesthesia. Anesthesiology 1998; 89:A518 

15. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Blood/gas solubility and alveolar rate of rise of 
potent inhaled anesthetics during open-loop feedback administration using a closed-circuit 
anesthesia liquid injection technique. Anesth Analg 1999; 88:S342 

16. Hendrickx JFA, De Ridder K, De Geyndt A, Vandeput D, Deloof T, De Wolf AM: Clinical 
evaluation of the general anesthetic equation for desflurane. Anesth Analg 1999; 88:S341 

17. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Vaporizer setting variability increases with 
lower fresh gas flows. Anesth Analg 1999; 88:S344 

18. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: The effect of fresh gas flow on the delivered to 
end-expired gradient for isoflurane and sevoflurane. Anesth Analg 1999; 88:S343 

19. Bouchez S, Hendrickx JFA, Vandeput D, Deloof T, De Wolf AM. Nitrogen accumulation when 
redirecting samples gases to the circle system. Br J Anaesth 1999; 82 (Suppl 1): A92 

20. Hendrickx JFA, Vandeput D, Van Zundert AAJ, Deloof T, De Wolf AM. The log (flow)-vaporizer 
to end-tidal ratio (VEER) plot for potent inhaled anesthetics. Br J Anaesth 1999; 82(Suppl 
1):A410 

21. Bouchez S, Hendrickx JFA, Deloof T, Vandeput D, De Wolf AM. Clinical evaluation of 
desflurane coasting times during closed-circuit anesthesia. Br J Anaesth 1999; 82 (Suppl 1): A411 

22. Cammu GVM, Deloof T, Coddens J, De Wolf AM, Hendrickx JFA. Comparison of two dose 
regimens of cisatracurium during hypothermic CABG. Br J Anaesth 1999; 82 (Suppl 1): A465 

23. Callebaut F, Hendrickx JFA, De Loof T, Van de Put D, De Wolf AM. Effect of N2O on 
sevoflurane pharmacokinetics during minimal and low flow anesthesia. Anesthesiology 1999; 
91:A457 

24. Hendrickx JFA, De Loof T, Van de Put D, De Wolf AM. ADU desflurane vaporizer performance. 
Anesthesiology 1999; 91:A482 

25. De Cooman S, Hendrickx JFA, Coddens J, Deloof T, Neckebroeck M, De Wolf AM. ADU 
sevoflurane vaporizer performance. Anesth Analg 2000; 90:S195 

26. Schoenmakers B , JFA Hendrickx, T Deloof, J Coddens, AM De Wolf. Air and the circle system. 
Anesth Analg 2000; 90:S230 

27. De Cooman S, Hendrickx JFA, Vandeput D, Deloof T, Coddens J, De Wolf AM. Air/oxygen 
mixtures during minimal flow anesthesia. Anesth Analg 2000; 90:S196 

28. Van Alphen J , Hendrickx JFA, D Vandeput, T Deloof, J Coddens, AM De Wolf. Which 
air/oxygen mixtures can be used safely in a circle system? Anesth Analg 2000; 90:S237 

29. Frietman P, Hendrickx JFA, Grouls R, Van Zundert AAJ, De Wolf AM. Fick-derived sevoflurane 
uptake. Eur J Anaesthesiol 2001; 18(S21):A309 

30. Neckebroek M, Hendrickx JFA, Coddens J, Deloof T, De Wolf AM. Clinical validation of Gas Man 
simulations for isoflurane. Eur J Anaesthesiol 2001; 18 (S21):A316 
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31. Neckebroek M, Hendrickx JFA, Deloof T, De Wolf AM. Effects of ventilation on the isoflurane 
inspired-expired gradient during low flow anesthesia. Eur J Anaesthesiol 2001; 18 (S21):A317 

32. Frietman P, Hendrickx JFA, Grouls R, Van Zundert AAJ, De Wolf AM. Fick-derived sevoflurane 
uptake. Anesthesiology 2001; 95:A478 

33. Hendrickx JFA, Van Zundert AAJ, De Loof T, Grouls R, De Wolf AM. The correlation between 
the isoflurane uptake pattern and vaporizer dial settings at different fresh gas flows. 
Anesthesiology 2001; 95:A479 

34. Anseeuw K, Hendrickx JFA, Coddens J, De Wolf AM. Oxygenation during partial bypass with 
one-lung ventilation for totally endocopic coronary artery bypass grafting. Anesthesiology 2002; 
97:A231 

35. Hendrickx JFA, Van Zundert AAJ, Grouls R, Frietman P, De Wolf AM. Patient characteristics 
and Fick-derived uptake of inhaled anesthetics. Anesthesiology 2002; 97:A457 

36. Hendrickx JFA, Schaut L, Vandeput D, Deloof T, Van Zundert AAJ, De Wolf AM. Clinical 
evaluation of the general anesthetic equation for halothane Anesthesiology 2002; 97:A458 

37. De Wolf AM, Hendrickx JFA, Van Zundert AAJ. Do coasting times differ between agents during 
closed-circuit anesthesia? Anesthesiology 2002; 97:A459 

38. Hendrickx JFA, Van Zundert AAJ, Grouls R, Frietman P, De Wolf AM. Fick-derived halothane 
uptake. Anesthesiology 2002; 97:A460 

39. Frietman P, Hendrickx JFA, Grouls R, Van Zundert AAJ, De Wolf AM. The Correlation between 
the Sevoflurane Uptake Pattern and Vaporizer Dial Settings at Different Fresh Gas Flows. Eur J 
Anaesthesiol 2003; 30:A451 

40. Slock E, Hendrickx JFA, Van Zundert AAJ, Deloof T, De Wolf AM. Effect of Carrier Gases on 
Isoflurane Vaporizer Dial Settings during Minimal Flow Anesthesia. Eur J Anaesthesiol 2003; 
30:A45 

41. Ver Eecke G, Hendrickx JFA, Cammu G, Foubert L, Deloof T, De Wolf AM. Effect of Nitrous 
Oxide Uptake on PaCO2. Eur J Anaesthesiol 2003; 30:A465 

42. Frietman P, Hendrickx JFA, Van Zundert AAJ, Grouls R, Deloof T, De Wolf AM. Fick-derived 
Halothane Uptake: a Comparison with the 4C and SqRT Models and with Closed-Circuit 
Anesthesia Liquid Injection-derived Halothane Uptake. Eur J Anaesthesiol 2003; 30:A511 

43. Frietman P, Hendrickx JFA, Van Zundert AAJ, Grouls R, De Loof T, De Wolf AM. Fick-derived 
versus Closed-Circuit Liquid Injection derived Sevoflurane Uptake. Eur J Anaesthesiol 2003; 
30:A512 

44. Schoenmaekers B, Nieuwenhof A, Gijsenbergh F, Hendrickx J. Does dispatching accuracy differ 
between centers? Eur J Anaesthesiol 2003; 30:A643 

45. Cardinael S, Hendrickx JFA, Deloof T, De Wolf AM. O2/N2O fresh gas flow sequences. 
Anesthesiology 2003; 99:A504 

46. De Wolf AM, Hendrickx JFA, Cammu G, Loubert L, Deloof T. Can the N2O uptake pattern 
account for the course of its second gas effect on PaCO2? Anesthesiology 2003; 99:A503 

47. Carette RM, Hendrickx JFA, Deloof T, Van Zundert AAJ, De Wolf AM. Bellows Volume 
Changes Associated with Very Early O2/N2O Fresh Gas Flow (FGF) Reductions. Submitted to the 
ASA annual meeting 2004 

48. Carette RM, Hendrickx JFA, Deloof T, Van Zundert AAJ, De Wolf AM. Initial Large Volume 
Uptake of N2O Alone May Not Explain the Concentration Effect of N2O during Constant Inspired 
Ventilation. Submitted to the ASA annual meeting 2004 
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49. Carette RM, Hendrickx JFA, Deloof T, Van Zundert AAJ, De Wolf AM. Mass Uptake of N2O 
Alone May Not Explain the Second Gas Effect (SGE) of N2O on Sevoflurane during Constant 
Inspired Ventilation. Submitted to the ASA annual meeting 2004 

 
 
 
Abstracts presented at meetings of the Belgian Society of Anaesthesia and Resuscitation (annual 
meetings, resident’s research meetings; published in Acta Anesthesiologica Belgica) 
1998 Annual Meeting - Poster presentations 

1. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Clinical evaluation of isoflurane coasting 
times during closed-circuit anesthesia 
2. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Clinical evaluation of the general anesthetic 
equation for sevoflurane 

Resident Research Meeting February 20, 1999, RUG, Gent 
De Geyndt A, Hendrickx JFA, Vandeput D, Deloof T, Vandermeersch E, De Wolf AM: Low-
flow anesthesia after overpressure induction 

Resident Research Meeting June 12, 1999, VUB, Brussels 
Hutsebaut K , Hendrickx JFA, De Geyndt A, Vandeput D, Deloof D, Vandermeersch E, De Wolf 
AM: VICO (volatile induction and coasting) with sevoflurane 

Resident Research Meeting June 24, 1999, KUL, Leuven 
De Ridder K, Hendrickx JFA, De Geyndt A, Vandeput D, Deloof T, Vandermeersch E, De Wolf 
AM: Clinical evaluation of the general anesthetic equation for desflurane 

1999 Annual Meeting - Poster presentations 
1. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Blood/gas solubility and alveolar rate of rise 
of potent inhaled anesthetics during open-loop feedback administration using a closed-circuit 
anesthesia liquid injection technique 
2. Hendrickx JFA, De Ridder K, De Geyndt A, Vandeput D, Deloof T, De Wolf AM: Clinical 
evaluation of the general anesthetic equation for desflurane  
3. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Vaporizer setting variability increases with 
lower fresh gas flows 
4. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: The effect of fresh gas flow on the delivered 
to end-expired gradient for isoflurane and sevoflurane 
5. Hendrickx JFA, Bouchez S, Vandeput D, Deloof T, De Wolf AM: Nitrogen accumulation 
when redirecting samples gases to the circle system 
6. Hendrickx JFA, Vandeput D, Van Zundert AAJ, Deloof T, De Wolf AM: The log (flow)-
vaporizer to end-tidal ratio (VEER) plot for potent inhaled anesthetics 
7. Hendrickx JFA, Bouchez S, Deloof T, Vandeput D, De Wolf AM: Clinical evaluation of 
desflurane coasting times during closed-circuit anesthesia 
8. Callebaut F, Hendrickx JFA, De Loof T, Van de Put D, De Wolf AM: Effect of N2O on 
sevoflurane pharmacokinetics during minimal and low flow anesthesia 
9. Hendrickx JFA, De Loof T, Van de Put D, De Wolf AM: ADU desflurane vaporizer 
performance 
10. De Cooman S, Hendrickx JFA, Coddens J, Deloof T, Neckebroeck M, De Wolf AM : ADU 
sevoflurane vaporizer performance 
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11. Schoenmakers B , Hendrickx JFA, Deloof T, Coddens J, De Wolf AM: The use of air and 
air/O2 mixtures in circle systems 
12. De Cooman S, Hendrickx JFA, Vandeput D, Deloof T, Coddens J, De Wolf AM: Air/oxygen 
mixtures during minimal flow anesthesia 

Resident Research Meeting June 22, 2002, Hof Ter Elst, Edegem 
Schaut E, Hendrickx JFA, Van Zundert AAJ, Deloof T, De Wolf AM. The general anesthetic 
equation of halothane 

Resident Research Meeting February 15, 2003, Astra Zeneca, Brussels 
1. Anseeuw K, Hendrickx JFA, Deloof T,  CoddensJ, De Wolf AM. Oxygenation during partial 
bypass with one-lung ventilation for totally endoscopic CABG 
2. Artico H, Hendrickx JFA, Van Zundert AAJ, Grouls R, Deloof T, Ewalenko P, De Wolf AM. 
Fick-derived halothane uptake 

Resident Research Meeting May 15, 2004, Astra Zeneca, Brussels 
Cardinael S, Hendrickx JFA, Deloof T, De Wolf AM. O2/N2O fresh gas flow sequences. 

 
 
Abstracts presented at the The Association of Low Flow Anesthesia Annual Meeting, September 
18-19, 1998, Ghent, Belgium 
1. De Geyndt A, Hendrickx JFA, Vandeput D, Deloof T, Vandermeersch E, De Wolf AM: Low-

flow anesthesia after overpressure induction 
2. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Clinical evaluation of the general anesthetic 

equation for sevoflurane 
3. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Influence of the reference gas of paramagnetic 

oxygen analyzers on nitrogen concentrations during closed-circuit anesthesia 
4. Hendrickx JFA, Van Zundert AAJ, De Wolf AM: Sevoflurane pharmacokinetics: influence of 

cardiac output 
5. Hutsebaut K, Hendrickx JFA, De Geyndt A, Vandeput D, Deloof T, Vandermeersch, A.M. De 

Wolf: VICO (volatile induction and coasting) with sevoflurane 
6. De Ridder K, Hendrickx JFA, De Geyndt A, Vandeput D, Deloof T, Vandermeersch E, De Wolf 

AM: Clinical evaluation of the general anesthetic equation for desflurane 
 
Other poster presentations and publications 
1. Marquez VM, Bowser SA, Hendrickx J, Rufner R: Treatment of hypercholesterolemia in patients 

undergoing multiple angioplasties. Presented at Fellow’s Research Day of the American Heart 
Association, March 8, 1996, Pittsburgh, PA (USA) 

2. Hendrickx JFA, De Wolf AM: Costs of administering desflurane or isoflurane via a closed circuit. 
Presented at the 11th Annual SAMBA meeting, May 1996, Boston, Massachusetts, USA 

3. Hendrickx JFA, De Wolf AM: Benefits and limitations of Tec 6 vaporizer examined at different 
flow rates of desflurane. Anesthesiology News, January, 1996 
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Lectures  
1. The LMA. University of Pittsburgh Medical Center, Pittsburgh, PA, USA. Grand Rounds 

presentation. October, 1995, Pittsburgh, PA, USA 
2. Hendrickx JFA, De Wolf AM: Desflurane uptake during liver transplantation and liver resection 

using closed-circuit anesthesia. First prize Resident’s Research Competition Western Pennsylvania 
Society of Anesthesiologists, May 16, 1996, Pittsburgh, PA, USA 

3. Presented at the annual IARS meeting, San Francisco, 1997 Pharmacokinetics of potent inhaled 
anesthetics - recent insights - preliminary analysis of research results. October 8, 1997, Catharina 
Hospital Eindhoven, The Netherlands 

4. Pharmacokinetics of potent inhaled anesthetics. Resident’s lecture October 8, 1997, OLV hospital, 
Aalst, Belgium 

5. Low Flow Beademing. Nederlandse Vereniging voor Anesthesie Medewerkers. March 12, 1998, 
Bergen op Zoom, The Netherlands 

6. Low-flow anesthesia. Resident’s lecture April 30, 1998, OLV ziekenhuis, Aalst, Belgium 
7. Sevoflurane en Low Flow Beademing. Nederlandse Vereniging voor Anesthesie Medewerkers, 

June 4, 1998, Rotterdam, The Netherlands 
8. Anesthesia practice and latest gas delivery techniques. One step closer to the quantitative practice 

of anesthesia. 10th European Congress of Anesthesiology, German Congress of Anesthesiology, 
45th Annual meeting of the German Society of Anesthesiology and Intensive Care Medicine. June 
30, 1998, Frankfurt/Main, Germany 

9. Low-Flow anesthesia techniques. September 9, 1998, OLV ziekenhuis, Aalst, Belgium 
10. Farmacokinetics of volatile anesthetics: research aspects. November 20, 1998, Department of 

Clinical Pharmacy, Catharina Hospital, Eindhoven, The Netherlands. 
11. Personal research on pharmacokinetics of volatile anesthetics. Postgraduate lecture, December 7, 

1998,  Rijksuniversiteit Ghent, Belgium  
12. Another look at closed system models. Invited speaker at the 1999 ESA meeting, June 1999, 

Amsterdam, The Netherlands 
13. VIMA and coasting techniques. June 21, 1999, Oostende, Belgium 
14. Pharmacokinetics and pharmacodynamics of potent inhaled anesthetics: some new ideas. 

November 15, 1999, Military hospital, Athens, Greece 
15. Pharmacokinetics of inhaled anesthetics and the general anesthetic equation – a reappraisal. Guest 

Speaker at the Research Meeting of the Belgian Society of Anesthesia and Reanimation, 
September 14, 2002, Louvain-La-Neuve, Belgium 

16. Mechanisms  of action of inhaled “general” anesthetics. December 4, 2003, OLV Hospital, Aalst, 
Belgium 

17. Approaching the ideal in general anaesthesia: Exploring sevoflurane and other agents. Monday 19 
April 2004, World Congress of Anaesthesiology, Paris, France. Abbott sponsored debate 
symposium 

18. Ten reasons to use inhaled anesthetics - extended. April 39, 2004, OLV Hospital, Aalst, Belgium 
19. Ten reasons to use inhaled anesthetics. Dutch Annual Anesthesiology Symposium, Arnhem, The 

Netherlands, May 13, 2004. 
 



Curriculum Vitae 
 

222 

Reviewer 
1. Anesthesiology  
2. Acta Anesthesiologica Belgica 
 
 
Special Awards 
1. First prize Resident’s Research Competition, Western Pennsylvania Society of Anesthesiologists, 

May 16, 1996, Pittsburgh, PA, USA: Hendrickx JFA, De Wolf AM: Desflurane uptake during 
liver transplantation and liver resection using closed-circuit anesthesia  

2. Special award SBAR/BVAR (Belgian Society of Anesthesia and Reanimation) - Best Belgian 
Manuscript 1998.  November 14, 1998. Hendrickx JFA, Soetens M, Van der Donck A, Meeuwis 
H, Smolders F, De Wolf AM: Uptake of desflurane and isoflurane during closed-circuit anesthesia 
with spontaneous and controlled ventilation. Anesth Analg 1997; 84:413-8 

  
Grants.  
1. 1995, University of Pittsburgh, PA, USA: Ohmeda Research grant 
2. 1996, Catharina Ziekenhuis, Eindhoven, The Netherlands: Abbott Research Grant 
3. 1996, Catharina Ziekenhuis, Eindhoven, The Netherlands: Wetenschappelijk Fonds 
4. 1997, Onze Lieve Vrouw Ziekenhuis, Aalst, Belgium, ICI Research grant 
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