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Introduction

Anesthesia is induced and maintained in patients to perform surgical procedures. Inhalational 

anesthetics are widely used for this purpose. To minimize the costs of use of inhalational anesthetics 

and medical gases like oxygen, patients are connected to an anesthesia circle machine to allow 

rebreathing of expired gases. An essential part of these anesthesia circle machines is the canister 

with carbon dioxide absorbent to prevent carbon dioxide intoxication in the patient. These 

absorbents contain calcium hydroxide to bind carbon dioxide, but also strong bases like potassium 

hydroxide and sodium hydroxide to facilitate this binding reaction. These strong bases are highly 

reactive, and already in 19791 it was demonstrated that halothane reacts with sodalime in anesthesia 

circle circuits, therewith generating volatile toxic degradation products. In recent years, results were 

published about carbon monoxide production from volatile anesthetics as a result of interaction with 

carbon dioxide absorbents. With the introduction of sevoflurane, reports quickly followed in which 

concerns were expressed regarding the nephrotoxic degradation product compound A, as a 

consequence of the interaction with carbon dioxide absorbents. The purpose of this general 

introduction is to present the history and recent findings of the interactions between inhalational 

anesthetics and carbon dioxide absorbents and to outline the aim of this thesis.

History of inhalational anesthetics

Nitrous oxide gas was discovered by Jean Baptiste van Helmont2 (1579-1644) and first synthesized 

by Joseph Priestley3 in 1772. Probably due to the impurities of this synthesized nitrous oxide, 

Priestly did not discover the anesthetic properties of this vapor, and it was later used for the social 

amusement and euphoria it produced. The analgesic effects of nitrous oxide were only discovered in 

1844 when the dentist Dr. Horace Wells4 tested nitrous oxide on himself and several patients 

performing tooth extractions. 
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Ether was discovered by a Spanish alchemist named Raymundus Lullius5 in the thirteenth century 

and named it “sweet vitriol”. Paracelsus6 first distilled ether in the fifteenth century, rediscovering 

“sweet vitriol” for his own use. Remarkably, it lasted until 1842 until Dr. Crawford Long7 used 

ether in three minor surgical procedures. He published his results only in 1849 thereby overtaken by 

the dentist W.T.G. Morton8, who publicly demonstrated in 1846 the anesthetic effects of ether in a 

surgical removal procedure of a submandibular tumor.

In the fall of 1831, in almost the same month, three authors published their findings of the discovery 

of chloroform. These authors were Samuel Guthrie9 in the United States, Eugène Soubeiran10 in 

France and Justus von Liebig11 in Germany. Chloroform was introduced as an anesthetic, by Dr. 

J.Y. Simpson12 in 1847.

After Morton a new era for surgery was born. Other agents than these were not considered until 

1920-1940 when ethylene, cyclopropane and divinyl ether were discovered and won acceptance due 

to rapid recovery from anesthesia. With the exception of nitrous oxide all these agents were 

replaced by the modern inhaled anesthetics. The modern agents differed from previous halogenated 

compounds in the substitution of fluorine for chlorine (or heavier halogens). Fluorine provided 

greater molecular stability and lower solubility. The first of the modern inhaled anesthetics was 

fluroxene, followed by halothane (a derivative from chloroform) and methoxyflurane, enflurane, 

isoflurane, sevoflurane and desflurane (all derivatives from diethyl-ether). Commonly used today 

are isoflurane, sevoflurane and desflurane. Halothane and enflurane are no longer commercially 

available on the European market.

History of CO2 absorption

Anesthesiologists at the first half of the 20th century had to bring their own equipment and 

anesthetic agents to the institutions where they practiced. Therefore it was necessary to develop 

systems to reuse the expired anesthetics from the patient from an economical point of view. For 
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rebreathing of expired gasses it is necessary to absorb the carbon dioxide because of the toxic 

effects of high dosages of carbon dioxide when rebreathed. 

In 1755 Joseph Black13 described the relationship between carbon dioxide and the hydroxides of 

sodium and calcium.  Alfred Coleman14 developed a system of carbon dioxide absorption by 

passing the expired gases over slaked quick lime in 1869. In 1898, Benedict and Tower15 defined a 

method for the preparation of granular and hydrated soda-lime with a higher carbon dioxide 

absorbent capacity. Dennis Jackson16 demonstrated in 1915 the practical use of soda lime 

absorption by maintaining stable levels of anesthesia in animals while using minimal amounts of 

ether. His idea was adapted by Ralph Waters17 in 1923 by attaching a canister with granular 

sodalime to a breathing hose close to the face, while the expired gases were lead to a rebreathing 

bag. In this rebreathing bag, fresh oxygen and/or nitrous oxide was added. This device was altered 

in 1930 by Brian C. Sword18 by creating two hoses to the airway, one for inspired and one for 

expired gases. From here on the circle breathing system was developed with an integrated 

ventilator, which is still the most popular breathing system/anesthesia machine used today. 

Carbon monoxide

Carbon monoxide is a clear, odorless, tasteless, and non irritating gas mostly produced as a result of 

incomplete combustion of organic materials. Average CO concentration in the atmosphere is 0.1 

ppm (parts per million) but in cities with much traffic it can reach up to 115 ppm. The Environmen-

tal Protection Agency standards for CO are 9 ppm for an 8-hour exposure and 35 ppm for an 1-hour 

exposure. Next to traffic, smoking is another important source of carbon monoxide, which can 

cause an increase of carboxyhemoglobin (COHb) levels up to five times. Carbon monoxide is also 

produced in the human body19 as a result of hemoglobin metabolism. In the normal adult, 4 grams 

of hemoglobin is broken down every day resulting in 6.8 mg CO. When inhaled carbon monoxide 

binds to hemoglobin on the oxygen binding site to form COHb, it can no longer bind oxygen. 
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Hemoglobin’s affinity for carbon monoxide is 220 times that of oxygen which can lead to hypoxia 

if CO concentrations are sufficiently high. Exposure of 500 ppm CO results in a COHb level of 

20% and 1000 ppm at a level of 50%. Toxicity of carbon monoxide becomes worse as a result of a 

shift of the oxygen-hemoglobin dissociation curve to the left which leads to a higher affinity of 

hemoglobin for oxygen, therefore resulting in an impaired oxygen extraction from the hemoglobin 

molecule at tissue level. Toxicity of CO as function of exposure is defined in the Henderson and 

Haggard’s Index of Toxic Effect20:

CO concentration (ppm) x Time (hours) = Index of Toxic Effect

 300  - no perceptible effect

 600  - barely perceptible effect

 900  - nausea and headache

1500 - dangerous to life

CO is oxidized to carbon dioxide21 but this oxidation rate is insignificant when compared to the 

production rate of CO as a result of hemoglobin break down.

In the awake patient the first symptoms of CO poisoning with COHb levels of 10-20% are: com-

plaints of headache and tightness across the forehead and a “cherry-red” colour of the skin 

particularly in the face. With increasing COHb levels of 30-50% the heart rate will increase to 

compensate for hypoxic peripheral vasodilation and the lactic acidosis resulting from tissue 

hypoxia. When COHb levels reach 40-60% the respiratory rate increases, although the partial 

oxygen pressure is not reduced and so there is no carotid and aortic chemoreceptor stimulation. 

After COHb concentrations reach 60% cardiovascular collapse, respiratory failure and death will 

follow.
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In an anaesthetized patient, these signs and symptoms will not be evident until a very severe state. 

Standard dual-wavelength pulse oximeters cannot differentiate between O2Hb and COHb. Even at 

COHb concentrations of 70%, the pulse oximeter still reports a SpO2 of 90%22. The technique of 

multiple wavelength oximetry that can differentiate between O2Hb and COHb is already available 

for some time23 but only just recently the first commercially available multiple wavelength pulse 

oximeter came available24.

From mass spectrometers it is also known that it will not measure carbon monoxide in an anesthetic 

circuit correctly, because of the molecular weight of CO and nitrogen are the same.

Another problem of carbon monoxide in an anaesthetized patient is that in a closed circle 

circuit25;26, the normally exhaled endogenous produced gasses like carbon monoxide, methane, 

acetone and nitrogen are also reused and inhaled again, and therefore accumulate in the anesthesia 

circuit when a low fresh gas flow is used (< 1 litre/min).

Carbon monoxide as reaction product of inhalational anesthetics with carbon 

dioxide absorbents

In 1990 Moon et al.27 was the first to present a report of three patients with elevated COHb levels 

between 11 and 29 % during enflurane anesthesia with a fresh gas flow (FGF) of more than 2 

litre/minute. These patients were the first to be operated on a Monday morning, suggesting that a 

chemical reaction had occurred in the anesthesia circuit or absorbent during the weekend. A sample 

from the anesthesia circuit revealed a carbon monoxide concentration of 240 ppm. This report was 

followed by an abstract in 1991 from the same author28 who reported about CO concentrations in 

absorbent canisters after several days of use. Measurements were performed with a CO analyzer 

and confirmed with an infrared analyzer. One canister contained more than 1000 ppm CO. Moon 

also found traces of formate in used sodasorb canisters, which, as  Moon suggested, might be a 

possible intermediate in carbon monoxide production.
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In vitro and animal studies

After the publications of Moon et al., discussions29-32 about this subject appeared in literature, and in 

1995 Fang et al.33 published an extensive in vitro study for all modern inhaled anaesthetics in 

combination with soda lime or Baralyme®, containing different percentages of water from dry to 

fresh absorbents at different temperatures. The main conclusions: the magnitude of CO production 

is desflurane  enflurane > isoflurane >> halothane = sevoflurane. No data were published about 

halothane and sevoflurane, except for a remark that only very little CO was produced at high 

temperature with completely dry absorbent, and therefore not clinically relevant. No carbon 

monoxide was produced with soda lime containing 4.8% water or more and Baralyme® with 9.8% 

water or more. Highest levels of CO were produced with completely dry absorbents, and more in 

Baralyme® than soda lime at equal water percentages. Higher temperature of absorbents increased 

CO production. 

Frink et al.34 followed with a report of high COHb levels in pigs after exposure to desflurane 

anesthesia with Baralyme® which was dried with 2, 6 or 10 litre/min oxygen flow during 48 hours. 

Highest levels of COHb were found in the group with the highest oxygen flow over the absorbent 

prior to anesthesia, a probe of the Baralyme® revealed a water content less then 5,5%. The 

publication of Frink et al.35 demonstrated peak concentrations of 37,000 ppm carbon monoxide with 

Baralyme® exposed to 48 hours of a flow of 10 l/min of oxygen in combination with 7,5 vol% 

desfllurane. The measured water content of Baralyme® was 1.2 to 3.9 %. Drying of Baralyme® or 

sodalime during 24 hours revealed water contents of respectively 1.9 to 4.8 % and 3.8 – 6.7 %. 

Bonome et al.36 published an abstract with CO concentrations in an in vitro situation using an 

anesthesia machine containing soda lime with a hydration level of 1 and 2,5%. To obtain CO 

production 3,5 and 7% desflurane and 1,5% isoflurane was used. The highest carbon monoxide 

concentration was 4130 ppm with 7% desflurane in soda lime with a 1% water content. For 

isoflurane this was 2200 ppm. In another abstract37, the drying time of sodalime was measured. A 
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FGF of 7 l/min of oxygen during 41 hours was sufficient to desiccate a standard anesthesia machine 

container with sodalime. In a later published study38 the authors demonstrated that higher volatile 

anesthestic concentrations and a lower fresh gas flow increased the amount of carbon monoxide 

produced.

From these in vitro studies we conclude that there is a potential risk of carbon monoxide production 

when a carbon dioxide absorbents becomes desiccated. Sufficient drying time with a high gas flow 

of oxygen is needed, but this could occur for example on a Monday morning when the anesthesia 

machine with an open oxygen flow regulator is not turned off on the previous Friday.

In vivo studies

Baum et al.39 presented an in vivo study in which COHb was measured half an hour after induction 

of anesthesia, maintained with isoflurane or enflurane in a low flow circle circuit with previeously 

used soda lime as absorbent in the anesthesia circuit. No dangerously high COHb levels were 

found. The only significant difference in COHb concentrations was found between smokers and 

nonsmokers. 

Harrison et al.40 presented similar conclusions with an in vitro and in vivo study in an anesthesia 

circuit with unventilated fresh and used soda lime, and fresh and used soda lime that were ventilated 

with 2 l/min oxygen during 15 hours. Halothane, isoflurane and enflurane were used as 

anaesthetics. CO was measured with a Bedfont Mini Smokerlyzer EC50. In vitro CO levels were 

below 1 ppm. In vivo, no CO was found in the inspiratory branch of the circuit and low CO levels 

in the expiratory branch, with a significant difference between smokers and nonsmokers. Their 

conclusion was that only carbon monoxide from the patient was measured and none from the 

anesthesia circuit. 
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Hendrickx et al.41 presented a similar study as Baum’s, but compared COHb before and after the 

operation, whereby isoflurane or desflurane was used for maintaining anesthesia. No COHb 

increase was found after 1 hour of low flow anesthesia, nor after 2 hours.

We can conclude from these in vivo studies that desiccation of the carbon dioxide absorbent in 

clinical practice is a rare phenomenon. Not without risk, however, as demonstrated by the 

previously mentioned in vitro studies and a case report published by Berry et al.42. Here, a 24-yr-old 

woman was anesthetized for a clinical research study including the use of 5% desflurane. Because 

of a SpO2 decrease to 93% five minutes after induction while the patient was ventilated with 100% 

oxygen bilateral auscultatation of the lungs revealed no abnormalities. Ten minutes after induction 

of anesthesia, the gas analyzer reported that enflurane was present besides desflurane. At this point 

carbon monoxide toxicity was suspected, and the absorbent (Baralyme®) was replaced after 15 

minutes of anesthesia. An arterial blood gas sample revealed a carboxyhemoglobin level of 36%. 

The patient recovered uneventfully from this intoxication. Subsequent inquiries revealed that the 

anesthetic machine had not been used for several days and had probably been left switched on with 

an oxygen flow present for the entire period.

Possible mechanisms of action of carbon monoxide production and desiccated carbon dioxide 

absorbents.

In 1995 Abbott International presented a carbon monoxide positioning paper as a direct result of a 

review by an opinion leader. The consensus presented in this paper was that there was no basis for 

support of a potential interaction between sevoflurane and CO2 absorbents to produce CO.  A 

potential mechanism of carbon monoxide production was presented (figure 1.1), which suggested 
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Figure 1.1 Potential mechanism of carbon monoxide production from anesthetics. 

that a reaction between enflurane, desflurane or isoflurane with a strong base may form an unstable 

intermediate, whereby a carbene is generated in the presence of a suitable leaving group on the 

alpha or beta carbon. The fluorine atoms render this stable carbene, which can subsequently react 

with water to liberate carbon monoxide. Formation of the carbene intermediate is only possible in 

the mentioned anesthetics because of the lack of the necessary difluoromethyl (-CF2H) moiety in 

sevoflurane and halothane, as shown in figure 1.2.

Figure 1.2 Carbon monoxide formation: structural correlations.  

Baxter et al.43 demonstrated the feasibility of this theory by measuring carbon monoxide formation 

from desiccated barium hydroxide lime or sodalime from deuterium-substituted anesthetics. The 
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proton abstraction from the anesthetics by a strong base was determined by deuterium isotope 

exchange and the source of the oxygen was identified by 18O incorporation in the absorbent. This 

proton abstraction from the anesthetics was dependent on the lack of water and was greater with 

potassium than sodium hydroxide. The latter explains the higher CO production of Baralyme® than 

sodalime, because of the higher potassium hydroxide content of Baralyme®. The oxygen in the 

produced CO seemed to originate from the absorbent. The authors then proposed a more detailed 

mechanism as shown in figure 1.3. 

Figure 1.3 Proposed mechanism of carbon monoxide formation from difluoromethyl-ethyl ether anesthetics. Shown is 
the backbone structure for isoflurane (X = Cl) and desflurane (X = F). Also shown is a putative mechanism for the 
concomitant formation of trifuoromethane. Water in line 3 may also react as OH-. 
The difluoromethyl ethers desflurane, enflurane, and isoflurane undergo rapidly reversible base-catalyzed 
difluoromethyl proton abstraction to yield a difluoromethyl ethyl ether carbanion. This carbanion, in the presence of 
sufficient water, would simply reprotonate to regenerate the original anesthetic. In the absence of sufficient water, the 
carbanion could eliminate a halogen anion from the ethyl moiety α to the oxygen and decompose to difluorocarbene and 
the corresponding aldehyde. The difluorocarbene can subsequently react with hydroxide and/or residual water# in the 
absorbent to form CO, via difluoromethanol and formyl fluoride intermediates. Difluorocarbene could also react with 
CO2 or silica in the absorbent to form CO. Formate may arise from formyl fluoride reaction with water or by subsequent 
reactions of CO. For desflurane and isoflurane, fluoride and chloride elimination, respectively, from the α-ethyl carbon 
would yield trifluoroacetaldehyde. Trifluoroacetaldehyde, in the presence of strong base, may further decompose to 
formate and trifluoromethane. Figure and text reprinted with permission from Lippincot Williams & Wilkins: 
Baxter PJ et al.: Mechanistic aspects of carbon monoxide formation from volatile anesthetics. Anesthesiology 
1998;89:929-941

While this proposed mechanism states that carbon monoxide can only be produced from desflurane, 

enflurane and isoflurane, there are also reports of production of relative small amounts of CO from 

halothane and sevoflurane44;45 that cannot be explained by this mechanism.
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Changing the chemical composition of the carbon dioxide absorbent

The study by Baxter et al.43 demonstrated that carbon monoxide production is dependent on the 

presence of strong bases like sodium hydroxide (NaOH) and potassium hydroxide (KOH). 

Neumann et al.46 tested this theory by producing calcium hydroxide absorbents with different 

concentrations of these strong bases in desiccated and hydrated condition. The authors confirmed 

the theory that these strong bases are largely responsible for carbon monoxide production in 

desiccated absorbents. In 1999 the first strong base free absorbent was introduced: Amsorb®

demonstrated a lack of carbon monoxide production capability in hydrated or desiccated conditions 

in vitro47;48. An in vivo study in pigs confirmed these findings49. Other absorbents with lower 

concentrations of strong bases or absorbents without strong bases soon became available, some of 

them were tested in desiccated condition in an in vitro study by Knolle et al.50 using glass cylinders. 

This study also confirmed that lower concentrations of strong bases resulted in lower carbon 

monoxide production. Another carbon dioxide absorbent, lithiumhydroxide was tested by 

Stabernack et al.48. It demonstrated production of insignificant concentrations of carbon monoxide. 

Lithiumhydroxide is readily available, but not easy to handle because of the highly corrosive effect, 

and therefore not yet used in anesthetic machines. It is used in filled disposable absorbent containers 

in aerospace because of it’s high carbon dioxide absorbing capacity.

Detection of carbon monoxide inside the anesthetic circuit.

Because of the risk of production of high concentrations of carbon monoxide when using desflurane 

and a desiccated strong base containing absorbent, one would like to detect carbon monoxide inside 

the anesthetic circuit. Although Woehlck et al.51;52 published two papers in which he observed the 

mass spectrometer report traces of enflurane during isoflurane anesthesia with increasing COHb 

levels in the patient, the main problem at this moment is that there is no accurate in-line 

measurement of carbon monoxide available. The cause of enflurane detection during isoflurane 
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anesthesia seemed to be a trifluoromethyl cation, a degradation product of isoflurane and enflurane, 

which, when produced, might be an indicator of possible carbon monoxide production. This may be 

a step in the right direction but only for the two mentioned anesthetics, and only as a warning that a 

possible threat is developing.  It may be possible that small electrochemical sensors provide a 

solution to this problem, judging from the claims of the manufacturers that they are specific and 

sensitive, presenting an accurate amount of ppm carbon monoxide in a display53.

Compound A as reaction product of sevoflurane with carbon dioxide absorbents

Sevoflurane is a clear nonflammable liquid with little or no pungent odor. It is a methyl-isopropyl 

ether with a blood-gas partition coefficient of 0.6-0.7 approaching that of N2O. Sevoflurane is stable 

when stored at room temperature but unstable when used in an anesthetic circuit, in both in vivo and 

in vitro conditions. It degrades by an exothermic reaction with the carbon dioxide absorbent, 

whereby sevoflurane is dehydrofluronated to produce fluoromethyl-2,2-difluoro-1-

(trifluoromethyl)vinyl ether, also known as compound A (CA). A parallel reaction hydrolyses 

sevoflurane to yield formaldehyde and hydrofluoric acid, with methanol formed from the 

formaldehyde through a Cannizzaro reaction. Methanol then combines with Compound A to form 

Compound B, which is subsequently dehydrofluronated to yield Compounds C through E, 

liberating additional water and hydrofluoric acid in the process. A reaction scheme of this 

degradation of sevoflurane to compounds A to E as published by Cunningham et al.54 is shown in 

figure 1.4, Morio et al.55 and demonstrated that the magnitude of CA production depends on the 

temperature.
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Figure 1.4 Reaction scheme for the degradation of sevoflurane in the presence of base. From Cunningham DD: 
Sevoflurane degradation to compound A in anesthesia breathing systems. Br.J.Anaesth. 1996;77:537-534, figure 1. 
 The Board of Management and Trustees of the British Journal of Anaesthesia. Reproduced with permission of 
Oxford University Press/British Journal of Anaesthesia.

Nephrotoxicity of compound A

From several publications56-59 it is known that Compound A is nephrotoxic in rats and that this 

nephrotoxicity is due to a β-lyase mediated metabolization of CA. Histological signs of renal injury 

have been demonstrated in Wistar rats after a 3-hour exposure to 50 ppm CA60 or after a 1-hour 

exposure to 200 ppm CA61. Several in vivo studies by Bito et al.62-67 demonstrated CA production 
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of 13 to 30 ppm with sevoflurane anesthesia where a higher fresh gas flow resulted in a lower CA 

production. Conzen et al.68 measured an exposure of 44 ppm/hour CA during sevoflurane anesthesia 

in 116 patients. These in vivo CA concentrations are close to the toxic concentrations for rats, but in 

several in vivo studies65;66;68-72 where a total of 2176 patients received sevoflurane anesthesia, no 

adverse effect on renal function could be established. This could be explained by the 8-30 times less 

active β-lyase pathway in human kidneys than in rat kidneys73. However, two studies74;75 revealed 

some transient nephrotoxicity in healthy volunteers (n=30) when exposed to a total concentration of 

more than 80-240 ppm of CA. 

Water content and  chemical composition of the carbon dioxide absorbent in relation to compound 

A production

In the previously discussed studies, compound A was produced using fresh i.e. normally hydrated 

absorbent. There is, however, some relation with water content as Eger et al.76 demonstrated. In this 

in vitro study, the drying of Baralyme® increased CA production while drying of sodalime 

decreased CA production. However, CA was produced in hydrated and desiccated condition with 

these two absorbents in each experiment.

As new absorbents were developed to prevent carbon monoxide production, studies followed that 

demonstrated dependence of CA production on the content of strong bases inside the absorbent46;77. 

Studies that tested recently developed absorbents without the strong bases NaOH and KOH, 

revealed that only minimal (<5 ppm) concentrations of CA were produced48;49;78-81. 
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Aim of this thesis

Most of the described in vitro studies investigating CO production from inhalational anesthetics and 

carbon dioxide absorbents, were conducted in small vials or cylinders containing the studied 

absorbent33;45;46;50. Through these vials a fresh gas flow was conducted with predominantly high 

concentrations of volatile anesthetics. This setup was also used for several studies investigating CA 

production from sevoflurane and carbon dioxide absorbents46;48;54. The routine clinical situation 

inside an operating theatre, however, is far more complex. When a patient receives general 

anesthesia in an operating theatre, he/she will be ventilated through an anesthesia ventilating circuit 

where the concentrations of volatile anesthetics and the quantity of fresh gas flow are lower than in 

the previous described laboratory studies. Woehlck et al.82 demonstrated that concentration of 

inhalational anesthetic, quantity of fresh gas flow and quantity of minute ventilation are of 

significant influence on the amount of CO produced in combination with desiccated absorbent. 

Other studies55;83 demonstrated the latter for compound A production from sevoflurane. We 

therefore developed a patient model in which we connected an anesthesia machine to an artificial 

lung with a study protocol where inhalational anesthetics, minute ventilation and fresh gas flow 

were introduced in accordance with clinical practice. 

The following research questions will be addressed in this thesis: 

1)     Will al modern inhalational anesthetics produce carbon monoxide in desiccated sodalime? 

Based on literature findings, we hypothesize that besides desflurane, enflurane and 

isoflurane, also halothane and sevoflurane will produce carbon monoxide in desiccated 

sodalime. Whereas Fang et al.33 described small carbon monoxide production from 

halothane and sevoflurane in desiccated sodalime, the actual concentrations of CO were not 

published. Wissing et al.45 published data on CO production from sevoflurane and 

halothane, but here carbon monoxide was measured with an infrared detector that is known 
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to be less accurate than gas chromatography84. We will therefore investigate the carbon 

monoxide production from all inhalational anesthetics and desiccated sodalime in the 

previous described patient model by means of gas chromatograph.

2)     Which factors contribute to the production of CO and CA in carbon dioxide absorbents? 

From the described studies in this chapter we hypothesize that carbon monoxide is only 

produced in desiccated absorbents and that this production is dependent on the concentration 

of strong bases inside the absorbent. The studies investigating CA production from 

absorbents also described a relationship with the strong base content of the absorbent, but 

most studies only investigated fresh i.e. hydrated CO2 absorbents. Therefore, in this thesis 

we examined the concentrations of carbon monoxide and compound A produced as a result 

of interaction between five volatile anesthetics and seven different carbon dioxide 

absorbents with varying concentrations of strong bases, in hydrated and completely 

desiccated condition. 

3)     Which instruments can be used to detect CO or CA production in an anesthetic circuit? 

Previous studies33;54 demonstrated increasing production of CO and CA in an environment 

with higher temperature. We therefore hypothesize that temperature increase can be an 

indicator of CO or CA production. To establish this possible relationship, we measured 

temperature inside the absorbent. To detect CO in an anesthetic circuit in a more 

straightforward and more inexpensive manner than gas chromatography, we investigated the 

reliability of an electrochemical CO sensor.
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The different aims of the studies in the chapters of this thesis are summarized here.

Outline of the dissertation

The aim of the study presented in chapter 2 is to obtain the maximum concentrations of carbon 

monoxide produced as a result of interaction between the volatile anesthetics desflurane, enflurane, 

isoflurane, halothane and sevoflurane and completely desiccated sodalime compared to fresh 

sodalime. Also the temperature inside the absorbent was measured to establish the relationship 

between CO production and temperature increase as reported in literature33. 

To determine the relation between the content of strong bases inside the carbon dioxide absorbent 

and the amount of carbon monoxide production, we investigated six different types of desiccated 

and hydrated absorbents with different concentrations of strong bases in chapter 3. Here we used 

desflurane from which it is known that it produces the highest amounts of carbon monoxide when it 

comes in contact with desiccated absorbent.

The presented study in chapter 4 was set up to measure the maximum concentrations of compound 

A and carbon monoxide, produced as a result of interaction between sevoflurane and seven different 

type of carbon dioxide absorbents in hydrated and completely desiccated condition. The carbon 

dioxide absorbents used in this study had different concentrations of strong bases, in order to 

establish the relationship between CA and CO production and strong base content. Temperature was 

measured inside the absorbent to obtain the maximum temperature increases of the different 

absorbents as a result of sevoflurane degradation.

To investigate if an electrochemical carbon monoxide sensor can provide an early warning sign of 

ongoing carbon monoxide production in an anesthesia machine we studied the reliability of a 

Bedfont EC-40 electrochemical CO sensor compared to the gold standard i.e. gas chromatography 

in chapter 5. To test the reliability of this sensor with different concentrations of carbon monoxide 
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we used the inhalational anesthetics desflurane, enflurane, isoflurane, halothane and sevoflurane in 

combination with completely desiccated sodalime.

After these laboratory studies, where we obtained the maximum concentrations of CO and CA 

possible for different absorbents, we investigated the average production of CO and CA in 

anesthetic practice in the VU University Medical Center, where we use Drägersorb 800 plus® as 

carbon dioxide absorbent. For that purpose, we registered the produced CO and CA concentrations 

in forty patients receiving desflurane or sevoflurane anesthesia in chapter 6.

In chapter 7 the main conclusions and a general discussion on the results of this thesis are 

presented.
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Abstract 

 

Background: Desflurane and enflurane have been reported to produce substantial amounts of 

carbon monoxide (CO) in desiccated sodalime. Isoflurane is said to produce less CO and 

sevoflurane and halothane should produce no CO at all. 

The purpose of this study is to measure the maximum amounts of CO production for all modern 

volatile anesthetics, with completely dry sodalime. We also tried to establish a relationship between 

CO production and temperature increase inside the sodalime. 

Methods: A patient model was simulated using a circle anesthesia system connected to an artificial 

lung. Completely desiccated sodalime (950 grams) was used in this system. A low flow anesthesia 

(500ml/min) was maintained using nitrous oxide with desflurane, enflurane, isoflurane, halothane or 

sevoflurane. For immediate quantification of CO production a portable gas chromatograph was 

used. Temperature was measured within the sodalime container. 

Results: Peak concentrations of CO were very high with desflurane and enflurane (14262 and 10654 

ppm respectively) . It was lower with isoflurane (2512 ppm). We also measured small 

concentrations of CO for sevoflurane and halothane. No significant temperature increases were 

detected with high CO productions. 

Conclusions: All modern volatile anesthetics produce CO in desiccated sodalime. Sodalime 

temperature increase is a poor predictor of CO production. 
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Background 

 

In 1990 first reports were published about carbon monoxide (CO) production in anesthetic circuits
1-

3
 followed by a few studies that concluded that there was no risk of CO intoxication in common 

anesthetic practice
4-6

. The potential risk of CO production, however, was clearly established in a 

laboratory study by Fang et al.
7
. This study was the first to prove that desflurane produced higher 

amounts of CO compared to enflurane and isoflurane respectively, when in contact with dry 

sodalime and Baralyme
®

.  Furthermore, they found that Baralyme
®

 produced higher amounts of CO 

compared to sodalime with all three volatile anesthetics. Frink et al.
8
 and Bonome et al.

9
 

demonstrated in animal studies that desflurane produced high amounts of CO in dry carbon dioxide 

absorbents, with higher amounts in Baralyme
®

 than sodalime.  

In an in vitro study, Wissing et al.
10

 found high concentrations of CO production for enflurane and 

isoflurane as well, and to a lesser extent for sevoflurane and halothane. Wissing et al. further found 

temperature increase in all analyzed volatile anesthetics, which has been linked to higher production 

of CO
7
. However, as this study was performed using only a gas flow over a carbon dioxide absorber 

canister, these results cannot easily be extrapolated to a clinical situation. Furthermore CO 

measurements were performed with infrared absorption and electrochemical detection which are not 

as accurate as gas chromatography
11

.  

Therefore, the purpose of this study is to measure in a simulated patient model, the maximum 

amounts of CO production for all modern volatile anesthetics, with completely dry sodalime using a 

gas chromatograph. Also, temperature of the system was measured to establish the relationship 

between CO production and temperature increase.  
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Methods 

 

Patient model 

Two sample lines were connected to the Y-piece of the circle system: one to a small lumen gas 

chromatography sample line connected to the gas chromatograph, and one connected to the infrared 

anesthetic vapor analyzer (SAM, Marquette) sampling at 200 ml/min.  

The volatile anesthetics and the sodalime (Drägersorb
®

 800 plus, composition: 0.003% KOH, 2% 

NaOH, 82% Ca(OH)2 and 16% H2O) were obtained from our own stock. The sodalime was dried 

completely by using an oxygen flow of 15 l/min in sealed glass containers until no more weight 

reduction could be measured. A 16% weight reduction was established confirming the producer’s 

specifications. 

 

Experiments 

For each anesthetic vapor, an experiment was performed in which 950 grams of dry sodalime was 

used. The ventilator was set in IPPV mode with a tidal volume of 600 ml, a frequency of 14/min 

and 5 cm H2O of PEEP. After an equilibration with 40 % oxygen and 60% nitrous oxide was 

established at a fresh gas flow (FGF) of 5 l/min, anesthetic vapor was introduced by a standard 

vaporizer. The dial was set until the vapor analyzer showed the target concentration of anesthetic 

vapor, after which the FGF was reduced to 500 ml/min. For the different anesthetic vapors 

equilibrium was maintained of 0.45 vol% halothane, 0.6% enflurane, 0.6% isoflurane, 0.8% 

sevoflurane and 3.0% of desflurane during an experiment.  

 

Carbon monoxide measurements 

A portable gas chromatograph (Varian Chrompack CP 2003P) with a TCD detector and a Mollsieve 

5A column was used for CO quantification with a lower limit of 1 ppm. This gas chromatograph 
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(GC) is capable of automatic sampling and was programmed to sample approximately every five 

minutes during an experiment (a total of 36 samples). The GC was calibrated with two calibration 

mixtures of 210 and 981 parts per million (ppm) CO in nitrogen (Hoekloos specialty gasses, 

Dieren). The GC was connected to a desktop PC for control of the GC and data recording, analysis 

and storage. 

 

Temperature measurements 

The sodalime container of the circle system was equipped with temperature probes in the upper and 

lower layer of the container, temperature data were continuously recorded (samplefrequency 30 Hz) 

during each experiment. 

  

Analysis of data 

The total amount of CO production and absorbent temperature were measured for each of the five 

volatile anesthetics. All experiments were performed in duplicate (ten experiments in total) in order 

to verify the reproducibility of the CO measurements. To verify that no CO was produced in normal 

circumstances, i.e. with fresh sodalime, these measurements were repeated with fresh sodalime. 

Analyses were performed with SPSS 11.0. The Mann-Whitney-U was used to assess the 

reproducibility CO measurements, expressed as lack of significant differences between consecutive 

measurements, the Kruskal-Wallis and Mann-Whitney-U tests for comparison of CO productions 

between volatile anesthetics, and temperature change. Data were presented as peak, median and 

IQR (interquartile range) CO concentrations. For all analyses the significance level was set at 5%. 
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Results 

 

Carbon monoxide measurements 

When the first measurements started different amounts of CO were measured when the sodalime 

was not sufficiently dried. Therefore each experiment was performed twice and no significant 

difference was found between consecutive measurements. P-values were for desflurane, enflurane, 

isoflurane, halothane and sevoflurane respectively: 0.906 , 0.481 , 1.00 , 0.839 , 0.725. 

The control experiments with fresh sodalime showed no CO production. 
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Figure 1. Carbon monoxide production of desflurane, enflurane and isoflurane in desiccated sodalime. Legend: carbon 

monoxide was measured in parts per million (ppm) 

 

 

Mean CO concentrations measured by the GC were calculated for each anesthetic vapor. Figure 1 

shows the CO concentration for desflurane, isoflurane and enflurane. Because of distinctly lower 

CO productions for halothane and sevoflurane, both measurements were depicted in a separate 
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figure (figure 2).  A fast increase of CO concentration is seen with shortly after a slow exponential 

like decrease in concentration. 
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Figure 2.  Carbon monoxide production from halothane and sevoflurane in desiccated sodalime. Legend: carbon 

monoxide was measured in parts per million (ppm)  

 

 

Complete peak, median and interquartile range (IQR) CO concentrations of  all experiments are 

shown in table 1. Highest CO concentrations in parts per million (ppm) were measured with peak 

concentrations of 14262±694 for desflurane, followed by 10654±510 for enflurane, 2512±126 for 

isoflurane and 210±11 for halothane and 121±7 for sevoflurane. Significant differences were found 

between CO production of the five volatile anesthetics (Kruskall Wallis: p < 0.001). Except for the 

comparison between desflurane - enflurane (Mann-Whitney-U: p = 0.303) and halothane - 

sevoflurane (Mann-Whitney-U: p = 0.079) all paired comparisons were significantly different 

(Mann-Whitney-U: all p < 0.001). 
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Table 1: Carbon monoxide concentrations.  

Anesthetic vapor Peak [CO] ex.1 Peak [CO] ex.2   Median [CO] ex.1 Median [CO] ex.2 

Desflurane 13889 14262 1809 (1092-5947) 1816 (1050-6378) 

Enflurane 10187 10654 1485 (793-4490) 2044 (892-4394) 

Isoflurane 2512 2382 588 (329-1430) 664 (329-1311) 

Halothane 185 210 28 (0-92) 31 (0-94) 

Sevoflurane 113 121 0 (0-36) 5 (0-43) 

Legend: Peak and median interquartile range carbon monoxide concentration [CO] in parts per million for each 

experiment: ex.1 =experiment 1, ex.2=experiment 2, both with desflurane 3.0 vol%, enflurane 0.6 vol%, isoflurane 0.6 

vol%, halothane 0.45 vol% and sevoflurane 0.8 vol% in completely dry sodalime. 
 

Temperature measurements 

The temperature measurements at the bottom of the sodalime container showed a mean temperature 

rise from 23.5 to 28.3 
o
C in the experiments with fresh sodalime. In the experiments with dry 

sodalime (except for sevoflurane) a rise in mean temperature from 24.0 to 32.9 
o
C was measured. 

In the experiments with dry sodalime and sevoflurane a high increase in temperature from 26.0 to 

67.7 
o
C was measured during the first twenty minutes. In those twenty minutes the sevoflurane dial 

had to be set at maximum because otherwise  0.85 vol% sevoflurane could not be maintained in the 

circle system. 

In all experiments a small difference in temperature was seen between the upper and lower layer of 

the sodalime container with a slightly higher temperature of 0.8 – 1.0 
o
C at the bottom of the 

container. 
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Discussion 

 

Carbon monoxide production 

For this study we developed a method in which a gas chromatograph sampled automatically every 

five minutes during each experiment, therefore providing the most accurate and reliable CO 

measurement. To our knowledge this is the first time this kind of setup was used. 

 

In this study the findings of Fang et al.
7
, concerning the fact that desflurane produces more CO than 

enflurane and isoflurane respectively, were confirmed. However, instead of using small vials of 30 

ml, we used a patient model, therefore measuring the maximum amounts of CO in completely dry 

sodalime at a concentration equivalent of approximately 1 MAC of volatile anesthetic using a 

oxygen/nitrous oxide mixture. Regarding the toxicity of CO, the Henderson and Haggard’s Index of 

Toxic effect
12

 indicates that one hour of exposure of more than 1500 ppm of CO is dangerous to 

life. However one should also take into consideration that the CO is not continuously produced in 

this model in contrast with this index and that CO absorption by a patient is not included in this 

model. Therefore we can only conclude from our findings that in these extreme conditions very 

high CO concentrations can be reached for desflurane and enflurane and that isoflurane can produce 

significant concentrations of CO as well. One should take into consideration that the use of 

Baralyme
®

 will produce higher levels of CO
7;13

, and that carbon dioxide absorption, fresh gas flow 

and minute volume have small effects on CO production as shown by Woehlck et al.
13

. Because of 

the relative small effect of carbon dioxide absorption on CO production we didn’t add carbon 

dioxide to our model.  

 

As for the clinical relevancy, one could say that this model uses completely dry sodalime which is 

not seen very frequently in common anesthetic practice. However, there are reports of severe CO 
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intoxications
2;3

 recently published by Berry et al.
14

 with desflurane as anesthetic agent. The highest 

risk develops when fresh gas flow is maintained in a anesthesia system for a few days. After 41 

hours with a 7 l/min fresh gas flow, the soda lime will become critically dry as published by Soro et 

al.
15

. As there is always a potential risk, one should consider a safety protocol to maintain a proper 

humidity level inside the carbon dioxide absorbent as proposed by Woehlck et al.
16

, especially when 

using anesthetic agents like desflurane and enflurane. One could also consider the use of more 

accurate electrochemical CO monitors
17;18

 which can detect CO by continuous measuring in the 

anesthetic circuit. Another possibility is the use of different carbon dioxide absorbents, particularly 

absorbents with less Ba(OH)2 , KOH and  NaOH
19;20

 that produce relatively safe amounts of CO or 

have no CO production at all
21;22

.  

 

During the desflurane experiments the infrared anesthetic vapor analyzer reported a concentration 

of enflurane up to 1.0 vol%, which correlated significantly with the measured CO concentration 

(Spearman’s r: 0.805; p < 0.001) . This reported enflurane concentration is probably attributable to 

the production of trifluoromethane that is simultaneously produced with CO
23

 and is known to be 

detected as enflurane by this vapor analyzer
24

. The enflurane detection disappears below a CO 

concentration of 3400 ppm, which explains why in the isoflurane experiments no ‘enflurane’ was 

detected. In case of a ‘mixed gas’ warning or a unexpected ‘enflurane’ detection during anesthesia 

using desflurane, one should consider the possibility of a (high) CO production. 

 

Contrary to reports in literature
7
, we found significant amounts of CO with halothane and 

sevoflurane. Also CO production by both substances is not explained by the mechanism postulated 

by Baxter et al.
23

. Previously, CO production was reported by Strauss et al.
25

 for halothane and 

Wissing et al.
10

 for both sevoflurane and halothane. They reported higher concentrations of CO than 

found in our study, but at higher concentrations of these two volatile anesthetics and with use of a 
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KOH containing absorber. Our reported amounts of CO are not dangerous for several hours in 

healthy individuals, but could be clinically relevant for anemic patients or small children
26;27

. 

 

Temperature measurements 

No clinically relevant temperature increase was measured during the experiments with dry sodalime 

and desflurane, enflurane, isoflurane and halothane. This is not concurrent with findings of other 

authors
10;28

. Our explanation for these differences is the use of higher concentrations of vapor and a 

higher fresh gas flow used in the experiments of these studies which would give a more exothermic 

reaction than in our study. We did however measure a forty degrees Celsius temperature increase in 

the experiments with sevoflurane and dry sodalime. Simultaneously, we noticed a high degree of 

sevoflurane degradation because of the discrepancy between dial setting of the vaporizer and the 

measured sevoflurane concentrations in the circle system. This confirms the report of instability of 

sevoflurane in desiccated sodalime by Funk et al.
29

. We concluded that temperature measurement in 

the sodalime container is a very poor predictor of CO production because of the high CO production 

with desflurane with a small increase of temperature and the other way round for sevoflurane. 

However a study from Holak et al.
27

 demonstrated that clinically relevant CO concentrations with 

the use of Baralyme
®

 do not occur until the absorbent temperature exceeds 80
o
C. Because of the use 

of a combination of sevoflurane and nitrous oxide in this study we cannot rule out that higher 

concentrations of sevoflurane without nitrous oxide would increase the absorbent temperature 

above a certain threshold where sodalime could also be capable of production of high 

concentrations of CO or even result in fire or explosions as recently reported with the use of 

dessicated Baralyme
®

 and sevoflurane
30-32

. Further studies using sevoflurane and other absorbents 

with temperature measurement inside the absorbents
33

 should be performed to determine if these 

reactions can also occur with other absorbents than Baralyme
®

.  
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Conclusions 

 

In this patient model we demonstrated the possible production of very high amounts of CO in dry 

sodalime with desflurane and enflurane. CO production from isoflurane is less but still significant. 

Also sevoflurane and halothane can produce small amounts of CO. A report from the vapor 

analyzer that a mixed gas or a certain amount of enflurane is present when using desflurane 

suggests that more then 3400 ppm CO is already present in the anesthesia circle system. 

When using desflurane one should consider implementing a safety protocol to prevent the sodalime 

from completely drying out. Another option is the choice for a ‘safer’ carbon dioxide absorber. 

Measurement of the soda lime temperature is a poor predictor for CO production in sodalime when 

using anesthetic vapor in combination with nitrous oxide. 
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Abstract 

 

Background: Desflurane is known to produce high concentrations of carbon monoxide (CO) in 

desiccated sodalime or Baralyme
®

. Desiccated absorbents without strong bases like potassium 

hydroxide or sodium hydroxide are reported to produce less or no CO at all. The purpose of this 

study is to compare the concentration of CO in an anesthesia circuit for desflurane with six different 

types of completely desiccated CO2 absorbents with less strong bases than sodalime. 

Methods: A patient model was simulated using a circle anesthesia system connected to an artificial 

lung. Completely desiccated CO2 absorbent (950 grams) was used in this system. A low flow 

anesthesia (500 ml min
-1

) was maintained using desflurane. For immediate quantification of CO 

production a portable gas chromatograph was used. 

Results: Peak concentrations of CO were very high in Medisorb
®

 (Datex-Ohmeda, Hoevelaken, 

The Netherlands) and Spherasorb
®

 (Intersurgical,  Uden, The Netherlands) (13317 and 9045 p.p.m., 

respectively). It was lower with LoFloSorb
®

 (Intersurgical, Uden, The Netherlands) and Superia
®

 

(Datex-Ohmeda, Hoevelaken, The Netherlands) (524 and 31 p.p.m., respectively). Amsorb
®

 

(Armstrong, Coleraine, N.Ireland) and lithium hydroxide produced no CO at all. 

Conclusion: Medisorb
®

 and Spherasorb
®

 are capable of producing large concentrations of CO 

when desiccated . LoFloSorb
®

 and Superia
®

 produce far less CO under the same conditions. 

Amsorb
®

 and lithium hydroxide should be considered safe when desiccated. 
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After first reports from carbon monoxide (CO) intoxications in anesthetic practice
1;2

, studies
3
 

followed that clearly showed increasing CO production from respectively isoflurane, enflurane and 

desflurane with relatively dry carbon dioxide absorbents. More recent studies
4;5

 demonstrated that 

desiccated absorbents without strong bases like potassium hydroxide (KOH) and sodium hydroxide 

(NaOH) produce less CO.  However most of the desiccated absorbents used in these studies are 

capable of a CO production generously exceeding a concentration of 1500 parts per million 

(p.p.m.). Exposure to this concentration of CO during one hour is dangerous to life
6
. Only for 

Amsorb
®

 (Armstrong, Coleraine, N.Ireland) no CO production has been reported
7
.  

Recent reports of severe CO intoxications in anesthetic practice
8;9

 indicate that there is still a 

potential risk, which could possibly be prevented by using  a different absorbent.  No results have 

been published previously concerning CO formation as result of desflurane in combination with the 

newer absorbents LoFloSorb
®

 (Intersurgical, Uden, The Netherlands) and Superia
®

 (Datex-

Ohmeda, Hoevelaken, The Netherlands). Therefore, the purpose of this study is to accurately 

measure in a simulated patient model, the concentrations of CO using desflurane in combination 

with six different types of desiccated carbon dioxide absorbents with different concentrations of 

strong bases including LoFloSorb
®

 and Superia
®

.  

 

 



Carbon monoxide production from six types of carbon dioxide absorbents 

 50 

Materials and Methods 

 

Patient model 

To simulate a patient model, we used a circle anesthesia system (Cicero EM, Dräger, Lubeck, 

Germany) connected to an artificial lung (Demonstrationsthorax, Dräger). Two sample lines were 

connected to the Y-piece of the circle system: one to the infrared anesthetic vapor analyzer (SAM, 

Marquette electronics Inc., Milwauke, WI, USA) sampling at 200 ml min
-1

 and one to a small 

lumen gas chromatography sample line connected to the gas chromatograph. Sampled gas from the 

outlet of the infrared anesthetic vapor analyzer was returned to the circle anesthesia system. 

Six types of carbon dioxide absorbents (table 1) were used. The absorbents were purchased from 

their manufacturers. Each type of carbon dioxide absorbent was dried completely by using an 

oxygen flow of 15 l/min in glass containers until no more further weight reduction could be 

measured. The weight reduction was consistent with the producers specifications of water content 

of the absorbent. 

 

Table 1: Composition of carbon dioxide absorbents tested. 

CO2 absorbent Ca(OH)2 

(%) 

KOH 

(%) 

NaOH 

(%) 

LiOH 

(%) 

H2O 

(%) 

Medisorb
®

 81 0.003 1 - 18 

Spherasorb
®

 84.5 0.003 1.5 - 14 

Amsorb
®

 83.2 - - - 14.4 

LoFloSorb
®

 84 - - - 16 

Superia
®

 79.5 - - - 17.5 

Lithium hydroxide - - - 99 1 
Absorbents obtained from: Datex-Ohmeda (Medisorb®, Superia®), Intersurgical(Sperasorb®,LoFloSorb®), 

Armstrong (Amsorb®) and Chem2000 (lithium hydroxide). Amsorb® contains 2.4% other chemicals like 

polyvinylpyrrolidine, calcium chloride and calcium sulphate. Superia® contains 3% other chemicals like 

magnesiumchloride and alumino silicate. 
 

Experiments  

For each absorbent an experiment was performed in which 950 grams of dry absorbent was used, 

the ventilator was set in IPPV mode with a tidal volume of 600 ml, a frequency of 14/min and 5 cm 

H2O of PEEP. After an equilibration with 40 % oxygen and 60% nitrous oxide was established at a 
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fresh gas flow of 5 l/min, desflurane was introduced by a standard vaporizer. The dial was set at 

approximately 4% until the vapor analyzer showed approximately 3.0 vol% of desflurane in the 

anesthetic circuit. Then the fresh gas flow was reduced to 500 ml min
-1

 maintaining an equilibrium 

of  3.0 vol% of desflurane in the anesthetic circuit during a three hour experiment. The 

concentration of 3.0 vol% desflurane was derived from the textbook International Practice of 

Anaesthesia
10

, and used in our clinic with good results in combination with 60% nitrous oxide and 

fentanyl. 

All experiments were performed in duplicate (twelve experiments in total) in order to verify the 

reproducibility of the CO measurements. To verify that no CO was formed in normal 

circumstances, i.e. with fresh absorbents, these measurements were repeated with each of the 

absorbents in fresh condition. 

 

Carbon monoxide measurements 

Gas was automatically sampled every 5 minutes from the anesthetic circuit at a rate of 100 ml min
-1

 

during 10 seconds until 180 minutes for measuring the concentrations of carbon monoxide with a 

portable gas chromatograph (Varian Chrompack CP 2003P, Varian Analytical Instruments, Bergen 

op Zoom, The Netherlands) with a high sensitivity thermal conductivity detector (TCD) and a 

Mollsieve 5A column. Reliable measurement range of this setup is 1 p.p.m. to 1*10
6
 p.p.m. with a 

margin of error of 10%. The GC was calibrated with two calibration mixtures of 210 and 981 parts 

per million (p.p.m.) CO in nitrogen (Hoekloos specialty gasses, Dieren, The Netherlands). The 

calibration with 981 p.p.m. CO confirmed the linearity of the TCD. The GC was connected to a 

desktop PC for control of the GC and data recording, analysis and storage. 
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Analysis of data 

Analyses were performed with SPSS 11.0 (SPSS, Gorinchem, The Netherlands). The Mann-

Whitney-U was used to assess the reproducibility of CO measurements, expressed as lack of 

significant differences between the 36 CO concentrations of consecutive measurements. The 

Kruskal-Wallis was used for comparison between median CO concentrations of all absorbents. Data 

were presented as peak and median concentrations. For all analyses the significance level was set at  

5%. 

 

Results 

 

Carbon monoxide measurements 

Since there were no differences in the carbon monoxide tensions in the two consecutive 

measurements for each absorbent (Mann-Whitney-U: p > 0.05), the mean of the two values were 

used for depiction of  the experiments with Medisorb
®

 (Datex-Ohmeda, Hoevelaken, The 

Netherlands), Spherasorb
®

 and LoFloSorb
®

 (Intersurgical, Uden, The Netherlands) (figure 1), and 

comparison among the six absorbents.   
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Figure 1.  Carbon monoxide concentrations in parts per million from 3.0 vol% desflurane in respectively completely 

dry Medisorb®, Spherasorb® and LoFloSorb®. Because of the distinctly lower or absent CO concentrations for Superia®, 

Amsorb® and lithium hydroxide, these measurements are not depicted. 

 

Carbon monoxide concentrations with the absorbents are shown in figure 1. It was not detected with 

normally hydrated conditions. Both peak and median values of carbon monoxide concentration 

were highest with Medisorb
®

 and Spherasorb
®

 and it was very low or not detected for LoFloSorb
®

, 

Superia
®

, Amsorb
®

 and lithium hydroxide (p<0.001, table 2). Highest concentrations of CO were 

detected after 15 to 20 minutes (third or fourth sample) for all absorbents except Amsorb
®

 and 

lithium hydroxide. 

 

Table 2: Mean peak and median carbon monoxide concentration [CO] in parts per million of the two consecutive 

experiments for each desiccated carbon dioxide absorbent used in combination with desflurane 3.0 vol%. 

CO2 absorbent Peak [CO]  Median [CO] 

Medisorb
®

 13317 2979 

Spherasorb
®

 9045 2273 

LoFloSorb
®

 525 318 

Superia
®

 32 20 

Amsorb
®

 0 0 

Lithium hydroxide 0 0 
Significant differences were found between the 36 median CO concentrations of all absorbents (Kruskall Wallis: p < 

0.001) except for comparison between Medisorb® - Spherasorb® (Mann-Whitney-U: p = 0.121) and Amsorb® - LiOH 

(Mann-Whitney-U: p = 1.000). 
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Interestingly, during the experiments with Medisorb
®

 and Spherasorb
®

 the anesthetic vapor infrared 

analyzer reported a concentration of enflurane up to 1.2 vol%, which correlated significantly with 

the measured CO concentration (Spearman’s r: 0.98 for Medisorb
®

 and 0.90 for Spherasorb
®

 both 

with p<0.001).   

 

Discussion 

 

Our study provides the maximum concentrations of CO for each desiccated CO2 absorbent when 

using 3.0 vol% desflurane with a oxygen/nitrous oxide mixture. Regarding the toxicity of CO, the 

Henderson and Haggard’s Index of Toxic effect
6
 indicates that one hour of exposure of more than 

1500 p.p.m. of CO is dangerous to life. Therefore our findings show that in these extreme 

conditions lethal CO concentrations can be reached for Medisorb
®

 and Spherasorb
®

.  

Our study confirms the results from other studies
4;5

 that less KOH and, to a lesser extent, NaOH in 

the carbon dioxide absorbent results in less CO production. However, these studies used 30 ml 

vials, 21 grams of dry absorbent and 4,3 – 4,5 vol% desflurane without nitrous oxide therefore 

providing a desflurane concentration below 1 MAC. Our study used a complete circle system with a 

complete canister of absorbent and 1 MAC desflurane in nitrous oxide, therefore the results are 

more easily translated to a clinical situation. Another advantage of our study lies in the gas 

chromatograph we used. This gas chromatograph  sampled automatically and online during each 

experiment, therefore avoiding possible manual sampling and injecting errors. To our knowledge 

this is the first time this kind of setup was used.  

The absorbents used in our study contain no KOH or trace amounts of KOH. The absorbents 

containing NaOH are responsible for the highest concentrations of CO. However this is not related 

to the amount of NaOH in the absorbent because Spherasorb
®

 contains more NaOH than Medisorb
®

 

and produces less CO. The absorbents completely free of NaOH and KOH produced the smallest 
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amounts of CO where LoFloSorb
®

 is still capable of producing more than 200 p.p.m. of CO. 

Superia
®

 generates small but insignificant concentrations of CO and Amsorb
®

 and lithium 

hydroxide do not produce CO. Possible explanation for the CO production of LoFloSorb
®

 could be 

the lack of extra ingredients like polyvinylpyrrolidine, calcium chloride and calcium sulfate used in 

Amsorb
®

 and magnesiumchloride and alumino silicate used in Superia
®

. 

Naturally when using classic sodalime
11

 or Baralyme
®5

, it would generate higher amounts of CO. 

Also higher amounts of desflurane (as used in an oxygen/air mixture) would give higher CO 

concentrations
12

. Less desiccation will result in lower concentrations of CO as published by Frink et 

al.
13

 in a in vivo study with swine. Other parameters like carbon dioxide absorption, fresh gas flow 

and minute volume have small effects on CO production as shown by Woehlck et al.
14

. Because of 

the relatively small effect of carbon dioxide absorption on CO production we didn’t add carbon 

dioxide to our model. 

The reported enflurane concentration is probably attributable to the production of trifluoromethane 

that is simultaneously produced with CO
15

 and is known to be detected as enflurane by this vapor 

analyzer
16

. The enflurane detection disappears below a CO concentration of approximately 1800 

p.p.m., this explains why in the other experiments no ‘enflurane’ was detected. In case of a ‘mixed 

gas’ warning or a unexpected ‘enflurane’ detection using desflurane and one of these absorbents, 

one should consider the possibility of a (high) CO production. 

The highest risk for CO formation occurs when fresh gas flow is maintained in an anesthesia system 

during a few days, because after 41 hours of a 7 l/min fresh gas flow the soda lime will become 

critically dry
17

. So, if one would like to avoid this potential lethal CO production from desflurane 

with the carbon dioxide absorbent one should consider using absorbents like Amsorb
®

, lithium 

hydroxide or Superia
®

. Also desiccated LoFloSorb
®

 is not dangerous to life but could generate a 

mild CO intoxication after three or more hours.  

 



Carbon monoxide production from six types of carbon dioxide absorbents 

 56 

When considering changing the type of absorbent, one should also consider the cost effect, because 

most newer type of absorbents are more expensive and have a lower CO2 absorbing capacity. As 

Stabernack et al.
5
 demonstrated, the latter is not the case for lithium hydroxide which has a higher 

carbon dioxide absorbing capacity but is much more corrosive than the absorbents based on 

calciumhydroxide and is therefore not available for use in clinical practice.  Instead of changing the 

absorbent, one could also implement a safety protocol to maintain a proper humidity level inside the 

carbon dioxide absorbent
18

, and thus preventing the formation of CO. 

 

Conclusions 

 

In this simulated patient model we demonstrated the possible production of high concentrations of 

CO in the more classic absorbents Medisorb
®

 and Spherasorb
®

. LoFloSorb
®

 generates only small 

amounts of CO. The products Superia
®

, Amsorb
®

 and Lithium hydroxide should be considered safe 

to use in combination with desflurane. Because lithium hydroxide is not available for clinical use, 

only Superia
®

 and Amsorb
®

 are commercially available for anesthesia systems. A report from the 

vapor analyzer that a mixed gas or a certain amount of enflurane is present when using desflurane 

suggests that more than 1800 p.p.m. carbon monoxide is already present in the anesthesia circle 

system. 
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Abstract

Background: The degradation of sevoflurane can lead to the production of compound A (CA), 

carbon monoxide (CO), and increase of temperature of the absorbent. CA is known to be 

nephrotoxic in rats. These reactions depend upon the content of strong bases of the carbon dioxide 

absorbent used, and it’s water content. The purpose of this study is to measure the maximum 

amounts of CA, CO and temperature increase for seven different carbon dioxide absorbents for 

sevoflurane with differing contents of strong bases. 

Methods: Seven absorbents (some free of strong bases(f)) were used in hydrated(h) and completely 

desiccated(d) condition in a patient model, using a circle anesthesia system connected to an 

artificial lung. A low flow anesthesia with an oxygen/nitrous oxide mixture was maintained using 

0.8% sevoflurane. For quantification of CA and CO, a portable gas chromatograph was used. 

Temperature was measured inside the absorbent. 

Results: In consecutive order of CA producing potency, Amsorb®(f)(d), Drägersorb®(h), 

Medisorb®(h), lithiumhydroxide(f)(d), Drägersorb®(d),  Medisorb®(d), Spherasorb®(h), 

Spherasorb®(d), produced small amounts of CA. LoFloSorb® and Superia®, which are free of strong 

bases, did not produce any CA or CO in hydrated or desiccated condition.

Only desiccated Drägersorb®, Medisorb® and Spherasorb® demonstrated small amounts of CO 

accompanied by a significant temperature increase.

Conclusion: In this patient model we demonstrated that different types of absorbents produce small 

amounts of CA and CO or not at all. No relationship could be established between temperature and 

CA concentration.
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Sevoflurane is known to be the most unstable modern volatile anesthetic molecule, and can be 

degraded in dry sodalime1;2. The most important degradation product of sevoflurane is 

fluoromethyl-2,2-difluoro-1-(trifluoromethyl)vinyl ether (Compound A) which has proved to be 

nephrotoxic in rats3;4. The amount of compound A production depends on the composition of the 

carbon dioxide absorbent used. Several in vitro studies demonstrated that absorbents with less 

strong bases like potassium hydroxide (KOH) and sodium hydroxide (NaOH) will result in less 

compound A (CA) production5-7. No results have been published previously concerning CA 

formation as result of sevoflurane in combination with the newer absorbents LoFloSorb® and 

desiccated Amsorb® and Superia®, which do not contain any strong bases.

Sevoflurane degradation is accompanied by high temperature increase of the absorbent as reported 

by Janshon et al.2 and also extremely high temperatures of more than 200oC have been reported in 

combination with barium hydroxide containing absorbent Baralyme®8;9. 

There are also studies available that demonstrate production of carbon monoxide (CO) as a result of 

sevoflurane with sodalime10;11 and baralyme8. On the other hand, absorbents with less strong bases 

have been reported to produce no CO under any circumstances12. No studies have been published 

regarding possible CO production as a result of  interaction between sevoflurane and the absorbents 

Medisorb®, Spherasorb® (that contains less NaOH than normal sodalime) or LoFloSorb®, Superia®

and Lithium hydroxide (which are free of strong bases). Therefore, the purpose of this study is to 

measure by means of a gas chromatograph, in a simulated patient model, the maximum amounts of 

CA and CO production, and temperature increase of the absorbent, using sevoflurane in 

combination with seven different types of completely desiccated and normal hydrated carbon 

dioxide absorbents with different concentrations of strong bases including the absorbents mentioned 

above.
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Materials and Methods

Patient model

To simulate a patient, we used a semi-closed circle anesthesia system (Cicero EM, Dräger, Lubeck, 

Germany) connected to an artificial lung (Demonstrationsthorax, Dräger). Two sample lines were 

connected to the Y-piece: one to the infrared anesthetic vapor analyzer (SAM, Marquette 

Electronics Inc., Milwaukee, WI, USA) sampling at 200 ml/min and one to a small lumen sample 

line connected to the gas chromatograph. Sampled gas from the outlet of the infrared anesthetic 

vapor analyzer was returned to the circle anesthesia system.

Seven different types of carbon dioxide absorbents (table 1) were tested in normally hydrated and 

desiccated conditions. Each type of carbon dioxide absorbent was dried completely by using an 

oxygen flow of 15 l/min in glass containers until no more further weight reduction could be 

measured. The weight reduction was consistent with the producer’s specifications of water content 

of the absorbent. The mean drying time was 47.5 hours ± 2.4.

Table 1: Composition of carbon dioxide absorbents tested.
CO2 absorbent Ca(OH)2

(%)
KOH
(%)

NaOH
(%)

LiOH
(%)

H2O
(%)

Drägersorb 800 plus® 82 0.003 2 - 16
Medisorb® 81 0.003 3 - 16
Spherasorb® 84.5 0.003 1.5 - 14
Amsorb® 83.2 - - - 14.4
LoFloSorb® 84 - - - 16
Superia® 79.5 - - - 17.5
Lithium hydroxide - - - 99 1
Absorbents obtained from: Dräger, Lubeck, Germany (Drägersorb 800 plus®), Datex-Ohmeda, Hoevelaken, the 
Netherlands (Medisorb®, Superia®), Intersurgical, Uden, the Netherlands (Spherasorb®,LoFloSorb®), Armstrong, 
Coleraine, Northern Ireland (Amsorb®) and Chem2000, Delft, the Netherlands (lithium hydroxide). Amsorb® contains 
2.4% other chemicals like polyvinylpyrrolidine, calcium chloride and calcium sulphate. Superia® contains 3% other 
chemicals like magnesiumchloride and alumino silicate.

Experiments

For each absorbent two experiments were performed: one using 950 grams of dry absorbent and one 

using 950 grams of normally hydrated absorbent. The ventilator was set in continuous positive 
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pressure ventilation mode with a tidal volume of 600 ml, a frequency of 14 and 5 cm H2O of PEEP. 

After an equilibration with 40 % oxygen and 60% nitrous oxide was established at a fresh gas flow 

(FGF) of 5 l/min, sevoflurane was introduced by a standard vaporizer. The vaporizer dial was set at 

2% until the vapor analyzer showed approximately 0.8% sevoflurane after which the FGF was 

reduced to 500 ml/min. Equilibrium of 0.8% sevoflurane was maintained during an experiment. The 

concentration of 0.8% sevoflurane in combination with nitrous oxide results in a total MAC of 

approximately 1.3 as used in previous studies13;14. All experiments were performed in duplicate (28 

experiments in total) in order to verify the reproducibility of the CA and CO measurements. 

Compound A and carbon monoxide measurements

Gas was automatically sampled every 5 minutes from the anesthetic circuit at a rate of 100 ml/min 

during 10 seconds up to 180 min for measuring the concentrations of compound A and carbon 

monoxide with a portable gas chromatograph (Varian Chrompack CP 2003P, Varian Analytical 

Instruments, Bergen op Zoom, the Netherlands). The gas chromatograph (GC) was equipped with a 

high sensitivity thermal conductivity detector (TCD) and a Poraplot Q column for isolating CA and 

a Mollsieve 5A column for isolating CO. The reliable measurement range of this setup is 1 ppm to 

1*106 ppm with a margin of error of 10%. The GC was calibrated with a calibration mixture of 12 

parts per million (ppm) CA in nitrogen (Scott specialty gasses, Breda, the Netherlands) derived 

from three millilitres of 99,6% pure CA (Baxter Pharmaceutical Products Inc., New Providence, NJ, 

USA). Calibration for CO was done with a mixture of 210 ppm CO in nitrogen (Hoekloos specialty 

gasses, Dieren, the Netherlands), a second mixture of 981 ppm CO in nitrogen confirmed the 

linearity of the TCD. The gas chromatograph (GC)  was connected to a desktop PC for control of 

the GC and data recording, analysis and storage.
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Temperature measurements

The carbon dioxide absorbent container of the circle system was equipped with temperature probes 

in the upper and lower layer of the container as described in a previous study11. Temperature data 

were continuously recorded (sample frequency 30Hz) during each experiment. 

Analysis of data

The total amount of CA and CO concentrations and absorbent temperature were measured for each 

of the seven carbon dioxide absorbents in normally hydrated and desiccated condition. 

Analyzes were performed with SPSS 11.0 using the Mann-Whitney-U test. Reproducibility of the 

CA and CO measurements was assessed, expressed as lack of significant differences between the 36 

CA concentrations of consecutive measurements, and made a comparison between the mean 36 CA 

concentrations of each absorbent in desiccated versus normally hydrated condition. Data were 

presented as mean concentrations and as area under the curve calculated with a trapezium method 

from the mean concentrations from the duplicate experiments. For all analyzes the significance 

level was set at 5%.

Results

Compound A and carbon monoxide measurements

No significant differences were measured between the compound A and carbon monoxide 

concentrations in the two consecutive measurements for each absorbent in normally hydrated and 

desiccated condition (Mann-Whitney U test: P>0.05). Therefore, the mean of the two values for CA 

and CO measurements were used for depiction of the experiments. Only in the experiments with 

desiccated Drägersorb 800 plus® (data previously published11), Medisorb® and Spherasorb® we 

found low concentrations of CO.  Therefore, the results for the CA measurements for these 
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absorbents in hydrated and desiccated condition were combined with the CO measurements for 

these absorbents in desiccated condition for Drägersorb 800 plus® (figure 1),  Medisorb® (figure 2) 

and Spherasorb® (figure 3). The CA measurements in hydrated and desiccated condition are shown 

for Amsorb® (figure 4) and Lithium hydroxide (figure 5). The LoFloSorb® and Superia®

experiments were not depicted because no CA or CO production was measured. 
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Figure 1. Compound A (CA) and carbon monoxide (CO) concentrations in parts per million (ppm) from 0.8% 
sevoflurane in normally hydrated and completely dry Drägersorb 800 plus®.

The calculated area’s under the curve for compound A were highest for desiccated Amsorb®, 

normally hydrated Drägersorb 800 plus® and normally hydrated Medisorb® respectively. It was 

lower for desiccated lithium hydroxide, followed by desiccated Drägersorb 800 plus®, desiccated 

Medisorb®, normally hydrated Spherasorb® and desiccated Spherasorb®. 
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Figure 2. Compound A (CA) and carbon monoxide (CO) concentrations in parts per million (ppm) from 0.8% 
sevoflurane in normally hydrated and completely dry Medisorb®.

The calculated area’s under the curve for carbon monoxide were highest for desiccated Drägersorb 

800 plus®, desiccated Spherasorb® and desiccated Medisorb®. The area’s under the curve for both 

CA and CO measurements are shown in table 2.
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Figure 3. Compound A (CA) and carbon monoxide (CO) concentrations in parts per million (ppm) from 0.8% 
sevoflurane in normally hydrated and completely dry Spherasorb®.
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Figure 4.  Compound A (CA) concentrations in parts per million (ppm) from 0.8% sevoflurane in normally hydrated 
and completely dry Amsorb®. This absorbent does not produce any carbon monoxide under any condition.
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Temperature measurements

In all experiments a slightly higher temperature of 0.8 – 1.0 oC was measured at the bottom of the 

absorbent container compared to the upper layer. Ambient room temperature was approximately 

19.5 oC and the mean absorbent temperature at the start of the experiments was 23.3 oC ± 2.0. 
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Figure 5. Compound A (CA) concentrations in parts per million (ppm) from 0.8% sevoflurane in normally hydrated 
and completely dry Lithium hydroxide. This absorbent does not produce any carbon monoxide under any condition.

Only desiccated Drägersorb 800 plus®, Medisorb® and Spherasorb® showed a significant increase in 

temperature during the first twenty minutes of each experiment. To maintain a concentration of 

0.8% sevoflurane during these twenty minutes the sevoflurane dial had to be set at maximum, 

demonstrating a high degradation rate of sevoflurane. The mean temperature increase during these 

experiments was 41.7 oC ± 0.6 for Drägersorb 800 plus® (previously published11), 32.7 oC ± 0.7 for 

Medisorb® and 32.8 oC ± 0.5 for Spherasorb®. 

For all other experiments a mean temperature increase of 5.1oC ± 1.9  was recorded.
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Discussion

Compound A and carbon monoxide  production

This study provides the maximum concentrations of CA and CO for each hydrated and desiccated 

CO2 absorbent when using 0.8 vol% sevoflurane with an oxygen/nitrous oxide mixture. CA 

production was relatively low for all absorbents under any condition,  with no peak CA 

concentrations above 22 parts per million. 

Table 2: Areas under the curve (AUCs, ppm*min) of compound A (CA) and carbon monoxide (CO) based upon the 
mean concentrations from the duplicate experiments of  each desiccated and normally hydrated carbon dioxide 
absorbent used in combination with sevoflurane 0.8%.
CO2 absorbent AUC-CA-d AUC-CA-f AUC-CO-d AUC-CO-f

Drägersorb 800 plus® 351 1695 4516 0

Medisorb® 327 1228 1452 0

Spherasorb® 294 301 1866 0

LoFloSorb® 0 0 0 0

Superia® 0 0 0 0

Amsorb® 2937 0 0 0

Lithium hydroxide 396 0 0 0

d, desiccated absorbent; f, normally hydrated absorbent. 

CO production was only measured in desiccated Drägersorb 800 plus®, Medisorb® and Spherasorb®

with peak concentrations not higher than 116 ppm and therefore seems not clinically relevant.

In several in vivo studies13-17, also small amounts of CA were found under normally hydrated 

condition of the used absorbents. As comparable results were also found for other base-free 

absorbents (such as KOH and NaOH) in this study, we can conclude that absorbents with less 

strong bases produce less CA in hydrated condition5;7;18. 
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Little is known about the difference between hydrated and dry absorbents with regard to their 

capacity to produce CA from sevoflurane. Only Eger et al.19 demonstrated that drying of Baralyme®

increased the CA production, but that drying of classic sodalime decreased the amounts of CA 

produced. In this study we found a similar reduction of CA concentrations for Drägersorb 800 plus®

and Medisorb® in completely dry condition compared to normally hydrated condition. On the other 

hand, an increase in CA concentration is shown for Spherasorb®, Amsorb® and lithiumhydroxide. A 

possible explanation for this increase in CA concentration could be the lower concentration or lack 

of NaOH in these absorbents. 

For the absorbents Amsorb® and lithiumhydroxide we can confirm that no CA is produced in 

normally hydrated conditions20-22. One should take into account, however,  that Amsorb® is the 

absorbent with the highest amount of CA produced in completely dry conditions. A study by 

Kharasch et al.23 did not show any CA production with sevoflurane and partially desiccated 

Amsorb®. It is therefore possible that Amsorb® only produces CA when completely dehydrated. 

The newer product Amsorb® Plus produces no CA under any circumstances according to Struys et 

al.12.

Lithiumhydroxide generates only a very small amount of CA in completely dry absorbents.

The only carbon dioxide absorbents that do not  produce any CA at all with sevoflurane are 

LoFloSorb® and Superia®. 

Based on previous studies we conclude that much higher concentrations of CA are needed than 

measured in this study to develop any nephrotoxic effect24;25. We therefore conclude that 

sevoflurane can be safely used with respect to CA production in low flow conditions with any of the 

absorbents used in these experiments. If one wishes to have no CA production at all then 

LoFloSorb® and Superia® are the absorbents of choice.
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The case report by Fatheree et al.26 gave rise to a new safety discussion in which the high 

temperature and/or degradation products of sevoflurane in partially dried Baralyme® can result in an 

acute respiratory distress syndrome or even explosion and fire27;28. Only Drägersorb 800 plus®, 

Medisorb® and Spherasorb® showed a discrepancy between the set dial concentration of 

sevoflurane versus the inhaled concentration in this study, suggesting heavy sevoflurane 

degradation. However, we did not measure the extreme temperatures as reported in the described 

case reports. Therefore, we consider it unlikely that these reactions occur in the products used in 

this study, and that these reactions are more related to the different composition of Baralyme®. 

However, because of the use of a combination of sevoflurane and nitrous oxide in this study, we 

cannot rule out the possibility that higher concentrations of sevoflurane without nitrous oxide would 

increase the absorbent temperature above a certain threshold where sodalime could ignite. Because 

the products Amsorb®, LoFloSorb®, Superia® and lithium hydroxide do not show the mentioned 

discrepancy between the dial concentration and the inhaled concentration of sevoflurane, we 

conclude that these products are free of severe sevoflurane degradation and are unlikely to cause 

fire or explosions.

When considering changing the type of absorbent, one should also consider the fact that some 

newer types of absorbents have a lower CO2 absorbing capacity, as demonstrated in previous 

studies for Amsorb®29;30 and LoFloSorb®30. However, Neumann et al. demonstrated that elimination 

of KOH and NaOH does not have to result in diminished carbon dioxide absorbing capacity5, and 

this has also been demonstrated for Spherasorb® and Superia®30. The newer absorbents (not tested 

in this study) Drägersorb Free® and Amsorb Plus® also have comparable CO2 absorbing capacity31. 

Therefore, we conclude that the absorbing capacity for most new absorbents free of strong bases is 

comparable to the absorbing capacity of sodalime. Stabernack et al.18 demonstrated that lithium 

hydroxide actually has a higher carbon dioxide absorbing capacity than sodalime, but is more 
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corrosive than the absorbents based on calciumhydroxide. Because of this corrosive effect, and the 

fact that lithium hydroxide is not available in compact granules like currently used absorbents, we 

conclude that lithium hydroxide should first be adapted to a safe usable product before using in an 

delivery system for inhalation anesthetics.

Temperature measurements

Considering the fact that lower production of CA with Drägersorb 800 plus®

results in a higher temperature increase (41.7 oC) compared to the temperature increment measured 

with Amsorb (4.1 oC) at high levels of CA, we concluded that the temperature increases measured 

were not clinically relevant and a poor predictor of CA production (see also Keijzer et al. 2005)11. 

We assume that the temperature increase is related to sevoflurane degradation and not specifically 

to CA production. 
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Conclusions

In this patient model we demonstrated that different type of absorbents produce very small amounts 

of CA and CO or not at all. The CA concentrations are the lowest for the absorbents free of strong 

bases, with the exception of desiccated Amsorb®.  In order of CA producing potency Amsorb®( 

base-free, desiccated), Drägersorb (hydrated) > Medisorb® (hydrated) >> lithiumhydroxide (base-

free, desiccated), Drägersorb (dessicated), Medisorb® (dessicated), Spherasorb® (hydrated) and 

Spherasorb® (desiccated) produce CA. Absorbents free of strong bases, LoFloSorb®, Superia® did 

not produce any CA or CO in hydrated or desiccated condition.

The concentrations CA and CO found do not appear to be clinically relevant. Therefore we consider 

each of these carbon dioxide absorbents safe for clinical use in combination with sevoflurane,  with 

respect to possible production of compound A and carbon monoxide. For all absorbents extreme 

exothermic reactions occurring with the use of a sevoflurane-nitrous oxide mixture appears to be 

unlikely. Temperature increase is not related to CA production.
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Abstract 

 

Objectives. There is a continuing risk of production of toxic levels of carbon monoxide (CO) as a 

result of interaction of volatile anesthetics and desiccated carbon dioxide absorbents like soda lime. 

The aim of this study is to establish the reliability of detection of CO levels by an electrochemical 

carbon monoxide sensor, to determine if monitoring of CO with this sensor can provide an early 

warning sign when CO is produced inside an anesthetic circuit.  

Methods. Completely desiccated sodalime was conducted through a circle anesthesia system 

connected to an artificial lung. For different rates of CO production, a low flow anesthesia with a 

oxygen/nitrous oxide mixture was maintained using five volatile anesthetics. For quantification of 

CO production, a portable gas chromatograph (GC) was connected to this setup, as well as a 

Bedfont EC40 electrochemical carbon monoxide sensor (ES) with a claimed reliable sensitivity of 

0-200 parts per million (ppm) and a maximum detection range of more than 5500 ppm. To assess 

the agreement between the GC and ES measurements the intra class correlation coefficient (ICC) 

and the 95% limits of agreement were calculated. Bland and Altman scatterplots were made to 

visualize the difference between measurements.  

Results. For concentrations up to 200 ppm, no significant differences between the GC and ES 

measurements were found. The ICC’s between both assessments were good (0.91). For 

concentrations above 200 ppm the results of the two instruments differed significantly. The ES 

malfunctioned when exposed to sevoflurane and desiccated sodalime. 

Conclusions. From these data we conclude that the ES is reliable within the  range of specification. 

Outside the specified range the ES underestimates the actual amount of CO produced, but still 

provides a warning signal of CO production. When this sensor is used with sevoflurane and 

desiccated sodalime it’s not capable of normal operation. 
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Introduction 

 

There is a continuing risk of production of high concentrations of carbon monoxide (CO)
1-5

 in an 

anesthetic circuit as a result of interaction between inhalation anesthetics and desiccated CO2 

absorbents that contain strong bases like potassium hydroxide (KOH) and sodium hydroxide 

(NaOH)
6;7

. There are CO2 absorbents available that lack these strong bases and don’t produce any 

CO when desiccated
8;9

. However, the use of these carbon dioxide absorbents is more expensive
7;10

 

than regular absorbents, therefore detecting CO inside the anesthesia circuit using an 

electrochemical could be an easier and cheaper alternative to maintain a safe patient environment, 

when using strong base containing CO2 absorbents. Some electrochemical CO sensors have been 

studied in the presence of anesthetic gases
11;12

, but only with the sensor placed in a sealed container, 

adding prepared CO gas mixtures that contained CO as a result of interaction between desflurane or 

isoflurane with a desiccated absorbent. No study has been performed with an electrochemical sensor 

measuring CO inside an anesthesia circle system. 

Therefore, the aim of this study is to investigate the reliability of detection of CO levels by an 

electrochemical carbon monoxide sensor compared to gas chromatography in a patient model where 

carbon monoxide is generated inside an anesthesia circuit, as a result of interaction between all 

modern inhalation anesthetics and desiccated sodalime. We wish to determine if monitoring of CO 

with this sensor can provide an early warning sign of CO production inside an anesthetic circuit. 

 

Methods and Materials 

 

Patient model 

To simulate a patient model, we used a circle anesthesia system (Cicero EM, Dräger) connected to 

an artificial lung (Demonstrationsthorax, Dräger).  
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Three sample lines were connected to the Y-piece of the circle system: one to the infrared anesthetic 

vapor analyzer (SAM, Marquette) sampling at 200 ml/min, one to a small lumen gas 

chromatography sample line connected to the gas chromatograph and one to a Datex capnograph 

providing a constant flow of 200 ml/min to an electrochemical carbon monoxide sensor (ES). 

Sampled gas from the outlet of the infrared anesthetic vapor analyzer and the capnograph was 

returned to the circle anesthesia system. 

For the carbon monoxide production inside the circle system we used desflurane, sevoflurane, 

isoflurane, enflurane and halothane in combination with completely desiccated carbon dioxide 

absorbent Drägersorb 800 plus
®

, to obtain different concentrations of carbon monoxide as 

previously published
13

. 

The carbon dioxide absorbent was dried completely by using an oxygen flow of 15 l/min in glass 

containers until no additional weight reduction could be measured. A weight reduction of 16% was 

established in accordance with the producers’ specifications. 

 

Experiments 

For each anesthetic, an experiment was performed in which 950 grams of dry absorbent was used. 

The ventilator was set in IPPV mode with a tidal volume of 600 ml, a frequency of 14 and 5 cm 

H2O of PEEP. After an equilibration with 40 % oxygen and 60% nitrous oxide was established at a 

fresh gas flow (FGF) of 5 l/min, the GC run of 36 samples was started at t=0. After one minute, 

anesthetic vapor was introduced by a standard vaporizer. The dial was set until the vapor analyzer 

showed approximately 3.0 vol% of desflurane, 0.8 vol% sevoflurane, 0.8 vol% isoflurane, 0.6 vol% 

enflurane or 0.45 vol% halothane, after which the FGF was reduced to 500 ml/min. This 

concentration of anesthetic vapor was maintained during a 3-h  experiment. All experiments were 

performed in duplicate to verify the reproducibility of the CO measurements. For control the same 

experiments were performed using fresh carbon dioxide absorbent. 
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Gas chromatography carbon monoxide measurements 

Gas was automatically sampled every 5 minutes from the anesthetic circuit at a rate of 100 ml/min, 

during 10 seconds until 180 minutes. The concentrations of carbon monoxide were measured with a 

portable gas chromatograph (Varian Chrompack CP 2003P) with a high sensitivity thermal 

conductivity detector (TCD), and a Mollsieve 5A column. The reliable measurement range of this 

setup is 1 ppm to 1*10
6
 ppm with a margin of error of 10%. The GC was calibrated with two 

calibration mixtures of 210 and 981 parts per million (ppm) CO in nitrogen (Hoekloos specialty 

gasses, Dieren). The calibration with 981 ppm CO confirmed the linearity of the TCD. The GC was 

connected to a desktop PC for control of the GC and data recording, analysis and storage. 

 

Electrochemical carbon monoxide measurements 

Sampled gas from the capnograph was lead to a Bedfont EC40 electrochemical sensor.  This 

electrochemical sensor has a range of 0-200 parts per million (ppm) and an accuracy of ±10%, the 

displayed concentration has a maximum value of 2000 ppm. The sensor is also equipped with a 

external analog signal, which we used to record the carbon monoxide concentration per second 

through an analog-digital converter inside the same desktop PC, as mentioned above. The ES was 

calibrated with a mixture of 210 and 981 ppm CO in nitrogen (Hoekloos specialty gasses, Dieren). 

 

Statistical analysis 

 

All statistical analyses were performed with SPSS for Windows version 12.0. 

Carbon monoxide measurements from the electrochemical monitor were averaged over the same 

time periods of approximately five minutes as the gas chromatograph measured for comparison. 
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The results from the electrochemical sensor and the gas chromatograph were compared for 

differences using the Mann-Whitney test. The intra class correlation coefficient (ICC) and the 95% 

limits of agreement were used to asses the agreement between measurements. To visualize the size 

of difference between measurements and their distribution around zero, Bland and Altman 

scatterplots were made for all experiments
14

. For all analyses, the significance level was set at .05. 

 

Results 

 

The control experiments using fresh carbon dioxide absorbent revealed no carbon monoxide 

production measured by the ES or GC. 

There were no differences in the carbon monoxide concentrations in the two consecutive 

measurements for each anesthetic with desiccated absorbent for the GC and ES (Mann-Whitney U 

test: P>0.05). Therefore the average mean CO concentrations (GC and ES) were calculated from the 

two experiments of each anesthetic vapor and plotted in figure 1 for halothane, in figure 2 for 

enflurane, in figure 3 for isoflurane and in figure 4 for desflurane. The CO curves for the GC were 

previously published
13

.  
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CO measurements: Gaschromatography versus Electrochemical detection in 0.45 

vol% halothane in dry Drägersorb 800 plus® 
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Figure 1. Carbon monoxide (CO) measurements in parts per million (ppm) by a gaschromatograph (GC) versus an 

electrochemical sensor (ES). Measurements are averages of two experiments performed in a circle system using 0.45 

vol% halothane in completely dry Drägersorb 800 plus®. 

 

CO measurements: Gaschromatography versus Electrochemical detection in 0.6 vol% 

enflurane in dry Drägersorb 800 plus® 
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Figure 2. Carbon monoxide (CO) measurements in parts per million (ppm) by a gaschromatograph (GC) versus an 

electrochemical sensor (ES). Measurements are averages of two experiments performed in a circle system using 0.6 

vol% enflurane in completely dry Drägersorb 800 plus®. 

 



Carbon monoxide detection with an electrochemical carbon monoxide sensor compared to gas chromatography 

 84 

CO measurements: Gaschromatography versus Electrochemical detection in 0.6 vol% 

isoflurane in dry Drägersorb 800 plus® 
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Figure 3. Carbon monoxide (CO) measurements in parts per million (ppm) by a gaschromatograph (GC) versus an 

electrochemical sensor (ES). Measurements are averages of two experiments performed in a circle system using 0.6 

vol% isoflurane in completely dry Drägersorb 800 plus. 

 

CO measurements: Gaschromatography versus Electrochemical detection in 3.0 vol% 

desflurane in dry Drägersorb 800 plus® 
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Figure 4. Carbon monoxide (CO) measurements in parts per million (ppm) by a gaschromatograph (GC) versus an 

electrochemical sensor (ES). Measurements are averages of two experiments performed in a circle system using 3.0 

vol% desflurane in completely dry Drägersorb 800 plus®. 
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In the figures the two curves of the electrochemical sensor and the gas chromatograph are only 

comparable for the halothane experiment. 

In the desflurane and enflurane experiments we noted that the upper range of the electrochemical 

sensor through the analog output was 5667 ppm of carbon monoxide. This explains the plateau 

phase in the desflurane ES-curve when the GC measures peak CO-concentrations. 

The sevoflurane experiments are not depicted because of unexpected behavior of the ES during the 

first experiment: the display showed a rapid increase in CO concentration to the upper limit of 2000 

ppm in the display and 5667 ppm through the analog output within one hour. After that the sensor 

output suddenly dropped to minus 2000 ppm in the display and minus 5670 ppm through the analog 

output. The sensor was then disconnected from the circle system and no longer used in the 

sevoflurane experiments with desiccated absorbent. After the disconnection the sensor was flushed 

with air which had no effect on the displayed CO concentration that kept indicating minus 2000 

ppm for approximately twelve hours. Afterwards the sensor operated normally again and exposure 

to the calibration mixtures of CO in nitrogen resulted in the corresponding CO concentrations. 

In table 1 all calculated data are presented.  

Table 1: Carbon monoxide (CO) measurements in parts per million (ppm) by a gaschromatograph (GC) versus an 

electrochemical sensor (ES). 

Experiment Mean [CO] from GC Mean [CO] from ES GC/ES p ICC 95% limits 

H 1 51 51 1.00 0.303 0.91 -43.8 – 43.8 

H 2 56 60 0.93 0.184 0.91 -52.3 – 43.7 

E 1 2914 1473 1.98 0.005 0.79 -1715.8 – 4599.0 

E 2 3240 1760 1.84 0.015 0.81 -1626.4 – 4587.1 

I 1 902 520 1.73 0.018 0.62 -397.1 – 1160.5 

I 2 879 481 1.83 0.009 0.62 -326.0 – 1105.2 

D 1 3902 1967 2.05 0.047 0.59 -2783.1 – 6653.3 

D 2 4069 1986 1.98 0.004 0.57 -2899.4 – 6917.4 

S 1 23 N/A - -  - - 

S 2 27 N/A - - - - 
Legend: column 1 names the two experiments for each desiccated absorbent: H=halothane, I=isoflurane, E=enflurane, 

D=desflurane, S=sevoflurane. Column 2 displays the mean CO concentration measured by the GC. Column 3 displays 

the mean CO concentration measured by the electrochemical sensor. Column 4 displays the fraction columns 3 and 4. 

Column 5 displays the p value of the Mann-Whitney test comparing the results from the GC and the ES. Column 6 

displays the intra class correlation value (ICC) that is calculated from a univariate analysis of variance between the 

results from the GC and the ES. The last column shows the 95% limits of agreement of the comparison between the GC 

and ES. 
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Mean carbon monoxide concentrations in the halothane experiments correspond with a GC/ES 

fraction of 0.93 to 1.00. No significant differences were found for the halothane experiments 

between the GC and ES data, and the high ICC between both assessments is good. The other 

experiments demonstrate significant differences between GC and ES data and moderate ICC’s, with 

a GC/ES fraction of 1.73 to 2.05. The 95% limits of agreements show that the difference between 

the GC and ES is maximally 100 ppm for the halothane experiments, with a discrepancy being 

equally likely in both directions. For the isoflurane and desflurane experiments, the difference 

between both instruments maximally differs respectively 1560 and 9825 ppm, whereby the ES 

measurements tend to underestimate the amount of CO produced.  The  Bland and Altman scatter 

plots (figures 5-12) also depict the distribution of the differences around zero between experiments, 

and also show a relationship between the amount of CO production and the size of the observed 

difference between both instruments for all experiments. 
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Figure 5. Scatterplot of difference between CO concentrations of the GC and ES measurements against the mean 

concentrations of GC and ES in the first halothane experiment. Concentrations in parts per million (ppm). 
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Halothane 2: GS versus ES

-40,00

-30,00

-20,00

-10,00

0,00

10,00

20,00

30,00

40,00

50,00

60,00

0 50 100 150 200

average [GC+ES] (ppm)

d
if

fe
re

n
c
e
 [

G
C

-E
S

] 
(p

p
m

)

 
Figure 6. Scatterplot of difference between CO concentrations of the GC and ES measurements against the mean 

concentrations of GC and ES in the second halothane experiment. Concentrations in parts per million (ppm). 
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Figure 7. Scatterplot of difference between CO concentrations of the GC and ES measurements against the mean 

concentrations of GC and ES in the first enflurane experiment. Concentrations in parts per million (ppm). 
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Enflurane 2: GS versus ES
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Figure 8. Scatterplot of difference between CO concentrations of the GC and ES measurements against the mean 

concentrations of GC and ES in the second enflurane experiment. Concentrations in parts per million (ppm). 
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Figure 9. Scatterplot of difference between CO concentrations of the GC and ES measurements against the mean 

concentrations of GC and ES in the first isoflurane experiment. Concentrations in parts per million (ppm). 
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Isoflurane 2: GS versus ES
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Figure 10. Scatterplot of difference between CO concentrations of the GC and ES measurements against the mean 

concentrations of GC and ES in the second isoflurane experiment. Concentrations in parts per million (ppm). 

 

Desflurane 1: GS versus ES
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Figure 11. Scatterplot of difference between CO concentrations of the GC and ES measurements against the mean 

concentrations of GC and ES in the first desflurane experiment. Concentrations in parts per million (ppm). 
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Desflurane 2: GS versus ES
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Figure 12. Scatterplot of difference between CO concentrations of the GC and ES measurements against the mean 

concentrations of GC and ES in the second desflurane experiment. Concentrations in parts per million (ppm). 

 

Discussion 

 

In this study we demonstrated that the Bedfont EC-40 electrochemical CO sensor can detect low 

concentrations of CO up to 200 ppm comparable to the CO concentrations measured by the GC in 

an anesthetic circuit. Previous studies
11;12

 demonstrated accurate reliability of different brands of 

electrochemical sensors with carbon monoxide production from isoflurane or desflurane and 

desiccated carbon dioxide absorbents within the specified range of the sensors. From this study we 

can confirm that also this electrochemical sensor measures comparable to a GC within the specified 

range for the experiments with halothane.  

This cannot be concluded for CO production from sevoflurane in combination with desiccated 

sodalime, whereby the sensor displayed negative concentrations of CO while the actual (GC) 

carbon monoxide concentrations were within the specified range of the sensor. In these experiments 

we also noticed a high degree of sevoflurane degradation because of the discrepancy between the 
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dial setting of the vaporizer and the measured sevoflurane concentrations in the circle system as 

previously reported
13

. When sevoflurane degradation occurs in the presence of this sensor, the 

display will show increasing concentrations of CO before it shuts down and is therefore providing a 

warning signal of sevoflurane degradation as result of absorbent desiccation. Funk et al.
15

 

demonstrated that when sevoflurane degrades in desiccated sodalime, also compound A to E, 

methanol, formaldehyde, fluoride and formic acid are produced. From the producer of the 

electrochemical sensor we know that the reaction mechanism of the sensing electrode is represented 

by the equation: CO + H2O = CO2 + 2H
+
 + 2e

-
 and that this mechanism can easily be disturbed in 

the presence of formaldehyde, formic acid or methanol. Because this sensor also contains an 

inboard filter to remove acid gases and alcohols we think that most likely the produced 

formaldehyde is responsible for the inaccuracy of the sensor in this experiment.  

Outside the specified range of this ES the measured CO concentration are below the actual numbers 

measured by the GC for the other experiments. This applies to the experiments with enflurane, 

isoflurane and desflurane in combination with desiccated sodalime.  

Still this sensor can provide an early warning signal of CO production but with a highly 

underestimated concentration displayed. For example: in the experiments with desflurane the GC 

measured in the first sample after five minutes CO concentrations of approximately 9000 ppm. The 

ES however started to measure concentrations of 100 ppm after two minutes, that rapidly increased 

to 700 ppm after three minutes. On the other hand after five minutes the ES measured 

approximately 800 pmm of CO which is about 10% of the real measured concentration by the GC 

in the first sample. When the alarm of the ES is set at 200 ppm, this sensor would give an early 

warning signal of CO production in this situation after two to three minutes before the GC returns 

it’s first results. One should take into account though, that the displayed concentration of CO is 

highly underestimated with this high concentration. Nevertheless the patient would not be in danger 

when exposed to these CO concentrations
16

 in this short time period, under the condition that the 
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absorbent would be changed immediately after the first warning of CO production. When 

comparing the ES as index test to the GC as reference test the sensitivity and specificity for 

desflurane and enflurane is 100% and for isoflurane respectively 97% and 100%. This with a 

positive test defined as a CO detection above 200 ppm and a negative test as a CO detection below 

200 ppm, calculated for all samples measured by the GC and ES for the experiments with these 

vapor anesthetics and desiccated sodalime. 

Regarding the cost effectiveness of implementing an electrochemical CO sensor we calculated the 

extra cost using the strong base free Drägersorb free
®

 for the last two years instead of Drägersorb 

800 plus
®

  for the Netherlands cancer institute – Antoni van Leeuwenhoek hospital at 

approximately € 2200,- per year for five operating theatres. These extra costs are a result of the 

higher pricing of the strong base free absorbent and the lower carbon dioxide absorbent capacity of 

these type of absorbents. A Bedfont electrochemical sensor device costs approximately € 1000,- 

with an electrochemical sensor cell lifetime of three years, a replacement cell costs approximately € 

300,-. The extra costs of the strong base free absorbent during a period of three years would be € 

6600,- while the purchase of five electrochemical sensor devices would cost € 5000,-. The three 

years thereafter the extra costs of the strong base free absorbents would be still € 6600,- while the 

purchase of five replacement electrochemical sensors would cost € 1500,-. Based on these figures 

the relatively cost reduction per theatre would be approximately € 300,- yearly for the first three 

years and about € 1300,- for the following years when implementing this electrochemical sensor in 

stead of replacing the absorbent to a strong base free type. 



Chapter 5 

 93 

Conclusions 

 

From this study we conclude that this electrochemical sensor can provide an early warning sign of 

CO production when using a strong base containing carbon dioxide absorbent and vapor anesthetics 

in an anesthesia circle system. However, above the specified range 200 ppm the sensor becomes 

inaccurate resulting in an highly underestimation of the actual CO concentrations, still indicating a 

CO production that requires an immediate change of the carbon dioxide absorbent. When 

sevoflurane is degraded in desiccated sodalime this sensor is not capable of normal operation and 

will display high (incorrect) concentrations of CO within half an hour. These high CO 

concentrations are still a warning signal for desiccation of the absorbent and should also lead to an 

immediate change of absorbent. 

Implementing this electrochemical sensor instead of replacing the strong base containing absorbent 

to a strong base free type will lead to a slight cost reduction over three to six years. 
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Abstract

Background: All modern vapor anesthetics are capable of carbon monoxide (CO) production as a 

result of interaction with desiccated strong base containing carbon dioxide absorbents. In desiccated 

absorbents, desflurane produces the highest concentrations of CO. Sevoflurane is known to produce 

the nephrotoxic compound A (CA) independent of the water content of the carbon dioxide 

absorbent. The purpose of this study is to register the average CO concentrations in forty patients 

receiving desflurane or sevoflurane anesthesia after implementation of a safety protocol adapted 

from Woehlck et al., developed to prevent desiccation of the strong base containing absorbent 

Drägersorb 800 Plus® while still maintaining the possibility of flushing the ventilating circuits of 

the anesthesia machines with a flow of air. 

Methods: In 40 patients a low-flow anesthesia was maintained using an oxygen/air mixture with 

either sevoflurane or desflurane in combination with the CO2 absorbent Drägersorb 800 plus®. CO 

and CA production was measured in the inspiratory limb of the anesthesia machine using a portable 

gas chromatograph, with a sampling frequency of 12 samples per hour. 

Results: No carbon monoxide was measured in any of the desflurane or sevoflurane anesthesia’s. 

The mean concentration of CA for sevoflurane anesthesia’s was 17.1 ± 5.5 parts per million.

Conclusion: With the introduction of a safety protocol no carbon monoxide was measured in 

desflurane or sevoflurane anesthesia’s. Compound A is almost continuously detected in sevoflurane 

anesthesia’s in clinically insignificant concentrations. Implementation of a simple safety protocol 

may prevent desiccation of the absorbent and subsequently reduce the risk of carbon monoxide 

intoxication.
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Introduction

For all modern vapor anesthetics, it is known that they are capable of carbon monoxide (CO) 

production as a result of interaction with desiccated carbon dioxide absorbents containing strong 

bases1;2. Besides CO production, sevoflurane also produces other degradation products3;4,  the most 

important being fluoromethyl-2,2-difluoro-1-(trifluoromethyl)vinyl ether (Compound A). 

Compound A has proven to be nephrotoxic in rats5;6. For CO production to occur, the water content 

of the strong base containing carbon dioxide absorbent sodalime needs to be less than 4,8%1. 

Compound A (CA) is also generated in combination with normally hydrated carbon dioxide 

absorbents7. In a previous study we registered very high concentrations of CO from 3,0 vol% 

desflurane using the strong base containing absorbent Drägersorb 800 plus® when completely 

desiccated. Other vapor anesthetics produced less CO in decreasing concentrations from enflurane 

>> isoflurane >> halothane > sevoflurane8. In another study, we published the maximum 

concentrations of CA for sevoflurane in combination with seven different types of absorbents in 

fresh and desiccated condition9. In this study we demonstrated that only low concentrations of CA 

were produced, which were not clinically relevant.

With the introduction of desflurane as volatile anesthetic in this hospital, a safety protocol as 

described by Woehlck et al.10 was implemented in our institution to reduce this risk of carbon 

monoxide production when using the strong base containing carbon dioxide absorber Drägersorb 

800 plus®. We adapted this protocol to prevent desiccation of the carbon dioxide absorbents, while 

still maintain the possibility of flushing the ventilating circuits of the anesthesia machines with a 

flow of air:

1) The anesthesia nurses were instructed to close the oxygen flow of the anesthesia machine 

after the operating program was finished. 



Carbon monoxide and Compound A measurements with desflurane and sevoflurane anesthesia in humans

98

2) An air flow could be used to flush the ventilating circuits of the anesthesia machine, limited 

in duration up to one hour. 

3) When at the start of the day a fresh gas flow of oxygen was detected, the absorbent should 

be changed immediately. 

In order to gain insight in regular clinical practice after implementing this safety protocol, we 

wanted to compare a potential strong CO producing volatile anesthetic (desflurane) with a weak CO 

producing anesthetic (sevoflurane), and simultaneously investigate if the average CA concentrations 

in sevoflurane anesthesia’s are comparable to the low ranges found in our laboratory study.  

Therefore, the aim of this observational study is to register the average CO and CA concentrations 

in a group of patients receiving desflurane or sevoflurane anesthesia.

Methods

This study was approved by the Committee on Human Research of the VU University Medical 

Center, where this study was performed. The committee took the view that informed consent was 

not necessary and should not be obtained considering the fact that a normal anesthesia procedure 

with an additional non-invasive measurement was performed. The study group included 40 non-

smoking patients categorized as American Society of Anesthesiologists physical status class 1 to 3, 

who were scheduled for a surgical procedure that would last at least ninety minutes. Patients 

younger than 18 years of age or suffering from terminal renal failure were excluded. All patients of 

one scheduled surgery program day, were randomly assigned with randomization envelopes, to 

receive either desflurane or sevoflurane anesthesia. Forty patients were included in twenty one 

surgery program days. The anesthesia machine used was a Dräger Cicero EM® circle system. 

Patients were premedicated with 1000 mg paracetamol one hour before anesthesia was induced. 

After administration of 100% oxygen for several minutes, anesthesia was induced by 3 μg/kg 
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fentanyl , 1.5 to 2.5 mg/kg propofol and 0.6 mg/kg rocuronium. Following tracheal intubation, the 

fresh gas flow rate (FGF) was set to 5 l/min and either desflurane or sevoflurane was introduced by 

a standard vaporizer. When a concentration of 4.0 vol% desflurane or 2.0 vol% sevoflurane was 

reached, the FGF was reduced at the discretion of the anesthesiologist to a minimum of 500 and a 

maximum of 1000 ml/min. The ratio of the oxygen to air flow rates was adjusted to maintain the 

oxygen concentration in the inspiratory limb above 30%. The anesthetic concentration was adjusted 

to maintain systolic blood pressure within 20% (±) of baseline. If necessary, extra fentanyl was 

administered. The lungs were ventilated mechanically with a tidal volume of 8 ml/kg, with the 

ventilatory rate adjusted to maintain an end-tidal carbon dioxide concentration of  30-40 mmHg.

Compound A and carbon monoxide measurements

During anesthesia, gas was automatically sampled every 5 minutes from the inspiratory limb of the 

anesthetic circuit at a rate of 100 ml/min during 10 seconds for measuring the concentrations of 

compound A and carbon monoxide with a portable gas chromatograph (Varian Chrompack CP 

2003P). The gas chromatograph (GC) was equipped with a high sensitivity thermal conductivity 

detector (TCD) and a Poraplot Q column for isolating CA and a Mollsieve 5A column for isolating 

CO. The reliability range of detection of this setup is 1 ppm to 1*106 ppm with a margin of error of 

10%. The GC was calibrated with a calibration mixture of 12 parts per million (ppm) CA in 

nitrogen (Scott specialty gasses, The Netherlands) derived from three millilitres of 99,6% pure CA 

(Baxter Pharmaceutical Products Inc., New Providence, NJ). Calibration for CO was done with a 

mixture of 210 ppm CO in nitrogen (Hoekloos specialty gasses, Dieren), a second mixture of 981 

ppm CO in nitrogen confirmed the linearity of the TCD. The gas chromatograph (GC) was 

connected to a desktop PC for control of the GC and data recording, analysis and storage.
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Analysis of data

Analyzes were performed with SPSS for Windows version 12.0. Measured values are expressed as 

means ± standard deviation. Distribution of sex, age and anesthesia time for the desflurane and 

sevoflurane group were compared with a F-test. For all analyzes the significance level was set at 

5%.

Results

There were no significant differences in distribution of sex, age and anesthesia time for the two 

groups (table 1).

Desflurane Sevoflurane p
Number of patients 20 20 -
Male / Female 9 / 11 8 / 12 0.47
Age (yr) 60.2 ± 15.2 54.6 ± 18.1 0.22
Duration of anesthesia 2h21m ± 28m 2h18m ± 30m 0.42
Table 1: Number of patients, distribution of sex, mean age (yr=years) and anesthesia duration (h=hours,m=minutes) in 
both groups. Values for age and duration of anesthesia are mean ± SD.
P-value in the 3rd column. 

For both groups, no CO was measured in any of the experiments. CA was only detected in the 

sevoflurane group. 

The mean concentration of CA for all patients receiving sevoflurane anesthesia was 17.1 parts per 

million (ppm) with a standard deviation of 5.5 ppm. the minimum concentration of CA was 0.0 ppm 

and the maximum concentration 37.5 ppm. Several sevoflurane anesthesia’s had a minimum 

concentration of 0.0 ppm of CA at the start of the experiment while most sevoflurane anesthesia’s 

started with a certain concentration of CA in the inspiratory limb. For all sevoflurane anesthesia’s, 

an increase in CA concentration was measured following the FGF reduction 5-10 minutes after the 

start of the anesthesia. Subsequently, the CA concentration seemed to stabilize around the 
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maximum value for the experiment. The CA concentrations for all sevoflurane anesthesia’s are 

displayed in table 2.

Anesthesia nr. Mean [CA] Minimum [CA] Maximum [CA]
1 16.3 ± 4.4 1.5 23.1
2 20.9 ± 6.7 0.0 27.4
3 18.0 ± 0.7 16.3 20.0
4 14.0 ± 4.9 0.0 17.9
5 13.6 ± 3.1 4.7 17.1
6 14.8 ± 3.1 1.1 19.6
7 15.9 ± 2.2 12.9 19.0
8 18.4 ± 3.2 9.0 23.9
9 18.2 ± 3.9 0.0 22.1
10 16.1 ± 3.0 7.8 20.0
11 21.2 ± 5.3 8.3 29.7
12 21.3 ± 3.0 17.4 30.3
13 15.1 ± 3.6 0.3 20.7
14 13.4 ± 1.9 9.8 15.8
15 14.7 ± 0.6 13.0 15.3
16 28.8 ± 7.3 0.0 37.5
17 10.9 ± 1.4 6.2 14.6
18 13.7 ± 2.7 5.1 16.2
19 17.0 ± 5.3 3.7 22.8
20 17.9 ± 5.3 4.6 23.6
Table 2: Mean, minimum and maximum compound A (CA) concentrations from all sevoflurane anesthesia’s. 
Column 1 states the anesthesia number, column 2 the mean CA concentration ± SD for that experiment. Column 3 and 
4 display respectively the minimum and maximum CA concentration. Concentrations in parts per million (ppm)

Discussion

In this study we demonstrated that carbon monoxide is not produced by desflurane or sevoflurane in 

controlled clinical situations. Small amounts of Compound A are only produced by sevoflurane.

In the desflurane anesthesia’s, we did not measure any CO in the inspiratory limb, although we 

would expect at least a few ppm of carbon monoxide from the patients metabolism11, when no CO 

is produced inside the carbon dioxide absorbent. Possibly, these small concentrations of CO did not 

reach the inspiratory limb because of the small spill of gas in the semi-closed anesthesia system we 

used. The fact that no CO was produced in these anesthesia’s means that the water content of the 
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absorbent was always above 4,8%1. This demonstrates the rareness of complete desiccation of the 

absorbent in this clinical situation. This prevention of complete desiccation is probably due to the 

fact that the anesthesia nurses were instructed to use the safety protocol as described in the 

introduction. In this protocol, a flow of air is used when flushing the ventilating circuits of the 

anesthesia machines after surgery is necessary. A flow of air contains 0.03% of carbon dioxide that 

generates water when it reacts with the calcium hydroxide inside the absorbent, therefore preventing 

the absorbent from desiccating. Furthermore, a fresh gas flow of oxygen was never found in the 

anesthesia machine at the start of each study day, and the absorber did not have to be changed at 

any time. A limitation of this study is that this protocol was not tested against performance of 

anesthesia’s without a safety protocol while using this strong base containing absorbent in 

combination with desflurane. For ethical reasons this option was not considered.

In the sevoflurane anesthesia’s, we measured an increase of the measured CA concentration after 

the FGF was reduced from a flow of 5 l/min to a flow of 500 – 1000 ml/min. This is in accordance 

with other studies12-15 which demonstrated that a  low flow will increase the amount of CA 

measured inside the circle system. This variation of  FGF in these sevoflurane anesthesia’s may 

explain the differences in the mean CA concentrations varying between 13.4 and 28.8 ppm. 

The CA concentrations measured in the present study are higher than in our previous laboratory 

study9. This is most probably due to the fact that we used 1.5 to 2.5 vol% sevoflurane in this study 

in stead of the 0.8 vol% sevoflurane with 60% nitrous oxide in the laboratory study. The CA 

concentrations found in this study are comparable with concentrations found in other studies12;16

using the same concentrations of sevoflurane during low-flow anesthesia. In the first samples of 

four anesthesia’s (three of which were the first anesthesia of the day) no CA was measured. We 

assume that this lack of CA production was due to flushing of the anesthesia machine with air 

overnight or between anesthesia’s. For the majority of anesthesia’s, small amounts of CA were 
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measured in the first sample, which were probably the result of CA formation from the previous 

anesthesia.

Although transient nephrotoxicity was demonstrated by Eger et al.17 and Goldberg et al.18 with 

respectively 80-160 ppm/h and 240 ppm of CA exposure in humans, the majority of publications 

demonstrate no nephrotoxicity in humans with the use of sevoflurane in combination with any kind 

of absorbent in a clinical setting19-21. The results of this study, together with the results from our 

laboratory study9, confirm these observations. 

Conclusions

No carbon monoxide was measured during desflurane or sevoflurane anesthesia’s. This was 

possibly attributable to the use of a safety protocol, whereby the flow of air used to flush the 

ventilating circuits of the anesthesia machine does not desiccate the carbon dioxide absorbent. 

Compound A is almost continuously measured in sevoflurane anesthesia’s in clinically insignificant 

concentrations.
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Main conclusions

In this thesis we investigated the produced concentrations carbon monoxide (CO) and compound A 

(CA) as a result of interaction between inhalational anesthetics and carbon dioxide absorbents in 

hydrated and completely desiccated condition. To measure the maximum concentrations of CO and 

CA, comparable to a clinical situation, we created a patient model in which we connected an 

anesthesia machine to an artificial lung with a study protocol where vapor anesthetic and fresh gas 

flow were introduced, comparable with performance of anesthesia in clinical practice. To acquire 

the most accurate and reliable CO and CA measurements, we used a portable gas chromatograph 

with a high sensitivity TCD detector that automatically sampled from the anesthetic circuit every 

five minutes during the experiments. In the laboratory studies presented in chapters 2-4 we used 

several carbon dioxide absorbents with different concentrations of strong bases.

In chapter 2 we demonstrated the production of very high concentrations of CO in dry sodalime 

with desflurane and enflurane. The highest CO concentration is measured for desflurane, but when

calculated per volume% of inhalational anesthetic, the concentration of CO is higher for enflurane. 

The CO production from isoflurane is less, but still significant. Contrary to previous reports, also 

sevoflurane and halothane can produce small amounts of CO.  The average peak and mean 

concentration of CO measured in the experiments of chapter 3 are displayed in table 7.1 for all 

tested absorbents, including the measurements from chapter 2 regarding the measured CO 

concentrations from desflurane and Drägersorb 800 plus®. 
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Table 7.1: Peak and mean carbon monoxide concentration
CO2 absorbent Peak [CO] Mean [CO]
Drägersorb 800 plus® 14075 3986
Medisorb® 13317 4562
Spherasorb® 9045 3395
LoFloSorb® 524 327
Superia® 31 14
Amsorb® 0 0
Lithium hydroxide 0 0
Concentrations in parts per million for each completely desiccated carbon dioxide absorbent used in combination with 
3.0 vol% desflurane.

From these data we conclude that Drägersorb 800 plus® and Medisorb® generate the highest 

concentrations of CO, followed by Spherasorb®. These concentrations seem to be correlated to the 

concentration of NaOH inside the absorbent. The desiccated absorbent LoFloSorb® and Superia®

produce only small amounts of CO and Amsorb® and lithium hydroxide do not generate any carbon 

monoxide.

In chapter 4 areas under the curve are presented for CA and CO produced as a result of the 

interaction between 0.8 vol% sevoflurane and seven different absorbents in hydrated and desiccated 

condition. To demonstrate an overall picture of CA and CO concentrations produced in this study, 

we depicted the peak and mean concentrations for all experiments in chapter 4 in table 7.2.

Table 7.2: Average measured peak and mean concentrations
CO2 absorbent Peak dry 

[CA] / [CO]
Peak fresh 
[CA] / [CO]

Mean dry 
[CA] / [CO]

Mean fresh 
[CA] / [CO]

Drägersorb 800 plus® 7.6 / 116.0 12.1 / 0.0 2.0 / 25.1 9.5 / 0.0
Medisorb® 5.4 / 31.1 7.4 / 0.0 1.8 / 8.1 6.9 / 0.0
Spherasorb® 6.2 / 40.6 2.2 / 0.0 1.8 / 10.4 1.7 / 0.0
LoFloSorb® 0.0 / 0.0 0.0 / 0.0 0.0 / 0.0 0.0 / 0.0
Superia® 0.0 / 0.0 0.0 / 0.0 0.0 / 0.0 0.0 / 0.0
Amsorb® 21.9 / 0.0 0.0 / 0.0 16.6 / 0.0 0.0 / 0.0
Lithium hydroxide 2.9 / 0.0 0.0 / 0.0 2.2 / 0.0 0.0 / 0.0
Concentrations in parts per million of compound A ([CA]) and carbon monoxide ([CO])for each absorbent in 
completely desiccated (dry) and hydrated (fresh) condition in combination with 0.8 vol% sevoflurane.

These data demonstrate that very low concentrations of CA are produced for Drägersorb 800 plus®, 

Medisorb®, Spherasorb® and desiccated Amsorb® and lithium hydroxide. LoFloSorb® and Superia®

do not produce any concentration of CA under these circumstances. All absorbents with 2% or more 

NaOH demonstrated an decrease of measured CA when desiccated. Absorbents with less NaOH 
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produced more CA when desiccated. Absorbents free of NaOH, produced only CA when desiccated 

(Amsorb®, lithium hydroxide) or no CA at all (LoFloSorb®, Superia®). For all measured 

concentrations of CA we concluded that they are not clinically relevant, and will probably not cause 

nephrotoxicity. 

In the studies in chapter 2 and 4, we could not establish any relationship between temperature and 

CA or CO production except for the experiments with desiccated Drägersorb®, Medisorb® and 

Spherasorb®. In these experiments we recorded a significant increase in temperature during the first 

20 minutes of the experiments. In this time period, sevoflurane was extensively degraded but only 

small amounts of CO were produced (table 7.2).

In chapter 5 we tested the reliability of an electrochemical carbon monoxide sensor compared to 

gaschromatography when carbon monoxide is produced as a result of interaction between 

halothane, enflurane, isoflurane, sevoflurane or desflurane and desiccated Drägersorb 800 plus®. 

From the data of this study we conclude that this electrochemical sensor is accurate within the 

specified range but displays a highly underestimated result when CO levels exceed this range. It 

could, however, provide an early warning sign of CO being produced in the initial stages of CO 

release.

The concentrations of CO measured in 40 patients presented in chapter 6 demonstrates that no 

carbon monoxide is produced using desflurane or sevoflurane and sodalime.  This is probably due 

to the fact that carbon dioxide absorbents need extensive dehydration before carbon monoxide can 

be produced. This is prevented in the VU University Medical Center due to the use of a safety 

protocol, whereby the fresh gas flow of the anesthesia machine is consistently closed after the 

operating program is finished. When a fresh gas flow is used to dry the ventilating circuits of the 

anesthesia machine, only a flow of air is used that contains a fraction of carbon dioxide and will 

therefore keep the absorbent hydrated. The CA concentrations found were somewhat higher than in 

the laboratory study because of the higher concentrations of sevoflurane used in this setup. 
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However the maximum measured concentration of CA was 37.5 parts per million, is too low to 

generate any detectable nephrotoxicity in humans1;2.
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General discussion

Limitations of the laboratory studies

In the presented patient model we did not add carbon dioxide to the artificial lung to simulate 

carbon dioxide production from the patient. We chose not to use carbon dioxide in this model 

because of its sparse effect on carbon monoxide production as published by Woehlck et al.3. 

Another well known limitation of every laboratory study investigating carbon monoxide production 

is the lack of carbon monoxide binding to hemoglobin. Carbon monoxide has a strong affinity for 

hemoglobin, and it is plausible that the binding of carbon monoxide to hemoglobin could have a 

significant effect on the measured carbon monoxide concentrations in the studies presented in 

chapters 2-4. To demonstrate this effect we compared our data from chapter 1 with the data from 

an in vivo study by Frink et al.4, where pigs were exposed to carbon monoxide production from 

partially desiccated Baralyme® or sodalime and desflurane. In figure 7.1 we depicted our results 

with the Baralyme® data from this in vivo study. This figure suggests that binding of carbon 

monoxide to hemoglobin leads to a more rapid decrease of measured CO concentrations (within 30 

minutes, wheras 90 minutes were needed in our in vitro study). However, one should take into 

consideration that although CO concentrations are much lower after these 30 minutes in the in vivo 

study, the CO produced was bound to the hemoglobin of  these pigs, therewith obtaining a lethal 

carboxyhemoglobin concentration of 72.6% after twenty minutes. Frink’s  in vivo study also 

demonstrated that lowering the water content of the absorbent increased the concentrations of CO 

produced. While a peak concentration of 13,600 ppm CO was measured in combination with 

Baralyme® containing 4.8% water, a concentration of 37,000 ppm was reported with Baralyme®

with a water content of 1.2%. Wissing et al.5 confirmed this concentration effect for five 

inhalational anesthetics and desiccated sodalime. 
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Carbon monoxide production in a laboratory study compared 
to an in vivo study with pigs
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in vitro study: completely
desiccated Drägersorb 800
plus ® with 3.0 vol%
desflurane

in vivo study: partially
dehydrated (4.8%)
Baralyme® with 7.5 vol%
desflurane

Figure 7.1 Carbon monoxide concentrations in parts per million (ppm) as a result of interaction between 3.0 vol% 
desflurane with completely desiccated Drägersorb 800 plus® (data from chapter 2) and 7.5 vol% desflurane with 
partially desiccated Baralyme®; data used with permission from Lippincot Williams & Wilkins: Frink et al.: High 
carboxyhemoglobin concentrations occur in swine during desflurane anesthesia in the presence of partially dried 
carbon dioxide absorbents. Anesthesiology 1997; 87:308-16.

In our laboratory studies we used approximately 1 MAC of anesthetic vapor in combination with 

60% of nitrous oxide. Considering this concentration effect on carbon monoxide production, higher 

concentrations of CO are to be expected when using a higher concentration of volatile anesthetics 

without the use of nitrous oxide. For compound A production this concentration effect is also valid: 

higher concentrations of sevoflurane result in higher concentrations of CA as demonstrated in 

chapter 6.

Relationship between temperature and CO or CA production

Fang et al.6 demonstrated that a higher temperature of the absorbent results in higher concentrations 

of CO. Two other studies7;8 demonstrated the same effect for CA production. However, this 

temperature increase is not so much an indicator of CO production but of degradation of the 



Main conclusions and General discussion

112

anesthetic inside the absorbent as demonstrated by Wissing et al.5;9. We can confirm these findings 

as indicated in the main conclusions section.

The extreme temperatures, fires and explosions published in several case reports10-12 and two 

studies13;14 are only described for sevoflurane in combination with the absorbent Baralyme®. The 

chemical composition of Baralyme® consists of 73% Ca(OH)2, 11% Ba(OH)2 and 4.6% KOH. It is 

probably this high concentration of the base KOH that is responsible for these high temperatures 

(more than 200oC have been reported), because other absorbents containing less KOH show 

sevoflurane degradation with less temperature increase. The maximum temperature increase with 

sevoflurane and the desiccated absorbents (free of KOH) in this thesis was 41.7oC. As a result of 

these recent case reports, Baralyme® was withdrawn from the American market. It was never used 

in Europe, and therefore not tested in our studies.

Detection of carbon monoxide inside the anesthetic circuit

Woehlck et al.15;16 demonstrated that carbon monoxide can be recognized as enflurane by an 

infrared gas analyzer due to the trifluoromethane that is simultaneously formed. In our laboratory 

studies we used a Smart Anesthesia Multigas Module (SAM) from GE/Marquette Medical Systems 

during the experiments. In the experiments with desiccated Drägersorb 800 plus®, Medisorb® and 

Spherasorb® and 3.0 vol% desflurane, this SAM detected concentrations of enflurane that correlated 

with the measured carbon monoxide concentrations as described in chapters 2 and 3. This 

correlation varied between the absorbents and also the lower limit of detection was different for 

each absorbent. The enflurane detections disappeared for Drägersorb 800 plus® at a carbon 

monoxide concentration of 3422 parts per million (ppm), for Medisorb® at 1886 ppm and for 

Spherasorb® at 1526 ppm. To illustrate these differences, we depicted the measured CO 

concentrations by the GC against the measured enflurane concentrations by the SAM for these 

experiments in figures 7.2 to 7.4.
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Carbon monoxide production by 3.0 vol% desflurane in desiccated     
Drägersorb 800 plus® 
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Figure 7.2 Carbon monoxide concentrations measured by the GC in parts per million (ppm) as a result of interaction 
between 3.0 vol% desflurane with completely desiccated Drägersorb 800 plus®. On the second Y-axis the measured 
concentration of enflurane is depicted in vol%. Correlation between the CO an enflurane concentrations is significant 
(Spearman’s r : 0.80;p<0.001).

The production of trifluoromethane is not directly correlated with carbon monoxide production but 

depends on the type of anesthetic and absorbent used and duration time of the reaction17. This 

explains the different correlations and limits of detection of enflurane as a result of CO production. 

For example: in figure 7.2 the enflurane concentration line lies lower than the line of the carbon 

monoxide line, while in figures 7.3 and 7.4 these enflurane lines are higher and longer in duration. 

We therefore conclude that reported concentrations of enflurane from an infrared vapor analyzer 

indicate high concentrations of trifluoromethane and consequently high concentrations of carbon 

monoxide. From the figures 7.2 to 7.4 we conclude that there is agreement between carbon 

monoxide production and the concentration of trifluoromethane, but that this relationship is not 

linear. However this warning sign of enflurane detection already saved one life through adequate 

intervention by the anesthesiologist as reported by Berry et al.18 (case report described in chapter 

1). 
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Carbon monoxide production by 3.0 vol% desflurane in desiccated Medisorb®
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Figure 7.3 Carbon monoxide concentrations measured by the GC in parts per million (ppm) as a result of interaction 
between 3.0 vol% desflurane with completely desiccated Medisorb®. On the second Y-axis the measured concentration 
of enflurane is depicted in vol%. Correlation between the CO an enflurane concentrations is significant (Spearman’s r : 
0.98 ; p<0.001).

Carbon monoxide production by 3.0 vol% desflurane in desiccated 
Spherasorb® 

0

2000

4000

6000

8000

10000

12000

14000

16000

0:
00

0:
10

0:
20

0:
30

0:
40

0:
50

1:
00

1:
10

1:
20

1:
30

1:
40

1:
50

2:
00

2:
10

2:
20

2:
30

2:
40

2:
50

Time (hr:min)

C
ar

b
o

n
 m

o
n

o
xi

d
e 

(p
p

m
)

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

E
n

fl
u

ra
n

e 
(v

o
l%

)

CO GC

Enflurane

Figure 7.4 Carbon monoxide concentrations measured by the GC in parts per million (ppm) as a result of interaction 
between 3.0 vol% desflurane with completely desiccated Spherasorb®. On the second Y-axis the measured 
concentration of enflurane is depicted in vol%. Correlation between the CO an enflurane concentrations is significant 
(Spearman’s r : 0.90;p<0.001).
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Another method to detect carbon monoxide inside an anesthetic circuit is the use of an 

electrochemical CO sensor. The electrochemical sensor with a limited range of 0 – 200 ppm of CO 

tested in chapter 5 is reliable within this range but displays an highly underestimated result with 

higher concentrations of CO. Other in vitro studies19;20 demonstrated that electrochemical sensors 

with a larger range are also accurate within their specific ranges (0-500 and 0-1,999 ppm). 

Therefore it seems that the technique of electrochemical detection is accurate enough, but that 

sensors with much higher ranges have to be developed, to accurately detect the actual amounts at 

high concentrations of CO. For clinical practice, however, the warning provided by the 

electrochemical sensor is sufficient to prevent exposure of the patient to lethal CO concentrations.

Limitations of the in vivo study

The main limitation of the in vivo study presented in chapter 6 is that it is an observational study, 

with a small number of patients. We hypothesized that the lack of carbon monoxide production is 

due to the implementation of a safety protocol but we did not test this. To demonstrate the 

effectiveness of this protocol it should be tested in a randomized trial, where a much larger number 

of patients would be anesthetized in either an operating theatre with or without this safety protocol. 

For ethical reasons this option was not considered.
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Summary 

 

Anesthesia is essential to facilitate most of the surgical procedures performed in hospitals. To make 

economical use of medical gases like oxygen and inhalational anesthetics, the anesthesiologist uses 

an anesthesia machine, that contains a circle ventilating circuit that allows rebreathing of expired 

gases from the patient. To facilitate this rebreathing of medical gases and volatile anesthetics, it is 

essential that exhaled carbon dioxide does not return to the patient. This is accomplished by using a 

carbon dioxide absorbent inside the circle ventilating circuit. There are several carbon dioxide 

absorbents, and they contain calcium hydroxide that binds carbon dioxide, and other chemicals that 

facilitate the binding of carbon dioxide to calcium hydroxide. Classic absorbents contain strong 

bases like potassium hydroxide (KOH) and sodium hydroxide (NaOH) as facilitating binding 

agents. These strong bases, however, are highly reactive and are to a large extent responsible for 

carbon monoxide (CO) production from inhalational anesthetics and carbon dioxide absorbents that 

have become desiccated. CO is  a toxic gas, mostly produced as a result of incomplete combustion 

of organic materials. The average CO concentration in the atmosphere is 0.1 ppm (parts per 

million), but in cities with much traffic it can reach up to 115 ppm. Hemoglobin’s affinity for 

carbon monoxide is 220 times that of oxygen, which can lead to hypoxia if CO concentrations are 

sufficiently high. A one hour exposure of 1500 ppm of CO is lethal for humans.  

With the introduction of sevoflurane, it was soon demonstrated that from the interaction with 

carbon dioxide absorbents, a nephrotoxic degradation product was formed, named compound A 

(CA). CA is nephrotoxic in rats after a 3-hour exposure of 50 ppm, as established histologically. In 

humans however this concentrations does not generate any renal injury, and higher concentrations 

up to 240 ppm only demonstrates some transient nephrotoxicity in a few studies. CA is produced as 

a result of degradation of sevoflurane in desiccated as well as hydrated carbon dioxide absorbents. 

Absorbents without strong bases like KOH and NaOH, produce the lowest concentrations of CA. 
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In this thesis we investigated the CO production from all modern inhalational anesthetics and CA 

production from sevoflurane in combination with seven different types of carbon dioxide absorbents 

containing different concentrations of strong bases. The absorbents were tested in hydrated and 

completely desiccated condition. For the laboratory studies described in chapters 2-5 we developed 

a patient model in which a standard anesthesia circle machine was connected to an artificial lung 

with a study protocol where volatile anesthetics and fresh gas flow were introduced in accordance 

with clinical practice. For accurate measurements of CO and CA a portable gas chromatograph was 

used. 

In chapter 1 we described the history of inhalational anesthetics and carbon dioxide absorption. 

Also, an overview of recent findings of the interactions between volatile anesthetics and carbon 

dioxide absorbents is presented. We measured the maximum concentrations of CO produced as a 

result of interaction between the five modern inhalational anesthetics (halothane, enflurane, 

isoflurane, sevoflurane and desflurane) and sodalime (i.e. Drägersorb 800 plus
®

) in hydrated and 

completely desiccated condition in chapter 2. Temperature was measured inside the absorbent, to 

investigate a possible relationship between temperature of the absorbent and carbon monoxide 

production. Very high concentrations of CO were measured with desflurane and enflurane, up to 

14262 and 10654 parts per million (ppm) respectively. Lower but still toxic concentrations were 

found using isoflurane (2512 ppm), whereas non-lethal concentrations of CO were measured for 

sevoflurane (121 ppm) and halothane (210 ppm).  

No CO was found with normally hydrated sodalime and no relationship could be established 

between temperature of the absorbent and the amount of CO production. 

In chapter 3 we investigated the amounts of CO produced as a result of interaction between 

desflurane and six different types of absorbent containing different concentrations of strong bases. 

This to establish the relationship between the strong base content of the absorbent and carbon 

monoxide production. Here we demonstrated that the desiccated absorbents with a relatively large 
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concentration of  NaOH, namely Medisorb
®

 and Spherasorb
®

  produced high concentrations of CO. 

The absorbents free of strong bases produced small amounts of CO (Loflosorb
®

 and Superia
®

) or no 

CO at all (Amsorb
®

 and lithium hydroxide). None of the tested absorbents produced any CO when 

normally hydrated. Lithium hydroxide, however, is not yet available for medical use in anesthesia 

machines, because of it’s highly corrosive effect. Chapter 4 focuses on the interactions of 

sevoflurane and the seven different types of carbon dioxide absorbent described in chapters 2 and 

3. We tested these absorbents in normally hydrated and desiccated condition and measured the 

temperature inside the absorbent, to investigate a possible relationship between CA and CO 

production and temperature inside the absorbent. We demonstrated that absorbents free of strong 

bases, Loflosorb
®

, Superia
®

, Amsorb
®

 and lithium hydroxide do not produce any CA when 

normally hydrated, in contrast with absorbents containing strong bases. However, the absorbents 

Amsorb
®

 and lithium hydroxide do produce small amounts of CA when desiccated. Small amounts 

of CO were produced by the desiccated strong base containing absorbents Drägersorb 800 plus
®

, 

Medisorb
®

 and Spherasorb
®

, accompanied by sevoflurane degradation at the start of these 

experiments. No CO was produced with any of the absorbents in normally hydrated condition. No 

relationship between temperature and CA or CO production could be established. All measured 

concentrations of CA and CO do not appear to be clinically relevant.  

Detection methods for the production of carbon monoxide inside an anesthetic ventilating circuit 

are not built in anaesthetic systems as a standard. We therefore investigated the reliability of an 

electrochemical CO sensor compared to the gold standard i.e. gas chromatography in chapter 5. In 

this study we found that the electrochemical sensor accurately detected carbon monoxide within the 

specified range of 0 – 200 ppm. Above this specified range this sensor underestimates the actual 

amounts of CO produced  as measured by a gas chromatograph. However, this underestimated 

result still provides a warning signal of carbon monoxide production that requires immediate 

change of the carbon dioxide absorbent. When this sensor is exposed to sevoflurane in combination 
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with desiccated sodalime, it is not capable of normal operation and will display high and incorrect 

concentrations of CO within half an hour of operation. 

In chapter 6 we provide indications that carbon monoxide production in anesthetic practice is 

probably limited. In 40 patients receiving desflurane or sevoflurane anesthesia no CO production 

was found. This may be due to the effect of a safety protocol that was implemented in the VU 

University Medical Center with the introduction of desflurane. The purpose of this safety protocol 

is to prevent carbon dioxide absorbent desiccation. In all 20 sevoflurane anesthesia’s, small 

concentrations of compound A were measured that where clinically insignificant. 

In chapter 7 the main conclusions and a general discussion of this thesis are presented. 
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Samenvatting 

 

Anesthesie (ook wel narcose genoemd) is van wezenlijk belang om de meeste chirurgische ingrepen 

in ziekenhuizen te kunnen uitvoeren. Voor het toedienen van narcose zijn medische gassen zoals 

zuurstof en dampvormige anesthetica nodig. Om hier zuinig mee om te gaan maakt de 

anesthesioloog gebruik van een anesthesie machine met een cirkelvormig ventilatie circuit dat het 

mogelijk maakt dat uitgeademde lucht van de patiënt weer hergebruikt kan worden. Voordat deze 

uitgeademde lucht weer door de patiënt ingeademd kan worden, dient het koolstofdioxide (CO2) gas 

daar eerst uit verwijderd te worden. Dit wordt gedaan door een zogenaamde CO2-absorber, welke 

zich in het ventilatiecircuit bevindt.  Er zijn verschillende soorten CO2-absorbers op de markt, en 

deze bevatten naast calcium hydroxide ook andere chemische verbindingen om de reactie snelheid 

tussen het CO2 en het calcium hydroxide te bevorderen. De klassieke CO2-absorbers hebben 

daarvoor sterke basische verbindingen opgenomen zoals kalium hydroxide (KOH) en natrium 

hydroxide (NaOH). Deze basische verbindingen zijn sterk reactief en daardoor grotendeels 

verantwoordelijk voor de productie van koolmonoxide (CO) als reactieproduct van dampvormige 

anesthetica en uitgedroogde CO2-absorbers. CO is een giftig gas, dat meestal geproduceerd wordt 

ten gevolgen van incomplete verbranding van organische materialen. De gemiddelde CO 

concentratie in de atmosfeer is 0,1 ppm (parts per million), maar kan in de grote steden oplopen tot 

115 ppm. CO wordt 220 maal sterker gebonden aan het hemoglobine dan zuurstof, wat kan leiden 

tot een ernstig zuurstoftekort in het bloed als de CO concentratie hoog genoeg is. Een blootstelling 

van 1500 ppm gedurende één uur is dodelijk voor mensen. 

Kort na de introductie van het dampvormig anestheticum sevofluraan bleek dat ook deze damp een 

reactie aanging met CO2-absorbers, waarbij een afbraakproduct, genaamd compound A (CA), werd 

gemaakt dat schadelijk is voor de nier. CA veroorzaakt nierschade in ratten na een blootstelling van 

50 ppm gedurende drie uur. Bij mensen echter, leidt deze blootstelling niet tot nierschade, zelfs 
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concentraties tot 240 ppm resulteerden niet in nierschade. Slechts enkele studies lieten een tijdelijke 

verhoging van gevoelige markers voor nierschade bij deze concentratie CA zien. CA is een 

afbraakproduct van sevoflurane en wordt geproduceerd door de interactie met zowel uitgedroogde 

als verse (water bevattende) CO2-absorbers. Absorbers zonder de sterke basische verbindingen 

KOH en NaOH produceren de laagste concentraties CA. 

 

In dit proefschrift onderzochten we de concentraties CO geproduceerd door alle moderne 

dampvormige anesthetica en CA productie door sevofluraan als gevolg van de interactie met zeven 

verschillende typen CO2-absorbers, welke verschillende concentraties van de eerder genoemde sterk 

basische verbindingen bevatten. Deze CO2-absorbers werden onderzocht als het normaal water 

bevattende (vochtige) absorber, en als volledig uitgedroogde absorber. 

Voor de laboratorium studies in de hoofdstukken 2-5 ontwikkelden we een patiëntmodel waarin 

een standaard type anesthesie machine met cirkelvormig ventilatiecircuit aangesloten werd aan een 

kunstlong. Tegelijkertijd werd gebruik gemaakt van een studie protocol waarin de toediening van 

dampvormige anesthetica en medische gassen conform de klinische praktijk werd uitgevoerd. Om 

CO en CA nauwkeurig te meten, werd gebruik gemaakt van een draagbare gaschromatograaf. 

 

In hoofdstuk 1 beschrijven we de geschiedenis van volatiele anesthetica en CO2 absorptie. Tevens 

wordt een overzicht gegeven van de medische literatuur ten aanzien van de interactie tussen 

dampvormige anesthetica en CO2-absorbers. In hoofdstuk 2 hebben we de concentraties CO 

gemeten als gevolg van de chemische reactie tussen de vijf moderne dampvormige anesthetica 

(halothaan, enfluraan, isofluraan, sevofluraan en desfluraan) en de klassieke CO2-absorber 

Drägersorb 800 plus
®

. Tegelijkertijd werd de temperatuur binnen in de absorber gemeten om te 

onderzoeken of er een mogelijk verband is tussen CO productie en temperatuur in de absorber. 
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In deze studie werden zeer hoge concentraties CO gevonden bij de droge absorber in combinatie 

met desfluraan en enfluraan, namelijk 14262 en 10654 parts per million (ppm). CO concentraties 

waren een stuk lager met isofluraan (2512 ppm) en zeer lage concentraties werden gemeten met 

sevofluraan (121 ppm) en halothaan (210 ppm). Er werd geen CO gemeten bij normaal vochtige 

absorbers en er kon geen relatie gevonden worden tussen temperatuur van de absorber en 

koolmonoxide productie. 

In hoofdstuk 3 hebben we onderzocht hoeveel CO er vrij komt door de chemische reactie tussen 

desfluraan en zes verschillende CO2-absorbers met verschillende concentraties sterke basische 

verbindingen. Met dit onderzoek wilden wij de relatie tussen de hoeveelheid aanwezige basische 

verbindingen in de absorber en de hoeveelheid gemeten CO vaststellen. In deze studie toonden we 

aan dat de uitgedroogde absorbers met een hogere concentratie NaOH, zijnde Medisorb
®

 en 

Spherasorb
®

 een hoge concentratie CO produceerden. De absorbers die geen sterke basische 

verbindingen bevatten produceerden weinig (Loflosorb
®

 en Superia
®

) tot geen CO (Amsorb
®

 en 

lithium hydroxide). De vochtige absorbers produceerden geen van allen koolmonoxide. Ten aanzien 

van het mogelijk gebruik van lithium hydroxide als CO2-absorber, moet opgemerkt worden dat dit 

product nog niet beschikbaar is voor gebruik in anesthesiemachines door de sterk etsende werking 

van het product. Hoofdstuk 4 beschrijft een onderzoek waarin we gekeken hebben naar de reactie 

tussen sevofluraan en de zeven verschillende CO2-absorbers zoals die beschreven zijn in de 

hoofdstukken 2 en 3. Ook hier zijn vochtige en volledig uitgedroogde absorbers getest en werd de 

temperatuur binnen in de absorber gemeten om te onderzoeken of er een relatie bestaat tussen CA 

en CO productie en de temperatuur in de absorber. In deze studie werd aangetoond dat de absorbers 

die geen sterke basische verbindingen bevatten, namelijk Loflosorb
®

, Superia
®

, Amsorb
®

 en lithium 

hydroxide, geen CA produceerden als zij vochtig waren. Dit in tegenstelling tot de absorbers die 

wel basische verbindingen hadden. Tegelijkertijd moet opgemerkt worden dat de absorbers 

Amsorb
®

 en lithiumhydroxide
®

 wel CA produceerden als zij volledig uitgedroogd waren. Slechts 
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kleine hoeveelheden CO kwamen vrij bij de uitgedroogde absorbers Drägersorb 800 plus
®

, 

Medisorb
®

 en Spherasorb
®

, welke allen sterk basische verbindingen bevatten. Aan het begin van 

deze experimenten bemerkten wij tevens een duidelijke afbraak van sevofluraan in het ventilatie 

circuit. Alle vochtige absorbers lieten geen CO productie zien en er kon geen relatie vastgesteld 

worden tussen de temperatuur van de absorber en CA of CO productie. Alle gemeten concentraties 

CA en CO waren zo laag dat zij niet klinisch relevant lijken te zijn. 

Koolmonoxide wordt niet standaard gemeten in een anesthesie ventilatie circuit. Daarom hebben 

wij in hoofdstuk 5 gekeken naar de betrouwbaarheid van een elektrochemische CO sensor in 

vergelijking tot de gouden standaard, gas chromatografie. In dit onderzoek zagen we dat de 

elektrochemische sensor accuraat CO detecteerde binnen het opgeven bereik van de sensor (0 – 200 

ppm). Daarboven werden lagere waarden gemeten dan die gemeten door de gaschromatograaf. 

Tegelijkertijd gaven deze onderschatte waarden wel een alarmsignaal af dat CO op dat moment 

geproduceerd werd en men dus de kennelijk uitgedroogde absorber moest verwisselen door 

vochtige. In een experiment met sevofluraan en droge absorber bleek deze sensor niet goed te 

functioneren en werden veel te hoge waarden aangegeven binnen het eerste half uur van het 

experiment. 

In hoofdstuk 6 tonen we aan dat CO productie in de klinisch anesthesiologische praktijk 

waarschijnlijk niet vaak voorkomt. Bij 40 patiënten die een anesthesie ondergingen met behulp van 

desfluraan of sevofluraan werd geen koolmonoxide gemeten. Dit is mogelijk door de implementatie 

van een veiligheidsprotocol in het VUMC dat uitdroging van CO2-absorbers moet voorkomen. Dit 

protocol werd tegelijkertijd gestart met de introductie van desfluraan. Bij alle 20 patiënten die een 

anesthesie met sevofluraan ondergingen, werden kleine hoeveelheden compound A gemeten die 

klinisch niet relevant lijken te zijn. In hoofdstuk 7 worden de belangrijkste conclusies samengevat 

en een discussie over de bevindingen weergegeven. 
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