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ETHYLENE OXIDE 

This substance was considered by previous Working Groups in February 1976 
(IARC, 1976), June 1984 (IARC, 1985), March 1987 (IARC, 1987) and February 1994 
(IARC, 1994). Since that time, new data have become available, and these have been 
incorporated into the monograph and taken into consideration in the present evaluation. 

1. Exposure Data 

1.1  Chemical and physical data 

1.1.1  Nomenclature  

From IARC (1994) and IPCS-CEC (2001) 
Chem. Abstr. Serv. Reg. No.: 75-21-8 
Replaced CAS Reg. No.: 19034-08-3; 99932-75-9 
Chem. Abstr. Name: Oxirane 
IUPAC Systematic Name: Oxirane 
RTECS No.: KX2450000 
UN TDG No.: 1040 
EC Index No.: 603-023-00-X 
EINECS No.: 200-849-9 
Synonyms: Dihydrooxirene; dimethylene oxide; EO ; 1,2-epoxyethane; epoxyethane; 
ethene oxide; EtO; ETO; oxacyclopropane; oxane; oxidoethane 

1.1.2 Structural and molecular formulae and relative molecular mass 

 
 

 

C2H4O     Relative molecular mass: 44.06 

CH2H2C

O
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1.1.3 Chemical and physical properties of the pure substance 

From IARC (1994), Dever et al. (2004), Lide (2005), Rebsdat and Mayer (2005) and 
O’Neil (2006), unless otherwise specified 
(a) Description: Colourless gas  
(b) Boiling-point: 13.2 °C at 746 mm Hg [99.4 kPa]; 10.4–10.8 °C at 760 mm Hg 

[101.3 kPa]  
(c) Freezing-point: –111 °C  
(d) Density (liquid): 0.8824 at 10 °C/10 °C  
(e) Spectroscopy data: Infrared [prism, 1109] and mass spectral data have been 

reported (Weast & Astle, 1985; Sadtler Research Laboratories, 1991). 
(f) Solubility: Soluble in water, acetone, benzene, ethanol and diethyl ether 
(g) Vapour pressure: 145.6 kPa at 20 °C (Hoechst Celanese Corp., 1992) 
(h) Relative vapour density (air = 1): 1.5 at 20 °C (IPCS-CEC, 2001) 
(i) Stability: Reacts readily with acids; reactions proceed mainly via ring opening 

and are highly exothermic; explosive decomposition of vapour may occur at 
higher temperatures if dissipation of heat is inadequate.  

(j) Lower explosive limit: 2.6–3.0% by volume in air  
(k) Octanol-water partition coefficient: log Pow, –0.30 (Sangster, 1989) 
(l) Flash-point: Flammable gas (IPCS-CEC, 2001)  
(m) Inflammability limits in air: 2.6–99.99% (V) (Shell Chemicals, 2005) 
(n) Autoignition temperature: 428 °C (Shell Chemicals, 2005) 
(o) Dynamic viscosity: 0.41 mPa at 0 °C (Shell Chemicals, 2005) 
(p) Conversion factor: mg/m3 = 1.80 × ppm1 

1.1.4 Technical products and impurities 

Ethylene oxide for use as a fumigant and sterilizing agent used to be available in 
mixtures with nitrogen, carbon dioxide or dichlorodifluoromethane. Mixtures of 8.5–80% 
ethylene oxide/91.5–20% carbon dioxide (Allied Signal Chemicals, 1993) and 12% 
ethylene oxide in dichlorodifluoromethane were commonly used. As a result of concern 
about the role of chlorofluorocarbons in the depletion of stratospheric ozone and the 
phase-out of dichlorofluoromethane under the Montreal Protocol, the fluorocarbon 
materials now used to make blends of non-flammable ethylene oxide sterilants are 
hydrochlorofluorocarbons, hydrofluorocarbons and other flame-retardant diluent gases 
(Dever et al., 2004). 

                                                      
1 Calculated from: mg/m3 = (relative molecular mass/24.45) × ppm, assuming normal temperature (25 ºC) and 
pressure (101.3 kPa) 
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1.1.5 Analysis 

Ethylene oxide in air can be determined by packed column gas chromatography (GC) 
with an electron capture detector (ECD) (NIOSH Method 1614), with an estimated limit 
of detection of 1 µg ethylene oxide per sample (National Institute for Occupational Safety 
and Health, 1987). A similar method is reported by the Occupational Safety and Health 
Administration in the USA (Tucker & Arnold, 1984; Cummins et al., 1987). In a similar 
method reported by the Canadian Research Institute for Health and Safety at Work 
(IRSST Method 81-2), the sample is absorbed on an active charcoal tube (SKC ST-226-
36), desorbed by benzylic alcohol and analysed by GC/flame ionization detection (FID) 
(IRSST, 2005).  

In another technique (NIOSH Method 3702), a portable gas chromatograph is used 
with a photoionization detector or photoacoustic detector (IRSST 39-A). The sample is 
either drawn directly into a syringe or collected as a bag sample; it is then injected directly 
into the gas chromatograph for analysis. The estimated limit of detection of this method is 
2.5 pg/mL injection (0.001 ppm [0.002 mg/m3]) (National Institute for Occupational 
Safety and Health, 1998).  

Passive methods use derivatization techniques that convert ethylene oxide to 
2-bromoethanol followed by GC/ECD analysis or collect ethylene oxide in acidic solution 
(in which it is converted to ethylene glycol) or on a selective membrane followed by 
colorimetric analysis (Kring et al., 1984; Puskar & Hecker, 1989; Puskar et al., 1990, 
1991; Szopinski et al., 1991). 

Methods for the analysis and quantification of ethylene oxide in emissions from pro-
duction plants and commercial sterilizers by GC/FID have been reviewed (Steger, 1989; 
Margeson et al., 1990).  

Ethylene oxide has been measured in alveolar air and blood (Brugnone et al., 1986). 
Several methods have been reported for the determination of N-(2-hydroxyethyl) adducts 
with cysteine, valine and histidine in haemoglobin: a radioimmunological technique, a 
modified Edman degradation procedure with GC/mass spectrometry (MS), a GC method 
with selective ion monitoring MS and a GC/ECD method (Farmer et al., 1986; Bailey et 
al., 1987; Bolt et al., 1988; Föst et al., 1991; Hagmar et al., 1991; Kautiainen & 
Törnqvist, 1991; Sarto et al., 1991; van Sittert et al., 1993; Schettgen et al., 2002). 

Methods have been reported for the detection of residues of ethylene oxide used as a 
sterilant: headspace GC (Marlowe et al., 1987) and GC (Wojcik-O’Neill & Ello, 1991) 
for the analysis of medical devices; capillary GC for the analysis of drugs and plastics 
(Danielson et al., 1990); and headspace GC for the analysis of packaging materials and 
ethylene oxide in ethoxylated surfactants and demulsifiers (Dahlgran & Shingleton, 
1987). Methods have also been developed for the determination of ethylene oxide resi-
dues in processed food products. In one such method, ethylene oxide is converted to 
ethylene iodohydrin and analysed by GC/ECD (Jensen, 1988). 
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1.2 Production and use 

1.2.1 Production 

Production of ethylene oxide began in 1914 by the chlorohydrin process, the main 
method used until 1937, in which ethylene chlorohydrin is converted to ethylene oxide by 
reaction with calcium oxide. The production of ethylene chlorohydrin resulted in the 
formation of two main organochlorine by-products, 1,2-dichloroethane and bis(2-
chloroethyl)ether (see IARC, 1999a). Ethylene chlorohydrin was produced in either the 
same or a separate unit and was pumped over to the ethylene oxide production sector. The 
chlorohydrin process for the production of ethylene oxide was inefficient, because most 
of the chlorine that was used was lost as calcium chloride. Since 1931, that process has 
gradually been replaced by the direct vapour-phase oxidation process, in which ethylene 
is oxidized to ethylene oxide with air or oxygen and a silver catalyst at 10–30 atm (1–
3 MPa) and 200–300 ºC (Dever et al., 2004; Anon., 2005). 

In 2002, ethylene oxide was produced in more than 30 countries in Asia, Australia, 
Europe, the Middle East, North America and South America with a production capacity 
per year of 16.3 million tonnes (Lacson, 2003). Worldwide consumption of ethylene 
oxide was 14.7 million tonnes in 2002 (Dever et al., 2004) and 18 million tonnes in 2006 
(Devanney, 2007). Table 1 shows the number of producers by region as well as the pro-
duction levels of ethylene oxide in 2004; approximately 17 million tonnes of ethylene 
oxide were produced worldwide. Production in Canada increased from 625 000 tonnes in 
1996 (WHO, 2003) to 1 084 000 tonnes in 2004.  

1.2.2 Use 

Ethylene oxide is an important raw material used in the manufacture of chemical 
derivatives that are the basis for major consumer goods in virtually all industrialized 
countries. Figure 1 gives an overview of global industry demand for ethylene oxide by 
application. More than half of the ethylene oxide produced worldwide is used in the 
manufacture of monoethylene glycol (Occupational Safety and Health Administration, 
2005; Devanney, 2007). The percentage of total ethylene oxide that is used domestically 
to manufacture ethylene glycols varies widely between regions: North America (66%), 
western Europe (43%), Japan (68%) and the Middle East (99%) (Lacson, 2003). 

Other derivatives of ethylene oxide include: diethylene glycol, which is used in the 
production of polyurethanes, polyesters, softeners (cork, glue, casein and paper), plasti-
cizers and solvents and in gas drying; triethylene glycol, which is used in the manufacture 
of lacquers, solvents, plasticizers and humectants (moisture-retaining agents) and in gas 
drying; poly(ethylene) glycols, which are reacted with other materials and used in 
cosmetics, ointments, pharmaceutical preparations, lubricants (finishing of textiles, 
ceramics), solvents (paints and drugs) and plasticizers (adhesives and printing inks); 
ethylene glycol ethers, which are frequently a component of brake fluids, detergents and 
solvents (paints and lacquers) and are used to treat natural and refinery gas; ethanolamines, 



 ETHYLENE OXIDE 189 
 

 

which are used in textile finishing, cosmetics, soaps, detergents and natural gas 
purification; and ethoxylation products of fatty alcohols, fatty amines, alkyl phenols, 
cellulose and poly(propylene) glycol, which are used in the production of detergents and 
surfactants (non-ionic), biodegradable detergents, emulsifiers and dispersants (Occup-
ational Safety and Health Administration, 2005; Devanney, 2007). 

A very small proportion (0.05%) of the annual production of ethylene oxide is used 
directly in the gaseous form as a sterilizing agent, fumigant and insecticide, either alone or 
in non-explosive mixtures with nitrogen, carbon dioxide or dichlorofluoromethane (Dever 
et al., 2004).  

Table 1. Production of ethylene oxide by region in 2004 

Region No. of producers Production (thousand 
tonnes) 

North America   
 USA  10 4009 
 Canada   3 1084 
 Mexico   3  350 
South America   
 Brazil   2  312 
 Venezuela   1   82 
Europe   
 Belgium   2  770 
 France   1  215 
 Germany   4  995 
 Netherlands   2  460 
 Spain   1  100 
 Turkey   1  115 
 United Kingdom   1  300 
Eastern Europe  NR  950 
Middle East   
 Iran   2  201 
 Kuwait   1  350 
 Saudi Arabia   2 1781 
Asia/Pacific >15  
 China, mainland  NR 1354 
 China (Province of Taiwan)   4  820 
 India > 2  488 
 Indonesia   1  175 
 Japan   4  949 
 Malaysia   1  385 
 Republic of Korea   3  740 
 Singapore   1   80 

From Anon. (2004) 
NR, not reported 
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Ethylene oxide is also used as a fumigant and sterilant for microbial organisms in a 
variety of applications. An estimated 9–10 million pounds [4–5 million tonnes] of ethyl-
ene oxide were used in 2002 to sterilize drugs, hospital equipment, disposable and re-
usable medical items, packaging materials, foods, books, museum artefacts, scientific 
equipment, clothing, furs, railcars, aircraft, beehives and other items (Lacson, 2003). 

1.3 Occurrence 

1.3.1 Natural occurrence 

Ethylene oxide occurs endogenously as a metabolite of ethylene in certain plants and 
micro-organisms (see Section 4.1). Ethylene oxide can be generated from water-logged 
soil, manure and sewage sludge, but emissions are expected to be negligible (WHO, 
2003).  
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Figure 1. Industrial products made from ethylene oxide 
(globally, 17 million tonnes per annum) 

From Devanney (2007) 
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1.3.2 Occupational exposure 

Most of the data on occupational exposure are related to the production of ethylene 
oxide and its use in industrial and hospital sterilization. 

Data were not available on exposures that are incurred outside North America and 
Europe, where almost half of the global amount of ethylene oxide is produced (Table 1). 

The National Occupational Exposure Survey conducted by the National Institute for 
Occupational Safety and Health in the USA between 1981 and 1983 indicated that 
270 000 employees in the USA were potentially exposed to ethylene oxide at work 
(NOES, 1993). This implies that, with an estimated labour force (aged 16 years and over) 
of 106 million (US Census, 1980), fewer than 0.3% of employees was exposed. Of this 
number, 22% was estimated to be exposed to ethylene oxide and 78% to materials that 
contain ethylene oxide. Workers in hospitals and in the chemical and allied products 
industry (manufacture of plastics, synthetic materials and drugs) accounted for half of that 
number. 

More recent data on employment in the industrial sectors that use ethylene oxide have 
been reported by the Occupational Safety and Health Administration (2005). 
Approximated employment figures were: ethylene oxide production workers, 1100; 
ethoxylators (use of ethylene oxide to make derivatives), 4000; and sterilant or fumigant 
use in hospitals, 40 000. In addition, approximately 2700 workers were employed in 
commercial sterilization by medical and pharmaceutical product manufacturers, in 
commercial sterilization by spice manufacturers, as contract sterilizers and in other steri-
lization and fumigation facilities.  

The CAREX exposure information system (see General Remarks) includes estimates 
of the numbers of exposed workers in the 15 member states of the European Union in 
1990–93. The estimates were based on expert judgments and did not involve exposure 
measurements. According to CAREX, 47 000 workers were exposed to ethylene oxide, 
which is under 0.1% of the 139 million employed who are covered by CAREX 
(Kauppinen et al., 2000). The major industries in which exposure occurred were medical, 
dental and other health and veterinary services (22 000 exposed) and the manufacture of 
industrial chemicals and other chemical products (7000 exposed).  

The Finnish Register of occupational exposure to carcinogens reported that 126 
workers were notified as having been exposed to ethylene oxide in 2004. This is below 
0.01% of the 2.4 million people employed in Finland. Most of the workers exposed were 
employed in medical occupations. The Register does not include any information on ex-
posure levels, and is based on annual notifications of employers; its completeness is 
unknown (Saalo et al., 2006). 

(a) Production of ethylene oxide and its derivatives  

Area samples taken in the 1960s throughout a plant in the USA where ethylene oxide 
was produced by direct oxidation of ethylene showed concentrations of 0–55 ppm [0–
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100 mg/m3]. On the basis of these results, the general long-term exposure of operators to 
ethylene oxide was estimated to be 5–10 ppm [9–18 mg/m3] (Joyner, 1964). 

Area and personal samples were taken by the National Institute for Occupational 
Safety and Health during 1977 and 1978 in five plants in the USA where ethylene oxide 
and its derivatives were produced. In most of the 95 personal samples taken, which were 
representative of whole shifts, the concentration of ethylene oxide was below the 
detection limit (which varied from 0.1 to 8 mg/m3); a few samples contained between 1 
and 148 mg/m3. Similarly, in most area samples, the concentration was below the 
detection limit or was in the range < 1–1.5 ppm [2–3 mg/m3], apart from exceptional 
situations such as leaks (Lovegren & Koketsu, 1977a,b,c; Oser et al., 1978a,b, 1979). The 
fact that full-shift concentrations in these plants were usually well below the standards at 
that time (50 ppm [90 mg/m3]) has been attributed to three main factors: the use of 
completely closed systems for the storage, transfer and production of ethylene oxide; the 
implementation of measures to prevent fire; and operation outdoors which resulted in 
dilution by natural air (Morgan et al., 1981). 

Estimates of exposure to ethylene oxide were made for a Swedish company where 
ethylene oxide and its derivatives were produced by the chlorohydrin process. Average 
exposure was estimated to be less than 25 mg/m3 during the period 1941–47 and 10–
50 mg/m3 during the 1950s and early 1960s, with occasional peaks above the odour 
threshold of 1300 mg/m3. After manufacture of ethylene oxide was stopped in this 
company in 1963, exposure to 1–10 mg/m3 (with occasional higher values) continued to 
occur because of its use in the manufacture of other compounds (Högstedt et al., 1979a).  

At a plant in Germany where ethylene oxide was manufactured, 2-h area samples 
taken in 1978–79 contained less than 5 ppm [9 mg/m3] under normal working conditions. 
Concentrations rose to 1900 ppm [3400 mg/m3] for several minutes in exceptional cases 
during plant breakdown (Thiess et al., 1981). 

The typical average daily exposures of workers in a 1979 survey of plants in the USA 
where ethylene oxide was manufactured and used were 0.3–4 ppm [0.5–7.3 mg/m3]; 
worst-case peak exposures of maintenance workers were up to 9600 ppm [17 300 mg/m3] 
for less than 1 min (Flores, 1983). 

In one chemical manufacturing complex in the USA, yearly time-weighted average 
(TWA) exposures to ethylene oxide in 1977–80 were reported to have been below 1 ppm 
[1.8 mg/m3] in all jobs except loading, during which technicians were exposed to up to 
1.7 ppm [3 mg/m3] yearly and 5.7 ppm [10 mg/m3] individually. Peak exposures were 
usually < 20 ppm [< 36 mg/m3], except in loading, during which concentrations of up to 
235 ppm [420 mg/m3] were reported (Currier et al., 1984). 

In an ethylene oxide manufacturing plant in the Netherlands, geometric mean 
concentrations in 8-h personal samples were calculated to be < 0.01 ppm [< 0.02 mg/m3] 
in 1974, 1978 and 1980 and 0.12 ppm [0.2 mg/m3] in 1981; individual values ranged from 
not detected (< 0.05 ppm [< 0.1 mg/m3]) to 8 ppm [14 mg/m3] (van Sittert et al., 1985). 

At another plant in Sweden where ethylene oxide was produced by oxygenation of 
ethylene, the 8-h TWA exposure to ethylene oxide was 9–15 mg/m3 [5–8 ppm] in 1963–
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76 and 2–4 mg/m3 [1–2 ppm] in 1977–82 during the production of ethylene oxide and 
ethylene glycol, 6 mg/m3 [3 ppm] in 1963–76 and 2 mg/m3 [1 ppm] in 1977–82 during 
the processing of ethylene oxide and 2–6 mg/m3 [1–3 ppm] in 1963–76 and 1–3 mg/m3 
[0.6–1.7 ppm] in 1977–82 during maintenance and technical service work. Certain 
workers in each category were reported to have had higher exposures (up to 600–1800 
mg/m3 [333–1000 ppm]) during periods of minutes (Högstedt et al., 1986). 

In former Czechoslovakia, the 8-h TWA concentrations of ethylene oxide measured 
in 1982–84 in the working environment of an ethylene oxide production plant were 0–
8.25 mg/m3 [4.6 ppm] (Karelová et al., 1987). 

Under the sponsorship of the Chemical Manufacturers’ Association, company data 
were collected on current exposures to ethylene oxide of workers in 11 ethylene oxide 
production units and 24 ethoxylation units in the USA in 1987 (Table 2). Respirators were 
reported to be used in specific operations, such as rail car loading and unloading, 
maintenance and product sampling, during which engineering controls are not feasible 
(Heiden Associates, 1988a). 

Table 2. Exposure of workers to ethylene oxide by type of unit and job category 
in the chemical manufacturing industry in the USA, 1987 

Unit and job category No. of 
samples 

8-h TWA (mg/m3) 
 

No. of 
samples 

Short-term (10–150 min) 
exposure (mg/m3) 

  
Meana Range 

 
Meana Range 

Ethylene oxide production 
Production workers 402 0.7 0.11–3.2 171   7.7 1.62–19.8 
Maintenance workers 439 1.3 0.14–5.6   59 19.6 0.20–35.3 
Supervisors 123 0.2 0.04–0.18     3   1.3 1.3–1.4 
Distribution workers 218 2.9 0.36–6.8 111 11.7 3.6–17.6 
Laboratory workers 189 0.7 0.12–4.3   39   1.4 0.4–2.2 
Other workers   97 0.2 0.05–0.72    

Ethoxylation 
Production workers 640 0.4 0.12–1.26 172   2.0 0.02–9.9 
Maintenance workers 191 1.1 0.02–4.7   56 13.3 0.11–54.9 
Supervisors   54 0.4 0.05–0.72     5   8.6 0.9–23.8 
Distribution workers 105 0.7 0.20–2.7 100   3.4 0.9–21.6 
Laboratory workers   52 0.4 0.02–0.9   19   5.0 0.4–11.0 
Other workers   24 0.4 0.18–0.54    

Adapted from Heiden Associates (1988a) 
TWA, time-weighted average 
a Weighted by number of workers exposed 

Gardner et al. (1989) reported that monitoring since 1977 in four British plants where 
ethylene oxide and derivatives were produced indicated average exposures to less than 
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5 ppm [9 mg/m3] in almost all jobs and to < 1 ppm [1.8 mg/m3] in many jobs; occasional 
peaks up to several hundred parts per million occurred as a result of operating difficulties. 
In earlier years, peak exposures above the odour threshold of 700 ppm [1260 mg/m3] 
were reported.  

In industries in which ethylene oxide and its derivatives are manufactured, exposure 
to a large variety of chemicals other than ethylene oxide may occur, depending on the 
types of process and job. These include unsaturated aliphatic hydrocarbons (e.g. ethylene, 
propylene; see IARC, 1994), other epoxides (e.g. propylene oxide; see IARC, 1994), 
chlorohydrins (e.g. epichlorohydrin; see IARC, 1999a; and ethylene chlorohydrin), 
chlorinated aliphatic hydrocarbons (e.g. dichloromethane, dichloroethane; see IARC, 
1999a), glycols and ethers (e.g. ethylene glycol, glycol ethers, bis(2-chloroethyl)ether; see 
IARC, 1999a, 2006), aldehydes (e.g. formaldehyde; see IARC, 2006), amines (e.g. 
aniline; see IARC, 1987), aromatic hydrocarbons (e.g. benzene, styrene; see IARC, 
1987), alkyl sulfates and other compounds (Shore et al., 1993). 

(b) Use of ethylene oxide for industrial sterilization 

Industrial workers may be exposed to ethylene oxide during sterilization of a variety 
of products such as medical equipment and products (e.g. surgical products, single-use 
medical devices), disposable health care products, pharmaceutical and veterinary 
products, spices and animal feed.  

In an extensive survey of the industry in the USA conducted by the National Institute 
for Occupational Safety and Health, exposure to ethylene oxide was estimated on the 
basis of data collected in 1976–85 by 21 of 36 companies, most of which were involved 
in the sterilization of medical supplies and spices. Individual 8-h TWA concentrations of 
samples collected by active sampling on charcoal tubes in the personal breathing zones of 
workers were included in a model in which regression analysis was used to link exposure 
concentrations to seven significant variables: year of operation, volume of sterilizer or 
treatment vessel, period since the product was sterilized, product type, aeration procedure, 
presence of a rear exhaust valve in the sterilizer and exposure category (sterilizer, 
chamber area, maintenance, production, warehouse, clean room, quarantine and labo-
ratory) (Greife et al., 1988; Stayner et al., 1993; Hornung et al., 1994). When the model 
was applied in a cohort study to the job histories of exposed workers in 13 of the 
companies surveyed, the estimated historical average concentrations ranged from 0.05 to 
77.2 ppm [0.1–139 mg/m3], with a mean of 5.5 ppm [9.9 mg/m3] and a median of 
3.2 ppm [5.8 mg/m3] (Stayner et al., 1993). Wong and Trent (1993) used the industrial 
hygiene data from the same companies and estimated that sterilizer operators were 
exposed to an 8-h TWA concentration of 16 ppm [29 mg/m3] before 1978 and of 4–
5 ppm [7–9 mg/m3] after 1978, while production workers were exposed to about 5 ppm 
[9 mg/m3] before 1978 and 2 ppm [3.6 mg/m3] after that year.  

In a Swedish factory where hospital equipment was sterilized, area samples taken in 
1977 in the storage area showed concentrations of ethylene oxide that ranged from 2 to 
70 ppm [3.6–126 mg/m3]; the 8-h TWA concentration in the breathing zone of workers in 
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the same area was 20 ppm [36 mg/m3] (Högstedt et al., 1979b). In 1978, full-shift 
personal sampling indicated that sterilizing room operators had an exposure concentration 
of 2.4 ppm [4.3 mg/m3]; area sampling indicated an exposure of 1.3 ppm [2.3 mg/m3]. 
Personal sampling showed a concentration of 0.1 ppm [0.2 mg/m3] in the packing room, 
and area sampling showed a concentration of 0.8 ppm [1.4 mg/m3] in the stockroom 
(Högstedt et al., 1983). In another Swedish study, sterilization workers and a laboratory 
technician in the production of disposable medical equipment were reported to have been 
exposed to bursts of ethylene oxide at concentrations of 5–10 ppm [9–18 mg/m3] for a 
total of 1 h per working day, while packers were exposed at an average of 0.5–1 ppm [1–
2 mg/m3] for the entire week (Pero et al., 1981). Sterilization workers, packers and truck 
drivers at another Swedish factory, where single-use medical equipment was produced, 
were reported to be exposed to an 8-h TWA concentration of 0.5–1 ppm [1–2 mg/m3] 
(Pero et al., 1982). In two Swedish disposable medical equipment plants, sterilizers and 
packers were the most heavily exposed, but levels decreased steadily from 35–40 ppm 
[about 70 mg/m3] in 1970 to < 0.2–0.75 ppm [< 1.5 mg/m3] in 1985; the average levels of 
exposure of store workers and development engineers decreased from 5–20 ppm [9–
36 mg/m3] to < 0.2 ppm [< 0.4 mg/m3] in the same period, while those of people in other 
job categories (repairmen, laboratory technicians, controllers and foremen) decreased 
from 1–4 ppm [2–7 mg/m3] to < 0.2 ppm [< 0.4 mg/m3] (Hagmar et al., 1991).  

Engineering controls and new work practices designed to lower the exposure of 
workers to ethylene oxide were generally adopted in the USA in 1978 and 1979 
(Steenland et al., 1991). Stolley et al. (1984) estimated that the 8-h TWA concentrations 
of sterilizer operators in three facilities in the USA before 1980 had been 0.5, 5–10 and 5–
20 ppm [1, 9–18 and 9–36 mg/m3], while data collected in the two plants that were still 
operating in 1980–82 indicated concentrations of less than 1 ppm [2 mg/m3]. 

In Belgium, 12 workers involved in industrial sterilization in three plants were 
exposed to 8-h TWA concentrations of 0.1–9.3 ppm [0.2–16.7 mg/m3], with averages in 
each plant of 1.7, 3.7 and 4.5 ppm [3.1, 6.7 and 8.1 mg/m3] (Wolfs et al., 1983). 

In a plant in eastern Germany where disposable medical equipment was sterilized, 
workers were found to have been exposed to an average concentration of about 60 mg/m3 
[27.1 ppm] in 1985 and about 30 mg/m3 [13.6 ppm] from 1989 onwards (Tates et al., 
1991). 

Under the sponsorship of the Health Industry Manufacturers’ Association, company 
data were collected in 1987 on current exposures to ethylene oxide of workers in 71 
facilities in the USA where medical devices and diagnostic products were sterilized. The 
workers included sterilizer operators, maintenance workers, supervisors, warehouse 
workers, laboratory workers and quality control personnel. Respirators were reported to 
be used in specific operations, such as unloading the sterilizer, maintenance, quality 
control sampling, emergencies, loading aeration, and changing ethylene oxide bottles, 
cylinders and tanks. Concentrations were measured outside the respirators. The routine 
8-h TWA concentration that occurred 2 or more days per week was > 1 ppm 
[> 1.8 mg/m3] for 12.6% of workers, 0.5–1 ppm [0.9–1.8 mg/m3] for 13.9%, 0.3–0.5 ppm 



196 IARC MONOGRAPHS VOLUME 97  
 

 

[0.5–0.9 mg/m3] for 26.7% and < 0.3 ppm [< 0.5 mg/m3] for 46.8%. Short-term sampling 
(for 5–120 min; average, 28 min; except in one factory where sampling was for 210 min 
for workers in other jobs) showed routine short-term exposures of > 10 ppm [> 18 mg/m3] 
for 10.7% of workers, 5–10 ppm [9–18 mg/m3] for 17.1% and < 5 ppm [< 9 mg/m3] for 
72.2%. Non-routine short-term exposure that occurred 1 day per week or near areas 
where there was exposure was > 10 ppm [> 18 mg/m3] for 5.1% of workers, 5–10 ppm 
[9–18 mg/m3] for 2.6% and < 5 ppm [< 9 mg/m3] for 92.3% (Heiden Associates, 1988b). 

At a commercial sterilization operation in the USA, workers were exposed to 8-h 
TWA concentrations of 1–10 ppm [1.8–18 mg/m3] in 1993–2001 and to 1.3–2.4 ppm 
[2.3–4.3 mg/m3] in 2002, according to measurements carried out by the employer. The 
Occupational Safety and Health Administration monitored personal exposures in the 
same workplace and found 8-h TWA concentrations of 0.6–9.3 ppm [1.1–17 mg/m3]. 
After improvement of working conditions, 8-h TWA concentrations of 0.2–1.2 ppm [0.4–
2.2 mg/m3] were found during follow-ups (Daniel et al., 2004). 

Exposures in 10 factories in Taiwan (China) that used ethylene oxide as a sterilant in 
the manufacture of medical supplies were measured in 2005 (Chien et al., 2007). 
Sterilizer operators had an average short-term exposure level of 27.6 ppm [50 mg/m3] 
during unloading of the sterilizer, and the mean 8-h TWA exposure was 7.4 ppm 
[13 mg/m3]. High concentrations were measured particularly in the aeration area, near the 
sterilizer and in the warehouse. Increasing the number of post-sterilization purge cycles 
and improvements to ventilation in the aeration area and warehouse decreased the average 
short-term exposures to 55% of the earlier values.  

Other substances to which workers involved in the sterilization of medical products 
may be exposed include gases that are present with ethylene oxide in the sterilizing 
mixture, such as chlorofluorocarbons and carbon dioxide (Heiden Associates, 1988b), and 
methyl formate in Sweden (Hagmar et al., 1991). 

(c) Use of ethylene oxide in hospitals 

Ethylene oxide is used widely in hospitals as a gaseous sterilant for heat-sensitive 
medical items, surgical instruments and other objects and fluids that come into contact 
with biological tissues. The National Institute for Occupational Safety and Health 
estimated that there were more than 10 000 sterilizers in use in health care facilities in the 
USA in 1977. Large sterilizers are found in central supply areas of most hospitals, and 
smaller sterilizers are found in clinics, operating rooms, tissue banks and research 
facilities (Glaser, 1979).  

Exposure to ethylene oxide may result during any of the following operations and 
conditions: changing pressurized ethylene oxide gas cylinders; leaking valves, fittings and 
piping; leaking sterilizer door gaskets; opening the sterilizer door at the end of a cycle; 
improper ventilation at the sterilizer door; improperly ventilated or unventilated air gap 
between the discharge line and the sewer drain; removal of items from the sterilizer and 
transfer of the sterilized load to an aerator; improper ventilation of aerators and aeration 
areas; incomplete aeration of items; inadequate general room ventilation; and passing near 
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or working in the same room as sterilizers and aerators during operation (Mortimer & 
Kercher, 1989).  

Levels of exposure to ethylene oxide in hospitals are summarized in Table 3. 
The National Institute for Occupational Safety and Health conducted a series of 

studies between 1977 and 1990 to document the exposure to ethylene oxide of hospital 
sterilization staff in the USA. The main results are summarized in Table 4. The more 
recent studies from Japan and France (see Table 3) suggest that 8-h TWA concentrations 
are often < 1 mg/m3 [0.6 ppm] in hospitals. 

From 1984 to 2001, a total of 256 666 ethylene oxide samples were analysed by a 
major vendor of passive ethylene oxide monitoring devices in the USA. Most of the 
measurements (86%) were taken in hospitals. Workshift measurements were taken from 
28 373 hospital workers in 2265 hospitals and short-term measurements from 18 894 
workers in 1735 hospitals. The percentage of hospitals in which the 8-h TWA exposure 
limit of 1 ppm [1.8 mg/m3] was exceeded once or more times in a year decreased from 
21% in 1988 to 0.9% in 2001 (La Montagne et al., 2004). 

In most studies, exposure to ethylene oxide appears to result mainly from peak 
emissions during operations such as opening the door of the sterilizer and unloading and 
transferring sterilized material. Proper engineering controls and work practices have been 
reported to result in full-shift exposure levels of less than 0.1 ppm [0.18 mg/m3] and 
short-term exposure levels of less than 2 ppm [3.6 mg/m3] (Mortimer & Kercher, 1989). 
In a survey of 125 hospitals in the USA, however, use of personal protective equipment 
was found to be limited to the wearing of various types of gloves while transferring 
sterilized items. No respirators were used (Elliott et al., 1988). 

In a unit in Argentina that was equipped with old gas sterilizers with no mechanical 
ventilation, the 8-h TWA concentration of ethylene oxide was 60–69 ppm [108–
124 mg/m3] (Lerda & Rizzi, 1992). 

Other substances to which sterilizer operators in hospitals may be exposed include 
other gases present in the sterilizing mixture such as chlorofluorocarbons (see IARC, 
1999a; banned by the Montreal Protocol in 1989) and carbon dioxide (Wolfs et al., 1983; 
Deschamps et al., 1989). Some operating room personnel exposed to ethylene oxide may 
also be exposed to anaesthetic gases and X-rays (Sarto et al., 1984a; see IARC, 2000; 
Chessor et al., 2005), and some may have occasional exposure to low concentrations of 
formaldehyde (Gardner et al., 1989; see IARC, 2006). 

(d) Other uses 

In a wastewater treatment plant in the USA, ethylene oxide was used as a reaction 
chemical to modify starch in the starch processing area; in this area, full-shift personal 
breathing zone concentrations ranged from undetectable to 0.43 mg/m3 [0.24 ppm] for 
operators and from undetectable to 2.5 mg/m3 [1.4 ppm] for mechanics (McCammon et 
al., 1990). 
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Table 3. Concentrations of ethylene oxide observed in hospitals in various countries 

Concentration (mg/m3) Reference Country Year of 
sampling 

No. of 
sites 

Job or operation Duration of 
sampling 

No. of 
samples 

Range Mean 

Hemminki 
et al. (1982) 

Finland 1981 24 Sterilizer operators 
 
Sterilizing chamber open 

8-h TWA 
Peaks 
20 min 

NR 
NR 
NR 

0.2–0.0 
≤ 450 
9–18 

 

Mouilleseaux 
et al. (1983) 

France NR  4a Loading, sterilizing, unloading, 
 aerating; area sampling 

Few minutes 
6–8-h TWA 

270 
 14 

0.9–414 
0.1–9 

 

Wolfs et al. 
(1983) 

Belgium NR  3 
 1 
 1 

Sterilizer operators 
Sterilizer operators; leaking 
 equipment 
Sterilizer operators; box 
 sterilizer with capsules 

8-h TWA 
8-h TWA 
 
8-h TWA 

 28 
 16 
 
  5 

0.4–4.5 
0.5–32.9 
 
16.2–95.2 

0.5–2.9 
14.0 
 
27.0 

Hansen et al. 
(1984) 

USA NR  1    14 
 17 
 13 

< 0.13–7.7 
< 4.3–81 
4–1430 

 

Sarto et al. 
(1984a,b) 

Italy NR  6 Old sterilizers 
 Opening sterilizer; area 
  sampling 
 One sterilization cycle; 
  personal sampling 
 Standard working day; 
  personal sampling 

 
5 min 
 
Variable 
 
8-h TWA 

 
NR 
 
NR 
 
19 subjects 

 
23–288 
 
6.7–63.9 
 
6.7–36 

 
113 
 
28.4 
 
19.3 

    Second-generation sterilizers 
 Opening sterilizer; area 
  sampling 
 One sterilization cycle; 
  personal sampling 
 Standard working day; 
  personal sampling 

 
5 min 
 
Variable 
 
8-h TWA 

 
NR 
 
NR 
 
NR 

 
9–47 
 
0.5–4.7 
 
0.4–0.9 

 
15.5 
 
2.0 
 
0.63 



 
E

T
H

Y
LE

N
E

 O
X

ID
E

 
1

9
9 

  

Table 3 (contd) 

Concentration (mg/m3) Reference Country Year of 
sampling 

No. of 
sites 

Job or operation Duration of 
sampling 

No. of 
samples 

Range Mean 

Brugnone 
et al. (1985) 

Italy NR  1 Sterilization workers 8-h TWA 10 subjects 1.90–4.71  

Karelová 
et al. (1987) 

Former 
Czechosolovakia 

1984  Sterilization workers; area 
 sampling 

8-h TWA NR 0–4.8  

Sarto et al. 
(1987) 

Italy NR  1 Sterilizer workers 
Helpers 

7–8-h TWA 
7–8-h TWA 

4 subjects 
4 subjects 

11.5–16.7 
6.8–9.0 

14.3 
7.7 

Deschamps 
et al. (1989) 

France 1983–86  5 Opening sterilizer and handling 
 sterilized material; personal  
  samples 

2.5–102 min  10 0.4–70  

Mayer et al. 
(1991) 

USA 1985–86 
1987 
1988 

 1 Sterilizer operators; personal 
 samples 

8-h TWA 34 subjects 
NR 
 31 

≤ 4.3 
< 1.8 
< 0.18 

 

Sarto et al. 
(1991) 

Italy NR  1 Sterilization workers 
Preparation workers 

6.5-h TWA 
6.5-h TWA 

5 subjects 
5 subjects 

0.68b 
0.045 

 

Schulte et al. 
(1992) 

Mexico NR  1 Sterilizer operators 8-h TWA 22 subjects 0–2.4  

Koda et al. 
(1999) 

Japan NR  2 Central supply division 
 Working area (hospital A) 
 Near sterilizer (hospital A) 
 Working area (hospital B) 
 Near sterilizer (hospital B) 

  
322 
322 
298 
 35  

 
0.2–1.1 
0.2–1.1 
0.5–1.4 
2.0–2.3 

 
0.7 
0.5 
0.9 
2.2 
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Table 3 (contd) 

Concentration (mg/m3) Reference Country Year of 
sampling 

No. of 
sites 

Job or operation Duration of 
sampling 

No. of 
samples 

Range Mean 

Sobaszek 
et al. (1999) 

France 1988–95  2 Sterilization sites 
 Unloading; area samples 
 Unloading; personal samples 
 Bottle changing; personal 
  samples 

 
8-h TWA 
14–34 min 
7–9 min 

 
  5 
  5 
  5 

 
0.05–0.72 
0.09–11.1 
0.18–162 

 

Hori et al. 
(2002) 

Japan NR  6 Sterilization, one laundry 
 Area samples  
 Personal samples  

 
8-h TWA 
NR 

 
 37 
 37 

 
< 0.05–10.3 
< 0.05–0.49 

 

 USA NR  9 Sterilizer operators 8-h TWA 51 subjects 0–0.54  

NR, not reported; TWA, time-weighted average 
a One was a municipal sterilization and disinfection facility. 
b All samples had the same concentration. 
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Table 4. Exposure of hospital sterilizer operators to ethylene oxide (personal samples) in studies conducted by 
the National Institute for Occupational Safety and Health, in the USA, 1977–90 

Reference Period of 
measurements 

No. of 
hospitals 

Operation or conditions Duration of sampling No. of 
samples 

Concentration 
(mg/m3) 

Kercher & 
Mortimer 
(1987) 

NR  1 Before installation of controls (1984) 
 
 
After installation of controls (1985) 

Full-shift TWA 
Short-term (15–20 min) 
Short-term (1–2 min) 
Full-shift TWA 
Short-term (15–20 min) 
Short-term (1–2 min) 

NR 
NR 
NR 
NR 
NR 
NR 

[0.43] (average) 
[3.4] (average) 
[4.3] (average) 
[< 0.1] (average) 
[< 0.4] (average) 
[1] 

Boeniger 
(1988a) 

1987  1 Decontamination room 
Sterile room 

8-h TWA 
8-h TWA 

 2 
 6 

[0.58–0.77] 
[0.02–1.37] 

Boeniger 
(1988b) 

1987  1 Full shift 
Cracking sterilizer door open 
Transferring load to aerator 

4–7 h TWA 
30 sec 
30 sec 

 8 
 6 
15 

[0.04–0.40] 
[< 0.05–7.7] 
[0.23–18.9] 

Elliott et al. 
(1988) 

[1984–85] 12 Good engineering controls and good 
 work practice 
Good engineering controls and poor 
 work practice 
No engineering controls and good 
 work practices 
No engineering controls and poor 
 work practices 

8-h TWA 
Short-term (2–30 min) 
8-h TWA 
Short-term (2–30 min) 
8-h TWA 
Short-term (2–30 min) 
8-h TWA 
Short-term (2–30 min) 

 4 
 3 
15 
19 
14 
 4 
24 
 8 

ND 
ND 
[ND–0.29] 
[ND–5.4] 
[ND–0.83] 
[0.43–7.2] 
[ND–8.3] 
[0.43–186] 

Mortimer & 
Kercher (1989) 

1984–86  8  Full-shift TWA (6–8 h) 
Short-term (1–30 min) 

50 
59 

[ND–0.5] 
[ND–10.4] 

Newman & 
Freund (1989) 

1988  1  8-h TWA  8 [< 0.02] 

Shults & Seitz 
(1992) 

1991  1  6–8-h TWA  3 [< 0.02] 

ND, not detected; NR, not reported; TWA, time-weighted average 
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1.3.3 Environmental occurrence 

Most ethylene oxide is released into the atmosphere (WHO, 2003). Ethylene oxide 
degrades in the atmosphere by reaction with photochemically produced hydroxyl radicals. 
The half-life of ethylene oxide in the atmosphere, assuming ambient concentrations of 
5 × 105 hydroxy radicals/cm3, is 211 days. Data suggest that neither rain nor absorption 
into aqueous aerosols remove ethylene oxide from the atmosphere (National Library of 
Medicine, 2005). 

Releases of ethylene oxide (excluding sterilization) into the environment in Canada 
totalled 23 tonnes in 1996. The industry sectors that reported data were plastics and 
synthetics (0.24 tonnes), inorganic chemicals (6.1 tonnes), industrial organic chemicals 
(8.7 tonnes) and soap and cleaning compounds (8.0 tonnes) (WHO, 2003). An additional 
3.0 tonnes per year are estimated to be released from the servicing of medical facilities 
that use ethylene oxide in sterilization processes and commercial sterilization operations 
(WHO, 2003). By 1997, the emissions had been reduced by 82% from the 1993 levels. 

Emissions of ethylene oxide reported to the Environmental Protection Agency by 
industrial facilities in the USA declined from approximately 2900 tonnes in 1987 to 835 
tonnes in 1991 and 135.3 tonnes in 2005 (National Library of Medicine, 2006). Ethylene 
oxide is one of the 33 hazardous urban air pollutants identified as those that pose the 
greatest threat to human health in the largest number of urban areas (Environmental 
Protection Agency, 2000). 

In California, USA, concentrations of ethylene oxide in outdoor air were < 0.001–
0.96 mg/m3 (128 samples) in Los Angeles, 0.032–0.40 µg/m3 [0.018–0.22 ppb] 
(36 samples) in northern California and 0.03–0.36 µg/m3 [0.017–0.20 ppb] in a remote 
coastal location (Havlicek et al., 1992). 

Three of 50 24-h air samples collected outside randomly selected residences in 
Alberta, Ontario and Nova Scotia in Canada contained 3.7–4.9 µg/m3 ethylene oxide. 
Ethylene oxide was detected in only one sample (4 µg/m3) taken inside these 50 resi-
dences. The limit of detection was 0.19 µg/m3 (WHO, 2003).  

1.3.4  Other occurrence 

Food products, including herbs, spices, nuts, cocoa beans, cocoa, cocoa cake, raisins, 
dried vegetables and gums, were often treated with ethylene oxide in the 1980s. Of 204 
food products from retail shops in Denmark that were examined for ethylene oxide 
residues in 1985, 96 samples were found to have concentrations of ethylene oxide that 
ranged from 0.05 to 1800 mg/kg. The food products surveyed included herbs and spices 
(14–580 mg/kg), dairy products (0.06–4.2 mg/kg), pickled fish (0.08–2.0 mg/kg), meat 
(0.05–20 mg/kg), cocoa products (0.06–0.98 mg/kg) and black and herb teas (3–5 mg/kg; 
one sample contained 1800 mg/kg). In a follow-up survey of 59 honey samples, no 
ethylene oxide residue was detected (Jensen, 1988). 

A total of 200 samples of spices that are known to be consumed commonly without 
cooking (e.g. pepper, cinnamon/cassia, chilli, curry powder and paprika) were taken from 
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wholesalers and retailers in New Zealand in 1999. Only two samples of cinnamon 
contained detectable amounts (limit of detection, 2 mg/kg) of ethylene oxide (6 and 
15 mg/kg). Ethylene oxide intake, based on average spice consumption in New Zealand, 
was estimated to be 0.21 µg per person per day (conservative estimate) (Fowles et al., 
2001). 

Ethylene oxide occurs as a contaminant of skin care products because current 
commercial preparations of polyglycol ethers may contain ethylene oxide monomer 
residues of up to 1 ppm (Filser et al., 1994). This is in line with a study in which skin care 
products were reported to contain 0.08–1.5 mg/L ethylene oxide (Kreuzer, 1992). 

Ethylene oxide is formed during the combustion of fossil fuel, but the amount is 
expected to be negligible (WHO, 2003).  

Mainstream tobacco smoke contains 7 µg/cigarette ethylene oxide (IARC, 2004). 
Patients may be exposed during dialysis when the equipment has been sterilized with 

ethylene oxide (IPCS-CEC, 2001). 

1.4 Regulations and guidelines 

Occupational exposure limits and guidelines for ethylene oxide in a number of 
countries, regions or organizations are presented in Table 5. 

A tolerance of 50 ppm (mg/kg) has been established in the USA for residues of 
ethylene oxide when used as a post-harvest fumigant in or on raw black walnut meats, 
copra and whole spices (Environmental Protection Agency, 1992a). Ethylene oxide, 
either alone or with carbon dioxide or dichlorodifluoromethane, is permitted in the USA 
as a fumigant for the control of micro-organisms and insect infestation in ground spices 
and other processed natural seasoning materials, except mixtures to which salt has been 
added. Residues of ethylene oxide in ground spices must not exceed the established 
tolerance of 50 ppm (mg/kg) in whole spices (Environmental Protection Agency, 1992b). 

Table 5. Occupational exposure limits and guidelines for ethylene oxide 

Country/region or 
organization 

TWA 
(ppm)a 

STEL 
(ppm)a 

Carcinogenicityb Notes 

Australia 1  2  
Belgium 1  Ca  
Brazil 39    
Canada,  
 British Columbia 

 
0.1 

 
1 

 
1 

 
ALARA; skin 

 Quebec 1  A2 Recirculation 
prohibited 

China (mg/m3) 2 5  STEL based 
on ultra limit 
coefficient 

China, Hong Kong SAR 1  A2  
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Table 5 (contd) 

Country/region or 
organization 

TWA 
(ppm)a 

STEL 
(ppm)a 

Carcinogenicityb Notes 

China (Province of 
 Taiwan) 

1 2   

Czech Republic (mg/m3) 1 3  Skin 
Finland 1    
France 1.8    
Germany  1 (TRK)  2 (MAK) Skin 
Ireland 5  Ca2  
Japan-JSOH 1  1 Skin 

sensitizer-2 
Malaysia 1    
Mexico 1  A2  
Netherlands (mg/m3) 0.84  Ca  
New Zealand 1  A2  
Norway 1  Ca  
Poland (mg/m3) 1 3 Ca  
Romania 1    
South Africa-DOL CL 5    
Spain 1  Ca2  
Sweden 1 5 Ca Skin 
United Kingdom 5  R45  
USA  
 ACGIH 

 
1 

  
A2 

 

 NIOSH REL 0.1 5 Ca Per day 
 OSHA PEL 1 5 (ceiling) Ca  

From ACGIH Worldwide (2005); SZW (2006); Chien et al. (2007) 
ACGIH, American Conference of Governmental Industrial Hygienists; ALARA, as 
low as reasonably achievable; DOL CL, Department of Labour ceiling limits; JSOH, 
Japanese Society of Occupational Health; MAK, maximum allowed concentration; 
NIOSH, National Institute of Occupational Safety and Health; OSHA, Occupational 
Safety and Health Administration;  PEL, permissible exposure limit; REL, 
recommended exposure limit; STEL, short-term exposure limit; TRK, technical 
guidance concentration; TWA, time-weighted average 
a Unless otherwise specified 
b 2 (Australia), probable human carcinogen; 2 (Germany), considered to be 
carcinogenic to humans; Ca (except Norway), carcinogen/substance is carcinogenic; 
Ca (Norway), potential cancer-causing agent; 1, substance which causes cancer in 
humans/carcinogenic to humans; A2, suspected human carcinogen/carcinogenicity 
suspected in humans; Ca2, suspected human carcinogen; R45, may cause cancer  
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2.    Studies of Cancer in Humans 

The main findings of epidemiological studies of ethylene oxide and cancer risk are 
summarized in Table 6. 

2.1 Case reports 

Högstedt et al. (1979b) reported three cases of haematopoietic neoplasms that had 
occurred between 1972 and 1977 in workers at a Swedish factory where ethylene oxide 
and methyl formate had been used since 1968 to sterilize hospital equipment. Attention 
had been drawn to the case cluster by the factory safety committee. One woman with 
chronic myeloid leukaemia and another with acute myelogenous leukaemia had worked 
in a storage hall where they were exposed for 8 h per day to an estimated 20 ± 10 
(standard deviation [SD]) ppm [36 ± 18 mg/m3] ethylene oxide. The third case was that of 
a man with primary Waldenström macroglobulinaemia who had been manager of the 
plant since 1965 and had been exposed to ethylene oxide for an estimated 3 h per week. 
[The Working Group noted that Waldenström macroglobulinaemia is classified in the 
WHO Classification of Diseases as lymphoplasmocytic lymphoma.] 

Tompa et al. (1999) described a cluster of 16 cases of cancer (including eight women 
with breast cancer) over a 12-year period among 98 nurses who were exposed to ethylene 
oxide at a sterilizer unit in a hospital in Hungary. Airborne concentrations of ethylene 
oxide in the working area were reported to vary from 5 to 150 mg/m3. 

2.2 Cohort studies 

2.2.1 Europe 

Högstedt et al. (1979a, 1986) and Högstedt (1988) examined workers at a Swedish 
chemical plant where ethylene oxide had been produced by the chlorohydrin process. The 
cohort comprised men who had taken part in a medical survey in 1959–61 and included 
89 operators with regular exposure to ethylene oxide, 78 maintenance staff with inter-
mittent exposure and 66 unexposed men. All of the men had been exposed or employed 
for at least 1 year. Average exposures to ethylene oxide during 1941–47 were estimated to 
have been below 25 mg/m3, but occasional peaks exceeded the odour threshold of 1300 
mg/m3. During the 1950s and through to 1963, an average concentration of 10–50 mg/m3 
was estimated. In 1963, production of ethylene oxide ceased, but the compound continued 
to be used in manufacturing processes, and random samples showed workplace 
concentrations of ethylene oxide in the range of 1–10 mg/m3, with occasional higher 
values. Other exposures in the plant included chloroform (IARC, 1999b), chlorinated 
acetals, chloral (IARC, 1995), DDT (IARC, 1991), ethylene glycol, surfactants, cellulose 
ethers, ethylene (IARC, 1994), ethylene chlorohydrin, ethylene dichloride, bis(2-
chlorethyl)ether (IARC, 1987, 1999a) and propylene oxide (IARC, 1994, 1995, 1997). 
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Table 6. Epidemiological studies of exposure to ethylene oxide and cancer at various sites  

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

COHORT STUDIES 

Europe 

Lymphohaematopoeitic (LH) 

Högstedt et al. 
(1979a, 1986),  
Sweden 

89 operators with regular 
exposure to ethylene 
oxide and 78 maintenance 
staff with intermittent 
exposure, employed for 
≥ 1 year at a chemical 
plant, followed 1962–85 

 Leukaemia 
 

Operators 
Maintenance staff 

  2 
  1 

[10] 
[5] 

Estimated average 
exposure before 1963, 
5–25 ppm  
[9–45 mg/m3]; one 
CML, one acute 
leukaemia, one CLL 

Thiess et al. 
(1981), 
Germany 

602 male employees in a 
company in western 
Germany who worked for 
at least 6 months in 
ethylene oxide 
production, followed to 
June 1980 

 Myeloid leukaemia 
Lymphatic sarcoma 

   1 
  1 

6.67 
NR 

 

Högstedt et al. 
(1986), Sweden 

203 workers employed 
≥ 1 year in production of 
sterilized supplies, 
followed 1978–82 

 LH (200–209) All cohort members   2 [15] Estimated average 
past exposure in 
storeroom, 20 ppm 
[36 mg/m3]; one 
AML was part of a 
cluster which had 
originally prompted 
the study; one acute 
blastic leukaemia 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Högstedt et al. 
(1986), Sweden 

355 chemical workers and 
maintenance and 
technical personnel 
employed at a chemical 
plant, followed 1964–81 

Air sampling 
and interview 
with 
experienced 
staff 

CML All cohort members   1 11.6 deaths expected 
from all causes 

TWA exposures,  
1–8 ppm [1.8–14.4 
mg/m3] in 1963–76;  
0.4–2.0 ppm [0.7–
3.6 mg/m3] in 1977–
82 

Högstedt 
(1988), Sweden 

Follow-up of Högstedt 
et al. (1979a,b, 1986) 
 

  
Leukaemia 
 
Blood and lymphatic 
 malignancies 

 
All cohort 
Men 
All cohort 
Men 

 
  7 
  6 
  9 
  4 

SMR 
9.21 (NR) 
3.54 (1.3–7.7) 
4.59 (NR) 
6.11 (1.7–15.7) 

 

Gardner et al. 
(1989), United 
Kingdom 
(updated by 
Coggon et al., 
2004) 

1471 workers employed 
in production or use of 
ethylene oxide at 
4 chemical companies in 
1956–85, followed to 
31 December 2000 

Environmental 
and personal 
monitoring 
since 1977 

Leukaemia (204–208) 
Hodgkin lymphoma 
 (201) 
NHL (200) 
Multiple myeloma 
 (203) 

All cohort members 
 

  4 
  1 
 
  4 
  3 

1.41 (0.39–3.62) 
1.40 (0.04–7.82) 
 
1.38 (0.38–3.53) 
2.03 (0.42–5.94) 

 1405 workers potentially 
exposed to ethylene oxide 
in sterilization units at 8 
hospitals during 1964–86, 
followed to 31 December 
2000 

 Leukaemia 
Hodgkin lymphoma 
NHL 

All cohort members  
  

  1 
  1 
  3 

0.55 (0.01–3.06) 
2.98 (0.08–16.6) 
1.59 (0.33–4.66) 

Measured TWA 
concentrations 
< 5 ppm [9 mg/m3] in 
almost all jobs but 
with occasional peaks 
up to several hundred 
ppm; exposures 
probably higher in 
past 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Kiesselbach 
et al. (1990), 
Germany 

2658 employees from 6 
chemical companies 
exposed to ethylene oxide 
for ≥ 12 months during 
1928–82, followed to 31 
December 1982 

 LH  
Leukaemia 

All cohort members 
 

  5 
  2 

1.00 (0.32–2.3) 
0.85 (0.10–3.1) 

No data on exposure 
levels; risk estimates 
may have been 
seriously biased since 
most deaths in cohort 
were not ascertained 
from death 
certificates. 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months during 
1964–85 at 2 plants where 
medical equipment was 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 LH 
Leukaemia 

All cohort members 
All cohort members 
≥ 0.14 ppm–years 
 with induction 
 period of 10 years 

  6 
  2 
  2 

1.8 (0.65–3.88) 
2.4 (0.30–8.81) 
7.1 (0.87–25.8) 

 

Bisanti et al. 
(1993), 
Italy 

1971 male chemical 
workers licensed to 
handle ethylene oxide for 
≥ 1 year during 1938–84, 
followed 1940–84 

 LH 
Lymphosarcoma and 
 reticulosarcoma 
Leukaemia 

All cohort members 
 

  6 
  4 
 
  2 

2.5 (0.91–5.5) 
6.8 (1.9–17) 
 
1.9 (0.23–7.0) 

The 2 leukaemia 
deaths occurred in 
men with < 5 years 
of exposure and 
< 10 years after first 
exposure. 

Kardos et al. 
(2003), 
Hungary 

299 women employed on 
a hospital ward using 
ethylene oxide sterilizer 
in 1976–93, followed 
1987–99 

 Leukaemia All cohort members   1 4.38 deaths expected 
from all causes 

Deaths in the cohort 
ascertained from a 
different source from 
the reference rates 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Breast 

Gardner et al. 
(1989), United 
Kingdom 
(updated by 
Coggon et al., 
2004) 

1011 women potentially 
exposed to ethylene oxide 
in sterilization units at 8 
hospitals during 1964–86, 
followed to 31 December 
2000 

 Breast All cohort members 
Continual 
Unknown 

 11 
  5 
  6 

0.84 (0.42–1.51) 
0.70 (NR) 
1.16 (NR)  

 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months in 1964–
85 at 2 plants where 
medical equipment 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 Breast All cohort members   5 0.46 (0.15–1.08)  

Kardos et al. 
(2003), 
Hungary 

299 women employed on 
a hospital ward using 
ethylene oxide sterilizer 
in 1976–93, followed 
1987–99 

 Breast All cohort members   3 4.38 deaths expected 
from all causes 

Deaths in the cohort 
ascertained from a 
different source from 
the reference rates; 
one or more breast 
cancer cases may 
have been part of a 
cluster that prompted 
the study. 

 



2
1

0 
IA

R
C

 M
O

N
O

G
R

A
P

H
S

 V
O

L
U

M
E

 9
7 

 
  

Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Stomach  

Thiess et al. 
(1981), 
Germany 

602 employees exposed 
to alkylene oxides and 
other substances, 
employed in 1928–80 

Environmental 
monitoring 

Stomach All cohort members   4 [1.49] (NR)  

Högstedt et al. 
(1979a, 1986); 
Högstedt 
(1988), 
Sweden 

89 operators with regular 
exposure to ethylene 
oxide and 78 maintenance 
staff with intermittent 
exposure, employed for 
≥ 1 year at a chemical 
plant, followed 1962–85 

 Stomach  
All cohort members 

 
  5 

SMR 
9.03 (2.9–21.1)  

 

Högstedt 
(1988), 
Sweden 

539 men employed for 
≥ 1 year at a chemical 
plant followed 1960–85 

 Stomach Length of 
employment 
1–9 years 
≥ 10 years 
All 

 
 
  4 
  6 
 10 

 
SMR 
5.97 (NR) 
6.08 (NR) 
6.02 (2.9–11.1) 

 

Gardner et al. 
(1989), United 
Kingdom 
(updated by 
Coggon et al., 
2004) 

1471 workers in the 
production or use of 
ethylene oxide at 
4 chemical companies 
during 1956–85, followed 
to 31 December 2000 

Environmental 
and personal 
monitoring 
since 1977 

Stomach  
All cohort members 
Definite 
Probable 
Unknown 
 

 
  5 
  4 
  1 
  0 
 

SMR 
[0.62 (0.20–1.46)] 
0.78 (NR) 
0.57 (NR) 
0 (NR) 
 

Measured TWA 
concentrations 
< 5 ppm [9 mg/m3] in 
almost all jobs but 
with occasional peaks 
up to several hundred 
ppm; exposures 
probably higher in the 
past 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Kiesselbach 
et al. (1990), 
Germany 

2658 employees from 6 
chemical companies 
exposed to ethylene oxide 
for ≥ 12 months in 1928–
82, followed to 31 
December 1982 

 Stomach  
All cohort members 
 

 
 14 

SMR 
1.38 (0.75–2.31) 

No data on exposure 
levels; risk estimates 
may have been 
seriously biased since 
most deaths in cohort 
were not ascertained 
from death 
certificates. 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months during 
1964–85 at 2 plants using 
medical equipment 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 Stomach  
All cohort members 
Induction period of 
 10 years 

 
  0 
  0 

SIR 
0 (0–4.55) 
0 (0–8.38) 

 

Ambroise et al. 
(2005), 
France 

181 male workers 
employed as pest-control 
workers 1979–94, 
followed for mortality 
through to 2000 

 Stomach  
All cohort members 

 
  1 

SMR 
3.18 (0.08–17.70) 

No information 
available on 
individual level of 
exposures to 
pesticides, 
rodenticides or 
formaldehyde 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Brain 

Thiess et al. 
(1981), 
Germany 

602 employees exposed 
to alkylene oxides and 
other substances, 
employed in 1928–80 
 
 
 
 

Environmental 
monitoring 

Malignant tumour of 
 the brain 

Duration of 
exposure 
0.5–4 years 
5–9 years 
10–19 years 
≥ 20 years 
 

 
 
  0 
  0 
  0 
  1 

 
 
NR 
NR 
NR 
[41.7] (NR) 

 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months in 1964–
85 at 2 plants using 
medical equipment 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 Brain  
All cohort members 
All cohort members 
 ≥ 0.14 ppm–years 
Induction period of 
 10 years 

 
  4 
  3 
 
  3 

SIR 
1.69 (0.46–4.34) 
3.80 (0.78–11.1) 
 
2.80 (0.58–8.19) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Pancreas 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months during 
1964–85 at 2 plants where 
medical equipment was 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 Pancreas  
All cohort members 
All cohort members 
 ≥ 0.14 ppm–years  
Induction period of 
 10 years 

 
  2 
  1 
 
  1 

SIR 
2.47 (0.30–8.92) 
2.86 (0.07–15.9) 
 
2.22 (0.06–12.4) 

 

Ambroise et al. 
(2005), France 

181 male workers 
employed as pest-control 
workers 1979–94, 
followed for mortality 
through to 2000 

 Pancreas  
All cohort members 

 
  0 

SMR 
0 (0–10.77) 

No information 
available on 
individual level of 
exposures to 
pesticides, 
rodenticides or 
formaldehyde 

USA 

Lymphohaematopoeitic (LH) 

Morgan et al. 
(1981), eastern 
Texas (reported 
in Shore et al., 
1993) 

767 men employed in 
1955–77 at a chemical 
plant for ≥ 5 years with 
potential exposure to 
ethylene oxide, followed 
1955–85  

Industrial 
hygiene 
survey in 
1977 

LH 
Leukaemia 

All cohort members 
 

  3 
  0 

10 (0.21–2.9) 
0.0 (0.0–3.4) 

Exposures in 1977 
< 10 ppm [18 
mg/m3]; included 
2 cases of Hodgkin 
disease  
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) 

18 235 workers employed 
at 14 industrial plants that 
used ethylene oxide for 
sterilization since 1943 
with ≥ 3 months exposure 
to ethylene oxide, 
followed to 1998 

  
LH 
 
 
 
 
 
 
 
Lymphoid-cell  
 
 
 
 
 
 
 
 
 
 
 
Hodgkin lymphoma 
 
 
 
 
 
 
 
 

 
All cohort members 
Cumulative exposure 
in ppm–days  
0–1199 
1200–3679 
3680–13 499 
≥ 13 500 
 
Men with 15- year 
lag (results from Cox 
regression) 
Cumulative exposure 
in ppm–days 
0 
>0–1199 
1200–3679 
3680–13 499 
≥ 13 500 
 
 
All cohort members 
Cumulative exposure 
in ppm–days 
0–1199 
1200–3679 
3680-13 499 
≥ 13 500 
 
 

 
 79 
 
 
 18 
 20 
 18 
 18 
 
 
 
 
 
 
 
 
 
 
 
 
 
  6 
 
 
  0 
  1 
  3 
  2 
 
 

SMR 
1.00 (0.79–1.24) 
 
 
0.77 (NR) 
1.31 (NR) 
1.10 (NR) 
0.94 (NR) 
 
 
 
 
 
 
1.00 
0.90 (0.16–5.24) 
2.89 (0.65–12.86) 
2.74 (0.65–11.55) 
3.76 (1.03–13.64) 
p-trend = 0.13 
 
1.24 (0.53–2.43) 
 
 
0 (NR) 
0.99 (NR) 
2.97 (NR) 
2.20 (NR) 
 
 

Adjusted for age, race 
(white/non-white), 
date of birth (within 5 
years); in an internal 
case–control analysis 
(excluding 1 small 
plant), log cumulative 
exposure to ethylene 
oxide lagged by 
15 years significantly 
related to mortality 
from LH cancers in 
men (p = 0.02), but 
not in women; 
duration of exposure, 
peak exposure and 
average exposure less 
predictive of 
mortality from LH 
cancer; similar 
pattern observed for 
lymphoid-cell 
tumours 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) (contd) 

  NHL 
 
 
 
 
 
 
 
Multiple myeloma 
 
 
 
 
 
 
 
Leukaemia 
 
 
 
 
 

All cohort members 
Cumulative exposure 
in ppm–days 
0–1199 
1200–3679 
3680–13 499 
≥ 13 500 
 
All cohort members 
Cumulative exposure 
in ppm–days 
0–1199 
1200–3679 
3680–13 499 
≥ 13 500 
 
All cohort members 
Cumulative exposure 
in ppm–days 
0–1199 
1200–3679 
3680–13 499 
≥ 13 500 

 31 
 
 
  7 
  8 
  6 
  9 
 
 13 
 
 
  1 
  5 
  3 
  4 
 
 29 
 
 
 10 
  6 
  6 
  3 

1.00 (0.72–1.35) 
 
 
0.76 (NR) 
1.34 (NR) 
0.85 (NR) 
1.21 (NR) 
 
0.92 (0.54–0.87) 
 
 
0.26 (NR) 
1.89 (NR) 
0.92 (NR) 
1.03 (NR) 
 
0.99 (0.71–1.36) 
 
 
1.15 (NR) 
1.06 (NR) 
0.93 (NR) 
0.43 (NR) 

 

Benson & Teta 
(1993), West 
Virginia 

278 men intermittently 
exposed to ethylene oxide 
in a chlorohydrin unit 
since 1949, followed to 
1988 
 

 LH All cohort members   8 2.94 (1.27–5.80) Primarily exposed to 
ethylene chloro-
hydrin, ethylene 
dichloride and 
bischloroethyl ether 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Teta et al. 
(1993), West 
Virginia 

1896 men potentially 
exposed to ethylene oxide 
since 1940 at 2 chemical 
plants but who never 
worked in chlorohydrin 
unit, followed to 1988 

 LH 
Lymphosarcoma and 
 reticulosarcoma  
Leukaemia 

All cohort members 
 

  7 
  2 
 
  5 

0.6 (0.2–1.2) 
1.0 (0.1–3.56) 
 
1.1 (0.4–2.5) 

 

Norman et al. 
(1995), New 
York State 

1132 workers employed 
in 1974–80 at a sterilizing 
plant that used ethylene 
oxide, followed for cancer 
incidence to 1957 

 Leukaemia 
 

All cohort members 
  

  1 1.85 (p = 0.42) 
 

 

Olsen et al. 
(1997), Texas 

1361 men employed for 
≥ 1 year and potentially 
engaged for ≥ 1 month in 
ethylene or propylene 
chlorohydrin production 
since 1941 at 4 chemical 
plants, followed to 1992 

 LH  Ever in ethylene 
chlorohydrin 
production 
Ever in ethylene 
chlorohydrin 
production with 
allowance for 25-
year induction 
period from first 
exposure 

 10 
 
 
  6 

1.29 (0.62–2.38) 
 
 
1.4 (0.52–3.12) 

 

Breast 

Norman et al. 
(1995), New 
York State 
 

1132 workers employed 
during 1974–80 at a 
sterilizing plant that used 
ethylene oxide, followed 
for cancer incidence to 
1957 

 Breast All cohort members 
 
 
All cohort members 

 12 
 
 
 12 

1.72* (0.99–3.00) 
 
 
1.57** (0.90–2.75) 

*Expected numbers 
from SEER rates for 
1978–81 
**Expected numbers 
from SEER rates for 
1981–85 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Steenland et al. 
(2003) 

7576 women worked for 
≥ 1 year at 13 plants, 
followed for breast cancer 
incidence to 1998 

 Breast 
Breast excluding 
 carcinoma in situ 
Breast 

    

All cohort members 
All cohort members 
 
Exposures in 
ppm–days with 
15-year lag 
0 
< 647 
647–2026 
2027–4919 
4920–14 620 
> 14 620 
Exposures in 
ppm–days with  
15-year lag 
0 
< 647 
647–2026 
2027–4919 
4920–14 620 
> 14 620 

319 
299 
 
 
 
 
 81 
 45 
 46 
 46 
 45 
 48 
 
 
 
 81 
 45 
 46 
 46 
 45 
 48 

0.87* (0.77–0.97) 
0.94 ([0.84–1.05]) 
 
 
 
 
1.00** (lagged out) 
1.07 (0.72–1.59) 
1.00 (0.67–1.50) 
1.24 (0.85–1.90) 
1.17 (0.78–1.78) 
1.74 (1.16–2.65) 
 
 
 
1.00*** (lagged out) 
1.06 (0.66–1.71) 
0.99 (0.61–1.60) 
1.24 (0.76–2.00) 
1.42 (0.88–2.29) 
1.87 (1.12–3.10) 

*Recognized to be 
an underestimate 
because of 
incomplete 
ascertainment of 
cases 
**Odds ratios 
calculated by Cox 
regression in a 
nested case–control 
analysis 
 
***Analysis 
restricted to subset 
of 5139 women 
with data on 
potential 
confounders from 
interviews; adjusted 
for parity, breast 
cancer in first-
degree relative 

Steenland et al. 
(2004) 

18 235 workers at 
14 industrial plants that 
used ethylene oxide for 
sterilization since 1943 
with ≥ 3 months’ 
exposure to ethylene 
oxide, followed to 1998 

 Breast 
 
 

All cohort members 
 
All female cohort 
 members 

103 
 
NR 

0.99 (0.84–1.17) 
 
0.99 (0.81–1.20) 

At least one cancer 
occurred in a man. 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Stomach  

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) 

18 254 workers at 14 
industrial plants that used 
ethylene oxide for 
sterilization since 1943 
with ≥ 3 months exposure 
to ethylene oxide, 
followed to 1998 

 Stomach  
All cohort members 
(Steenland et al., 
2004) 
Cumulative exposure 
in ppm–days  
< 1200  
1200–8500 
> 8500 
Total 
(Stayner et al., 1993) 

 
 25 
 
 
 
 
  5 
  4 
  1 
 10 
 

SMR 
1.07 (0.74-1.49) 
 
 
 
 
1.74 (0.57–4.07) 
1.24 (0.29–2.60) 
0.23 (0.11–1.32) 
0.90 (0.43–1.66) 
p trend = 0.04 

. 

Benson & Teta 
(1993), West 
Virginia  
 

278 men intermittently 
exposed to ethylene oxide 
in a chlorohydrin unit 
since 1949, followed to 
1988 

 Stomach All cohort members   1 [0.70] (0.2–3.92) Primarily exposed 
to ethylene chloro-
hydrin, ethylene 
dichloride and 
bischloroethyl ether 

Teta et al. 
(1993), 
West Virginia 

1896 men potentially 
exposed to ethylene oxide 
since 1940 at 2 chemical 
plants but who never 
worked in chlorohydrin 
unit, followed to 1988 

 Stomach  
All cohort members 
 

 
  8 

SMR 
1.60 (0.69–3.15) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Norman et al. 
(1995), New 
York State 

1132 workers employed 
during 1974–80 at a 
sterilizing plant using 
ethylene oxide, followed 
for cancer incidence to 
1957 

 Stomach All cohort members   0 –  

Olsen et al. 
(1997), 
Texas 

1361 men employed for 
≥ 1 year and potentially 
engaged for ≥ 1 month in 
ethylene or propylene 
chlorohydrin production 
since 1941 at 4 chemical 
plants, followed to 1992 

 Stomach  
Ever in ethylene 
chlorohydrin 
production 
Ever in ethylene 
chlorohydrin 
production with 
allowance for 25-
year induction 
period from first 
exposure 

 
  2 
 
 
  2 
 

SMR 
65 (8–234) 
 
 
[1.17 (0.14–4.23)] 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Brain  

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) 

18 254 workers employed 
at 14 industrial plants 
using ethylene oxide for 
sterilization since 1943 
with ≥ 3 months exposure 
to ethylene oxide, 
followed to 1998 

 Brain  
All cohort members 
(Steenland et al., 
2004) 
Cumulative exposure 
in ppm–days 
< 1200  
1200–8500 
> 8500  
Total 
(Stayner et al., 1993) 

 
 14 
 
 
 
 
  0 
  4 
  2 
  6 

SMR 
0.59 (0.36–0.91) 
 
 
 
 
0.0 
0.99 (0.27–2.53) 
0.59 (0.07–2.12) 
0.54 (0.20–1.18) 
p-trend = 0.43 

. 

Benson & Teta 
(1993), West 
Virginia 

278 men intermittently 
exposed to ethylene oxide 
in a chlorohydrin unit 
since 1949, followed to 
1988 

 Brain and other 
 nervous system 

All cohort members   1 [1.17] (0.3–6.56) Primarily exposed 
to ethylene chloro-
hydrin, ethylene 
dichloride and 
bischloroethyl ether 

Teta et al. 
(1993), 
West Virginia 

1896 men potentially 
exposed to ethylene oxide 
since 1940 at 2 chemical 
plants who never worked 
in chlorohydrin unit, 
followed to 1988 

 Brain and other 
 nervous system 

 
All cohort members 
 

 
 

SMR 
1.50 (0.55–3.27) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Norman et al. 
(1995), New 
York State 

1132 workers employed 
during 1974–80 at a 
sterilizing plant using 
ethylene oxide, followed 
for cancer incidence to 
1957 

 Brain All cohort members    0 –  

Olsen et al. 
(1997), 
Texas 

1361 men employed for 
≥ 1 year and potentially 
engaged for ≥ 1 month in 
ethylene or propylene 
chlorohydrin production 
since 1941 at 4 chemical 
plants, followed to 1992 
 

 Brain and other 
 nervous system 
 (191–192) 

 
Ever in ethylene 
chlorohydrin 
production 
Ever in ethylene 
chlorohydrin 
production with 
allowance for 25-
year induction 
period from first 
exposure 

 
  3 
 
 
  3 
 

SMR 
1.23 (0.25–3.58) 
 
 
[2.73 (0.56–7.97)] 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Pancreas 

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) 

18 254 workers employed 
at 14 industrial plants 
using ethylene oxide for 
sterilization since 1943 
with ≥ 3 months exposure 
to ethylene oxide, 
followed to 1998 

 Pancreas  
All cohort members 
(Steenland et al., 
2004) 
Cumulative exposure 
in ppm–days 
< 1200  
1200–8500 
> 8500  
Total 
(Stayner et al., 1993) 

 
 38 
 
 
 
 
  3 
 10 
  3 
 16 
 

SMR 
0.92 (0.69–1.21) 
 
 
 
 
0.69 (0.14–2.03) 
1.70 (0.81–3.12) 
0.50 (0.10–1.47) 
0.98 (0.57–1.61) 
p-trend = 0.38 

. 

Benson & Teta 
(1993), West 
Virginia 

278 men intermittently 
exposed to ethylene oxide 
in a chlorohydrin unit 
since 1949, followed to 
1988 

 Pancreas All cohort members   8 4.92 (1.58–11.40) Primarily exposed 
to ethylene chloro- 
hydrin, ethylene 
dichloride and 
bischloroethyl ether 

Teta et al. 
(1993), 
West Virginia 
 
 

1896 men potentially 
exposed to ethylene oxide 
since 1940 at 2 chemical 
plants, who never worked 
in chlorohydrin unit, 
followed to 1988 

 Pancreas  
All cohort members 
 

 
  4 

SMR 
0.61 (0.17–1.56) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Norman et al. 
(1995), New 
York State 

1132 workers employed 
in 1974–80 at a sterilizing 
plant using ethylene 
oxide, followed for cancer 
incidence to 1957 

 Pancreas All cohort members   2 3.92 (p = 0.09) 
 

 

Olsen et al. 
(1997), Texas 
 

1361 men employed for 
≥ 1 year and potentially 
engaged for ≥ 1 month in 
ethylene or propylene 
chlorohydrin production 
since 1941 at 4 chemical 
plants, followed to 1992 

 Pancreas  
Ever in ethylene 
chlorohydrin 
production 
Ever in ethylene 
chlorohydrin 
production with 
allowance for 25-
year induction 
period from first 
exposure 

 
  1 
 
 
  1 
 

SMR 
0.25 (0.1–1.40) 
 
 
0.40 (0.1–2.26) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

CASE–CONTROL STUDY 

Swaen et al. 
(1996), Belgium 

210 employees of a 
chemical manufacturer 
between 1966 and 1992 

 Hodgkin lymphoma All cohort members  
3 ex-
posed 
cases 

Odds ratio 
8.5 (1.4–39.9) 

 

META-ANALYSIS 

Teta et al. 
(1999), 
Germany, Italy, 
Sweden, United 
Kingdom, USA  

Nearly 33 000 workers 
 

  
Leukaemia 
NHL 
Stomach 
Brain 
Pancreas 

  
 35 
 33 
 59 
 25 
 37 

Meta-SMR 
1.08 (0.61–1.93) 
1.34 (0.96–1.89) 
1.23 (0.71–2.13)  
0.96 (0.49–1.91) 
0.95 (0.69–1.31) 

 

AML, acute myelogenous leukaemia; CI, confidence interval; CLL, chronic lymphocytic leukaemia; CML, chronic myelogenous leukaemia; ICD, International 
Classification of Diseases; NHL, non-Hodgkin lymphoma; NR, not reported; SEER, Surveillance, Epidemiology and End Results; SIR, standardized incidence ratio; 
SMR, standardized mortality ratio; TWA, time-weighted average 
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The cohort was followed from 1962 to 1985 through national registries. Among the 
ethylene oxide operators, 34 deaths from all causes occurred (25.0 expected), including 
14 cancer deaths (6.1 expected) of which five were due to stomach cancer (0.6 expected) 
and two to leukaemia (0.2 expected; one chronic myelogenous and one acute leukaemia 
not further specified). No overall excess mortality from cancer was observed among the 
maintenance staff who had intermittent exposure or among the unexposed workers; 
however, four of the maintenance men had died from stomach cancer (0.6 expected) and 
one from chronic lymphocytic leukaemia (0.2 expected).  

Two hundred and three workers employed for at least 1 year at the Swedish factory 
described in Section 2.1 were subsequently followed up for mortality through national 
census, death and emigration registries (Högstedt et al., 1986). During 1978–82, five 
deaths occurred (4.9 expected), four of which were from cancer (1.6 expected). Two of 
the deaths were from lymphatic and haematopoietic malignancies (0.13 expected), but 
one of these decedents (who had acute myelogenous leukaemia) had been part of the 
original case cluster that had prompted the study. The other died from acute blastic 
leukaemia. 

The above reports also described a third cohort of Swedish workers who were 
exposed to ethylene oxide in a plant where the compound was produced by direct 
oxidation of ethylene (Högstedt et al., 1986; Högstedt, 1988). The cohort comprised 128 
workers who were employed in the production of ethylene oxide or ethylene glycol and 
had had almost pure exposure to ethylene oxide; 69 workers who were employed in the 
processing of ethylene oxide and propylene oxide to non-ionic surfactants and polyols 
and whose principal exposure was to ethylene oxide and propylene oxide but who had 
also been exposed to various amines, sodium nitrate (IARC, 2009), formaldehyde (IARC, 
2006) and 1,2-butene oxide; and 158 maintenance and technical personnel who had had 
multiple exposures that included ethylene oxide. Analyses of air samples and interviews 
with experienced staff indicated 8-h TWA exposures to ethylene oxide of 1–8 ppm [1.8–
14.4 mg/m3] during 1963–76, which fell to 0.4–2.0 ppm [0.7–3.6 mg/m3] during 1977–
82. Expected numbers of cancers and deaths were calculated from 5-year age-, sex- and 
calendar year-specific rates for the national population. During follow-up from 1964 to 
1981 using national registries, eight deaths were observed in the entire cohort compared 
with 11.6 expected; one man in the maintenance and repair group died from chronic 
myelogenous leukaemia. During extended follow-up to 1985, a fatal case of reticular-cell 
sarcoma was recorded among the production workers [expected number not given]. [The 
Working Group noted that the cohort was not defined precisely.] 

Högstedt (1988) also presented findings on cancer incidence (ascertained through the 
national cancer registry) for the three cohort studies described above. After exclusion of 
the three cases in the initial cluster at the sterilizing plant, seven leukaemias were 
observed (0.8 expected from national rates [standardized incidence ratio (SIR), 9.2]). For 
blood and lymphatic malignancies, nine deaths were observed (two expected; 
standardized mortality ratio [SMR], 4.59). Confidence intervals (CIs) were reported only 
for the SMRs of men. 
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Thiess et al. (1981) examined the mortality of 602 active and former male 
employees at a company in western Germany who had worked for at least 6 months in 
an area of alkylene oxide production. Until 1965, ethylene oxide had been made from 
ethylene chlorohydrin, but thereafter it was produced by direct oxidation of ethylene. 
Propylene oxide had been made since 1959 by a propylene chlorohydrin process. 
Industrial hygiene measurements in 1978 showed that the average concentration of 
ethylene oxide was < 4 ppm [7.2 mg/m3], but no earlier measurement was available. 
Discussions with long-standing employees indicated that exposures before that time 
would have been higher. Other potential exposures included propylene oxide, butylene 
oxide, dioxane, epichlorohydrin, dichloropropane, ethylene chlorohydrin, propylene 
chlorohydrin, aniline, piperazine, cyclohexylamine, cyclohexane, formaldehyde, 
isobutyraldehyde, ethyleneimine, hydrocyanic acid, hydrogen sulfide, aluminium 
chloride, benzene, phenol, cyanuric acid, acrylic acid and acetylene alcohols (IARC, 
1987, 1994, 1999a, 2006). The first worker was employed in 1928, and follow-up was 
from that year until 30 June 1980. The expected numbers of deaths in the cohort were 
calculated for each 5-year age group, using mortality rates for the populations of 
Ludwigshafen and Rhinehessia-Palatinate during 1970–75 and of Germany during 
1971–74 as a reference. In addition, an internal comparison group of 1662 persons 
who were employed in a styrene production facility on the same site was used. During 
follow-up, 56 deaths were recorded in the exposed cohort, whereas the expected num-
bers were 71.5 (Ludwigshafen), 73.4 (Rhinehessia-Palatinate), 76.6 (Germany) and 
57.9 (styrene cohort). Fourteen of the deaths were due to cancer, whereas 16.6 were 
expected from national statistics [SMR, 0.84]. The deaths from cancer included one 
case of myeloid leukaemia (< 0.15 expected) and one case of lymphatic sarcoma. [The 
Working Group noted that no indication of the completeness with which the cohort 
was identified was given, and that the methods of follow-up were not stated. It is not 
clear how losses to follow-up were handled in the analysis.] 

Gardner et al. (1989) studied 2876 workers at four British chemical companies where 
ethylene oxide or its derivatives had been manufactured and in eight hospitals where 
ethylene oxide had been used as a sterilant. In one company, ethylene oxide had been 
produced by the chlorohydrin process during 1950–60 and by direct oxidation of ethylene 
from 1959 onwards; in the second company, the chlorohydrin process had been used 
during 1955–70 and direct oxidation was used thereafter; in the third company, ethylene 
oxide had been produced during 1960–81 only by direct oxidation; and in the fourth 
company, ethylene oxide had been used in the manufacture of derivatives since 1959. The 
eight hospitals had started using ethylene oxide between 1962 and 1972. The cohort 
comprised all workers at each factory and hospital who had had probable exposure to 
ethylene oxide during specified periods for which employment records were complete. 
Sixteen subjects had to be excluded because such information was not available in full. 
Jobs held by cohort members at the factories were classified as having involved definite, 
probable or possible exposure to ethylene oxide. At the hospitals, jobs were classed as 
involving continual, intermittent or possible exposure. Environmental and personal moni-
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toring since 1977 had shown a TWA concentration of < 5 ppm [9 mg/m3] in almost all 
jobs, but with occasional peaks of exposure up to several hundred parts per million as a 
result of operating difficulties in the chemical plants and during loading and unloading of 
sterilizers in the hospitals. Exposures were thought to have been higher in earlier years, 
and peak exposures above the odour threshold of 700 ppm [1260 mg/m3] were reported 
both by the chemical manufacturers and at the hospitals. Cohort members at the manufac-
turing plants were potentially exposed to many other chemicals, including chlorohydrin, 
propylene oxide, styrene and benzene; some of the hospital workers had occasionally 
been exposed to formaldehyde and carbon tetrachloride. The cohort was followed for 
mortality through the National Health Service Central Register, with supplementary infor-
mation from social security records for some subjects. In the most recently published 
analysis of this study (Coggon et al., 2004), the results of which subsumed earlier 
findings, the cohort was followed for mortality to 2000. Follow-up for 51 untraced 
subjects was cut off at the last known date of employment. A further 206 subjects had 
emigrated or were otherwise lost to follow-up, and were considered to be at risk up to the 
date when they were last known to be alive. Observed mortality was compared with that 
expected from national death rates by sex, age and calendar period. No significant 
elevations of mortality were observed for any category of cancer either in the cohort as a 
whole, or separately in the chemical manufacturers and hospital workers. Among the 
1471 chemical workers (all but one of whom were men), 366 deaths (366.9 expected) 
occurred from all causes, including 120 (108.6 expected; SMR, 1.11; 95% CI, 0.92–1.32) 
from all cancers combined. Increased non-significant risks were found for leukaemia, 
lymphoma and multiple myeloma. Lymphatic and haematopoietic cancer was more 
common in chemical workers who were classed as having had definite exposure to 
ethylene oxide (nine deaths versus 4.9 expected; SMR, 1.84), but there was no excess in 
the hospital workers who were classed as continually exposed (one death versus 2.6 
expected). 

Most of the above cohort was included in a larger study of employees from six 
chemical companies in western Germany (Kiesselbach et al., 1990). The 2658 cohort 
members had been exposed to ethylene oxide for at least 12 months before 31 December 
1982. The year of first exposure ranged from 1928 to 1981, but most had first been 
exposed after 1950. Other possible exposures included benzene (IARC, 1987), 
4-aminobiphenyl and 2-naphthylamine (IARC, 1987), but no information was given on 
the extent of exposure to these substances. Subjects who had left employment were traced 
through local registries and, in the case of foreigners who had returned home, by letter or 
by asking fellow countrymen who were still working in the plant. Of the cohort members, 
97.6% were traced successfully to 31 December 1982. For those who had died, the cause 
of death was ascertained from death certificates (27.6% of all deaths), lay statements, the 
physician who last treated the patient or hospital reports. Mortality was compared with 
that expected from 5-year age-, sex- and calendar period-specific rates in the national 
population; no statistics were available for periods before 1951, and the rates for 1951 
were used. In total, 268 deaths were observed, whereas 307.6 were expected. There were 
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68 deaths from cancer (69.9 expected; SMR, 0.97; 95% CI, 0.76–1.24), including three 
from oesophageal cancer (1.5 expected), 14 from stomach cancer (10.2 expected; SMR, 
1.38; 95% CI, 0.75–2.31) and five from lymphatic and haematopoietic cancer (5.0 
expected; SMR, 1.00; 95% CI, 0.32–2.34). Two deaths were ascribed to leukaemia (2.4 
expected). When expected numbers were calculated on the basis of rates in the states in 
which each plant was situated, the findings were very similar. Based on calculations in 
which the first 10 years of exposure for each subject were ignored, mortality ratios were 
similar to those in the main analysis. It was possible to classify exposure to ethylene oxide 
for 67.2% of subjects as ‘weak’, ‘medium’ or ‘high’. The excess mortality from stomach 
cancer was greatest in those with weak or medium exposure and with less than 15 years 
of total exposure. When foreign workers were excluded from the analysis, there was no 
change in the observed number of deaths and mortality ratios were only slightly 
increased. [The Working Group noted that the full eligibility criteria for inclusion in the 
cohort were not reported, no data were given on probable levels of exposure to ethylene 
oxide or on the nature of the processes in which subjects worked, and risk estimates may 
have been seriously biased since certificates were available for only about one-quarter of 
deaths in the cohort.] 

Hagmar et al. (1991) studied employees at two Swedish plants that produced 
disposable medical equipment that was sterilized with ethylene oxide. In plant A, a 50:50 
mixture of ethylene oxide and methyl formate had been used since 1970. In 1973, 
personal sampling for two packers indicated an exposure to ethylene oxide of 24 ppm 
[43 mg/m3]. After 1981, monitoring was carried out annually over 1–3 days for sterilizers 
and packers and showed a continuous decrease in exposure such that, after 1985, only 
sterilizers were exposed to concentrations greater than 0.2 ppm [0.4 mg/m3] (the limit of 
detection of the method used). In plant B, a 50:50 mixture of ethylene oxide and methyl 
formate was used from 1964 but was replaced by an ethylene oxide:carbon dioxide 
mixture in 1978. In 1975, personal monitoring indicated exposures of 4–5 ppm [7–
9 mg/m3] ethylene oxide for four packers. After 1985, the 8-h TWA concentration was 
< 0.2 ppm [0.4 mg/m3] for all employees except sterilizers and store workers. The 
authors estimated that sterilizers were exposed to up to 75 ppm [135 mg/m3] in the 
earliest years of operation at this plant. On the basis of estimates of exposure in 
different job categories and time periods, the authors calculated individual cumulative 
exposures for 97% of subjects at plant A and 89% at plant B. The cohort comprised 594 
men and 557 women who had been employed at plant A for at least 12 months between 
1970 and 1985 and who were still working after 1 June 1975, and 267 men and 752 
women who had been employed at plant B for at least 12 months between 1964 and 
1985 and were still working after 1 January 1972. These subjects were followed 
through to 1986 for mortality and from 1972 to 1985 for cancer registration. None was 
lost to follow-up. Expected mortality was calculated on the basis of calendar year-, sex- 
and 5-year age-specific rates (cut-off at age 80 years) for the county in which the plants 
were located, and expected cancer incidence was calculated from corresponding 
registration rates in the same area. Fifteen deaths were observed (25.7 expected), 
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including eight from cancer (9.0 expected), two from gastrointestinal cancer (2.1 
expected) and one from haematopoietic and lymphatic cancer (1.0 expected). The 
observed/expected numbers of incident cancers were 21/26.8 for cancers at any site, 
0/0.5 for stomach cancer, 1/1.6 for brain cancer, 2/1.3 for lymphoma and myeloma and 
one case of polycythaemia vera with 0.7 cases of leukaemia, polycythaemia vera and 
myelofibrosis expected. Among subjects with more than 1 ppm–year of cumulative 
exposure to ethylene oxide, two cases of cancer (3.3 expected) and no lymphatic or 
haematopoietic cancer (0.2 expected) were observed. Follow-up for cancer incidence 
was subsequently extended to 1990, again with no losses to follow-up (Hagmar et al., 
1995). In total, 40 cases of cancer were recorded with 46.28 expected. No significant 
excesses in mortality were observed for any individual site of cancer, either with or 
without allowance for a 10-year induction period from first exposure. With no allowance 
for an induction period, the numbers of observed/expected cases were 5/10.8 (SIR, 0.5; 
95% CI, 0.15–1.08) for cancer of the breast, 6/3.37 (SIR, 1.78; 95% CI, 0.65–3.88) for 
lymphatic and haematopoietic cancer and 2/0.82 (SIR, 2.44; 95% CI, 0.30–8.81) for 
leukaemia. Among 930 subjects with cumulative exposures of at least 0.14 ppm–years, 
after allowance for a minimum induction period of 10 years, two cases of leukaemia were 
observed compared with 0.28 expected (SIR, 7.1; 95% CI, 0.87–25.8). 

Bisanti et al. (1993) studied a cohort that comprised all 1971 male chemical workers 
in the Lombardy and Piedmont regions of Italy who had held a licence to handle ethylene 
oxide for at least 1 year during 1938–84; 637 had held licences for ethylene oxide only 
and 1334 for ethylene oxide and other toxic gases. Some workers may have been exposed 
to ethylene oxide before they obtained a licence. The cohort was followed from 1 January 
1940 to 31 May 1984, and vital status was ascertained at the census office at the place of 
residence of each subject. Sixteen subjects (0.8%) who were lost to follow-up were 
considered to be still alive. Expected numbers of deaths were calculated from 5-year age-, 
sex- and calendar period-specific rates for the regional (Lombardy) population. Seventy-
six deaths were recorded (98.8 expected), including 43 from cancer (33.0 expected). The 
SMRs were 1.22 (95% CI, 0.40–2.87) for stomach cancer, 2.54 (95% CI, 0.52–7.44) for 
cancer of the pancreas, 1.61 (95% CI, 0.04–8.95) for cancer of the kidney, 6.82 (95% CI, 
1.86–17.45) for lymphosarcoma and reticulosarcoma and 1.93 (95% CI, 0.23–6.99) for 
leukaemia. The two deaths from leukaemia occurred among men who had had less than 
5 years of exposure and after a latency of less than 10 years since first exposure to 
ethylene oxide. Among the men who had held licences only for ethylene oxide, 27 deaths 
(30.1 expected) occurred (SMR, 0.87; 95% CI, 0.57–1.27), 15 of which were from cancer 
(10.5 expected; SMR, 1.42; 95% CI, 0.79–2.34), including one from stomach cancer (1.3 
expected; SMR, 0.76; 95% CI, 0.02–4.26), three from lymphosarcoma and reticulo-
sarcoma (0.2 expected; SMR, 16.93; 95% CI, 3.49–49.53) and two from leukaemia (0.3 
expected; SMR, 6.50; 95% CI, 0.79–23.49). Results obtained from national mortality 
rates as the basis for expected numbers were similar. [The Working Group noted that no 
data were available on levels of exposure to ethylene oxide or on exposure to other 
chemicals.] 
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Following the observation of a cluster of breast cancer cases at a hospital in Hungary 
(Tompa et al., 1999; see Section 2.1), Kardos et al. (2003) systematically followed 299 
women who were employed on a ward where an ethylene oxide sterilizer was used during 
1976–93. The cohort was followed from 1987 to 1999, and deaths among cohort 
members were ascertained from various databases, with personal contact to confirm the 
vital status of those who did not appear in any of these records. A total of 11 deaths from 
cancer were identified (three breast, two ovary, two lung and one each of large bowel, 
uterus, leukaemia and peritoneum) compared with 4.38 expected from national age- and 
calendar period-specific rates (SMR, 2.51; 95% CI, 1.25–4.49). Expected numbers based 
on local mortality rates were similar. [The Working Group noted that deaths in the cohort 
were ascertained from a different source from the reference rates. Also, it was unclear 
whether any of the cases from the original cluster were included in the study.] 

Prompted by a perceived excess of cancer among pest-control officers of a large 
French city, Ambroise et al. (2005) conducted a historical cohort study of 181 men who 
had worked in the pest control department during 1979–84. The cohort was followed for 
mortality up to 2000 through registry offices of birthplaces and records held by the Institut 
National de la Statistique et des Etudes Economiques; causes of death were obtained by 
matching with a national file of death certificates or from records held by the personnel 
department (three cases). For three subjects who died abroad, vital status was established 
by interview with colleagues. Ethylene oxide had been used to sterilize hospital equip-
ment, but no exposure measurements were reported. Individual exposures to ethylene 
oxide were assigned by application of a job–exposure matrix to occupational histories 
abstracted from administrative records. At least 140 subjects were classed as having 
worked with ethylene oxide. In the cohort as a whole, 39 deaths from all causes occurred, 
including 21 from cancer (9.36 expected from regional sex- and age-specific rates by 
calendar year). However, no statistically significant excess of mortality was observed for 
any specific site of cancer and no consistent trend of cancer mortality was observed in 
relation to estimated cumulative exposures to ethylene oxide. [The Working Group noted 
that less weight can be given to the overall excess of cancer in this study, since the 
investigation was prompted by a perceived excess of tumours.] 

2.2.2 USA 

Morgan et al. (1981) reported a retrospective cohort study of 767 men who had been 
employed between 1955 and 1977 at a chemical plant in eastern Texas where ethylene 
oxide was produced. All of the men had worked at the factory for at least 5 years and 
were ‘potentially exposed’ to the compound. Potential exposure to ethylene oxide was 
determined by personnel at the company on the basis of work histories. In an industrial 
hygiene survey in 1977, all samples taken in the production area contained less than 
10 ppm [18 mg/m3] ethylene oxide. Vital status was ascertained for more than 95% of the 
cohort members from a combination of plant records, ‘personal knowledge’ and tele-
phone follow-up. Altogether, 46 deaths were recorded, whereas 80 were expected on the 
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basis of US vital statistics. Death certificates were obtained for 42 of the 46 deceased 
subjects. Eleven deaths were from cancer (15.2 expected), and non-significant excesses 
were found for mortality from cancers of the pancreas (three versus 0.8 expected) and 
brain and central nervous system (two versus 0.7 expected) and from Hodgkin disease 
(two versus 0.4 expected); no deaths from leukaemia occurred. [The Working Group 
noted that details on the nature of the manufacturing process, the extent to which exposure 
readings were representative of earlier conditions in the plant and potential confounding 
exposures were lacking.] The results of an extended follow-up of this cohort to 1985 
(follow-up rate, 99.7%) were reported by Shore et al. (1993) as part of a meta-analysis of 
cohort studies on ethylene oxide. Three deaths from brain cancer (1.1 expected), three 
from lymphatic and haematopoietic cancer (3.0 expected), none from leukaemia (1.1 
expected) and none from stomach cancer [expected number not given] were observed. 

A series of studies was carried out on a cohort of 2174 male employees at two 
chemical plants in West Virginia where ethylene oxide had been produced and used 
(Greenberg et al., 1990; Benson & Teta, 1993; Teta et al., 1993). It was produced by the 
chlorohydrin process during 1925–57 and by direct oxidation from 1937 to 1971. After 
1971, the plants continued to use ethylene oxide that had been produced elsewhere. The 
cohort comprised men who had been employed at the plants during 1940–78 and assigned 
at any time before 1979 to a chemical production department in which ethylene oxide was 
judged to have been manufactured or used at the time of the assignment. The first large-
scale environmental monitoring project at the plant began in 1976. The 8-h TWA concen-
tration of ethylene oxide in departments where it was used was generally less than 1 ppm 
[1.8 mg/m3] but ranged up to 66 ppm [120 mg/m3]. The authors estimated that the 8-h 
TWA concentration in ethylene oxide production by direct oxidation in the 1960s ranged 
from 3 to 20 ppm [5.4–36 mg/m3] and that exposures during production by the chloro-
hydrin process were probably higher. Departments were classified as having high, 
medium or low exposure concentrations according to the operations carried out, and the 
classification was validated by reference to reported incidents of acute exposure. The 
cohort was followed to the end of 1988, and vital status was ascertained for more than 
98% of subjects. Death certificates were obtained for 99% of decedents, and expected 
numbers of deaths were calculated on the basis of national 5-year age- and calendar 
period-specific rates in white men.  

A total of 278 men had worked in a chlorohydrin unit that primarily produced 
ethylene chlorohydrin, with ethylene dichloride and bischloroethyl ether as by-products 
(Benson & Teta, 1993). For part of the time, propylene chlorohydrin had also been 
produced. Ethylene oxide was handled only sporadically and in small volumes. Of these 
men, 147 had died while 140.8 deaths were expected. The deaths included 40 from cancer 
(30.8 expected; SMR, 1.30; 95% CI, 0.9–1.8), eight from lymphatic and haematopoietic 
cancer (2.7 expected; SMR, 2.9; 95% CI, 1.3–5.8) and eight from pancreatic cancer (1.6 
expected; SMR, 4.9; 95% CI, 1.6–11.4). In a comparison with workers from other plants 
in the same locality, the risks for cancer of all types, for lymphatic and haematopoietic 
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cancer, leukaemia and pancreatic cancer increased with duration of assignment to the 
chlorohydrin unit.  

Among the 1896 men who had never been assigned to the chlorohydrin unit, 431 
deaths occurred whereas 547.7 were expected (Teta et al., 1993). The numbers of 
observed/expected deaths were 110/128.1 (SMR, 0.86; 95% CI, 0.7–1.0) for cancer at any 
site, 8/5.0 (SMR, 1.6; 95% CI, 0.7–3.2) for stomach cancer, 4/6.6 (SMR, 0.6; 95% CI, 
0.2–1.6) for pancreatic cancer, 6/4.0 (SMR, 1.5; 95% CI, 0.6–3.3) for cancers of the brain 
and nervous system, 7/11.8 (SMR, 0.6; 95% CI, 0.2–1.2) for lymphatic and haemato-
poietic cancer, 2/2.0 for lymphosarcoma and reticulosarcoma (International Classification 
of Diseases [ICD]-9 200), 5/4.7 (SMR, 1.1; 95% CI, 0.4–2.5) for leukaemia and aleu-
kaemia and 0/1.2 for Hodgkin disease. No significant excess of mortality was observed 
for any cause of death. No excesses of mortality from leukaemia or stomach cancer were 
observed among men who had spent 2 or more years in high-exposure departments. 
Comparison with death rates of workers from plants in the same location who had never 
been assigned to ethylene oxide production or use showed no significant trend with 
duration of assignment for all cancers, leukaemia or pancreatic, brain or stomach cancers; 
however, a two- to threefold increase in the risk for leukaemia (based on three cases) was 
observed among workers with more than 10 years of assignment to ethylene oxide 
departments. This study confirmed and amplified the findings of an earlier case–control 
study at the same plants (Ott et al., 1989). 

Steenland et al. (1991) followed 18 254 employees at 14 industrial plants where 
ethylene oxide had been used to sterilize medical supplies or spices or in the testing of 
sterilizing equipment. The plants were selected because they held adequate records on 
personnel and exposure and their workers had accumulated at least 400 person–years at 
risk before 1978. Only workers with at least 3 months of exposure to ethylene oxide were 
included in the cohort. Forty-five per cent of the cohort were men, 79% were white, 1222 
were sterilizer operators and 15 750 were employed before 1978. Analysis of 627 per-
sonal 8-h TWA samples indicated that average exposure during 1976–85 was 4.3 ppm 
[7.7 mg/m3] for sterilizer operators; on the basis of 1888 personal samples, the average 
level for other exposed workers was 2.0 ppm [3.6 mg/m3]. Many companies began to 
install engineering controls in 1978, and exposures before that year were thought to have 
been higher. There was no evidence of potentially confounding exposure to other 
occupational carcinogens. The cohort was followed up to 1987 through the national death 
index and records of the Social Security Administration, the Internal Revenue Service and 
the US Postal Service; 95.5% were traced successfully. The expected numbers of deaths 
were calculated from rates in the US population, stratified according to age, race, sex and 
calendar year. In total, 1177 cohort members had died (1454.3 expected), including 40 for 
whom no death certificate was available. There were 343 deaths from cancer (380.3 
expected; SMR, 0.9; 95% CI, 0.8–1.0). The observed/expected numbers of deaths were 
36/33.8 (SMR, 1.07; 95% CI, 0.7–1.5) for all lymphatic and haematopoietic cancer, 
including 8/5.3 (SMR, 1.5; 95% CI, 0.7–3.0) for lymphosarcoma-reticulosarcoma 
[ICD-9 200], 4/3.5 (SMR, 1.1; 95% CI, 0.3–2.9) for Hodgkin lymphoma, 13/13.5 (SMR, 
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0.97; 95% CI, 0.5–1.7) for leukaemia, 8/6.7 (SMR, 1.2; 95% CI, 0.6–2.4) for non-
Hodgkin lymphoma [ICD-9 202] and 3/5.1 (SMR, 0.6; 95% CI, 0.1–1.7) for myeloma; 
6/11.6 (SMR, 0.5; 95% CI, 0.2–1.1) for cancer of the brain and nervous system; 11/11.6 
(SMR, 0.95; 95% CI, 0.5–1.7) for cancer of the stomach; 16/16.9 (SMR, 0.95; 95% CI, 
0.5–1.5) for cancer of the pancreas; 8/7.7 (SMR, 1.0; 95% CI, 0.4–2.1) for cancer of the 
oesophagus; and 13/7.2 (SMR, 1.8; 95% CI, 0.96–3.1) for cancer of the kidney. Mortality 
ratios for subjects who were first exposed before 1978 were virtually identical to those for 
the full cohort. No significant trend in mortality was observed in relation to duration of 
exposure, but the mortality ratios for leukaemia (1.79 based on five deaths) and non-
Hodgkin lymphoma (1.92 based on five deaths) were higher after allowance for a latency 
of more than 20 years. Among the sterilizer operators, mortality ratios (and observed 
numbers of deaths) were 2.78 (two) for leukaemia and 6.68 (two) for lympho-
sarcoma/reticulosarcoma; no death from stomach cancer was observed. 

In a further analysis of the same study (Stayner et al., 1993), an exposure–response 
analysis was conducted using previously derived quantitative estimates of individual 
exposure to ethylene oxide (Greife et al., 1988). Analysis was limited to 13 of the 
facilities studied, since information on exposures at the other facility was inadequate. 
Mortality from lymphatic and haematopoietic cancer was greatest in the highest category 
of cumulative exposure to ethylene oxide (> 8500 ppm–days) (13 deaths; SMR, 1.24; 
95% CI, 0.66–2.13), but the trend across three categories of cumulative exposure was 
weak (χ2, 0.97; p = 0.32). A similar pattern was observed for non-Hodgkin lymphoma, 
but not for leukaemia. In addition, a Cox proportional hazard model was used to examine 
risk in relation to cumulative exposure (ppm–days), average exposure (ppm), maximal 
exposure (ppm) and duration of exposure (days) to ethylene oxide. A significant positive 
trend in risk with increasing cumulative exposure to ethylene oxide was observed for all 
neoplasms of the lymphatic and haematopoietic tissues [p = 0.03, two-tailed]. Moreover, 
this trend was strengthened [p = 0.004] when the analysis was restricted to neoplasms of 
lymphoid cell origin (lymphocytic leukaemia, ICD-9 204; non-Hodgkin lymphoma, 
ICD-9 200, 202). The exposure–response relationship between cumulative exposure to 
ethylene oxide and leukaemia was positive but non-significant [p =0.15]. The regression 
coefficients for neoplasms of the lymphatic and haematopoietic tissues for duration of, 
average and maximal exposure were either weakly positive or negative. In this analysis, 
no significant increase was found for cancers of the stomach, pancreas, brain or kidney. 
[The Working Group gave greater weight to the internal exposure–response analyses 
using Cox regression than to those based on SMRs, since the latter are more vulnerable to 
bias.] 

Wong and Trent (1993) reported a separate analysis of mortality in approximately the 
same population (Steenland & Stayner, 1993), with similar results. The cohort comprised 
18 728 employees, and follow-up was to the end of 1988. [The Working Group noted that 
this report adds little useful information to that provided by Steenland et al. (1991).] 

Norman et al. (1995) studied cancer incidence among 1132 workers (82% women) 
who were employed during 1974–80 at a plant in New York State that used ethylene 
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oxide to sterilize medical equipment and supplies. The cohort included both regular 
employees (45%) and others who had worked only on a temporary basis and who were 
considered to have lower potential exposures. The investigation was prompted by the 
demonstration of elevated levels of sister chromatid exchange in the workforce. Leaks of 
ethylene oxide had been documented on several occasions. From three 2-h samples 
collected in 1980, the 8-h TWA exposures of sterilizer operators were estimated to be 50–
200 ppm [90–360 mg/m3]. Hygiene at the plant was subsequently improved, and later 8-h 
TWA exposures were thought to be 5–20 ppm [9–36 mg/m3]. The cohort was followed 
for cancer incidence up to 1987, using data from various sources: health examinations 
(mostly conducted during 1982–85), telephone interviews (up to 1987), mailed surveys in 
1987 and 1990, annual searches of the New York State Cancer Registry during 1985–89 
and a search of the National Death Index in 1998. Expected numbers of cancers were 
derived from age- and sex-specific rates in the Surveillance, Epidemiology and End 
Result (SEER) programme for 1978–81. A small proportion of subjects (about 2%) had to 
be excluded from the analysis of cancer incidence because information was insufficient. 
A total of 28 cancers were identified (24 from the cancer registry and four from other 
sources), including 12 breast cancers (6.96 expected; SIR, 1.72; 95% CI, 0.99–3.00). 
When the expected number of breast cancers was calculated from SEER rates for 1981–
85, it was slightly higher (7.64), and the excess fell just short of statistical significance 
(SIR, 1.57; 95% CI, 0.90–2.75). Among regular employees, nine cases of breast cancer 
occurred compared with 5.28 expected from SEER rates for 1981–85 (SIR, 1.70; 95% CI, 
0.89–3.23). When analysis was restricted to workers who had completed at least one 
health examination or follow-up survey (approximately 79% of the total), the number of 
cases of breast cancer observed was again 12, but the expected number (from SEER rates 
for 1978–81) was reduced to 4.98. The time between first exposure and diagnosis of 
breast cancer was ≤ 11 years for each of the 12 observed breast cancer cases, and for one 
case was only 12 months. No statistically significant excess of mortality was observed for 
cancers at any other sites.  

Lucas and Teta (1996) subsequently drew attention to the potential for early detection 
bias, among others, in this cohort, because the participants were under active health 
surveillance and the earlier investigation of cytogenetic abnormalities may have raised 
awareness of cancer risks. The authors acknowledged this concern, but noted that none of 
the cases of breast cancer was discovered by screening carried out at the health 
examinations that formed part of the study (Norman et al., 1996). 

Olsen et al. (1997) analysed mortality from pancreatic and lymphatic and 
haematopoietic cancer at four chemical plants where ethylene oxide had been produced 
by the chlorohydrin process. Production of ethylene oxide had occurred during 1941–67 
at one plant, 1951–71 and 1971–80 at the second, 1959–70 at the third and 1936–50 at the 
fourth. At other times, and sometimes in parallel with ethylene oxide, the plants had also 
produced propylene oxide by the chlorohydrin process. Workers engaged in the 
production of ethylene chlorohydrin and its conversion to ethylene oxide had potential 
exposure to ethylene oxide, but no data were reported on levels of exposure. The cohort 
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comprised men who had been employed at the relevant facilities for at least 1 year and 
who had worked for at least 1 month in a job that had probably been in ethylene or 
propylene chlorohydrin production at some time since these processes began. Vital status 
was followed through to 1992 from date of entry into the cohort or (for those who entered 
the cohort before 1940) from 1940. This was achieved by record linkage with the Social 
Security Administration and the National Death Index, and causes of death were obtained 
for those cohort members who had died. In the main analysis, cause-specific mortality 
was compared with that expected from death rates in the US national population stratified 
by age, sex, race (white) and calendar year. Among the 1361 men eligible for study, 300 
deaths occcurred in total, including 281 in the subset who had worked at some time in the 
ethylene chlorohydrin process. Within this subcohort, 70 deaths from cancer overall (73.8 
expected) were observed, including one from pancreatic cancer (3.7 expected) and 10 
from lymphatic and haematopoietic cancer (7.1 expected; SMR, 1.29; 95% CI, 0.62–
2.38). With allowance for a 25-year induction period from first exposure, six lymphatic 
and haematopoietic cancers (4.2 expected; SMR, 1.44; 95% CI, 0.52–3.12) were 
observed. In internal analyses that used a control group of other male employees from the 
same company at two of the three sites where the study plants were located, there was a 
weak trend of increasing mortality from lymphatic and haematopoietic cancer in relation 
to duration of employment in any chlorohydrin production (ethylene or propylene), but 
this was not statistically significant. No data were presented on specific malignancies 
other than pancreatic and lymphatic and haematopoietic cancers.  

In a report related to the study of Steenland et al. (1991), Steenland et al. (2003) 
examined the incidence of breast cancer in a subset of 7576 women who had worked for 
1 year or longer at 13 of the 14 plants. The other plant was excluded because of its small 
size (only 19 women who were employed for 1 year). A postal questionnaire (sup-
plemented by a telephone interview for non-responders) was used to collect information 
from cohort members (or, if they had died, from their next of kin) on history of breast 
cancer and various known and suspected risk factors for the disease. For plants that were 
still using ethylene oxide in the mid-1980s when the cohort had originally been 
assembled, individual work histories were updated with the assumption that women 
continued to work in the same job with the same level of exposure to ethylene oxide 
through to the date when they were last employed at the plant (in practice, this had little 
impact on estimates of cumulative exposures since, by the mid-1980s, exposure inten-
sities were very low). Mortality follow-up for the cohort was extended to 1998 by the 
same methods that had been used previously. The incidence of breast cancer (also through 
to 1998) was established from a combination of questionnaire reports, death records and 
cancer registrations; the latter were available in nine of the 11 states in which the plants 
were located. Life-table analysis was used to compare overall incidence of breast cancer 
in the cohort with that in the general population of women covered by the (SEER) 
programme, with adjustment for age, calendar period and race (white/non-white). A total 
of 319 incident cases of breast cancer were identified including 20 with carcinoma in situ 
and 124 who had died by the end of 1998. This gave an SIR of 0.87 (95% CI, 0.77–0.97) 
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for the cohort as a whole, which was recognized to be an underestimate because 
ascertainment of cases was incomplete for women who were not interviewed and for 
those who did not live in states that had cancer registries. When cases of carcinoma in situ 
were excluded, the SIR increased slightly to 0.94. With a 15-year lag, there was a sig-
nificant trend of higher SIRs with higher cumulative exposures (p = 0.002), but this was 
less marked (p = 0.16) in an unlagged analysis. In addition to the external comparison, a 
nested case–control design with Cox regression was used to assess internal exposure–
response relationships. In these analyses, risk sets matched on race were constructed for 
each case by randomly selecting 100 controls from the pool of all women who had 
survived without breast cancer to at least the same age as the index case. In an analysis 
that included all 319 cases and in which exposures were lagged by 15 years, the odds ratio 
for the highest fifth of cumulative exposure relative to no exposure was 1.74 (95% CI, 
1.16–2.65). In a similar analysis that was restricted to the subset of 5139 women who 
were interviewed (233 cases) and adjusted for parity and history of breast cancer in a first 
degree relative (the two potential risk factors that were found to be important predictors of 
breast cancer), the corresponding odds ratio was 1.87 (95% CI, 1.12–3.10).  

[The Working Group noted that, for cancers that have a high survival rate in the 
general population, such as breast cancer, studies based on incidence rather than mortality 
may be more sensitive in the detection of an elevated risk associated with an occupational 
exposure. In contrast, several methodological difficulties complicate the interpretation of 
studies on the incidence of breast cancer in occupational cohorts, including potential 
differences in reproductive histories associated with employment and the possibility of 
differential rates by occupational exposure. The Steenland et al. (2003) study was able to 
address some but not all of these potential limitations and was judged by the Working 
Group to provide the most pertinent evidence on the potential association of breast cancer 
with exposure to ethylene oxide.] 

An updated analysis of mortality from cancer in the cohort of employees at 14 
industrial plants was reported by Steenland et al. (2004) and included 18 235 subjects 
who were followed up to 1998. Work histories for individuals employed at plants that 
were still using ethylene oxide at the time the cohort had originally been assembled were 
extended to their last date of employment at the relevant plant, with an assumption that 
they did not change their job or exposure to ethylene oxide during the additional period of 
employment. Life-table analyses were conducted with the national population of the USA 
as a reference. In total, 2852 deaths from all causes (SMR, 0.90; 95% CI, 0.88–0.93) were 
observed, including 860 from cancer (SMR, 0.98; 95% CI, 0.92–1.03). The only category 
of malignancy for which mortality was significantly elevated was cancer of the bone 
(SMR, 2.82; 95% CI, 1.23–2.56). However, this finding was based on only six observed 
deaths, and there was no indication of an increase in risk with increasing cumulative 
exposure. Overall, mortality from cancer of the stomach (25 deaths; SMR, 0.98; 95% CI, 
0.74–1.49), cancer of the breast (103 deaths; SMR, 0.99; 95% CI, 0.84–1.17), lymphatic 
and haematopoietic cancer (79 deaths; SMR, 1.00; 95% CI, 0.79–1.24), non-Hodgkin 
lymphoma (31 deaths; SMR, 1.00; 95% CI, 0.72–1.35), Hodgkin disease (six deaths; 
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SMR, 1.24; 95% CI, 0.53–2.43), myeloma (13 deaths; SMR, 0.92; 95% CI, 0.54–0.87) 
and leukaemia (28 deaths; SMR, 0.99; 95% CI, 0.71–1.36) was unremarkable. In an 
internal analysis (excluding one small plant for which exposure data were not available), 
cases of lymphatic and haematopoietic and breast cancer were matched for race, sex and 
date of birth with controls (100 per case) who had survived without these cancers to at 
least the age of the index case. When log cumulative exposures to ethylene oxide were 
lagged by 15 years, a statistically significant positive trend (p = 0.02) was observed for 
mortality from lymphatic and haematopoietic cancer in men but not in women. However, 
duration of, peak, average or cumulative exposure did not predict mortality from 
lymphatic and haematopoietic cancer. A similar pattern was observed for lymphoid-cell 
tumours specifically (including non-Hodgkin lymphoma, myeloma and lymphocytic 
leukaemia). With a lag of 20 years, mortality from breast cancer was highest in women 
who had the highest quarter of exposures (odds ratio, 3.13; 95% CI, 1.42–6.92 relative to 
no exposure). 

2.3 Case–control study 

Swaen et al. (1996) carried out a case–control study within the workforce of a 
chemical manufacturing plant in Belgium to investigate an increased incidence of 
Hodgkin lymphoma that had been noted by the medical director at the facility. Ten cases, 
diagnosed during 1968–91, were compared with a total of 200 individually matched con-
trols. The controls had been employed at the plant for at least 3 consecutive months and 
were actively employed at the time that their matched case was diagnosed (a person could 
serve as a control for more than one case). The job histories of cases and controls were 
abstracted from personnel records and reviewed by a company industrial hygienist 
(blinded to health status), who assessed their potential exposure to a range of chemicals. 
For 24.3% of subjects who had inadequate occupational histories, additional data were 
then sought (unblinded to health status) from medical records. Three cases were classed 
as exposed to ethylene oxide (odds ratio, 8.5; 95% CI, 1.4–39.9), but one of these cases 
had been reclassified as a large-cell anaplastic carcinoma when pathology samples were 
reviewed. 

2.4 Meta-analysis 

Teta et al. (1999) updated the earlier meta-analysis of Shore et al. (1993) with 
inclusion of data from the study reported by Olsen et al. (1997) and the updated follow-up 
of Swedish sterilant workers reported by Hagmar et al. (1995). Thus, a total of 10 
individual cohorts were studied. Altogether, 876 cases of cancer were recorded compared 
with 928 expected, giving a meta-SMR standardized for age, sex and calendar year of 
0.94 (95% CI, 0.85–1.05). Observed/expected numbers for specific cancers were: 
pancreas, 37/39 (meta-SMR, 0.95; 95% CI, 0.69–1.31); brain, 25/26 (meta-SMR, 0.96; 
95% CI, 0.49–1.91); stomach, 59/48 (meta-SMR, 1.23; 95% CI, 0.71–2.13); leukaemia, 
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35/32 (meta-SMR, 1.08; 95% CI, 0.61–1.93); and non-Hodgkin lymphoma, 33/25 (meta-
SMR, 1.34; 95% CI, 0.96–1.89). None of the cancers analysed showed significant trends 
in risk with increasing duration or intensity of exposure; however, the risk for brain 
cancer increased with time since first exposure (p < 0.05 based on four studies). 

3. Studies of Cancer in Experimental Animals 

3.1 Inhalation exposure 

Carcinogenicity bioassays of inhalation exposure to ethylene oxide in mice and rats 
are summarized in Tables 7 and 8, respectively. 

3.1.1 Mouse 

In a screening assay based on increased multiplicity and incidence of lung tumours in 
a strain of mice that is highly susceptible to the development of this neoplasm, groups of 
30 female strain A/J mice, 8–10 weeks of age, were exposed by inhalation to 0, 70 or 
200 ppm [0, 128 or 366 mg/m3] ethylene oxide (at least 99.7% pure) for 6 h per day on 
5 days per week for up to 6 months in two independent experiments; in the second 
experiment, the 70-ppm group was omitted. Two groups of 30 female mice were exposed 
to room air and served as negative controls, and two groups of 20 female mice received a 
single intraperitoneal injection of 1000 mg/kg bw urethane and served as positive controls 
for both experiments. At the end of the 6th month, the survivors were killed and examined 
for pulmonary adenomas. In the first experiment, survival was 30/30 (0 ppm), 28/30 
(70 ppm), 29/30 (200 ppm) and 19/20 (urethane); that in the second experiment was 
29/30 (0 ppm), 28/30 (200 ppm) and 19/20 (urethane). The numbers of animals with 
pulmonary adenomas among survivors (and tumour multiplicity) in the first experiment 
were: untreated controls, 8/30 (0.46 ± 0.38 [± SD] adenomas/mouse); low-dose, 16/28 
(0.86 ± 0.45); high-dose, 25/29 (2.14 ± 0.49); and urethane-treated, 19/19 (20.1 ± 1.77); 
those in the second experiment were: untreated controls, 8/29 (0.22 ± 0.38); ethylene 
oxide-treated, 12/28 (0.73 ± 0.98); and urethane-treated, 19/19 (23.5 ± 6.49). The tumour 
multiplicity increased significantly in each experiment (p < 0.05, Duncan’s new multiple-
range test); in the first experiment, it also increased significantly in a dose-dependent 
manner [p < 0.001, Cochran-Armitage trend test] (Adkins et al., 1986). 

Groups of 50 male and 50 female B6C3F1 mice, 8 weeks of age, were exposed by 
inhalation to 0, 50 or 100 ppm [0, 92 or 183 mg/m3] ethylene oxide (> 99% pure) for 6 h 
per day on 5 days per week for up to 102 weeks, at which time the experiment was 
terminated. Mean body weights of treated males and females were similar to those of 
controls. At the end of the study, 28/50 control, 31/50 low-dose and 34/50 high-dose 
males, and 25/50 control, 24/50 low-dose and 31/50 high-dose females were still alive. 
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Table 7. Carcinogenicity studies of inhalation exposure to ethylene oxide in experimental mice 

Strain Sex No./group 
at start 

Purity  Dose and duration of 
exposure 

Duration 
of study 

Incidence of tumours Result Comments Reference 

Strain 
A/J 

F 30 ≥ 99.7% 0, 70, 200 ppm, 
6 h/day, 5 days/week 
0, 200 ppm, 6 h/day, 
5 days/week 

Up to 6 
months 
Up to 6 
months 

Lunga: 8/30, 16/28, 
25/29 
Lunga: 8/29, 12/28 

p < 0.001 
(trend) 
NS 

Two independent 
experiments; 
tumour 
multiplicities 
increased with 
dose in both 
experiments 
(p < 0.05) 

Adkins et al. 
(1986) 

B6C3F1 M 50 > 99% 0, 50, 100 ppm, 6 
h/day, 5 days/week 

102 
weeks 

Lungb: 11/50, 19/50, 
26/50 
Harderian glandc: 1/43, 
9/44, 8/42d  

p = 0.002 
(trend) 
p < 0.03 
(trend) 

 National 
Toxicology 
Program 
(1987) 

B6C3F1 F 50 > 99% 0, 50, 100 ppm, 6 
h/day, 5 days/week 

102 
weeks 

Lungb: 2/49, 5/48, 
22/49 
Harderian glandc: 
1/46, 6/46d, 8/47 
Lymphoma: 
9/49, 6/48, 22/49 
Uteruse: 
0/49, 2/47, 5/49 
Mammary glandf: 
1/49, 8/48, 6/49 

p < 0.001 
(trend) 
p < 0.04 
(trend) 
p = 0.023 
(trend) 
p < 0.03 
(trend) 
p = 0.012 
(low dose 
only) 

 National 
Toxicology 
Program 
(1987); Picut 
et al. (2003) 

F, female; M, male; NS, not significant 
a Mice with one or more pulmonary adenomas/total mice at risk 
b Mice with one or more tumours/total mice at risk, alveolar/bronchiolar adenomas and carcinomas combined 
c Papillary cystadenomas  
d A cystadenocarcinoma was also present in an animal with a cystadenoma. 
e Adenocarcinomas, including one tumour in a low-dose mouse originally reported as an adenoma 
f Carcinomas 
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Table 8. Carcinogenicity studies of inhalation exposure to ethylene oxide in experimental rats 

Strain Sex No./group 
at start 

Purity  Dose and 
duration of 
exposure 

Duration 
of study 

Incidence of tumours Result Comments Reference 

Fischer 344 M 80 99.7% 0, 50, 
100 ppm, 
7 h/day, 
5 days/week 

2 years Braina: 0/76, 2/77, 5/79 
 
Mononuclear-cell 
leukaemia: 24/77, 38/79, 
30/76 
Peritesticular mesothelioma: 
3/78, 9/79, 21/79 

p < 0.05 
(high dose) 
p = 0.03 
(low dose) 
 
p = 0.002 
(high dose) 

 Lynch et al. 
(1984a) 

Fischer 344 M 120 > 99.9% 0, 10, 33, 
100 ppm, 
6 h/day, 
5 days/week 

2 years Brainb: 1/181, 0/92, 3/85, 
6/87 
Mononuclear-cell 
leukaemia: 13/97, 9/51, 
12/39, 9/30 
Peritesticular mesothelioma: 
2/97, 2/51, 4/39, 4/30 
Subcutaneous fibroma: 
3/97, 9/51, 1/39, 11/30 

p < 0.05 
(trend) 
p < 0.05 
(trend) 
 
p < 0.005 
(trend) 
p < 0.01 
(high dose) 

Fischer 344 F 120 > 99.9% 0, 10, 33, 
100 ppm, 
6 h/day, 
5 days/week 

2 years Brainb: 0/187, 1/94, 2/90, 
2/78 
Mononuclear-cell 
leukaemia: 11/116, 11/54, 
14/48, 15/26 

p < 0.05 
(trend) 
p < 0.005 
(trend) 

Early deaths due 
to viral sialo-
dacryoadenitis;  
no increases in 
tumour incidence 
up to 18 months; 
sites other than 
brain include only 
necropsies after 
24 months. 

Snellings et al. 
(1984); 
Garman et al. 
(1985, 1986) 

F, female; M, male 
a Brain tumours were gliomas. Focal proliferations of glial cells (termed ‘gliosis’) were also observed in two low-dose rats and four high-dose rats. 

b Brain tumours included gliomas only. Numbers include rats killed both at 18 months and at the conclusion of the 2-year study. 
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The incidence of alveolar/bronchiolar carcinomas in male mice was 6/50 control, 10/50 
low-dose and 16/50 high-dose (p = 0.019, incidental tumour test for trend). A slight 
increase in the incidence of alveolar/bronchiolar adenomas also occurred. The combined 
incidence of lung tumours was 11/50 control, 19/50 low-dose and 26/50 high-dose 
(p = 0.002, incidental tumour test for trend). In females, the incidence of alve-
olar/bronchiolar adenomas (2/49 control, 4/48 low-dose and 17/49 high-dose) and alve-
olar/bronchiolar carcinomas (0/49 control, 1/48 low-dose and 7/49 high-dose) and the 
combined incidence of lung tumours (2/49 control, 5/48 low-dose and 22/49 high-dose) 
were all significantly increased (p < 0.001, incidental tumour test for trend). The incid-
ence of papillary cystadenoma of the Harderian gland increased significantly in animals 
of each sex (males: 1/43 control, 9/44 low-dose and 8/42 high-dose; females: 1/46 
control, 6/46 low-dose and 8/47 high-dose; p < 0.04, incidental tumour test for trend in 
both sexes). In addition, one papillary cystadenocarcinoma of the Harderian gland was 
observed in one high-dose male and one in a low-dose female. In females, the incidence 
of malignant lymphomas was 9/49 control, 6/48 low-dose and 22/49 high-dose mice 
(p = 0.023, life-table test for trend). An increase in the incidence of uterine adeno-
carcinomas was observed in 0/49 control, 2/47 low-dose and 5/49 high-dose females 
(p < 0.03, incidental tumour test for trend). The incidence of mammary gland carcinomas 
in females was 1/49 control, 8/48 low-dose (p = 0.012, incidental pair-wise tumour test) 
and 6/49 high-dose mice (National Toxicology Program, 1987). Because of the rarity of 
primary epithelial tumours of the uterus in long-term inhalation studies in mice, data on 
the pathology and incidence of uterine tumours in B6C3F1 mice from 2-year National 
Toxicology Program inhalation bioassays of bromoethane, chloroethane and ethylene 
oxide were reviewed. Diagnoses of uterine adenocarcinoma in the 1987 bioassay of 
ethylene oxide were confirmed (Picut et al., 2003). [The Working Group noted that the 
diagnosis of uterine adenoma in one low-dose female was revised to adenocarcinoma.] 

3.1.2 Rat 

Groups of 80 male weanling Fischer 344 rats were exposed by inhalation to 0 
(control; filtered air), 50 or 100 ppm [92 or 180 mg/m3] ethylene oxide (purity, 99.7%) 
vapour for approximately 7 h per day on 5 days per week for 2 years. The mortality rate 
was increased in the two treated groups over that in controls, and the increase was 
significant for the high-dose group (p < 0.01). Mononuclear-cell leukaemia was observed 
in 24/77 control rats, in 38/79 rats exposed to 50 ppm ethylene oxide and in 30/76 
exposed to 100 ppm. The overall increase in the incidence of mononuclear-cell leukaemia 
was significant (p = 0.03) in the low-dose group, but the increase could not be ascertained 
in the high-dose group because of excessive mortality. Peritoneal mesotheliomas in the 
region of the testis developed in 3/78 control, 9/79 low-dose and 21/79 high-dose rats; the 
increase was significant for the high-dose group (p = 0.002). Gliomas (mixed cell type) 
were found in 0/76 control, 2/77 low-dose and 5/79 high-dose animals (p < 0.05, pair-
wise comparison for the high dose). Focal proliferation of glial cells (termed ‘gliosis’) 
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was observed in two rats exposed to 50 ppm and four rats exposed to 100 ppm ethylene 
oxide. [The Working Group noted that lesions such as those described as ‘gliosis’ are 
probably glial tumours, and that true gliosis is a reactive lesion and not a neoplasm.] The 
incidence of other neoplasms was comparable in the control and treated groups and was 
not associated with exposure to ethylene oxide. A high incidence of proliferative lesions 
described as ‘multifocal cortical hyperplasia’ and ‘cortical nodular hyperplasia’ was 
observed in the adrenal cortex of animals exposed to ethylene oxide (Lynch et al., 1984a).  

Three groups of 120 male and three groups of 120 female Fischer 344 rats, 8 weeks of 
age, were exposed by inhalation to 10, 33 or 100 ppm [18, 59 or 180 mg/m3] ethylene 
oxide (purity, > 99.9%) vapour for 6 h per day on 5 days per week for up to 2 years. Two 
control groups (I and II), each of 120 male and 120 female rats, were exposed in 
inhalation chambers to room air. All animals that died or were killed when moribund and 
those killed at scheduled intervals of 6, 12, 18 and 24 (females)–25 (males) months were 
examined. During month 15 of exposure, mortality increased in both treated and control 
groups due to a viral sialodacryoadenitis. Mortality was higher in the groups exposed to 
33 and 100 ppm ethylene oxide than in the other groups and was also higher in females 
than in males. Up to 18 months of exposure, no significant increase in tumour incidence 
was observed. In treated rats killed after 18 months, the incidence of brain tumours 
classified as ‘gliomas, malignant reticulosis and granular-cell tumours’ was increased in 
animals of each sex. The incidence of brain tumours (gliomas only) among rats killed at 
18 and 24–25 months was: males: 1/181 (controls), 0/92 (10 ppm), 3/85 (33 ppm) and 
6/87 (100 ppm) (p < 0.05, Cox’s test for adjusted trend and Fisher’s exact test for high-
dose versus control); and females: 0/187 (controls), 1/94 (10 ppm), 2/90 (33 ppm) and 
2/78 (100 ppm) (p < 0.05, Cox’s test for adjusted trend). In females killed after 24 months 
of exposure, mononuclear-cell leukaemia was found in 5/60 (control I), 6/56 (control II), 
11/54 (10 ppm), 14/48 (33 ppm) and 15/26 (100 ppm) animals; the incidence of 
leukaemia was reported by the authors to be significantly increased in the 100-ppm group 
(p < 0.001) and in a mortality-adjusted trend test (p < 0.005). In males, mononuclear-cell 
leukaemia was found in 5/48 (control I), 8/49 (control II), 9/51 (10 ppm), 12/39 (33 ppm) 
and 9/30 (100 ppm) animals (p < 0.05, mortality-adjusted trend test). Peritoneal 
mesotheliomas originating in the testicular serosa were found in 1/48 (control I), 1/49 
(control II), 2/51 (10 ppm), 4/39 (33 ppm) and 4/30 (100 ppm) males (p < 0.005, trend 
test). The incidence of subcutaneous fibromas in male rats of the high-dose group was 
also significantly increased: 1/48 (control I), 2/49 (control II), 9/51 (10 ppm), 1/39 
(33 ppm) and 11/30 (100 ppm) (p < 0.01) (Snellings et al., 1984; Garman et al., 1985, 
1986). 
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3.2 Oral administration 

Rat 

Groups of 50 female Sprague-Dawley rats, approximately 100 days of age, were 
administered 7.5 or 30.5 mg/kg bw ethylene oxide (purity, 99.7%) in a commercial vege-
table oil [composition unspecified] by gastric intubation twice weekly for 107 weeks 
(average total dose, 1186 or 5112 mg/kg bw, respectively). Controls comprised one group 
of 50 untreated female rats and a second group of 50 female rats treated with vegetable oil 
alone. The survival rate of rats in the high-dose group was lower than that of the control 
groups. Treatment with ethylene oxide resulted in a dose-dependent increase in the 
incidence of forestomach tumours, which were mainly squamous-cell carcinomas. Such 
tumours were not found in the untreated or vehicle controls. In the low-dose group, 8/50 
animals developed squamous-cell carcinomas, 4/50 had carcinomas in situ and 9/50 had 
papillomas, hyperplasia or hyperkeratosis of the forestomach. In the high-dose group, 
31/50 animals developed malignant tumours of the stomach; 29 were squamous-cell 
carcinomas of the forestomach and two were fibrosarcomas, one of which was located in 
the glandular stomach. In addition, 4/50 had carcinomas in situ and 11/50 had papillomas, 
hyperplasia or hyperkeratosis of the forestomach. Many of the stomach tumours found in 
the high-dose group metastasized or grew invasively into neighbouring organs. There was 
no increase in the incidence of tumours at other sites in the treated animals over that in 
controls (Dunkelberg, 1982).  

3.3 Dermal application 

Mouse 

Thirty female ICR/Ha Swiss mice, 8 weeks of age at the start of treatment, received 
topical applications of approximately 100 mg of a 10% solution of ethylene oxide (purity, 
99.7%) in acetone on the clipped dorsal skin three times a week for life. The median 
survival time was 493 days. No skin tumour was observed (Van Duuren et al., 1965). 
[The Working Group noted the high volatility of ethylene oxide which would tend to 
reduce the dose that the animals received.] 

3.4 Subcutaneous administration 

Mouse 

Groups of 100 female NMRI mice, 6–8 weeks of age, received subcutaneous 
injections of 0.1, 0.3 or 1.0 mg/mouse ethylene oxide (purity, 99.7%) in tricaprylin once a 
week for 95 weeks (mean total dose, 7.3, 22.7 or 64.4 mg/mouse). Groups of 200 un-
treated and 200 tricaprylin-treated mice served as controls. The survival rate of the group 
given the highest dose was reduced. Ethylene oxide induced a dose-dependent increase in 
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the incidence of sarcomas at the injection site. Sarcomas occurred in 0/200 untreated 
controls, 4/200 animals treated with tricaprylin alone, and 5/100, 8/100 and 11/100 
animals that received 0.1, 0.3 and 1 mg ethylene oxide, respectively [p < 0.001, Cochran-
Armitage test for trend]. No significant increase in the incidence of tumours at other sites 
was observed (Dunkelberg, 1981). 

3.5 Induction of enzyme-altered foci in a two-stage liver system  

Rat 

Litters of Sprague-Dawley rats, 3–5 days of age, were exposed with their dams by 
inhalation to 0 ppm (five male and nine female rats), 33 ppm (60 mg/m3, 10 females), 
55 ppm (100 mg/m3, four males and seven females) or 100 ppm (183 mg/m3, four males 
and eight females) ethylene oxide [purity unspecified] for 8 h per day on 5 consecutive 
days per week for 3 weeks. One week later, the offspring were administered, as a 
promoting agent, 10 mg/kg bw Clophen A 50 (a mixture of polychlorinated biphenyls 
[not otherwise specified]) orally by gavage twice a week for up to 8 additional weeks, at 
which time the experiment was terminated. The livers were examined for adenosine 
triphosphatase-deficient and γ-glutamyltranspeptidase-positive foci. In females that 
received the two highest doses, but not in males, the number and total area of adenosine 
triphosphatase-deficient foci increased significantly (p < 0.05, Student’s t test) in 
comparison with the controls that received Clophen A 50 only. There was no significant 
difference in the number or total area of γ-glutamyltranspeptidase-positive foci between 
controls and animals given the high dose of ethylene oxide (Denk et al., 1988). 

4.    Mechanistic and Other Relevant Data  

4.1 Absorption, distribution, metabolism and excretion 

4.1.1 Humans 

(a) Absorption, distribution and excretion 

Ethylene oxide is readily taken up by the lungs and is absorbed relatively efficiently 
into the blood. A study of workers exposed to ethylene oxide revealed an alveolar reten-
tion of 75–80%, calculated from hourly determinations of ethylene oxide concentrations 
in the environmental air that ranged from 0.2 to 24.1 mg/m3 [0.11–13.2 ppm] and in 
alveolar air that ranged from 0.05 to 6 mg/m3 [0.03–3.3 ppm] (Brugnone et al., 1985, 
1986). At steady state, therefore, 20–25% of inhaled ethylene oxide that reached the 
alveolar space was exhaled as the unchanged compound and 75–80% was taken up by the 
body and metabolized. Blood samples taken from workers 4 h after the workshift gave 
venous blood:alveolar air coefficients of 12–17 and venous blood:environmental air 
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coefficients of 2.5–3.3. The difference from the value of 90 samples determined for the 
blood:air partition coefficient in vitro was explained by incomplete saturation of tissues 
and limitation of the metabolic rate by the rate of lung uptake (Brugnone et al., 1986).  

(b) Metabolism 

The following overall schema describes the mammalian metabolism of ethylene 
oxide (Figure 2). Ethylene oxide is converted (a) by enzymatic and non-enzymatic 
hydrolysis to ethylene glycol, which is partly excreted as such and partly metabolized 
further via glycolaldehyde, glycolic acid and glyoxalic acid to oxalic acid, formic acid and 
carbon dioxide; and (b) by conjugation with glutathione (GSH) followed by further 
metabolism to S-(2-hydroxyethyl)cysteine, S-(2-carboxymethyl)cysteine and N-acetylated 
derivatives (N-acetyl-S-(2-hydroxyethyl)cysteine (also termed S-(2-hydroxyethyl)mercap-
turic acid or HEMA) and N-acetyl-S-(2-carboxymethyl)cysteine) (Wolfs et al., 1983; 
Popp et al., 1994), which are partly converted to thiodiacetic acid (Scheick et al., 1997).  

Figure 2. Metabolism of ethylene oxide 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Adapted from Wolfs et al. (1983); Scheick et al. (1997) 
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Blood concentrations of ethylene glycol were determined at the end of day 3 of a 
normal working week in sterilization personnel who were exposed to ethylene oxide. 
TWA concentrations of ethylene oxide determined over 8 h ranged from 0.3 to 52 ppm 
[0.55–95.2 mg/m3] (overall mean, 4.2 ppm [7.7 mg/m3]). The mean concentrations of 
ethylene glycol in the blood of exposed subjects were twice as high (90 mg/L) as those in 
controls (45 mg/L) (Wolfs et al., 1983).  

The concentration of thioethers excreted in urine collected at the end of sterilization 
processes was found to be twice as high in nonsmoking personnel (10.2 mmol/mol 
creatinine) exposed to peak concentrations of 1–200 ppm [1.83–366 mg/m3] ethylene 
oxide as that in unexposed workers (5.46 mmol/mol creatinine). The concentration of 
ethylene oxide in air was not monitored routinely (Burgaz et al., 1992). 

The glutathione-S-transferase (GST) activity for ethylene oxide in human liver 
cytosolic fractions was low (too low to determine the Michaelis-Menten constant [Km] 
value). The maximum velocity (Vmax) varied from 7.6 to 10.6 nmol/min/mg protein. 
Epoxide hydrolase (EH) activity in the microsomal fraction of the human liver averaged 
1.8 nmol/min/mg protein. The Km for hydrolysis has been estimated to be approximately 
0.2 mM, but non-enzymatic hydrolysis was significant and precluded accurate deter-
mination (Fennell & Brown, 2001). 

Metabolism of ethylene oxide to the GSH conjugate and ethylene glycol is generally 
considered to be the major pathway for the elimination of DNA-reactive ethylene oxide. 
However, strongly suggestive evidence in vitro was presented by Hengstler et al. (1994) 
that glycolaldehyde is formed by further metabolism of ethylene glycol and that this 
derivative leads to DNA–protein cross-links and to DNA strand breaks (as measured with 
the alkaline elution assay) after in-vitro incubation with human peripheral mononuclear 
blood cells.  

(c) GST polymorphisms 

Ethylene oxide is a substrate of the GST isoenzyme T1 (Hayes et al., 2005). This 
isoenzyme is polymorphic and a relatively large population (in Caucasians about 20%, in 
Asians almost 50%) has a homozygous deletion (null genotype) (Bolt & Thier, 2006). As 
expected, these individuals show a significantly higher amount of hydroxyethyl valine in 
their haemoglobin due to the metabolism of endogenous ethylene to endogenous ethylene 
oxide (Thier et al., 2001). Nevertheless, the influence of this genetic trait on the formation 
of these haemoglobin adducts by workplace exposure to exogenous ethylene oxide is 
much less clear, as discussed below. 

In the cytoplasm of erythrocytes obtained from 36 individuals, ethylene oxide was 
eliminated three to six times faster in samples from so-called conjugators (defined by a 
standardized conjugation reaction of methyl bromide and GSH; 75% of the population) 
than in those from the remaining 25% (who lack this GST-specific activity). In the latter 
samples, disappearance did not differ from that of controls. In this experiment, the dis-
appearance of ethylene oxide was investigated in the gas phase of closed vials that 
contained GSH and cytoplasm of erythrocytes (Hallier et al., 1993). 
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In contrast, several publications reported no or an unclear association between 
GSTT1 status and hydroxyethyl adducts after workplace exposure to ethylene oxide 
(HEMA formation) (Haufroid et al., 2007) or exposure to ethylene oxide from cigarette 
smoking (hydroxyethyl valine in haemoglobin) (Müller et al., 1998). Other studies 
reported a relatively weak but significant association (0.17 ± 0.03 N-(2-hydroxy-
ethyl)valine formed in haemoglobin versus 0.08 ± ≤ 0.01; p ≤ 0.02) after exposure to 
ethylene oxide of individuals who had homozygous deletion of the GSTT1 gene com-
pared with those who had at least one copy of the gene (Yong et al., 2001). 

The different impact of the GSTT1 polymorphism is due to the fact that, in the study 
of Hallier et al. (1993), cytoplasm of erythrocytes was exposed to ethylene oxide, while in 
the subsequent studies, the whole human organism was exposed to ethylene oxide. 
Similarly, Föst et al. (1995) also observed that, when ethylene oxide is added to whole 
blood of various individuals, the impact of the GSTT1 polymorphism is significant.  

In-vitro incubation of mononuclear blood cells from various individuals with 
polymorphisms in GSTs (GSTM1, GSTT1 and GSTP1) did not demonstrate a significant 
influence on ethylene oxide-induced DNA strand breaks (measured by the Comet assay) 
and on micronucleus formation in binucleated cells (Godderis et al., 2006). This lack of 
an effect is presumably due to the null or negligible contribution of GSTM1 and GSTP1 
enzymes to ethylene oxide metabolism and to a too small (20%) contribution of GSTT1 
activity in the human whole organism (Figure 2). 

(d) Haemoglobin adducts  

Ethylene oxide is an electrophilic agent that alkylates nucleophilic groups in 
biological macromolecules. Haemoglobin adducts have been used to monitor tissue doses 
of ethylene oxide (Calleman et al., 1978; Farmer et al., 1987; Osterman-Golkar & 
Bergmark, 1988; Ehrenberg, 1991; Ehrenberg & Törnqvist, 1992). The results have 
shown measurable increases in hydroxyethyl haemoglobin adducts that are dependent on 
the workplace exposure concentration (reported and discussed in IARC, 1994).  

Cigarette smoke contains ethylene oxide, and hydroxyethyl valine in the haemoglobin 
of smokers correlates with the number of cigarettes smoked (Fennell et al., 2000; Bono et 
al., 2002; Wu et al., 2004). The umbilical cord blood of smoking pregnant women 
contained increased levels of hydroxyethyl valine, which were quantitatively related to 
the increased levels in maternal blood (Farmer et al., 1996a). Levels of this adduct were 
significantly higher in the haemoglobin of newborns from smoking compared with those 
from nonsmoking mothers (147 ± 68 compared with 42 ± 18 pmol/g haemoglobin; 
p ≤ 0.01) (Tavares et al., 1994). In GSTT1-null individuals, levels of hydroxyethyl valine 
were significantly elevated when normalized to smoking status or levels of cotinine. The 
lack of functional GSTT1 was estimated to increase the internal dose of ethylene oxide 
derived from cigarette smoke by 50–70% (Fennell et al., 2000). Ethylene oxide is also 
formed endogenously in humans (Bolt, 1996). This may limit the sensitivity of this adduct 
as a biomarker for cigarette smoking; indeed, the formation of hydroxyethyl valine was 
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not associated with exposure to secondhand smoke or with tea or alcoholic beverage 
consumption, age or gender (Wu et al., 2004).   

(e)  Toxicokinetic modelling 

A recent model by Fennell and Brown (2001) determined a half-life of ethylene oxide 
in the human body of 47.6 min, taking into account the enzymatic disposition of ethylene 
oxide by human liver microsomal EH (mEH) and cytosolic GST by their Km and Vmax 
characteristics, as well as a possible depletion of GSH. This half-life value was quite close 
to the 42-min value obtained by Filser et al. (1992). In this human model, the majority of 
ethylene oxide is metabolized by hydrolysis, and only approximately 20% is converted to 
GSH conjugates. There is little change in metabolism with increasing exposure 
concentration. At given exposure concentrations of ethylene oxide (1, 100 and 300 ppm 
[1.83, 183 and 549 mg/m3]), blood concentration was sensitive to alveolar ventilation and 
to Km and Vmax for liver mEH but relatively insensitive to the liver GSH concentration and 
the rate of GSH synthesis in the liver. 

4.1.2 Experimental systems 

(a) Absorption, distribution and excretion 

Pulmonary uptake of ethylene oxide is expected to be rapid and dependent only upon 
the alveolar ventilation rate and concentration in the inspired air, since this compound is 
very soluble in blood (IPCS, 1985). Ethylene oxide is absorbed rapidly through the 
respiratory tract in rats (Filser & Bolt, 1984; Koga et al., 1987; Tardif et al., 1987), mice 
(Ehrenberg et al., 1974; Tardif et al., 1987) and rabbits (Tardif et al., 1987). Close to 
100% of inhaled ethylene oxide was absorbed by mice that were exposed for 1–2 h to 2–
55 mg/m3 (1.1–30 ppm) (Ehrenberg et al., 1974). 

The permeation rate of a solution of 1% ethylene oxide in water (w/v) through 
excised human skin at 30 ºC was determined to be 0.125 mg/(cm2 × h) (Baumbach et al., 
1987).  

The pharmacokinetics of inhaled ethylene oxide have been investigated in male 
Sprague-Dawley (Filser & Bolt, 1984) and Fischer 344 rats (Krishnan et al., 1992). The 
studies were carried out in closed exposure chambers of 6.4 and 9.5 L occupied by two 
and three rats, respectively. The initial concentrations of ethylene oxide vapour in the 
chamber atmospheres were up to about 1100 ppm [2000 mg/m3]. Filser and Bolt (1984) 
showed that ethylene oxide is rapidly taken up by the lungs because the clearance due to 
uptake, which reflects the rate of transfer of ethylene oxide from the atmosphere into the 
organism, was 11 100 mL/h (185 mL/min) for two Sprague-Dawley rats that weighed 
500 g. Johanson and Filser (1992) calculated a value of 58 mL/min for one Sprague-
Dawley rat that weighed 250 g by allometric scaling, according to the method of Filser 
(1992). This value represents 50% of the alveolar ventilation (117 mL/min; Arms & 
Travis, 1988), which indicates that about 50% of the amount inhaled into the lung is 
exhaled again without becoming systemically available via the bloodstream. A possible 



 ETHYLENE OXIDE 249 
 

 

explanation for this finding is that there is a ‘wash in-wash out’ effect in the upper air-
ways (Johanson & Filser, 1992), which may be more effective in rats than in humans 
(Filser et al., 1993). The maximal accumulation of ethylene oxide in the body of Sprague-
Dawley rats, determined as the thermodynamic partition coefficient for whole body:air, 
was 30. Because of fast metabolic elimination, the concentration ratio at steady state for 
whole body:air, calculated for two animals that weighed 500 g, was only 1.52 over the 
entire dose range. A re-calculation of this parameter according to Filser (1992) for one 
Sprague-Dawley rat that weighed 250 g yielded a value of 1.88, which is similar to the 
coefficient for venous blood:environmental air found in workers exposed to ethylene 
oxide under steady-state conditions (see above).  

An almost uniform distribution of ethylene oxide within the body was concluded 
from the similar tissue:air partition coefficients for organs of male Fischer 344 rats deter-
mined in vitro: fat, 44.1; muscle, 48.3; brain, 58.7; lung, 60.9; liver, 61.6; blood, 64.1; and 
testes, 83 (Krishnan et al., 1992).  

Elimination of ethylene oxide was described by first-order kinetics over the whole 
concentration range examined in both Sprague-Dawley (Filser & Bolt, 1984) and Fischer 
344 rats (Krishnan et al., 1992). At steady state, the clearance due to metabolism in re-
lation to the concentration in the atmosphere was 10 600 mL/h (177 mL/min) for two 
Sprague-Dawley rats that weighed 500 g (Filser & Bolt, 1984). Re-calculation for one 
Sprague-Dawley rat that weighed 250 g according to the method of Filser (1992) gave a 
value of almost 55 mL/min. On the basis of the finding that clearance due to metabolism 
in relation to the concentration in the atmosphere is nearly identical to that due to uptake, 
uptake of ethylene oxide by inhalation was concluded to be the rate-limiting step for 
metabolism of this compound. Alveolar retention in one Sprague-Dawley rat that 
weighed 250 g was calculated as 47% on the basis of a ventilation rate of 117 mL/min 
and clearance of metabolism in relation to the concentration in the atmosphere of 55 
mL/min. The half-life was reported to be 6 min in two animals that weighed 500 g (Bolt 
& Filser, 1987).  

Clearance rates of ethylene oxide from the blood, brain, muscle and testes were nearly 
identical. Following a 4-h inhalation exposure of B6C3F1 mice and Fischer 344 rats to 
100 ppm [183 mg/m3], the average blood elimination half-lives were 2.4–3.2 min in mice 
and 11–14 min in rats (Brown et al., 1996, 1998). 

In male Fischer 344/N rats exposed by nose-only inhalation for 60 min to 5 ppm 
[9.2 mg/m3] ethylene oxide, a steady-state blood level of about 60 ng/g was reached after 
15 min (Maples & Dahl, 1993). 

After 4-h inhalation exposures of B6C3F1 mice to 0, 50, 100, 200, 300 or 400 ppm [0, 
91.5, 183, 366, 549 or 732 mg/m3] ethylene oxide, concentrations of ethylene oxide in the 
blood increased linearly with inhaled concentrations of less than 200 ppm, but the blood 
concentration increased more rapidly than linearly above that level. GSH levels in the 
liver, lung, kidney and testes decreased as exposures increased above 200 ppm, which 
indicated that, at low concentrations, GSH conjugation is responsible for the dis-
appearance of ethylene oxide but, at higher concentrations when tissue GSH begins to be 
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depleted, the elimination occurs via a slower hydrolysis process, which leads to a greater 
than linear increase in blood concentrations of ethylene oxide (Brown et al., 1998).  

(b) Metabolism 

For an overview of mammalian metabolism of ethylene oxide, see Figure 2. 
For early identification and quantification of mammalian metabolites of ethylene 

oxide, see IARC (1994). 
After intravenous injection of 1 and 10 mg/kg bw ethylene oxide to male Sprague-

Dawley rats, HEMA was excreted as a constant percentage of the dose: about 30% from 0 
to 12 h and 5% from 12 to 24 h. Following administration of 100 mg/kg bw ethylene 
oxide, the corresponding percentages were 16% and 5%, respectively. These results 
indicate that the capacity for GSH conjugation at the high dose could have been exceeded 
within the first 12 h (Gérin & Tardif, 1986).  

Ethylene glycol, 2-hydroxyethylmercapturic acid, 2-methylthioethanol and 2-mer-
captoethanol were identified as metabolites in the urine of male Wistar rats exposed for 
6 h to 500 ppm [915 mg/m3] ethylene oxide (Koga et al., 1987). The amounts of ethylene 
glycol in the urine of male Wistar rats collected during 6-h exposures to 50, 100, 200, 300 
and 500 ppm [91.5, 183, 366, 549 and 915 mg/m3] ethylene oxide and up to 20 h there-
after were 0.2, 0.35, 1.0, 2.5 and 4.2 mg, and thus increased disproportionately to the ex-
posure concentrations (Koga et al., 1985). These findings may indicate a relative decrease 
in GSH conjugation. 

The pattern of excretion of ethylene oxide metabolites in mice, rats and rabbits was 
investigated in urine collected 24 h after treatment with ethylene oxide, either intra-
venously (20 and 60 mg/kg bw) or by inhalation for 6 h (about 200 ppm [366 mg/m3]). 
Marked species differences were seen (Table 9), since metabolites that resulted from 
conjugation of ethylene oxide with GSH were found in the urine of male Swiss CD-1 
mice and male Sprague-Dawley rats but not in that of rabbits [strain not given]. HEMA 
was excreted in the urine of mice and rats, but S-(2-hydroxyethyl)cysteine and 
S-(carboxymethyl)cysteine were present only in the urine of mice. Ethylene glycol, the 
reaction product of the enzymatic and non-enzymatic hydrolysis of ethylene oxide, was 
found in the urine of all three species (Tardif et al., 1987).  

(c) GSH depletion 

Treatment of animals with ethylene oxide lowered the concentration of GSH in 
various tissues. Immediately after a 4-h exposure of male Swiss-Webster mice and 
Fischer 344 rats to atmospheric concentrations of 100, 400 and 900 ppm [183, 732 and 
1647 mg/m3] (mice) and 100, 600 and 1200 ppm [183, 1098 and 2196 mg/m3] (rats) 
ethylene oxide, concentration-related decreases in GSH levels were observed in the 
kidney, heart, lung, brain, stomach, spleen, testis and liver of both species, in the blood of 
mice but not of rats and in bone marrow, which was examined in rats only. In both 
species, the GSH levels were reduced to a greater extent in the liver, lung and stomach 
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Table 9. Urinary excretion of ethylene oxide metabolites within 24 h after 
treatment of mice, rats and rabbits with ethylene oxide intravenously or by 
inhalation 

Treatment Urinary metabolites (µmol/100 g bw) (mean values) 

 N-Acetyl-S-(2-
hydroxy-
ethyl)cysteine 

S-(2-Hydroxy-
ethyl)cysteine 

S-(Carboxy-
methyl)cysteine 

Ethylene 
glycol 

20 mg/kg 
intravenously 

    

 Mouse  3.75 2.62 0.85 1.48 
 Rat 14.00 ND ND 2.68 
 Rabbit ND ND ND 0.95 
60 mg/kg 
intravenously 

    

 Mouse  9.53 6.80 4.30 3.55 
 Rat 32.28 ND ND 8.59 
 Rabbit ND ND ND 3.76 
200 ppm 
[366 mg/m3], 6 h 
inhalation 

    

 Mouse  4.63 2.62 2.83 0.77 
 Rat 19.61 ND ND 1.84 
 Rabbit ND ND ND 2.56 

Adapted from Tardif et al. (1987) 
ND, not detected 

than in other organs. After exposure to the highest concentrations, GSH levels in the 
tissues were depressed to 20–30% of the control values (McKelvey & Zemaitis, 1986). 

Concentrations of GSH in the hepatic cytosol of male Wistar rats decreased to 37% of 
that of controls after a single exposure (4 h) to 500 ppm [915 mg/m3] ethylene oxide, to 
13% after exposure to 1500 ppm [2745 mg/m3] (Katoh et al., 1990) and to 5% after 
exposure to 2500 ppm [4575 mg/m3] (Nakashima et al., 1987). Immediately after the last 
of a series of repeated exposures of male Wistar rats to 500 ppm [915 mg/m3] ethylene 
oxide for 6 h per day on 3 days per week for 6 weeks, the hepatic GSH concentration was 
decreased by 50%. Control values were reached again 12 h thereafter (Katoh et al., 1989).  

The consequences of GSH depletion on the occurrence of non-linear increases in the 
concentration of ethylene oxide in the blood with increasing external doses of ethylene 
oxide is discussed in Section 4.1.2(a). Haemoglobin adduct formation in mice and rats 
exposed to 0, 3, 10, 33, 100 and 300 (rats only) ppm [0, 5.49, 18.3, 60.39, 183 and 
549 mg/m3] ethylene oxide for 6 h per day on 5 days per week for 4 weeks was linear in 
both species up to 33 ppm, after which the slope increased more than proportionately 
(Walker et al., 1992a). The dose-related decrease in hepatic GSH concentration (Brown 
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et al., 1998) provides a plausible explanation for the more than proportional increase in 
hydroxyethylated haemoglobin (see below). In both rats and mice, depletion of GSH was 
already considerable following a single exposure to high levels (i.e. 550 mg/m3) of 
ethylene oxide (McKelvey & Zemaitis, 1986; Brown et al., 1998). 

(d)  Haemoglobin adducts 

Binding of ethylene oxide to haemoglobin has been reviewed in some detail (IARC, 
1994). In-vitro treatment of mouse, rat and human cells with ethylene oxide demonstrated 
the formation of adducts with S-cysteine, histidine and N-terminal valine in haemoglobin. 
The second-order rate constants were approximately the same for histidine and valine 
across the three species; however, large species differences were seen with respect to 
S-cysteine (Segerbäck, 1990). In studies of the fate of ethylene oxide in mice, single 
exposures to this epoxide produced in a dose-dependent manner haemoglobin adducts 
that disappeared at a rate predicted by the normal life-span of the red blood cells. These 
data suggested that stable haemoglobin adducts would accumulate over the lifetime of the 
erythrocyte during chronic exposures to ethylene oxide and provided the basis for the 
concept of using haemoglobin adducts to monitor integral doses of alkylating agents. 
Single intraperitoneal injections of and multiple inhalation exposures to ethylene oxide 
generally yielded linear dose–response relationships between dose and histidine and 
valine haemoglobin adduct levels. However, chronic inhalation exposures of male Fischer 
344 rats to 10, 33 or 100 ppm [18.3, 60.4 or 183 mg/m3] ethylene oxide under cancer 
bioassay conditions (6 h per day on 5 days per week for 2 years) resulted in a non-linear 
dose–response curve for Nτ-(2-hydroxyethyl)histidine (Osterman-Golkar et al., 1983). 
Comparisons of the data from single-dose or 4-week inhalation exposure studies of rats 
versus a study of rats exposed for 2 years suggested that the dose–response relationship 
between the concentration of ethylene oxide and the formation of haemoglobin adducts 
can change over time during repeated exposure to this epoxide (Walker et al., 1992a). 

More recent studies on haemoglobin adducts in ethylene oxide-exposed mice and rats 
have focused on (a) potential species differences in the relationships between exposure, 
accumulation of haemoglobin adducts over time during repeated exposures and the 
dynamics in loss of adducts after discontinuation of exposures (Fennell et al., 1992; 
Walker et al., 1992a); and (b) comparisons of the formation and persistence of adducts in 
haemoglobin and DNA (Walker et al., 1993), and the relationships between exposure, 
levels of haemoglobin adducts as a marker of dose and induction of somatic mutations 
(Tates et al., 1999). Results of species comparisons of the formation and persistence of 
N-(2-hydroxyethyl)valine have been summarized previously (IARC, 1994). In brief, 
dose-related levels of N-(2-hydroxyethyl)valine were reported to be similar in mice and 
rats exposed to ethylene oxide (3–100 ppm [5.49–183 mg/m3] for 4 weeks), while the 
adducts were lost in a species-specific pattern related to a differing life-span of red blood 
cells in each species. However, the relationships between N-(2-hydroxyethyl)valine in 
haemoglobin and N7-(2-hydroxyethyl)guanine in DNA varied with length of exposure, 
interval since exposure, species and tissue, which led the authors to conclude that the 
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haemoglobin adducts were unlikely to provide accurate predictions of DNA adducts in 
tissues under conditions in which the actual scenario of exposure to ethylene oxide is 
unknown (Walker et al., 1993). Tates et al. (1999) measured N-(2-hydroxyethyl)valine to 
determine blood levels of ethylene oxide in rats and then used the estimated blood doses 
to compare the mutagenic effects of ethylene oxide via three routes of exposure, including 
single intraperitoneal injections, ingestion via the drinking-water or inhalation; 
comparisons of the mutagenic responses from alternative treatments with ethylene oxide 
are considered below. Other studies that measured the formation of N-(2-hydroxy-
ethyl)valine in mice and rats after inhalation of ethylene oxide have typically used this 
haemoglobin adduct as a marker of exposure for comparison with DNA adducts in the 
same animals (Walker et al., 2000; Rusyn et al., 2005). In general, the same relationships 
were found as those reported in the earlier rodent studies of ethylene oxide that are 
summarized above. 

(e) Toxicokinetic modelling 

A physiologically based pharmacokinetic model has been developed for dosimetry of 
inhaled and intravenously injected ethylene oxide in rats (Krishnan et al., 1992). The 
model enables the determination of tissue distribution, metabolic pathways, i.e. hydrolysis 
by EH and conjugation with GSH by GST, depletion of hepatic and extrahepatic GSH 
and binding of ethylene oxide to haemoglobin and DNA. The biochemical parameters 
used in the model were obtained by fitting data obtained after inhalation of ethylene oxide 
in closed chambers to data on tissue GSH concentrations (McKelvey & Zemaitis, 1986) 
and on levels of hydroxyethyl adducts in haemoglobin and tissue DNA (Potter et al., 
1989). The model was validated by comparing simulated and published data on urinary 
excretion of HEMA after inhalation and intravenous administration of ethylene oxide 
(Gérin & Tardif, 1986; Tardif et al., 1987) and on levels of hydroxyethyl adducts in 
haemoglobin and tissue DNA after exposure for 6 h to 300 ppm [549 mg/m3] ethylene 
oxide (Walker et al., 1990, 1992a). The second-order rate constants obtained for the 
binding of ethylene oxide to amino acid residues in haemoglobin are similar to those pub-
lished by Segerbäck (1990). According to the model, total adduct formation in haemo-
globin and DNA accounted for 0.25% and 0.001% of the inhaled dose, respectively. After 
exposure to atmospheric concentrations of up to 500 ppm [915 mg/m3] ethylene oxide, 
the model predicted first-order kinetics for whole-body elimination, but non-linearity in 
individual metabolic pathways and exhalation. Comparison of the predictions for low and 
500-ppm exposures indicated that the share of GSH conjugation decreased from 38 to 
27%, whereas the share of hydrolysis increased from 31 to 36% and that of exhalation 
from 23 to 28% (Krishnan et al., 1992). 

More recent physiologically based pharmacokinetic models of uptake and metabolism 
of ethylene oxide in mice, rats and humans were published by Csanády et al. (2000) and 
Fennell and Brown (2001). These models predicted adequately blood and tissue concen-
trations of ethylene oxide in rats and mice (with the exception of the testes). Simulations 
by the model of Fennell and Brown (2001) indicate that, in mice, rats and humans, about 
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80%, 60% and 20% of ethylene oxide, respectively, would be metabolized via GSH con-
jugation. Nevertheless, modelling 6-h inhalation exposures gave simulated ethylene oxide 
areas under the curve and blood peak concentrations that were similar for mice, rats and 
humans (Fennell & Brown, 2001). Thus, exposure to a given concentration of ethylene 
oxide in air results in similar predicted blood ethylene oxide areas under the curve for 
mice, rats and humans.  

4.1.3 Comparison of rodent and human data 

A striking difference between rodents and humans in the metabolism of ethylene 
oxide is the predominance of the GSH pathway in mice and rats, while in humans (and in 
other larger animals tested to date), the pathway initiated by enzymatic and non-enzym-
atic hydrolysis is of greater importance (Jones & Wells, 1981; Martis et al., 1982; Gérin 
& Tardif, 1986; Tardif et al., 1987; Brown et al., 1996) which is consistent with the 
observed levels of the ethylene oxide that conjugate GSTT1 in the order mice > rats > 
humans. This leads to an onset of significant GSH depletion in rodents at exposure 
concentrations that were used in toxicological investigations, namely between 33 and 
100 ppm [60.4 and 183 mg/m3] ethylene oxide in ambient air (see above). However, it is 
important to note that carcinogenicity in rats was already observed at the lower exposure 
concentration of 10 ppm [18.3 mg/m3] ethylene oxide in one study (see Section 3).  

Although the physiologically based pharmacokinetic models constructed by Fennell 
and Brown (2001) indicated profound differences in the relative contribution of the 
different metabolic pathways, when differences in uptake and metabolism are taken into 
account, simulated blood peak concentrations and areas under the curve were similar for 
mice, rats and humans (human levels within about 15% of rat and mouse levels). Thus, 
exposure to a given concentration of ethylene oxide in air gives similar predicted blood 
levels of ethylene oxide and areas under the curve for mice, rats and humans (in the range 
of exposures used in the rodent cancer bioassays, i.e. 100 ppm [183 mg/m3] and below; 
above these concentrations, the differences in GSH depletion may be expected to lead to 
significant differences in the levels of ethylene oxide in blood with comparable concen-
trations in the ambient air).  

Human erythrocytes are rich (but polymorphic) in the ethylene oxide-metabolizing 
enzyme GSTT1, but, in the experimental animals investigated, this protective enzyme is 
not present in the erythrocytes (Hallier et al., 1993). This adds a further complexity to 
species differences in the metabolism of ethylene oxide. 

4.2 Genetic and related effects 

The direct reaction of ethylene oxide with DNA is thought to initiate the cascade of 
genetic and related events that lead to cancer (Swenberg et al., 1990). Ethylene oxide is a 
direct alkylating agent and reacts with nucleophiles without the need for metabolic trans-
formation. It uses the general SN2 mechanism and has a high Swain-Scott substrate 
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constant (Golberg, 1986), both of which favour efficient N7-alkylation of guanine (and 
other ring nitrogens to a lesser extent) due to the electron density distribution of purines 
and the steric availability of the N7-position of guanine (Kolman et al., 2002). The 
reactivity of this agent is due to the strain of the oxirane ring and the partial positive 
charge on the carbon atoms, which give the compound its electrophilic character and 
predispose the ring to open and form a hydroxyethylcarbonium ion (Golberg, 1986). 
Several published reviews contain details of earlier studies of the reactivity and genetic 
toxicity of ethylene oxide in humans and experimental systems (Kolman et al., 1986; 
Dellarco et al., 1990; Walker et al., 1990; IARC, 1994; Natarajan et al., 1995; Health 
Canada, 1999; Preston, 1999; Thier & Bolt, 2000; Health Canada, 2001; Kolman et al., 
2002; WHO, 2003). This update is focused primarily upon recently published in-vivo 
studies of ethylene oxide-exposed humans and rodent models that shed light on the mode 
of action and the extent to which species comparisons may be pertinent to an evaluation 
of the carcinogenicity of this chemical in humans.  

4.2.1 Humans 

(a) DNA adducts 

For nearly 20 years, it has been known that the endogenous formation of ethylene and 
its conversion to ethylene oxide leads to 2-hydroxyethylation of DNA to yield back-
ground levels of N7-(2-hydroxyethyl)guanine (7-HEG) in unexposed humans (reviewed 
in Bolt, 1996; Farmer & Shuker, 1999; Walker et al., 2000; Marsden et al., 2007). 
Ethylene is generated in vivo during normal physiological processes such as lipid per-
oxidation, oxidation of methionine, oxidation of haeme in haemoglobin and/or through 
the metabolizing activity of intestinal bacteria (reviewed in Thier & Bolt, 2000). Walker 
et al. (2000) described a series of studies of background levels of these adducts in 
different tissues of unexposed humans, and showed that lower endogenous levels of 
7-HEG have typically been found with more sensitive detection methods than those 
employed in reports on the impact of endogenously versus exogenously derived ethylene 
oxide (Bolt, 1996). Farmer and Shuker (1999) suggested that, in order to estimate the 
increase in cancer risk attributable to a given external exposure, it is clearly important to 
establish and consider background levels of corresponding DNA damage so that the scale 
of the incremental increase can be calculated. It is mainly for this reason that more 
sensitive and specific analytical methods have been developed for the measurement of 
background and treatment-induced levels of 7-HEG than for any other single DNA 
adduct (reviewed in Zhao et al., 1999; Liao et al., 2001; Kao & Giese, 2005). 

Since endogenous DNA damage through lipid peroxidation is thought to contribute 
significantly to cancer in humans (Marnett, 2002), Zhao and Hemminki (2002) investi-
gated the association between age and endogenous formation of 7-HEG in 34 younger 
and older healthy human subjects (mean ages, 39.8 and 82.8 years, respectively). Steady-
state levels of 7-HEG in the DNA of peripheral blood lymphocytes were similar in the 
younger and older subjects (means, 3.8 ± 3.4 and 3.0 ± 2.7 adducts/107 nucleotides, 
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respectively), which suggests that endogenous DNA damage by ethylene oxide that arises 
from ethylene generated by lipid peroxidation and the repair of such damage is in-
dependent of age as a contributing factor to cancer risk. 

A single study has been performed to examine the formation of 7-HEG in humans 
exposed to ethylene oxide in the workplace (Yong et al., 2007). 7-HEG was quantified, 
using the method of Kao and Giese (2005), in peripheral blood granulocytes from 58 
hospital workers exposed to ethylene oxide during the unloading of sterilizers or when 
working adjacent to sterilizers. Cumulative exposure to ethylene oxide (ppm–h) was 
estimated during the 4-month period before the collection of blood samples. There was 
considerable interindividual variation in the levels of 7-HEG in both unexposed control 
and ethylene oxide-exposed workers, ranging from 1.6 to 241 adducts/107 nucleotides. 
The mean levels in the unexposed, low-ethylene oxide exposure (< 32 ppm–h) 
[58.6 mg/m3–h] and high-ethylene oxide exposure (> 32 ppm–h) groups were 3.8, 16.3 
and 20.3 adducts/107 nucleotides, respectively, but the differences were not statistically 
significant after adjustment for cigarette smoking and other potential confounders. Since 
the life-span of granulocytes is less than 1 day compared with a life-span of up to several 
years for lymphocytes, the large inter-individual variation in 7-HEG levels as well as 
elevated values in individual ethylene oxide-exposed workers may have reflected very 
recent transient peak exposures that were not captured in the overall 4-month cumulative 
exposure estimates. 

(b) Mutations and other genetic related effects (see also Table 10) 

Studies of human exposures to ethylene oxide have focused upon individuals who 
were employed in the operation of hospital or factory sterilization units and workers who 
were involved in ethylene oxide manufacturing or processing. Selected studies showed 
that exposure to ethylene oxide results in chromosomal alterations that are related to both 
the level and duration of exposure, while a single study suggested that exposure to 
ethylene oxide causes gene mutations. Several other biomarkers of DNA damage (un-
scheduled DNA synthesis, DNA single-strand breaks, premature centromere division and 
DNA–protein cross-links) have been studied by only a few investigators; results are 
summarized at the end of this section. 

Preston (1999) provided a critical assessment of the cytogenetic effects of ethylene 
oxide in vitro and in vivo, discussed the basic guidelines for cytogenetic assays in 
population monitoring and hazard identification, and exhaustively reviewed reports of 
human cytogenetic studies of ethylene oxide through to 1996. Occupational exposures to 
ethylene oxide have resulted in increased levels of chromosomal events, which included 
sister chromatid exchange, chromosomal aberrations and micronucleus formation in 
blood cells. Cytogenetic end-points can serve as markers of exposure to ethylene oxide 
and DNA damage. Moreover, several large prospective studies have demonstrated that, 
on a population basis, increased levels of chromosomal aberration or micronucleus for-
mation are indicative of an increased risk for cancer development (Hagmar et al., 1998; 
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Table 10. Cytogenetic observations in humans exposed to ethylene oxide 

Exposure time (years) Ethylene oxide in air (ppm)a Cytogenetic effectsb No. of exposed No. of 
controls  

Range Mean Range Mean 
(TWA) 

CA MN SCE 

Reference 

12   8   0−36c    + Garry et al. (1979) 

12 
 5 

 11 
 11 

1−8 
0.8−3 

4 
1.6 

0.5−1 
5−10 

 − 
+ 

  Pero et al. (1981) 

18 (factory I) 
10 (factory II) 

 11 
  9 

0.5−8 
0.5−8 

3.2 
1.7 

 < 1 
< 1 

+ 
+ 

+d 
− 

− 
− 

Högstedt et al. (1983, 
1990)  

 9 (low-dose task) 
 5 (high-dose task) 

 13 
 13 

   13e 

501e 
  − 

+ 
Yager et al. (1983) 

14  14   < 0.07−4.3f    − Hansen et al. (1984) 

10 (nonsmokers) 
15 (smokers) 

 15 
  7 

0.5−10 
0.5−10 

5.7 
4.5 

[15–123]    + 
+ 

Laurent et al. (1984) 

22 (low exposure) 
10 (moderate exposure) 
19 (high exposure) 

 22 
 10 
 19 

1−4 3 0.2−0.5f 

0−9.3f 

3.7−20 f 

0.35 
1.84 
10.7 

(+) 
 
+ 

 + 
+ 
+ 

Sarto et al. (1984a,b; 
1987)  

13 (work site I) 
22 (21)g (work site II) 
26 (25)g (work site III) 

 12 
 19 (20)g 
 22 (21)g 

 3.2 
3.1 
4 

0.5f 

5−10f 

5−20f 

 − 
− 
(+) 

 − 
(+) 
+ 

Stolley et al. (1984); 
Galloway et al. (1986) 

33 (production workers)  32 1−14  ≤ 0.05−8 ≤ 0.01h +   Clare et al. (1985) 

50 141 1−10  1−40f  +  + Richmond et al. (1985) 

36  35 1−14  0.05−8 0.12 −   van Sittert et al. (1985) 
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Table 10 (contd) 

Exposure time (years) Ethylene oxide in air (ppm)a Cytogenetic effectsb No. of exposed No. of 
controls  

Range Mean Range Mean 
(TWA) 

CA MN SCE 

Reference 

22 (sterilization unit) 
21 (factory workers) 
25 (laboratory workers) 

 10 
 20 
 20 

1–8  
2–17 
1–15 

 0−2.6 
0−4.5 
0−4.8 

 + 
+ 
+ 

  Karelová et al. (1987) 

 9 
 3 

 27 
 27 

0.5−12 5 0.025−0.38f 

> 0.38i 
  − 

+ 
 Sarto et al. (1990) 

34  23  8 0.008−2.4f < 0.3 − − + Mayer et al. (1991) 

 5 
 5 

 10 
 10 

0.1−4 
4−12 

8.6  
< 1−4.4 

0.025 
0.38 

 − 
− 

− 
+ 

Sarto et al. (1991) 

 9 (hospital workers) 
15 (factory workers) 

  8 
 15 

2−6 
3-27 

4 
12 

22−72 
14−400  

0.025j 

5j 
+ 
+ 

− 
+ 

+ 
+ 

Tates et al. (1991) 

10  10  3 60−69  +  + Lerda & Rizzi (1992) 

32 
11 

  8 
  8 

 5.1 
9.5 

0−0.3f 

0.13−0.3f 
0.04 
0.16 

 − 
− 

+ 
+ 

Schulte et al. (1992) 

47  47     < 1 –  – Tomkins et al. (1993) 

14 (hospital workers, 
nonsmokers) 
11 (hospital workers, 
smokers) 

 14 
 
 11 

  0.5−208f 
 

0.5−417f 

   − 
 
− 

Popp et al. (1994) 

75  22 3−14 7 2−5  + +  Ribeiro et al. (1994) 
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Table 10 (contd) 

Exposure time (years) Ethylene oxide in air (ppm)a Cytogenetic effectsb No. of exposed No. of 
controls  

Range Mean Range Mean 
(TWA) 

CA MN SCE 

Reference 

28 (hospital workers) 
10 (hospital workers) 

  8   0−0.30 
0.13−0.30 

0.08 
0.17 

 − 
− 

+ 
+ 

Schulte et al. (1995) 

 7 (production workers) 
 7 (production workers) 
 7 (production workers) 

  7  Accidental 
< 5 
> 15 

 28−429 
< 0.005−0.02 
< 0.005−0.01 

  − 
− 
− 

− 
− 
− 

Tates et al. (1995) 

 9 (low exposure, 
hospital workers) 
27 (high exposure, 
hospital workers) 

 48 
 
 10 

 4 
 
15 

2.7−10.9 
 
2.7−82 

2.7 
 
5.5 

+ 
 
+ 

 − 
 
+ 

Major et al. (1996) 

CA, chromosomal aberrations; MN, micronuclei; SCE, sister chromatid exchange; TWA, time-weighted average 
Blanks not studied 
a 1 ppm = 1.83 mg/m3 ethylene oxide 
b +, positive; −, negative 
c Maximum concentration measured during purge cycle 
d Positive for erythroblasts and polychromatic aberrations; negative for peripheral blood lymphocytes 
e Average 6-month cumulative dose in mg ethylene oxide 
f TWA 
g Numbers in parentheses are for chromosomal aberrations evaluated by Galloway et al. (1986) 
h Calculated by linear extrapolation 
i Exposed acutely from sterilizer leakage 
j Estimated 40-h TWA based on haemoglobin adducts 
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Liou et al., 1999; Smerhovsky et al., 2001; Hagmar et al., 2004; Boffetta et al., 2007; 
Bonassi et al., 2007).  

The induction of increased frequencies of sister chromatid exchange has been found 
to be a sensitive indicator of genotoxic exposure to ethylene oxide in humans (Tates et al., 
1991). Evaluation of the impact of exposure to ethylene oxide on changes in the fre-
quency of sister chromatid exchange should take into consideration the observation that 
the available studies assessed a wide range of exposure concentrations and conditions, 
including moderately high-dose acute exposures and chronic exposures at varying con-
centrations of ethylene oxide. Some interesting trends are apparent across studies. Those 
that failed to find significant increases in frequencies of sister chromatid exchange 
following exposure to ethylene oxide were primarily studies of workers who were 
exposed to approximately 5 ppm [9.15 mg/m3] or less (TWA) (Högstedt et al., 1983; 
Yager et al., 1983; Hansen et al., 1984; Stolley et al., 1984; Sarto et al., 1991; Tates et al., 
1995), although a number of studies report increased frequencies of sister chromatid ex-
change in workers exposed to less than 5 ppm (TWA) (Sarto et al., 1984a, 1987; Mayer et 
al., 1991; Tates et al., 1991; Schulte et al., 1992, 1995). Significant increases in frequen-
cies of sister chromatid exchange were commonly found in studies that evaluated indi-
viduals who were exposed to concentrations of ethylene oxide > 5 ppm (TWA) (Garry et 
al., 1979; Yager et al., 1983; Laurent et al., 1984; Sarto et al., 1984a; Stolley et al., 1984; 
Tates et al., 1991; Lerda & Rizzi, 1992; Schulte et al., 1992). It should be noted that 
comparisons among studies are complicated by differences in the methodology used to 
record and report exposure concentrations of ethylene oxide; this problem is further 
complicated by the fact that, although workers were generally exposed to low average 
levels in some studies, acute high exposures were noted to have occurred (Tates et al., 
1991). In spite of these complications, several studies found significant differences in 
sister chromatid exchange frequencies in individuals and/or groups exposed to levels of 
ethylene oxide higher than the designated low-exposure group from the same or similar 
environment (Yager et al., 1983; Sarto et al., 1984a; Stolley et al., 1984; Tates et al., 
1991; Schulte et al., 1992). These findings support the observation that sister chromatid 
exchange frequencies varied with level and frequency of exposure to ethylene oxide. Two 
studies investigated changes in frequencies of sister chromatid exchange over time and 
found that they remained elevated for at least 6 months even when exposures were de-
creased or ceased after the first assessment (Sarto et al., 1984b; Stolley et al., 1984). A 
relationship between changes in frequencies of sister chromatid exchange and cigarette 
smoking has also been found by several investigators (Sarto et al., 1991); because data on 
exposure to cigarette smoke as a potential confounding factor was not consistently 
included in all studies, it is not always possible to determine the primary cause for the 
observed changes in sister chromatid exchange frequency (Sarto et al., 1991).  

Because increased frequencies of some classes of chromosomal aberration are asso-
ciated with an increased risk for the development of cancer (Sorsa et al., 1990), several 
studies have investigated the induction of increased frequencies of chromosomal 
aberrations in individuals exposed to ethylene oxide. Workers exposed to a range of 
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concentrations from 0.01 ppm to 200 ppm [0.02–366 mg/m3] have been evaluated; the 
majority of the studies found significant increases in chromosomal aberrations (Pero 
et al., 1981; Högstedt et al., 1983; Sarto et al., 1984b; Richmond et al., 1985; Galloway 
et al., 1986; Karelová et al., 1987; Högstedt et al., 1990; Tates et al., 1991; Lerda & 
Rizzi, 1992; Ribeiro et al., 1994; Major et al., 1996). One study found significant 
increases in chromosomal aberrations in individuals exposed to concentrations of 
ethylene oxide of approximately 1 ppm [1.83 mg/m3] and below (Högstedt et al., 1983), 
although the majority of positive studies evaluated exposure conditions in which higher 
concentrations of ethylene oxide were present. Other studies of workers exposed to 
concentrations of ethylene oxide of approximately 1 ppm [1.83 mg/m3] TWA and below 
did not find evidence of increased chromosomal aberrations (van Sittert et al., 1985; 
Mayer et al., 1991). Chromosomal aberration frequencies have been found to correlate 
with exposure concentrations of ethylene oxide and/or duration of exposure (Clare et al., 
1985; Galloway et al., 1986; Tates et al., 1991; Lerda & Rizzi, 1992). As noted for 
studies of sister chromatid exchange, chromosomal aberrations can be influenced by 
concurrent exposure to cigarette smoke and by ageing; these factors, combined with 
differences in the methods used to determine the magnitude of the exposures to ethylene 
oxide, limit the conclusions that can be drawn from comparisons between studies 
(Preston, 1999). As reported for sister chromatid exchange, the validity of these 
comparisons is supported by the observation that some investigators found significant 
increases in chromosomal aberrations in high-dose groups but not in low-dose groups 
exposed in the same or similar environments (Sarto et al., 1984b; Galloway et al., 1986).  

Fewer investigators have evaluated the impact of exposure to ethylene oxide on the 
frequencies of micronucleated cells, and comparisons are therefore limited for this cyto-
genetic marker. The available studies showed a combination of positive and negative 
effects. Högstedt et al. (1990) and Ribeiro et al. (1994) found increased frequencies of 
micronucleated lymphocytes in workers while Tates et al. (1991) found significant 
increases in micronucleus frequencies in workers exposed to high but not to low doses. 
Exposure concentrations in all of these studies varied, but ranged from < 1 ppm to 
400 ppm [1.83–732 mg/m3] ethylene oxide. Studies that evaluated individuals exposed to 
levels of ethylene oxide ≤ 1 ppm gave negative results (Högstedt et al., 1983; Sarto et al., 
1990, 1991; Tates et al., 1995). 

Two studies determined micronucleus frequencies in tissues other than lymphocytes. 
Ribeiro et al. (1994) evaluated both peripheral blood lymphocytes and exfoliated buccal 
cells in individuals exposed to 2–5 ppm [3.66–9.15 mg/m3] ethylene oxide (TWA); 
micronucleus frequencies in buccal cells had a negative association while lymphocytes 
had a significantly positive association with the effects of ethylene oxide. Sarto et al. 
(1990) found significant increases in micronucleus frequencies in nasal mucosal cells but 
not in exfoliated buccal cells of workers exposed to ethylene oxide at concentrations 
below 0.38 ppm [0.7 mg/m3] (TWA) (some workers experienced acute exposure to 
ethylene). Exposure to cigarette smoke and age were not discussed as potential con-
founders in these studies. These mixed results led to the conclusion by Tates et al. (1991) 
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that the relative sensitivity of end-points for the detection of exposure to ethylene oxide in 
humans was in the following order: haemoglobin adducts > sister chromatid exchange > 
chromosomal aberrations > micronucleus formation > hypoxanthine–guanine phosphori-
bosyl transferase gene (HPRT) mutants. However, HPRT mutation is a marker of heri-
table DNA change and thus should not be expected to be sensitive as an indicator of 
exposure. 

Several studies reported individual differences in the magnitude of response for one 
or more biomarkers that were not accounted for by adjusting for known confounders such 
as smoking or age (Laurent et al., 1984; Sarto et al., 1984a). Yong et al. (2001) evaluated 
the relationship between levels of haemoglobin adducts, sister chromatid exchange 
frequencies and GSTT1 genotype and found that individuals who had the null GSTT1 
genotype had significantly higher levels of haemoglobin adducts and lower frequencies of 
sister chromatid exchange than individuals who had at least one positive allele. Because 
these findings were made after most of the above reports, the impact of individual geno-
type upon the markers listed above is not known. The results of Yong et al. (2001) 
suggest that studies that found significant variations between individuals may have 
detected the impact of GSTT1 genotype upon the study end-points, and support the need 
to consider genotype in future studies of ethylene oxide-induced effects.  

Only three reports have addressed the issue of whether occupational exposure to 
ethylene oxide is associated with the induction of gene mutations. In the first study, the 
T-cell cloning assay was used to measure HPRT mutant frequencies in peripheral blood 
lymphocytes from nine ethylene oxide-exposed hospital workers and 15 ethylene oxide-
exposed factory workers (Tates et al., 1991). Hospital workers included nurses and tech-
nicians who were involved in the sterilization of medical equipment and were exposed to 
ethylene oxide once or twice a week for about 10 min. The concentrations of ethylene 
oxide ranged from 20 to 25 ppm [36.6–45.8 mg/m3] in the sterilization room and from 22 
to 72 ppm [40.3.–131.8 mg/m3] in front of the sterilizer immediately after opening (as 
measured by GC). The hospital workers were matched for age, sex and smoking habits 
with a control group of eight unexposed administrative workers. The factory workers 
were employed at a plant that was involved in the production of ethylene oxide-sterilized 
disposable medical equipment, and were similarly matched with a group of 15 unexposed 
controls in the same factory. During a 4-month monitoring period (equivalent to the life-
span of erythrocytes in humans), five workers were engaged in ‘daily’ sterilization 
activities, two workers were involved in ‘daily’ sterilization except for leave periods of 7 
or 11 days and eight remaining workers were ‘occasionally’ exposed to ethylene oxide 
during exposure control, packing and quality control of sterilized products. Before the 
collection of samples in early 1990, the mean duration of exposure of factory workers was 
12 years (range, 3–27 years), with average ambient exposure levels from 1989 onwards 
that were estimated to be about 17 ppm [∼31 mg/m3] ethylene oxide. Based on measure-
ments of N-(2-hydroxyethy)valine haemoglobin adducts that integrate exposure over 
time, average exposures to ethylene oxide in the 4 months before blood sampling were 
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estimated to be a 40-h TWA of 0.025 ppm [0.046 mg/m3] for hospital workers and 5 ppm 
[9.15 mg/m3] for factory workers (Tates et al. 1991).  

The average HPRT mutant frequencies in hospital workers (12.4 ± 9.9 × 10–6) and 
factory workers (13.8 ± 4.4 × 10–6) were remarkably similar and showed increases of 55% 
and 60%, respectively, above background in their respective control groups (8.0 ± 3.6 × 
10–6 and 8.6 ± 4.4 × 10–6); however, the mutagenic response was significantly elevated 
only in the factory workers. Tates et al. (1991) suggested that the statistically significant 
increase in the mutant frequency in the factory workers, and not the hospital workers, may 
have been due to some extent to the larger study populations of factory workers and their 
controls, but the investigators concluded that the difference was more probably due to the 
higher exposure concentrations and tissue doses of ethylene oxide in factory workers. The 
mean cloning efficiency was uniformly lower in the exposed factory workers than in their 
control group (as well as the hospital workers exposed and their control groups), which 
might exaggerate the effect of exposure to ethylene oxide on HPRT mutant frequency in 
factory workers; however, adjustments (using multiplicative and additive models) for the 
observed effect of cloning efficiency, age and smoking status in factory workers appeared 
to justify the conclusion that the increased HPRT mutant frequency in this group was due 
to exposure to ethylene oxide. [While the Working Group recognized the importance of 
this study, it also noted inconsistencies in the results with regard to the response in 
relation to the exposure concentrations and duration of exposure, as well as the apparent 
similarity of the mutational spectrum of the exposed group and that of control 
populations.] 

In a follow-up study of workers in an ethylene oxide production plant, Tates et al. 
(1995) again used the T-cell cloning assay to measure HPRT mutant frequencies in three 
exposed and one unexposed groups (seven subjects per group). Group I workers were 
incidentally exposed to acute high concentrations of ethylene oxide, while group II and III 
workers were chronically exposed to low concentrations of ethylene oxide for < 5 years 
and > 15 years, respectively. No significant differences in mutant frequencies were 
observed between any combination of worker or control groups, which implies that 
incidental exposure to high levels of ethylene oxide (28−429 ppm [52–785 mg/m3]) or 
chronic exposure to low concentrations of ethylene oxide (< 0.005−0.02 ppm [< 0.01–
0.04 mg/m3]) did not cause any measurable permanent gene mutations in lymphocytes. 

A few investigations extended the number of biomarkers evaluated to characterize 
ethylene oxide-induced effects to include unscheduled DNA synthesis and induction of 
DNA single-strand breaks, premature centromere division and DNA–protein cross-links. 
Induction of unscheduled DNA synthesis was decreased compared with controls in 
workers exposed to a range of concentrations of ethylene oxide that included levels below 
1 ppm [mg/m3] (TWA) (Pero et al., 1981; Sarto et al., 1987; Mayer et al., 1991); the 
significance of this finding was not clear, but one investigator considered the decrease to 
reflect diminished DNA repair capacity (Pero et al., 1981). DNA single-strand breaks 
were not found to be increased in ethylene oxide-exposed workers in one study (Mayer et 
al., 1991), but were shown to be increased by alkaline elution in peripheral blood 
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mononuclear cells from hospital and factory workers occupied in sterilizing medical 
devices (Fuchs et al., 1994). In nonsmokers, significantly higher elution was observed in 
ethylene oxide-exposed workers than controls, with remarkable individual differences in 
susceptibility according to GSTT1 polymorphism. In smokers, a similar trend was ob-
served in ethylene oxide-exposed subjects but the response was smaller and non-
significant. Only one study evaluated premature centromere division as a potential 
indicator of genomic instability (Major et al., 1999); an increase in this phenomenon was 
observed in ethylene oxide-exposed subjects that correlated with increased chromosomal 
aberrations. Another study measured DNA–protein cross-links by alkaline filter elution in 
hospital workers and found a significant correlation between reduced elution rates and 
exposure to ethylene oxide (Popp et al., 1994). 

4.2.2  Experimental systems  

(a) DNA adducts 

The relative amounts of adducts found in two independent studies of the reactivity of 
ethylene oxide with double-stranded DNA in vitro (Segerbäck, 1990; Li et al., 1992) are 
compared in tables in Segerbäck (1994) and Kolman et al. (2002). In vitro, the reaction of 
ethylene oxide with nucleic acids occurs mainly at ring nitrogens, and leads to the for-
mation of 7-HEG, O6-(2-hydroxyethyl)guanine (O6-HEG) and reaction products with N1, 
N3, N7 and N6 of adenine and N3 of cytosine, uracil and thymine. Depending upon the in-
vitro study, 7-HEG accounted for up to 90% of alkylation products and smaller amounts 
of other DNA adducts were formed. Segerbäck (1990) reported that treatment of calf 
thymus DNA with 14C-labelled ethylene oxide resulted in the formation of 7-HEG, N3-(2-
hydroxyethyl)adenine (3-HEA) and O6-HEG at a ratio of 100:4.4:0.5. In contrast, Walker 
et al. (1992b) found that the ratio of the steady-state concentrations of 7-HEG, 3-HEA 
and O6-HEG was 100:0.3:0.4 following repeated exposures of rats to ethylene oxide, 
which indicates that 3-HEA and O6-HEG do not accumulate in vivo at levels predicted by 
the in-vitro ratios of these adducts and 7-HEG. 

Many studies have evaluated DNA adducts as a molecular dosimeter following single 
or repeated exposures of mice and rats to ethylene oxide by intraperitoneal injection or 
inhalation. 7-HEG has consistently been found to be the predominant adduct; relatively 
small amounts of O6-HEG and 3-HEA were identified in a single investigation of in-vivo 
adduct formation in tissues of ethylene oxide-exposed rats (Walker et al., 1992b). Time-
course studies have demonstrated that 7-HEG accumulated at steady-state levels after 4 
weeks of inhalation exposure of mice and rats to high concentrations of ethylene oxide 
(100 ppm [183 mg/m3] in mice and 100 or 300 ppm [183 or 549 mg/m3] in rats) for 6 h 
per day on 5 days per week (Walker et al., 1990, 1992b; Rusyn et al., 2005); in contrast, 
adducts reached a plateau after 1 week of exposure during in-vivo conversion of 
exogenous ethylene to low levels of ethylene oxide (~6 ppm [∼11 mg/m3]) in most tissues 
of mice and rats exposed to 3000 ppm ethylene by inhalation 6 h per day on 5 days per 
week for 4 weeks (Walker et al., 2000; Rusyn et al., 2005). These data support the 
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hypothesis that, after repeated exposures of rodents to high concentrations of ethylene 
oxide, the discrepancies between the time to steady state (i.e. ≥ 28 days) and the DNA 
adduct half-life values [cited in the previous review of ethylene oxide (IARC, 1994); i.e. 
half-life of 1.0−2.3 days in most mouse tissues and 2.9−4.8 days in most rat tissues 
(Walker et al., 1992b)] were most probably related to a greater dependence on spon-
taneous depurination for loss of 7-HEG than at lower levels of exposures to ethylene 
oxide at which DNA repair is not saturated (Walker et al., 2000). In contrast, the patterns 
of elimination of 7-HEG adducts after a single 6-h exposure of rats to 40 or 3000 ppm 
ethylene exhibited slow linear loss of adducts from the brain, liver and spleen in animals 
exposed to endogeneously formed low-level ethylene oxide equivalents of ~1−6 ppm 
[1.83–11 mg/m3] (Rusyn et al., 2005).  

Dose–response studies in mice and rats exposed to 3, 10, 33 or 100 ppm [5.49, 18.3, 
60.4 or 183 mg/m3] ethylene oxide for 6 h per day on 5 days per week for 4 weeks 
showed that the formation of 7-HEG at any given exposure level was similar for all 
tissues (brain, liver, lung, spleen) except the testis (within a factor of three) (Walker et al., 
1992b; Wu et al., 1999a; Rusyn et al., 2005), which suggests that, since not all of these 
tissues are targets for cancer, other critical factors may be involved in the species and 
tissue specificity for tumour induction by this chemical (Walker et al., 1992b). 
Nevertheless, in rats exposed by inhalation for 6 h per day on 5 days per week for 
4 weeks to 0, 50, 100 or 200 ppm [0, 91.5, 183 or 366 mg/m3] ethylene oxide, statistically 
significant linear relationships were found between mean levels of 7-HEG and increases 
in Hprt mutant frequencies and between 7-HEG and elevations in sister chromatid 
exchange or so-called high-frequency cells (van Sittert et al., 2000). Similar relationships 
between levels of 7-HEG and Hprt mutant frequencies were observed in mice exposed for 
4 weeks to the same concentrations of ethylene oxide, except that the dose–response 
curves were sublinear and showed a greater effect per unit dose for both biomarkers with 
increasing exposure (see Fig. 4 in Walker et al., 1997a). Thus, while levels of ethylene 
oxide-induced 7-HEG do not correlate directly with species/tissue susceptibility, they 
appear to predict the occurrence of increased frequencies of gene mutations and sister 
chromatid exchange in the lymphocytes of ethylene oxide-exposed rodents. 

Background levels of 7-HEG in mice and rats have been investigated in numerous 
reports on the validation of sensitive methods to measure this adduct and/or establish the 
relative contribution of DNA damage that arises from endogenously and exogenously 
derived ethylene oxide (Föst et al., 1989; Walker et al., 1992b; Eide et al., 1999; Wu 
et al., 1999a,b; Zhao et al., 1999; van Sittert et al., 2000; Walker et al., 2000; Rusyn et al., 
2005; Marsden et al., 2007). Most recently, Marsden et al. (2007) developed a highly 
sensitive LC–MS/MS assay with selected reaction monitoring and established the lowest 
background levels of 7-HEG (1.1−3.5 adducts/108 nucleotides) reported to date for 
multiple tissues (colon, heart, kidney, liver, lung, spleen and stomach) in male Fischer 
344 rats, which corroborated and extended an earlier report of ∼2.6 7-HEG adducts/108 
nucleotides in liver DNA from unexposed male Lewis rats (van Sittert et al., 2000). 
Marsden et al. (2007) also measured exogenously derived 7-HEG following intra-
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peritoneal administration of a single dose or three daily doses of 0.01–1.0 mg/kg ethylene 
oxide. These relatively low doses resulted in modest but generally dose-related increases 
in the observed concentrations of 7-HEG (i.e. background levels from endogenous 
ethylene oxide plus levels from exogenous ethylene oxide) in various tissues, except at 
the lowest concentration for which the measured amounts of 7-HEG in various tissues did 
not differ from those detected in control animals. The latter finding indicates that any 
increase in 7-HEG was negligible compared with the endogenous DNA damage already 
present. 

(b) Mutations and other genetic effects (see Table 11 for details and 
references) 

As a direct-acting alkylating agent, ethylene oxide has displayed genotoxic activity in 
nearly all studies in experimental systems, with a few notable dose-related exceptions in 
ethylene oxide-exposed rodents. In vitro, ethylene oxide caused DNA damage and gene 
mutations in bacteriophage, bacteria, fungi, insects and mammalian cells, and gene 
conversion in yeast (IARC, 1994). Given the general consistency of the in-vitro data in 
Table 11, only studies conducted in in-vivo systems are detailed here.  

In-vivo exposure to ethylene oxide induced DNA damage and heritable mutations in 
germ cells of rodents, which caused alkali-labile sites and single-strand breaks in mouse 
sperm and spermatids, and chromosomal aberrations in mouse spermatocytes. It also 
induced dominant lethal effects in mice and rats, and heritable translocations in mice. 
Reviews of these studies have been published (Health Canada, 1999, 2001; WHO, 2003). 
It should be noted that these (mostly dose-related) effects were observed at relatively high 
concentrations of ethylene oxide (165–300 ppm [302–549 mg/m3]; lower doses not 
tested) that exceeded the high dose used in the rodent carcinogenicity studies of this 
chemical. 

Results of in-vivo gene mutation studies in rodents have given consistently positive 
results following ingestion, injection or inhalation of ethylene oxide. The in-vivo 
mutagenicity of ethylene oxide at the Hprt locus of somatic cells was demonstrated 
following intraperitoneal injection and after repeated inhalation exposures of mice. The 
impact of age-dependent trafficking on the ‘manifestation’ of mutant T-cells in rodents 
was taken into consideration in designing the Hprt mutation studies (Walker et al., 1999). 
In young adult male lacI transgenic mice of B6C3F1 origin, inhalation exposures for 
4 weeks to ethylene oxide resulted in significant non-linear increases in the frequencies of 
Hprt mutations in splenic T cells. The average induced mutant frequencies (i.e. the 
average observed mutant frequency after treatment minus the average background mutant 
frequency) following exposures to 50, 100 or 200 ppm [91.5, 183 or 366 mg/m3] ethylene 
oxide were 1.6, 4.6 and 11.9 × 10–6; greater relative mutagenic efficiencies (mutations per 
unit dose) were observed at higher than at lower concentrations. The small but significant 
mutagenic response induced at 50 ppm ethylene oxide (the low-dose concentration in the 
carcinogenicity bioassay in mice) was only 73% above the average control animal value 
of 2.2 ± 0.3 × 10–6 (p = 0.009). In a follow-up study of rodents exposed for 4 weeks to 
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Table 11. Genetic and related effects of ethylene oxide 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

DNA single-strand breaks, Chinese hamster V79 cells in vitro + NT 0.5 mM 1 hc Herrero et al. (1997)  
Gene mutation, Chinese hamster ovary cells, Hprt locus in vitro + + 0.5 mM 5 hc Tan et al. (1981) 
Gene mutation, Chinese hamster ovary cells, Hprt locus in vitro + NT ≤ 2000 ppm 1h Zamora et al. (1983) 
Micronucleus formation, Chinese hamster V79 cells in vitro + NT 12 344 ppm 30 min Zhong et al. (1992) 
Chromosomal aberrations, Chinese hamster V79 cells in vitro + NT 3500 ppm 30 min Zhong et al. (1992) 
Cell transformation, mouse C3H/10T1/2 cells + NT 2.5 mM 1 hc Kolman et al. (1989) 
DNA single-strand breaks, human diploid fibroblasts in vitro + NT 2.5 mM 1 hc  Nygren et al. (1994) 
DNA double-strand breaks, human diploid fibroblasts in vitro + NT 10 mM 1 hc Nygren et al. (1994) 
DNA single-strand breaks, human lymphocytes in vitro + NT 0.5 mM 1 hc Hengstler et al. (1997) 
Unscheduled DNA synthesis, human lymphocytes in vitro + NT 0.1mM 24 hc Pero et al. (1981) 
Gene mutation, human fibroblasts in vitro + NT 2.5 mM 1 hc Kolman et al. (1992) 
Gene mutation, human fibroblasts in vitro + NT 5 mM 1 hc Bastlová et al. (1993) 
Sister chromatid exchange, human fibroblasts in vitro + NT 36 ppm 24 hc Star (1980) 
Sister chromatid exchange, human lymphocytes in vitro + NT 0.22  mM 20 min Garry et al. (1982) 
Sister chromatid exchange, human lymphocytes in vitro + NT ∼1 mM 3 sc Tucker et al. (1986) 
Sister chromatid exchange, human lymphocytes in vitro + NT ∼2.5 mM 1 hc Agurell et al. (1991) 
Sister chromatid exchange, human lymphocytes in vitro +d NT 1000 ppm 90 min  Hallier et al. (1993) 
Chromosomal aberrations, human amniotic cell line in vitro + NT ≥ 5 mM 1 h Poirier & Papadopoulo 

(1982) 
DNA single-strand breaks, mouse spermatids in vivo +  1800 ppm inh 1 h Sega et al. (1988) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

DNA single-strand breaks, mouse spermatids in vivo +  100 mg/kg × 1 ip Sega & Generoso (1988) 
Gene mutation, mouse spleen T lymphocytes, Hprt locus in vivo +  600 mg/kg ip Walker & Skopek 

(1993) 
Gene mutation, mouse spleen T lymphocytes, Hprt locus in vivo +  50 ppm inhe × 4 wk Walker et al. (1997a) 
Gene mutation, mouse and rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  200 ppm inhe × 4 wk Walker et al. (1997b, 
2000) 

Gene mutation, mouse lung, LacI transgene in vivo +  200 ppm inhe × 4 wk Sisk et al. (1997) 
Gene mutation, mouse bone marrow, spleen, LacI transgene in 
 vivo 

–  200 ppm inhe × 4 wk Sisk et al. (1997) 

Gene mutation, male Lewis rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  20 mg/kg × 1 ip Tates et al. (1999) 

Gene mutation, male Lewis rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  2 mM dw, 30 d Tates et al. (1999) 

Gene mutation, male Lewis rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  50 ppm inhe × 4 wk Tates et al. (1999) 

Gene mutation, male Lewis rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  200 ppm inhe × 4 wk van Sittert et al. (2000) 

Gene mutation, mouse bone marrow, LacI transgene in vivo +  100 ppm inhe × 48 wk Recio et al. (2004) 
Gene mutation, mouse testis, LacI transgene in vivo +  25 ppm inhe × 48 wk Recio et al. (2004) 
Mouse specific locus, spermatogonial stem cells in vivo –  255 ppm inh 6 h/df Russell et al. (1984) 

 



 
E

T
H

Y
LE

N
E

 O
X

ID
E

 
2

6
9 

  

Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Mouse specific locus, spermatogonial stem cells in vivo (+)  200 ppm inh 6 h/dg Lewis et al. (1986) 
Sister chromatid exchange, rabbit lymphocytes in vivo +  50 ppm inhe × 12 wk Yager & Benz (1982) 
Sister chromatid exchange, male Fischer 344 rat lymphocytes in 
 vivo 

+  451 ppm inh 6 h Kligerman et al. (1983)  

Sister chromatid exchange, monkey lymphocytes in vivo +  50 ppm inh 7 h/dh, 
5 d/wk, 2 years 

Lynch et al. (1984b); 
Kelsey et al. (1988) 

Sister chromatid exchange, rabbit lymphocytes in vivo +  200 ppm inh 6 h/d, 
40 days 

Yager (1987) 

Sister chromatid exchange, Swiss mouse bone-marrow cells in 
 vivo 

+  30 mg/kg ip × 1 Farooqi et al. (1993) 

Sister chromatid exchange, male Fischer 344 rat bone-marrow 
 cells and spleen in vivo 

+  100 ppm inhe, 3 mo Ong et al. (1993) 

Sister chromatid exchange, male Fischer 344 rat lymphocytes in 
 vivo 

+  150 ppm inhe × 1–4 wk Preston & Abernethy 
(1993) 

Sister chromatid exchange, male Lewis rat splenic lymphocytes 
 in vivo 

(+)  50–200 ppm inhe × 4 wk van Sittert et al. (2000); 
Lorenti Garcia et al. 
(2001) 

Micronucleus formation, mouse and rat bone-marrow cells in vivo +  100 mg/kg × 1 iv Appelgren et al. (1978) 
Micronucleus formation, mouse bone-marrow cells in vivo +  125 mg/kg × 1 ip Jenssen & Ramel (1980) 
Micronucleus formation, rat bone-marrow cells in vivo +  100 ppm inhe, 3 mo Hochberg et al. (1990) 
Micronucleus formation, Swiss mouse bone-marrow cells in vivo +  30 mg/kg ip × 1 Farooqi et al. (1993) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Micronucleus formation, male Fischer 344 rat and B6C3F1 mouse 
 bone marrow in vivo 

+  200 ppm inhe × 4 wk Vergnes & Pritts (1994) 

Micronucleus formation, male Lewis rat splenic lymphocytes in 
 vivo 

–  50–200 ppm inhe × 4 wk van Sittert et al. (2000); 
Lorenti Garcia et al. 
(2001) 

Chromosomal aberrations, male Swiss mouse bone-marrow cells 
 in vivo 

+  200 ppm inh 6 h/d Ribeiro et al. (1987a) 

Chromosomal aberrations, Swiss mouse bone-marrow cells in 
 vivo 

+  30 mg/kg × 1 ip Farooqi et al. (1993) 

Chromosomal aberrations, male Fischer 344 rat lymphocytes in 
 vivo 

–  450 ppm inh 6 h/d, 3 d Kligerman et al. (1983) 

Chromosomal aberrations, monkey lymphocytes in vivo +  100 ppm inh 7 h/d, 

5 d/wk, 2 years 
Lynch et al. (1984b) 

Chromosomal aberrations, male Fischer 344 rat lymphocytes in 
 vivo 

–  150 ppm inhe × 1–4 wk Preston & Abernethy 
(1993) 

Chromosomal aberrations, male Lewis rat lymphocytes in vivo –  50–200 ppm inhe × 4 wk van Sittert et al. (2000); 
Lorenti Garcia et al. 
(2001) 

Chromosomal aberrations, mouse spermatocytes treated in vivo +  400 ppm inh 6 h/d Ribeiro et al. (1987a) 
Dominant lethal mutation, mouse in vivo –  25 mg/kg × 1 iv Appelgren et al. (1977) 
Dominant lethal mutation, mouse in vivo +  150 mg/kg × 1 ip Generoso et al. (1980) 
Dominant lethal mutation, mouse in vivo +  250 ppm inhe × 2 wk Generoso et al. (1983) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Dominant lethal mutation, mouse in vivo +  300 ppm inh 6 h/d × 4 d Generoso et al. (1986) 
Dominant lethal mutation, mouse in vivo +  204 ppm inh 6 h/d j Generoso et al. (1990) 
Dominant lethal mutation, rat in vivo +  1000 ppm inh 4 h Embree et al. (1977) 
Mouse heritable translocation +  30 mg/kg ip × 5 d/wk, 

5 wk 
Generoso et al. (1980) 

Mouse heritable translocation +  165 ppm 6 h/d j Generoso et al. (1990) 
Binding (covalent) to calf thymus DNA in vitro + NT 2M 10 h Li et al. (1992) 
Binding (covalent) to human DNA in vitro + NT 1 mM 3 h Pauwels & Veulemans 

(1998) 
Binding (covalent) to mouse DNA in vivo +  1.15 ppm inh 75 min Ehrenberg et al. (1974) 
Binding (covalent) to rat DNA in vivo +  20.4 µmol/kg × 1 ip Osterman-Golkar et al. 

(1983) 
Binding (covalent) to rat DNA in vivo +  100 ppm inh 4 h Föst et al. (1989) 
Binding (covalent) to rat DNA in vivo +  1 ppm inh 6 h Potter et al. (1989) 
Binding (covalent) to rat DNA in vivo +  300 ppm inhe × 4 wk Walker et al. (1990) 
Binding (covalent) to mouse DNA in vivo +  300 ppm inh 1 h Sega et al. (1991) 
Binding (covalent) to mouse DNA in vivo +  33 ppm inhe × 4 wk  Walker et al. (1992b) 
Binding (covalent) to rat DNA in vivo +  10 ppm inhe × 4 wk Walker et al. (1992b) 
Binding (covalent) to rat DNA in vivo +  ∼ 4.6 ppm inh 6 h × 1 Bolt & Leutbecher 

(1993) 
Binding (covalent) to rat DNA in vivo +  300 ppm inh 12 h/d × 3  Eide et al. (1995) 
Binding (covalent) to mouse DNA in vivo +  10 ppm inhe × 4 wk Wu et al. (1999a) 
Binding (covalent) to rat DNA in vivo +  3 ppm inhe × 4 wk Wu et al. (1999a) 
Binding (covalent) to rat DNA in vivo +  50 ppm inhe × 4 wk van Sittert et al. (2000) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Binding (covalent) to mouse and rat DNA in vivo +  ~ 1 ppm inhe × 4 wk Walker et al. (2000); 
Rusyn et al. (2005) 

Binding (covalent) to rat DNA in vivo +  0.1 mg/kg × 1 ip Marsden et al. (2007) 
Binding (covalent) to rat haemoglobin in vivo +  1 ppm inh 6 h Potter et al. (1989) 
Binding (covalent) to mouse haemoglobin in vivo +  300 ppm inh 1 h Sega et al. (1991) 
Binding (covalent) to mouse haemoglobin in vivo +  ≥ 33 ppm inhe × 4 wk Walker et al. (1993) 
Binding (covalent) to rat haemoglobin in vivo +  ≥ 10 ppm inhe × 4 wk Walker et al. (1993) 
Sperm morphology, mouse in vivo +  200 ppm inh 6 h/d × 5 Ribeiro et al. (1987b) 

a +, positive; –, negative; (+), weak positive; NT, not tested 
b LED, lowest effective dose; HID, highest ineffective dose; d, day; dw, drinking-water; inh, inhalation; inj, injection; ip, intraperitoneal; 
iv, intravenous; mo, month; wk, week 
c Concentration in the culture medium 
d Single concentration, positive only for non-conjugators of glutathione 
e 6 h/day, 5 days/week 
f Sixty days total over a 5-month period 
g Five days/week; 6–7 months; mating started 7th week of exposure and continued throughout exposure period 
h Five days/week; 2 years (study group from Lynch et al., 1984b) 
i Five days/week; 16 days 
j Five days/week; 6 weeks then daily 2.5 weeks 
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0 or 200 ppm [366 mg/m3] ethylene oxide, Hprt mutant frequency measurements in 
splenic T cells of young adult male Fischer 344 rats and B6C3F1 mice were significantly 
increased by five- to sixfold over background (1.7 and 1.3 × 10–6 in control mice and rats, 
respectively).  

Ethylene oxide-induced mutagenesis at the Hprt locus in splenic T cells of rats was 
confirmed in two additional investigations in young adult male Lewis rats exposed to 
ethylene oxide by single intraperitoneal injection, in the drinking-water or by inhalation. 
Significant mutagenic effects were observed by all three routes of exposure; plots of the 
mutagenicity data against blood dose (estimated from haemoglobin adducts) were a 
common denominator, which showed that, at equal blood doses, injection of ethylene 
oxide led to higher mutant frequencies than treatment in the drinking-water, which was 
more mutagenic than exposure via inhalation. In a follow-up study of inhalation exposure 
of male Lewis rats to the same concentrations of ethylene oxide, modest dose-related 
increases in Hprt mutant frequencies were found but the only significant elevation was in 
the group exposed to the highest dose of ethylene oxide. The results of these studies of 
Hprt gene mutation led to the conclusion that ethylene oxide is only weakly mutagenic in 
adult rats. 

Ethylene oxide-induced gene mutations have been demonstrated in multiple tissues of 
LacI transgenic mice. Following 4 weeks of inhalation exposure of male Big Blue mice 
to ethylene oxide, the frequencies of LacI gene mutations in exposed animals were sig-
nificantly increased over control values in lung but not bone marrow or spleen. When Big 
Blue mice were exposed to ethylene oxide for 12, 24 and 48 weeks, clear dose-related 
mutagenic responses in bone marrow were observed only after 48 weeks of exposure, 
with LacI mutant frequencies significantly increased only in the 100- and 200-ppm [183- 
and 366-mg/m3] exposure groups. In testes of the same mice, dose-related increases in 
mutant frequencies were found in the groups exposed to 25, 50 or 100 ppm [45.8, 91.5 or 
183 mg/m3] but not the group exposed to 200 ppm [366 mg/m3] ethylene oxide. 

Recent assessments of the carcinogenicity of ethylene oxide have included 
discussions and summary tables of the results from many studies on chromosomal effects 
in ethylene oxide-exposed humans (Health Canada, 1999, 2001; WHO, 2003), but no 
critical review of cytogenetic studies in ethylene oxide-exposed rodents has been made 
since 1990 (Dellarco et al., 1990). Several studies have shown that repeated exposures of 
rats to levels equal to or greater than those used in rodent carcinogenicity studies of 
ethylene oxide (> 50 ppm [> 91.5 mg/m3]) induced dose-related increases in sister chro-
matid exchange. Treatment of rats and mice with high acute doses of ethylene oxide by 
intraperitoneal or intravenous injection or orally (i.e. routes of exposure that are less 
relevant to humans) also caused increases in the frequencies of micronucleus formation 
and chromosomal aberrations. 

In contrast, following inhalation exposure (i.e. a route of exposure relevant to 
humans), only concentrations of ethylene oxide that exceeded those used in rodent cancer 
bioassays induced micronucleus formation or chromosomal aberrations in mice and rats. 
Modest but significant increases in bone marrow micronuclei were observed in male 
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Fischer 344 rats and B6C3F1 mice following 4 weeks of exposure for 6 h per day on 5 
days per week to 200 ppm [366 mg/m3] ethylene oxide, but not to 40, 1000 or 3000 ppm 
exogenous ethylene which is converted in vivo to about 1–6 ppm [1.83–11 mg/m3] 
ethylene oxide (Vergnes & Pritts, 1994). In contrast, no increases in the frequencies of 
chromosomal aberrations or micronucleus formation were found in peripheral 
blood/splenic lymphocytes from rats exposed to ethylene oxide. Furthermore, another 
study showed that 4 weeks of exposure of rats to ethylene oxide failed to cause an 
increase in translocations (e.g. the percentage of translocations in controls and rats treated 
with 200 ppm [366 mg/m3] was 0.1% and 0.09%, respectively). [The Working Group 
noted, however, that strong conclusions cannot be drawn about the clastogenic potential 
of the ethylene oxide treatment regimen used in the 4-week inhalation study (van Sittert et 
al., 2000; Lorenti Garcia et al., 2001) because cytogenetic studies were initiated 5 days 
after the final day of exposure, a suboptimal time, and the power of the fluorescent in-situ 
hybridization studies were limited by analysis of only a single chromosome and the small 
numbers of rats per group examined.] In studies of the potential clastogenicity of styrene, 
a group of rats exposed to 150 ppm [274.5 mg/m3] ethylene oxide by inhalation for 6 h 
per day on 5 days per week for 1, 2, 3 or 4 weeks was included based upon the expec-
tation that, with appropriate sampling times shortly after exposure, a positive response for 
chromosomal aberrations would be produced in lymphocytes of ethylene oxide-exposed 
animals. However, the frequency of chromosomal aberrations in ethylene oxide-exposed 
rats was not increased over that in air controls at any sampling time. 

(c) Mutational spectra 

Walker and Skopek (1993) reported limited data on mutational spectra for Hprt 
mutant T-cell clones from B6C3F1 mice given repeated intraperioneal injections of 
ethylene oxide. Molecular analyses using polymerase chain reaction-based denaturing 
gradient gel electrophoresis and sequencing for mutations in the exon 3 region of Hprt 
suggested the involvement of both modified guanine and adenine bases in ethylene oxide-
induced mutagenesis. Additional data on Hprt gene mutational spectra were presented in 
a preliminary report following 4-week inhalation exposures of mice to 0, 50, 100 or 
200 ppm [0, 91.5, 183 or 366 mg/m3] ethylene oxide or rats to 0 or 200 ppm [366 mg/m3] 
ethylene oxide for 6 h per day on 5 days per week (Walker et al., 1997b). The types of 
mutation in ethylene oxide-exposed mice or rats were independent of the route of ex-
posure; these mutations included a combination of base substitutions, frameshifts and 
small deletions; the most common lesions were a +1G in a run of six guanines (base pairs 
207–212) and several different small deletions in the region of base pairs 275–280. These 
data suggest that ethylene oxide mutagenesis may involve similar mechanisms in mice 
and rats. 

In ethylene oxide-exposed Big Blue mice, molecular analyses of mutations in the 
lacI transgene of bone marrow showed a decrease in mutations at G:C base pairs and an 
increase at A:T base pairs, which were exclusively A:T→T:A transversions and 
accounted for 25.4% (14/55) of the mutations isolated (Recio et al., 2004). In contrast, 
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A:T→T:A transversions occurred at a frequency of 1.4% (1/70) in concurrent control 
mice. The mutational spectrum in the testes of ethylene oxide-exposed mice indicated that 
small increases across most mutational types were sufficient to produce an overall in-
crease in the LacI mutation frequency, although this was not significant for a specific type 
compared with controls. 

4.2.3 Mechanism of mutation induction 

Although abundant data in vitro and in vivo indicate that genotoxicity plays a major 
role in the carcinogenicity of ethylene oxide, and its mutagenicity is deemed to be a con-
sequence of high reactivity with DNA, the lesions responsible for ethylene oxide-induced 
mutations in vivo have not yet been identified. Possible precursor lesions for the induction 
of mutations by ethylene oxide are thought to include the formation of (a) 7-HEG and 
other N-alkylated bases that may ‘predispose’ to mutational events, (b) O6-HEG as a 
promutagenic adduct, (c) hydroxyethyl adducts of the DNA backbone and (d) secondary 
reactive oxygen species. Systematic studies of oxidative damage from exposure to ethyl-
ene oxide in vivo have not been performed and this potential source of mutation is not 
considered in depth here. Since the publication of the first data on mutational spectra 
following exposure of human cells in vitro (Bastlová et al., 1993) and exposure of mice to 
ethylene oxide in vivo (Walker & Skopek, 1993), several lines of research have been 
pursued in a limited fashion (a) to assess the hypothesis that adducts that lead to abasic 
(apurinic/apyrimidinic) sites may contribute to the mutagenesis of ethylene oxide; (b) to 
identify and characterize promutagenic adducts that may account for certain types of 
mutations induced by ethylene oxide; and (c) to evaluate the means by which adducts 
could cause large deletions and chromosomal alterations produced by ethylene oxide.  

As the major DNA adduct of ethylene oxide, 7-HEG is unlikely to be directly 
promutagenic because N7-alkylguanine adducts formed from small epoxides such as 
ethylene oxide and propylene oxide do not cause distortion of the double helix and do not 
interfere with hydrogen bonding (Albertini & Sweeney, 2007); rather, N7-alkylguanine 
adducts are hypothesized to result in mutation by loss of the adduct via depurination or 
the action of DNA glycosylases. The resulting abasic sites are non-coding and may result 
in base substitutions and strand breaks. The action of apurinic endonuclease creates a 
single-strand break which, if unresolved, can lead to DNA double-strand breaks and, 
possibly, chromosomal alterations (Vogel & Natarajan, 1982). Current data suggest that 
depurination of N7-alkylguanine adducts results largely in G→T transversions and, to a 
lesser extent, G→A transitions and G→C transversions (Loeb & Preston, 1986; Takeshita 
et al., 1987). Approximately half of the base substitutions at the Hprt locus of splenic 
T cells of mice and rats exposed to ethylene oxide were at A:T base pairs (Walker & 
Skopek, 1993; Walker et al., 1997b), and it is feasible that these mutations could originate 
from spontaneous or glycosylase-mediated depurination of 3-HEA and other N-hydroxy-
ethyl adducts of adenine/thymine, with subsequent by-pass replication of abasic sites. 
While chemically induced abasic sites have been found to be important in the mutagenic 
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mechanisms for only a few exogenous chemicals (Loeb & Preston, 1986), the fact that 
> 98% of the DNA adducts produced by ethylene oxide lead to abasic sites denoted the 
need to investigate their role in the mutagenesis of this agent (Walker & Skopek, 1993). 
In order for these mutagenic events to occur at a rate sufficient to result in ethylene oxide-
induced changes in mutational spectra (including increases in base substitutions and 
deletions), accumulation of abasic sites that arise from high levels of 7-HEG would be 
expected to occur over time (Rusyn et al., 2005). 

A study was recently completed to test the hypothesis that exposure to ethylene oxide 
results in the accumulation of abasic sites and induces changes in the expression of genes 
for base-excision DNA repair, which predisposes to point mutations and chromosomal 
aberrations in Fischer 344 rats exposed by inhalation for 6 h per day on 5 days per week 
for 4 weeks to 0 or 100 ppm [183 mg/m3] ethylene oxide or 0 to 3000 ppm ethylene 
(~ 6 ppm ethylene oxide) (Rusyn et al., 2005). The resulting data demonstrated that, while 
7-HEG accumulates with repeated exposures, N-hydroxyethylation of DNA by ethylene 
oxide is repaired without accumulation of abasic sites, and that the mechanisms proposed 
above probably play a minor role in the mutagenicity of this agent. The same conclusions 
would apply to the minor accumulation of 3-HEA and other N-hydroxyethyl adducts of 
adenine/thymine, and the induction of strand-breaks or point mutations at A:T base pairs 
by ethylene oxide. 

Several investigators have proposed that the mutagenicity of ethylene oxide may in-
volve the action of minor promutagenic adducts, such as O6-HEG, N3-(2-hydroxyethyl)-
2′-deoxyuridine (3-HEdU) and possibly ring-opened 7-HEG (Solomon, 1999; van Sittert 
et al., 2000; Rusyn et al., 2005; Marsden et al., 2007). O6-HEG is considered to be a 
miscoding lesion due to mispairing with thymine during DNA replication (Ellison et al., 
1989); however, this adduct is formed at extremely low levels in vivo in ethylene oxide-
exposed rats (and presumably other species) and is efficiently removed from DNA by the 
repair protein O6-alkylguanine−DNA alkyltransferase and excision repair (Ludeke & 
Kleihues, 1988). In addition, only a few G→A mutations were found in p53 exons 6 and 
7 of ethylene oxide-induced mammary gland carcinomas (Houle et al., 2006) and these 
transitions were not significantly increased in reporter genes of ethylene oxide-exposed 
mice and rats. While O6-HEG may contribute minimally to the mutagenicity of ethylene 
oxide in vivo, O6-alkylguanine adducts are probably important promutagenic lesions for 
epoxides with an SN1 character, such as styrene oxide (Latif et al., 1988; Solomon, 1999). 
N3-(2-Hydroxyethyl)-2′-cytidine in DNA rapidly deaminates to stable, potentially muta-
genic 3-HEdU lesions (Solomon, 1999). This lesion has been shown to block DNA 
replication by bacterial polymerases in vitro and to cause G:C→A:T and G:C→T:A base 
substitutions (Bhanot et al., 1994; Zhang et al., 1995). In contrast, the formation of 
cytosine or uracil adducts has not been shown in rodents exposed to ethylene oxide, and, 
if formed, 3-HEdU would be expected to be at very low levels and to contribute to a 
minor extent to the mutagenicity of ethylene oxide in vivo. 7-HEG can undergo imidazole 
ring-opening to chemically stable, potentially mutagenic lesions (Solomon, 1999). 
Formation of ethylene oxide-induced ring-opened 7-HEG has not been demonstrated in 
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vivo but is worthy of investigation in the future. Exploration of other potential pro-
mutagenic adducts of ethylene oxide should not only include site-directed mutagenesis 
studies to characterize the mutagenic specificity and efficiency of these adducts, but also 
experiments in vivo to demonstrate whether or not these adducts occur at biologically 
relevant concentrations in ethylene oxide-exposed rodents. 

Because exposure to ethylene oxide is associated with cytogenetic effects in humans 
and induces deletions in human cells in vitro and in rodents in vivo, it is also essential to 
determine which DNA adducts and mechanism(s) are responsible for large-scale 
mutational events. The suspected metabolite of ethylene oxide, glycolaldehyde, has been 
shown to form DNA–protein crosslinks and single-strand breaks in vitro (Hengstler et al., 
1994), but no information is available on the formation of this intermediate in vivo or its 
potential effects following exposures to ethylene oxide. The lack of accumulation of 
abasic sites during repeated high-dose exposures of rats to ethylene oxide (Rusyn et al., 
2005) does not favour a mechanism that involves the induction of strand breaks via abasic 
sites that result from labile DNA adducts (Lindahl, 1979). Another postulated mechanism 
for ethylene oxide-induced strand scissions is via the formation of a β-hydroxyethyl 
phosphotriester adduct that requires the interaction of the β-hydroxyethyl group with the 
phosphate backbone (Agurell et al., 1991). 2-Hydroxyethylation of phosphate groups 
introduces extreme instability into the sugar–phosphate backbone, since the resultant 
phosphotriester breaks down through a dioxaphospholane ring intermediate (Eisenbrand 
et al., 1986). This alternative mechanism for ethylene oxide-induced strand breaks and 
chromosomal damage deserves further investigation both in vitro and in vivo. 

4.2.4 Alterations in oncogenes and suppressor genes in tumours 

The ability of ethylene oxide to induce alterations in ras proto-oncogenes and the p53 
tumour-suppressor gene has been investigated in immunohistochemical and molecular 
studies of mutations in control and chemically induced neoplasms of B6C3F1 mice. In the 
first investigation of spontaneous and ethylene oxide-induced mammary gland carci-
nomas, the p53 and H-ras genes were selected for study because they are among the most 
commonly altered genes in human cancers, mutations in both often occur in the same 
cancer cell and several lines of evidence support an interaction between these genes 
during the multistep process of oncogenesis (Houle et al., 2006). Immunohistochemistry 
results showed that p53 protein expression was detected in 42% (8/19) of spontaneous 
and 67% (8/12) of ethylene oxide-induced carcinomas. Further semiquantitative 
evaluations revealed that the protein levels were sixfold higher in cancers from exposed 
mice than in those from control mice (i.e. the average scores by the ‘quickscore method’ 
were 3.83 and 0.63, respectively). Mutations in p53 exons 5−8 were detected in eight of 
12 (67%) ethylene oxide-induced carcinomas; five of the eight mutations had two or more 
base changes. Fourteen base substitutions were identified, including eight silent muta-
tions, five missense mutations and one nonsense mutation; no, four, seven and three 
mutations occurred in exons 5, 6, 7 and 8, respectively. Nine of 14 alterations (64%) 
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involved guanine bases, including mutations in codons 241 and 264 that occurred in more 
than one neoplasm from mice treated with 50 and 100 ppm [91.5 and 183 mg3] ethylene 
oxide. Ethylene oxide-induced mammary carcinomas exhibited a clear dose-related 
response in relation to the level of p53 protein expression and the number of p53 gene 
mutations. Base substitutions were found in the p53 gene in 58% (7/12) of spontaneous 
mammary carcinomas, including five silent mutations, seven missense mutations and one 
nonsense mutation. However, in contrast to the results seen in the tumours of ethylene 
oxide-exposed animals, nine of the 13 mutations occurred in exon 5, none was found in 
exon 6 and seven were C→T transitions. H-ras Mutations in codon 61 (bases CAA) were 
detected in 33% (4/12) and 26% (5/19) of ethylene oxide-induced and spontaneous 
mammary carcinomas, respectively. All ethylene oxide-induced alterations were missense 
mutations localized to the second base (or mutations at adenine), whereas 80% (4/5) of 
spontaneous mutations occurred in the first base of codon 61 (or mutations at cytosine) 
with the remaining mutation found in the third base of codon 61 (Houle et al., 2006). 

Analyses for cancer gene mutations were extended to other target tissues by 
evaluating the occurrence K-ras gene mutations in lung, Harderian gland and uterine 
neoplasms from ethylene oxide-exposed and control B6C3F1 mice (Hong et al., 2007). 
Specifically, the base triplets for codons 12 (GGT), 13 (GGC) and 61 (CAA) were 
examined for mutations. K-ras Gene mutations were identified in 100% (23/23) of the 
ethylene oxide-induced lung neoplasms and 25% (27/108) of the spontaneous lung neo-
plasms. Codon 12 mutations were most common in the lung neoplasms from both 
exposed and control mice; however, 97% (21/23) of the ethylene oxide-induced tumours 
had a G→T transversion at the second base compared with only one in 108 spontaneous 
tumours that exhibited this mutation, while 11 spontaneous tumours had a G→A tran-
sition in the second base compared with only two ethylene oxide-induced tumours. In 
Harderian gland neoplasms, 86% (18/21) of ethylene oxide-induced tumours compared 
with 7% (2/27) of spontaneous tumours contained K-ras gene mutations. Codon 13 G→C 
and codon 12 G→T transversions were the predominant mutations in ethylene oxide-
induced Harderian gland neoplasms, but these did not occur in the spontaneous counter-
parts. Spontaneous uterine carcinomas were not examined, but 83% (5/6) of such neo-
plasms from ethylene oxide-exposed mice had K-ras gene mutations, all of which were 
codon 13 C→T transitions. Dose-related trends for K-ras gene mutations were found for 
all three cancer types in mice treated with 50 and 100 ppm [91.5 and 183 mg/m3] in the 
cancer bioassay of ethylene oxide. 

These data on p53 and ras gene mutational spectra show distinct differences in the 
locations and types of base substitutions in spontaneous versus ethylene oxide-induced 
neoplasms in mice. Futhermore, the profile of K-ras gene mutations in ethylene oxide-
induced lung and Harderian gland neoplasms was different from that described for other 
chemically induced tumours of the same tissues, which suggests that ethylene oxide 
induces a chemical-specific signature for base substitutions (Hong et al., 2007). Based 
upon the spectra of p53 and H-ras gene mutations in mammary gland neoplasms, Houle 
et al. (2006) suggested that purine bases (guanine and adenine) serve as the primary 
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targets for mutation by ethylene oxide while mutation that involves mostly cytosine 
appears to be a more common spontaneous event. The larger data set for cancer gene 
mutations in spontaneous and ethylene oxide-induced neoplasms of the lung, Harderian 
gland, uterus and mammary gland indicates that ethylene oxide probably increases the 
mutant fraction for most types of base substitution across proto-oncogenes and tumour-
suppressor genes, as was found in the Hprt gene of T cells and the LacI gene of testes 
from ethylene oxide-exposed mice. The overall data suggest that a common mechanism 
for ethylene oxide is as a point mutagen in oncogenes and tumour-suppressor genes of 
multiple tissues in mice. 

4.3 Mechanisms of carcinogenesis 

Ethylene oxide is a direct-acting alkylating agent that has been shown to have 
genotoxic and mutagenic activity in numerous assays in both somatic and germ cells, and 
in both prokaryotic and eukaryotic organisms (IARC, 1994). It is active in a wide range of 
in-vitro and in-vivo systems. Increases in both gene mutations and chromosomal alter-
ations, two general classes of cancer-related genetic changes, have been observed. In-vitro 
and in-vivo studies have shown that ethylene oxide can bind to cellular macromolecules, 
which results in a variety of DNA, RNA and protein adducts. The major DNA adduct 
recovered in vivo is 7-HEG and additional adducts such as 3-HEA and O6-HEG are 
detected at much lower levels (Walker et al., 1992b). In-vitro studies indicate that other 
minor adducts can also be formed from the reaction of ethylene oxide with the N1 and N6 
of adenine and the N3 of cytosine, uracil and thymine (IARC, 1994; Tates et al., 1999; 
Kolman et al., 2002). While the exact mechanism by which these adducts lead to 
mutation is unknown, a number of mechanisms could be involved, including the mis-
pairing of altered bases or the formation of apurinic/apyrimidinic sites via DNA repair or 
chemical depurination/depyrimidination combined with the insertion of another base, 
which would typically be an adenine opposite an apurinic site (Tates et al., 1999; Houle et 
al., 2006). These lesions can also lead to the formation of single-strand breaks and, 
subsequently, to chromosomal breakage. In addition, the putative ethylene oxide metabo-
lite, glycolaldehyde, has been shown to form DNA–protein cross-links and DNA single-
strand breaks (Hengstler et al., 1994).  

In-vivo studies using reporter genes such as Hprt or the LacI transgene have shown 
that ethylene oxide can significantly increase the frequency of mutations following expo-
sure in both mice and rats (Walker et al., 1993; Sisk et al., 1997; Walker et al., 1997a,b; 
Tates et al., 1999; Recio et al., 2004). The type of mutation that is recovered appears to be 
influenced by the assay system involved. In mouse splenic and/or thymic T lymphocytes, 
mutations in Hprt could be detected after shorter exposures (4-week inhalation exposure 
or multiple intraperitoneal injections over 1 week) and appeared to consist of larger 
deletion mutations as well as base-pair substitutions and frameshift mutations (Walker et 
al., 1993, 1997a,b). The latter point mutations appeared to originate primarily from either 
altered G or altered A bases (Walker et al., 1993; IARC, 1994). In the inhalation study, 
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significant increases in LacI mutations were not seen in the spleen, bone marrow or germ 
cells of mice after 4 weeks of exposure to ethylene oxide (Sisk et al., 1997). A modest but 
significant increase in LacI mutants was seen in the lungs of mice exposed to 200 ppm 
[366 mg/m3] ethylene oxide. In a follow-up study with prolonged exposure (up to 
48 weeks), significant increases in LacI mutants were seen in the bone marrow and testes 
of ethylene oxide-exposed transgenic mice (Recio et al., 2004). DNA sequence analysis 
of mutants obtained from the bone marrow showed that only AT→TA transversions were 
recovered at a significantly increased frequency in the exposed mice. A unique mutational 
spectrum was not seen in the testes.  

Only limited information is available on the mutagenicity of ethylene oxide in 
humans. A significant increase in HPRT mutation frequency was reported in one group of 
workers with prolonged higher exposures to ethylene oxide (~5 ppm [∼ 9.15 mg/m3] 
TWA) but not in another group with lower exposure levels (0.025 ppm [0.046 mg/m3] 
TWA) (Tates et al., 1991; Kolman et al., 2002).  

In two recent studies, an elevated frequency of mutations or a change in mutational 
spectra has been seen in the tumours of ethylene oxide-treated mice (Houle et al., 2006; 
Hong et al., 2007). In the Hong et al. (2007) study, K-ras mutations were detected in 
100% (23/23) of ethylene oxide-induced lung tumours compared with 25% (27/108) of 
spontaneous tumours. Codon 12 G→T transversions occurred frequently in the ethylene 
oxide-induced lung neoplasms (21/23) but infrequently in spontaneous lung neoplasms 
(1/108). Similarly, K-ras mutations were present in 86% (18/21) of Harderian gland 
tumours from ethylene oxide-treated animals but were only seen in 7% (2/27) of the 
spontaneous tumours in this organ. Codon 13 G→C and codon 12 G→T transversions 
were common in the ethylene oxide-induced but absent in the spontaneous Harderian 
gland tumours (0/27). K-ras Mutations were also seen in 83% (5/6) of ethylene oxide-
induced uterine tumours, all of which exhibited a G→C transition in codon 13. The 
incidence in spontaneous uterine tumours was not reported. A similar study by Houle et 
al. (2006) provided evidence of the involvement of H-ras and p53 mutations in mammary 
gland tumours induced by ethylene oxide in mice. The mutation frequency was only 
slightly elevated for H-ras (33% in treated versus 26% in spontaneous) or p53 (67% in 
the ethylene oxide-treated versus 58% in the control animals), but the mutational spectra 
of tumours obtained from control and treated animals differed significantly. The muta-
tional spectra were generally consistent with a targeting of G and A bases by ethylene 
oxide (Houle et al., 2006; Hong et al., 2007). The high frequencies of mutation present in 
these genes, particularly mutations in the critical codons of K-ras and inactivation of p53, 
indicate that mutations are induced in the tumours of ethylene oxide-treated mice and that 
the changes probably play an important role in ethylene oxide-induced tumorigenesis in 
these tissues.  

Little is known about the mechanisms that might lead to ethylene oxide-induced 
tumours in humans. However, activating mutations in the ras family of oncogenes and 
inactivation of p53 have been shown to play critical roles in the development of both 
spontaneous and chemically induced cancers (Pedersen-Bjergaard et al., 2006; Zarbl, 
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2006). For example, activating mutations in ras genes have been shown to occur in up to 
30% of cases of acute myelogenous leukaemia (Byrne & Marshall, 1998). In most cases, 
N-ras is activated, although activation of K-ras is occasionally seen (Byrne & Marshall, 
1998; Bowen et al., 2005; Christiansen et al., 2005). The mutations typically occur in 
codons 12, 13 and 61, sites that are critical for the normal regulation of ras activity. The 
activating mutations lead to the generation of constitutively activated ras proteins that 
cannot be switched off and inappropriately generate proliferative signals within the cell 
(Byrne & Marshall, 1998). Some patients who lack ras mutations still exhibit an 
overexpression of ras genes and this has been considered as further evidence for the 
involvement of dysregulated ras signalling in leukaemogenesis (Byrne & Marshall, 1998).  

Acute myelogenous leukaemia in patients who have previously been treated with 
alkylating agents frequently exhibits distinctive characteristics that allow it to be distin-
guished from acute myelogenous leukaemia induced by other agents (such as topo-
isomerase II inhibitors) or that occurs spontaneously (Pedersen-Bjergaard & Rowley, 
1994; Pedersen-Bjergaard et al., 2006). One of the hallmarks of leukaemias induced by 
alkylating agents is that they frequently exhibit loss of chromosomes 5 or 7 (-5, -7) or loss 
of part of the long arms of these chromosomes (5q-, 7q-). In addition, mutations in p53 
are frequently seen in leukaemias with the -5/5q- karyotype, and mutations in p53 and ras 
are seen in a subset of those that exhibit the -7/7q- karyotype (Christiansen et al., 2001; 
Pedersen-Bjergaard et al., 2006). Although ethylene oxide has not been investigated 
specifically for its ability to induce losses in chromosomes 7 and 5 or deletions of the long 
arms of chromosomes 7 and 5 (7q- or 5q-), it has been reported to induce similar types of 
chromosomal alterations and deletions in a variety of experimental models and/or in the 
lymphocytes of exposed workers (IARC, 1994; Major et al., 1996, 1999). The detection 
of elevated levels of chromosomal aberrations and micronuclei in the peripheral blood 
lymphocytes of ethylene oxide-exposed workers is of particular note, as multiple pro-
spective studies have reported that individuals with increased levels of chromosomal 
aberrations or micronuclei in these cells are at increased risk for developing cancer 
(Hagmar et al., 1998; Liou et al., 1999; Smerhovsky et al., 2001; Hagmar et al., 2004; 
Boffetta et al., 2007; Bonassi et al., 2007).  

A comparison of the evidence for ethylene oxide-induced genetic and related changes 
in experimental animals and humans is summarized in Table 12.  
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Table 12. Comparison of the evidence for key ethylene oxide-induced genetic 
and related changes in humans, human cells and experimental animals 

End-point In-vivo exposure In-vitro exposure 

 Animals Humans Human cells 

Haemoglobin adduct formation Strong Strong Strong 
DNA adduct formation Strong Weak* Strong 
Mutations in reporter genes in somatic cells Strong Weak*  Strong 
Mutations in cancer-related genes in tumours Strong NI NA 
Increased levels of cancer-related proteins in 
 tumours 

Strong NI NA 

Chromosomal alterations in somatic cells 
 Sister chromatid exchange 
 Structural chromosomal aberrations 
 Micronucleus formation 

 
Strong 
Strong+ 

Strong+ 

 
Strong 
Strong 
Strong 

 
Strong 
Moderate 
NI 

NA, not applicable; NI, no information 
* Possibly due to a lack of adequate studies 
+ Positive responses were seen only at exposure concentrations above those used in rodent cancer 
bioassays. 

5. Summary of Data Reported 

5.1 Exposure data 

Ethylene oxide is a flammable gas. It was first produced in the 1910s by the chloro-
hydrin process, which has gradually been replaced by the direct oxidation of ethylene 
since the 1930s. Ethylene oxide is used predominantly for the production of other 
chemicals, such as ethylene glycols, ethoxylates, ethanol amines and glycol ethers, and its 
use is increasing. It is also used as a sterilant to treat hospital equipment, disposable 
medical items, spices and other products. The highest human exposures occur in occupa-
tional settings. Historically, 8-h time-weighted average exposures above 20 mg/m3 were 
common when the chlorohydrin process was used, while average exposures of 2–
20 mg/m3 were reported during direct oxidation of ethylene and in plants that produce 
sterilized medical items. The largest group of exposed workers is hospital personnel who 
perform sterilization operations. The average levels of exposure in hospitals and pro-
duction facilities have decreased significantly (on average to below 1 ppm [2 mg/m3]) in 
western Europe and North America following the introduction of new occupational 
exposure limits in the mid-1980s. High peak exposures may still occur in some short-term 
work tasks. Ethylene oxide may occur in indoor air at levels generally < 0.2 mg/m3, 
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probably due to small amounts in tobacco smoke. Ethylene oxide residues have also been 
detected in some spices and other food products. 

5.2 Cancer in humans  

Epidemiological evidence of the risk for human cancer from ethylene oxide derives 
principally from the follow-up of 14 cohorts of exposed workers either in chemical plants 
where ethylene oxide was produced or converted into derivatives or in facilities where it 
was used as a sterilant. Data from 10 of the cohorts were collated in a meta-analysis that 
was published in 1999, but this did not include updates of two cohorts that were published 
after that time. Many of the cohort members employed at chemical factories were also 
exposed to other chemicals. 

By far the most informative epidemiological investigation was a study by the 
National Institute of Occupational Safety and Health of more than 18 000 employees at 
14 industrial facilities in the USA where ethylene oxide was used to sterilize medical 
supplies or food spices, or to test the sterilizing equipment. This investigation benefited 
not only from greater statistical power than other studies (as a consequence of its large 
size), but also from a lower potential for confounding by concomitant exposure to other 
chemicals and from incorporation of detailed quantitative assessments of individual 
exposures to ethylene oxide. For these reasons, the Working Group gave greatest weight 
to the National Institute for Occupational Safety and Health study when assessing the 
balance of epidemiological evidence on ethylene oxide, although findings from other 
studies were also taken into account. 

In examining the epidemiological evidence, the Working Group focused in particular 
on lymphatic and haematopoietic cancers and on cancers of the breast, stomach, pancreas 
and brain. These sites were selected because excess risks had been suggested by one or 
more epidemiological study or because tumours at the same site had been reported in 
rodent bioassays. 

Evaluation of the possible risks for lymphatic and haematopoietic cancer was 
hampered by temporal changes and inconsistencies in the histopathological classification 
of diagnoses. The interpretation of results for these malignancies was constrained by the 
diagnostic groupings that had been used by researchers when the studies were conducted 
and possible errors in the exact specification of tumours on death certificates. 

The Working Group found some epidemiological evidence for associations between 
ethylene oxide and lymphatic and haematopoietic cancers, and specifically lymphoid 
tumours (i.e. non-Hodgkin lymphoma, multiple myeloma and chronic lymphocytic leu-
kaemia). In the most recent follow-up of the National Institute for Occupational Safety 
and Health cohort, no overall excess of deaths from non-Hodgkin lymphoma or multiple 
myeloma was observed in comparison with national death rates. However, in an internal 
analysis, mortality from lymphoid tumours (as defined above) was associated with 
measures of cumulative exposure to ethylene oxide among men. No corresponding asso-
ciation was found among women. Other studies did not point consistently to an increase 
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in the risk for non-Hodgkin lymphoma or multiple myeloma in comparisons with external 
reference populations, although moderate elevations of risk were reported in some 
investigations.  

Early reports of an excess risk for all types of leukaemia combined have not been 
confirmed by later studies. In the latest analysis of the National Institute for Occupational 
Safety and Health cohort, mortality from all types of leukaemia combined was close to 
that expected from national rates. Weak evidence for an exposure–response relationship 
between cumulative exposure to ethylene oxide and leukaemia was observed in a pre-
vious analysis of this cohort. Results from other cohort studies did not point clearly or 
consistently to an increased risk for leukaemia. 

The numbers of cases of Hodgkin lymphoma in published studies were too few to 
draw meaningful conclusions. 

Four of the cohort studies provided useful information on the association between 
exposure to ethylene oxide and breast cancer. The National Institute for Occupational 
Safety and Health study and a cohort study of hospital sterilization workers in the United 
Kingdom examined mortality from breast cancer and found no overall excess risk. Three 
studies examined the incidence of breast cancer: the National Institute for Occupational 
Safety and Health study and a cohort study from Sweden found no overall excess risk for 
breast cancer, while another cohort study from New York State, USA, found a borderline 
significant excess risk of about 60%. Cancer incidence was recognized to be under-
estimated in the National Institute for Occupational Safety and Health study, which was 
thus negatively biased for the investigation of overall cancer incidence. 

A study conducted within the National Institute for Occupational Safety and Health 
cohort was designed to investigate the association between exposure to ethylene oxide 
and the risk for breast cancer in greater detail. Internal analyses in this study found 
increased relative risks for breast cancer in the higher categories of cumulative exposure 
to ethylene oxide and a significant exposure–response relationship, both of which per-
sisted in analyses that controlled for parity and history of breast cancer in a first-degree 
relative. The risk for the highest category of cumulative exposure was almost doubled. 

While early epidemiological studies had suggested increased risks for stomach and 
pancreatic cancer in workers exposed to ethylene oxide, these findings were not supported 
by more recent, larger studies (including the National Institute for Occupational Safety 
and Health investigation); nor did the balance of epidemiological evidence point to an 
increased risk for brain cancer in humans exposed to ethylene oxide. 

5.3 Cancer in experimental animals  

Ethylene oxide was tested for carcinogenicity in one experiment by intragastric intu-
bation in female rats, by inhalation in female mice in one experiment and in both sexes of 
mice in another experiment, by inhalation in both sexes of rats in one experiment and in 
male rats of the same strain in another experiment. It was also tested in single studies in 
female mice by skin application and by subcutaneous injection.  
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In the experiment of intragastric intubation in female rats, ethylene oxide produced 
tumours of the forestomach, which were mainly squamous-cell carcinomas. In one study 
in both sexes of mice, inhalation of ethylene oxide resulted in increases in the incidence of 
alveolar/bronchiolar lung tumours and tumours of the Harderian gland in animals of each 
sex and of uterine adenocarcinomas, mammary carcinomas and malignant lymphomas in 
females. In a pulmonary tumour bioassay in female strain A/J mice, inhalation of ethylene 
oxide increased the number of pulmonary adenomas per mouse. In both experiments in 
which male and female rats of one strain were exposed by inhalation, ethylene oxide 
increased the incidence of mononuclear-cell leukaemia and brain tumours in animals of 
each sex and of peritoneal mesotheliomas in the region of the testis and subcutaneous 
fibromas in males. Ethylene oxide produced local sarcomas in female mice following 
subcutaneous injection. In a limited study in female mice treated by skin application, no 
skin tumours were observed. 

5.4 Mechanistic and other relevant data 

Inhaled ethylene oxide is readily taken up by the lungs, is absorbed efficiently into the 
blood and is systemically distributed in rodents and in humans. Ethylene oxide is con-
verted by both enzymatic and non-enzymatic hydrolysis to ethylene glycol, which is 
excreted or further metabolized, and by conjugation with glutathione mediated by the 
polymorphic glutathione-S-transferase T1. Glycolaldehyde, which is potentially formed 
by further metabolism of ethylene glycol, can cause DNA–protein crosslinks and DNA 
strand breaks. A striking difference in the metabolism of ethylene oxide between rodents 
and humans is the predominance of the glutathione conjugation pathway in mice and rats, 
while the pathway initiated by enzymatic and non-enzymatic hydrolysis is of greater 
importance in humans. Simulations indicated that, in mice, rats and humans, about 80%, 
60% and 20%, respectively, would be metabolized via glutathione conjugation. Despite 
these differences, physiologically based pharmacokinetic models of uptake and metabo-
lism of ethylene oxide in the range of exposures used in rodent bioassays (100 ppm 
[180 mg/m3] and below) yielded simulated blood peak concentrations and areas under the 
curve that were similar for mice, rats and humans.  

Ethylene oxide is a direct-acting alkylating agent that forms adducts with proteins and 
DNA. Haemoglobin adducts have been used for biomonitoring purposes, in view of the 
significant correlation between cumulative exposure over 4 months (the lifespan of 
human erythrocytes) and levels of adducts in the haemoglobin of ethylene oxide-exposed 
workers. Endogenous hydroxyethyl adducts of haemoglobin and DNA are also found in 
both humans and experimental animals in the absence of known exogenous exposure to 
ethylene oxide. N7-Hydroxyethylguanine is quantitatively the major DNA adduct formed, 
but does not appear to be directly promutagenic. Minor promutagenic adducts proposed 
for ethylene oxide are either induced at very low levels or have not been shown to occur 
in humans or experimental animals. 
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Studies of workers exposed to ethylene oxide in hospital and factory sterilization units 
and in ethylene oxide manufacturing and processing plants have been fairly consistent in 
showing chromosomal damage in peripheral blood lymphocytes, which included sister 
chromatid exchange in 21 of 33 study groups, chromosomal aberrations in 18 of 24 study 
groups and micronucleus formation in four of 18 study groups. In ethylene oxide-exposed 
workers, the frequency of micronucleus formation was also elevated in the bone marrow 
in one study and in nasal mucosal cells in another study, but not in exfoliated buccal cells 
in two studies. In general, the degree of chromosomal damage was correlated with level 
and duration of exposure, and the majority of positive results were found in studies that 
evaluated individuals who were exposed to time-weighted average concentrations greater 
than 5 ppm [9 mg/m3] ethylene oxide. Elevated levels of chromosomal aberrations and 
micronucleus formation in peripheral blood lymphocytes have been associated with 
increased risks for cancer in humans. One study suggested an elevation in gene mutations 
in one of two groups of ethylene oxide-exposed workers. Several other biomarkers of 
DNA damage, which include unscheduled DNA synthesis, DNA single-strand breaks, 
premature centromere divisions and DNA–protein crosslinks, have been studied by only a 
few investigators. 

Collectively, the genotoxicity data in experimental systems consistently demonstrate 
that ethylene oxide is a mutagen and clastogen across all phylogenetic levels tested. 
Ethylene oxide induced unscheduled DNA synthesis, DNA strand breaks, gene mutation, 
sister chromatid exchange and chromosomal aberrations in cultured human cells, as well 
as mutations, chromosomal aberrations, micronucleus formation and cell transformation 
in rodent cells in vitro. It also induced gene mutation, specific locus mutation, sister chro-
matid exchange, chromosomal aberrations, micronucleus formation, dominant lethal 
mutation and heritable translocation in somatic and/or germ cells in rodents treated in 
vivo. Analogous genetic and related effects of ethylene oxide were observed in non-
mammalian systems. Unequivocal data show that ethylene oxide caused dose-related 
increases in point mutations in both reporter genes and cancer genes of multiple tissues 
from mice and rats exposed to 25–200 ppm [45–360 mg/m3] ethylene oxide, doses that 
encompassed all but the lowest concentration used in rodent cancer bioassays. In these in-
vivo studies, ethylene oxide was consistently a relatively weak point mutagen. Ethylene 
oxide induced sister chromatid exchange but not chromosomal aberrations or micro-
nucleus formation in rodents exposed by inhalation to concentrations that were used in 
carcinogenicity studies. In contrast, assays for the potential clastogenic effects of inha-
lation of this concentration range of ethylene oxide by rodents have not been performed 
uniformly in an optimal fashion. Rodent studies that were positive for clastogenicity 
following exposure to higher doses of ethylene oxide or via a less relevant route of ex-
posure may also be informative for a risk for chromosomal events under some exposure 
scenarios in ethylene oxide-exposed humans. With regard to the mode of action of 
ethylene oxide as a genotoxic carcinogen in rodents, there is clear evidence that point 
mutations in ras proto-oncogenes and the p53 tumour-suppressor gene (which are 
involved in a range of human cancers) are key events in the development of cancers, but 
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the role of chromosomal alterations as primary mutational events in the carcinogenicity of 
ethylene oxide in mice and rats is still uncertain.  

6. Evaluation and Rationale 

6.1 Carcinogenicity in humans 

There is limited evidence in humans for the carcinogenicity of ethylene oxide. 

6.2 Carcinogenicity in experimental animals 

There is sufficient evidence in experimental animals for the carcinogenicity of 
ethylene oxide. 

6.3 Overall evaluation 

Ethylene oxide is carcinogenic to humans (Group 1). 

6.4 Rationale 

In making the overall evaluation, the Working Group also took into consideration the 
following supporting evidence: 

(a) Ethylene oxide is a direct-acting alkylating agent that reacts with DNA. 
(b) Ethylene oxide induces a dose-related increase in the frequency of ethylene 

oxide-derived haemoglobin adducts in exposed humans and rodents. 
(c) Ethylene oxide induces a dose-related increase in the frequency of ethylene 

oxide-derived DNA adducts in exposed rodents. 
(d) Ethylene oxide consistently acts as a mutagen and clastogen at all phylogenetic 

levels. 
(e) Ethylene oxide induces heritable translocations in the germ cells of exposed 

rodents. 
(f) Ethylene oxide induces a dose-related increase in the frequency of sister 

chromatid exchange, chromosomal aberrations and micronucleus formation in 
the lymphocytes of exposed workers. 

(g) Prospective studies have shown that elevated levels of chromosomal aberrations 
and micronucleus formation in peripheral blood lymphocytes are associated with 
increased risks for cancer in humans. 
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