ETHYLENE OXIDE

This substance was considered by previous Workingugs in February 1976
(IARC, 1976), June 1984 (IARC, 1985), March 198XRC, 1987) and February 1994
(IARC, 1994). Since that time, new data have becawamlable, and these have been
incorporated into the monograph and taken intoideretion 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. N65-21-8

Replaced CAS Reg. N©9034-08-3; 99932-75-9

Chem. Abstr. Nam®xirane

IUPAC Systematic Nam®xirane

RTECS No0.KX2450000

UN TDGNo. 1040

EC Index N0.603-023-00-X

EINECS Na.200-849-9

SynonymsDihydrooxirene; dimethylene oxide; EO ; 1,2-epethyane; epoxyethane;
ethene oxide; EtO; ETO; oxacyclopropane; oxanelamthane

1.1.2  Structural and molecular formulae and relative molecular mass

H,C

CH,

C,H,O Relative molecular mass: 44.06

—185-
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1.1.3 Chemical and physical properties of the pure substance

FromlARC (1994), Deveet al. (2004), Lide (2005), Rebsdat and Mayer (2005) and

O'Neil (2006), unless otherwise specified

(@) Description Colourless gas

(b) Boailing-point 13.2°C at 746 mm Hg [99.4 kPa]; 10.4-10@ at 760 mm Hg
[101.3 kPa]

(c) Freezing-point-111°C

(d) Density(liquid): 0.8824 at 10C/10°C

(e) Spectroscopy datdnfrared [prism, 1109] and mass spectral datae Haeen
reported (Weast & Astle, 1985; Sadtler Researclotzabries, 1991).

(H  Solubility Soluble in water, acetone, benzene, ethanol ietitltlether

(@) Vapour pressurel45.6 kPa at 28C (Hoechst Celanese Corp., 1992)

(h) Relative vapour density (air =:1).5 at 20C (IPCS-CEC, 2001)

() Stability. Reacts readily with acids; reactions proceed Inaia ring opening
and are highly exothermic; explosive decompositbrvapour may occur at
higher temperatures if dissipation of heat is inadte.

() Lower explosive limit2.6—3.0% by volume in air

(k) Octanol-water partition coefficieribg Ry, —0.30 (Sangster, 1989)

()  Flash-point Flammable gas (IPCS-CEC, 2001)

(m) Inflammability limits in air2.6-99.99% (V) (Shell Chemicals, 2005)

(n) Autoignition temperaturel28°C (Shell Chemicals, 2005)

(o) Dynamic viscosityd.41 mPa at C (Shell Chemicals, 2005)

(p) Conversion factomg/n? = 1.80x ppnt

1.1.4 Technical products and impurities

Ethylene oxide for use as a fumigant and stergizigent used to be available in
mixtures with nitrogen, carbon dioxide or dichlorodiflooethane. Mixtures of 8.5-80%
ethylene oxide/91.5-20% carbon dioxide (Allied @ighemicals, 1993) and 12%
ethylene oxide in dichlorodifluoromethane were camiy used. As a result of concern
about the role of chlorofluorocarbons in the démtetof stratospheric ozone and the
phase-out of dichlorofluoromethane under the Matrierotocol, the fluorocarbon
materials now used to make blends of non-flammaithglene oxide sterilants are
hydrochlorofluorocarbons, hydrofluorocarbons ankeotflame-retardant diluent gases
(Deveret al, 2004).

! Calculated from: mg/fe (relative molecular mass/24.45ppm, assuming normal temperature (25 °C) and
pressure (101.3 kPa)



ETHYLENE OXIDE 187

1.1.5 Analysis

Ethylene oxide in air can be determined by packed colusohgamatography (GC)
with an electron capture detector (ECD) (NIOSH Meti614), with an estimated limit
of detection of 1 pg ethylene oxide per sample (Nationalutesfor Occupational Safety
and Health, 1987). A similar method is reportedh®sy Occupational Safety and Health
Administration in the USA (Tucker & Arnold, 1984u@minset al, 1987). In a similar
method reported by the Canadian Research Insfilntélealth and Safety at Work
(IRSST Method 81-2), the sample is absorbed orctiveacharcoal tube (SKC ST-226-
36), desorbed by benzylic alcohol and analysed G¥fl&ne ionization detection (FID)
(IRSST, 2005).

In another technique (NIOSH Method 3702), a poetajsls chromatograph is used
with a photoionization detector or photoacoustitecter (IRSST 39-A). The sample is
either drawn directly into a syringe or collectasdagbag sample; it is then injected directly
into the gas chromatograph for analysis. The estunanit of detection of this method is
2.5 pg/mL injection (0.001 ppm [0.002 md]m(National Institute for Occupational
Safety and Health, 1998).

Passive methods use derivatization techniques dbavert ethylene oxide to
2-bromoethanol followed by GC/ECD analysis or atligthylene oxide in acidic solution
(in which it is converted to ethylene glycol) or anselective membrane followed by
colorimetric analysis (Kringet al, 1984; Puskar & Hecker, 1989; Puskaral, 1990,
1991; Szopinsket al, 1991).

Methods for the analysis and quantification of kethg oxide in emissions from pro-
duction plants and commercial sterilizers by GC/RHYe been reviewed (Steger, 1989;
Margesoret al, 1990).

Ethylene oxide has been measured in alveolar dibkyod (Brugnonet al, 1986).
Several methods have been reported for the detationinof N-(2-hydroxyethyl) adducts
with cysteine, valine and histidine in haemoglolzintadioimmunological technique, a
modified Edman degradation procedure with GC/mpssteometry (MS), a GC method
with selective ion monitoring MS and a GC/ECD metliBarmeret al, 1986; Baileyet
al.,, 1987; Boltet al, 1988; Fostet al, 1991; Hagmarrt al, 1991; Kautiainen &
Torngvist, 1991; Sartet al, 1991; van Sitteet al, 1993; Schettgeet al, 2002).

Methods have been reported for the detection afues of ethylene oxide used as a
sterilant: headspace GC (Marloweal, 1987) and GC (Wojcik-O'Neill & Ello, 1991)
for the analysis of medical devices; capillary GE€ the analysis of drugs and plastics
(Danielsonet al, 1990); and headspace GC for the analysis ofgggly materials and
ethylene oxide in ethoxylated surfactants and deififeis (Dahlgran & Shingleton,
1987). Methods have also been developed for therrdigtation of ethylene oxide resi-
dues in processed food products. In one such metibgdene oxide is converted to
ethylene iodohydrin and analysed by GC/ECD (Jeri€88).
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1.2 Production and use

1.2.1 Production

Production of ethylene oxide began in 1914 by thlerohydrin process, the main
method used until 1937, in which ethylene chlorohydrin iveded to ethylene oxide by
reaction with calcium oxide. The production of étmg chlorohydrin resulted in the
formation of two main organochlorine by-products2-dichloroethane and bis(2-
chloroethyl)ether (see IARC, 1999a). Ethylene afigdrin was produced in either the
same or a separate unit and was pumped over édhtyiene oxide production sector. The
chlorohydrin process for the production of ethylem&le was inefficient, because most
of the chlorine that was used was lost as calcibloride. Since 1931, that process has
gradually been replaced by the direct vapour-pbagkation process, in which ethylene
is oxidized to ethylene oxide with air or oxygerdamsilver catalyst at 10-30 atm (1—
3 MPa) and 200-300 °C (Dewtral, 2004; Anon., 2005).

In 2002, ethylene oxide was produced in more tlfaed@intries in Asia, Australia,
Europe, the Middle East, North America and SoutheAca with a production capacity
per year of 16.3 million tonnes (Lacson, 2003). Mimide consumption of ethylene
oxide was 14.7 million tonnes in 2002 (Deetil, 2004) and 18 million tonnes in 2006
(Devanney, 2007)Table 1 shows the number of producers by regiomedisas the pro-
duction levels of ethylene oxide in 2004; approxatyal7 million tonnes of ethylene
oxide were produced worldwide. Production in Cariadeeased 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 usedhm manufacture of chemical
derivatives that are the basis for major consunasedg in virtually all industrialized
countries. Figure 1 gives an overview of globalustdy demand for ethylene oxide by
application. More than half of the ethylene oxideduced worldwide is used in the
manufacture of monoethylene glycol (Occupationdetgaand Health Administration,
2005; Devanney, 2007). The percentage of totalexikyoxide that is used domestically
to manufacture ethylene glycols varies widely betwesgions: North America (66%),
western Europe (43%), Japan (68%) and the Middie (88%) (Lacson, 2003).

Other derivatives of ethylene oxide include: di&thg glycol, which is used in the
production of polyurethanes, polyesters, softe(myek, glue, casein and paper), plasti-
cizers and solvents and in gas drying; triethylene glydaich is used in the manufacture
of lacquers, solvents, plasticizers and humeciantssture-retaining agents) and in gas
drying; poly(ethylene) glycols, which are reactedhwother materials and used in
cosmetics, ointments, pharmaceutical preparatibmsicants (finishing of textiles,
ceramics), solvents (paints and drugs) and plastii(adhesives and printing inks);
ethylene glycol ethers, which are frequently a comemt of brake fluids, detergents and
solvents (paints and lacquers) and are used tona@aal and refinery gas; ethanolamines,
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which are used in textile finishing, cosmetics, pgpadetergents and natural gas
purification; and ethoxylation products of fattycathols, fatty amines, alkyl phenols,
cellulose and poly(propylene) glycol, which aredusethe production of detergents and
surfactants (non-ionic), biodegradable detergess,lisifiers and dispersants (Occup-
ational Safety and Health Administration, 2005; &awy, 2007).

A very small proportion (0.05%) of the annual prcithn of ethylene oxide is used
directly in the gaseous form as a sterilizing agemtigant and insecticide, either alone or
in non-explosive mixtures with nitrogen, carbon difexor 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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Figure 1. Industrial products made from ethylene oide
(globally, 17 million tonnes per annum)

Polyethylene
Polyols
Ethoxylates Glycol ethers 39 glycols
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From Devanney (2007)

Ethylene oxide is also used as a fumigant andastefor microbial organisms in a
variety of applications. An estimated 9—10 millipounds [4-5 million tonnes] of ethyl-
ene oxide were used in 2002 to sterilize drugspitadsequipment, disposable and re-
usable medical items, packaging materials, foodekfy museum artefacts, scientific
equipment, clothing, furs, railcars, aircraft, ieet and other items (Lacson, 2003).

1.3 Occurrence
1.3.1 Natural occurrence

Ethylene oxide occurs endogenously as a metaloblgéhylene in certain plants and
micro-organisms (see Section 4.1). Ethylene oxate e generated from water-logged
soil, manure and sewage sludge, but emissionsxmected to be negligible (WHO,
2003).
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1.3.2 Occupational exposure

Most of the data on occupational exposure areecblat the production of ethylene
oxide and its use in industrial and hospital seation.

Data were not available on exposures that arersgtuwutside North America and
Europe, where almost half of the global amountloflene oxide is produced (Table 1).

The National Occupational Exposure Survey conduiethe National Institute for
Occupational Safety and Health in the USA betwe@8lland 1983 indicated that
270 000 employees in the USA were potentially exgo® ethylene oxide at work
(NOES, 1993). This implies that, with an estimated labonzef (aged 16 years and over)
of 106 million (US Census, 1980), fewer than 0.3%&rmployees was exposed. Of this
number, 22% was estimated to be exposed to ethgldde and 78% to materials that
contain ethylene oxide. Workers in hospitals andhi chemical and allied products
industry (manufacture of plastics, synthetic matedald drugs) accounted for half of that
number.

More recent data on employment in the industricioss that use ethylene oxide have
been reported by the Occupational Safety and HeAltlministration (2005).
Approximated employment figures were: ethylene exmtoduction workers, 1100;
ethoxylators (use of ethylene oxide to make devigg}, 4000; and sterilant or fumigant
use in hospitals, 40 000. In addition, approxinya&I00 workers were employed in
commercial sterilization by medical and pharmacealitiproduct manufacturers, in
commercial sterilization by spice manufacturersg@sract sterilizers and in other steri-
lization and fumigation facilities.

The CAREX exposure information system (see Gerftgatarks) includes estimates
of the numbers of exposed workers in the 15 merstages of the European Union in
1990-93. The estimates were based on expert judgraed did not involve exposure
measurements. According to CAREX, 47 000 workenewesposed to ethylene oxide,
which is under 0.1% of the 139 million employed whme covered by CAREX
(Kauppineret al, 2000). The major industries in which exposureuoed were medical,
dental and other health and veterinary service®(@Pexposed) and the manufacture of
industrial chemicals and other chemical produd®@&exposed).

The Finnish Register of occupational exposure teimagens reported that 126
workers were notified as having been exposed tgesth oxide in 2004. This is below
0.01% of the 2.4 million people employed in Finlaktbst of the workers exposed were
employed in medical occupations. The Register doéinclude any information on ex-
posure levels, and is based on annual notificatansmployers; its completeness is
unknown (Saalet al, 2006).

(@ Production of ethylene oxide and its derivatives

Area samples taken in the 1960s throughout a piahe USA where ethylene oxide
was produced by direct oxidation of ethylene shoemacentrations of 0-55 ppm [0—
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100 mg/mi]. On the basis of these results, the general termg-exposure of operators to
ethylene oxide was estimated to be 510 ppm [9-g/&h(Joyner, 1964).

Area and personal samples were taken by the Natiost#tute for Occupational
Safety and Health during 1977 and 1978 in five tsléamthe USA where ethylene oxide
and its derivatives were produced. In most of th@é&sonal samples taken, which were
representative of whole shifts, the concentratibnethylene oxide was below the
detection limit (which varied from 0.1 to 8 mgjma few samples contained between 1
and 148 mg/th Similarly, in most area samples, the concentratias below the
detection limit or was in the range < 1-1.5 ppm3[2ag/mi], apart from exceptional
situations such as leaks (Lovegren & Koketsu, 1977a,ber;eDal, 1978a,b, 1979). The
fact that full-shift concentrations in these plantse usually well below the standards at
that time (50 ppm [90 mg/) has been attributed to three main factors: the of
completely closed systems for the storage, traasférproduction of ethylene oxide; the
implementation of measures to prevent fire; andaijse outdoors which resulted in
dilution by natural air (Morgaat al, 1981).

Estimates of exposure to ethylene oxide were mada Swedish company where
ethylene oxide and its derivatives were producedhbychlorohydrin process. Average
exposure was estimated to be less than 25 fraduming the period 1941-47 and 10—
50 mg/ni during the 1950s and early 1960s, with occasipeaks above the odour
threshold of 1300 mg/in After manufacture of ethylene oxide was stoppedhis
company in 1963, exposure to 1-10 mig(with occasional higher values) continued to
occur because of its use in the manufacture of otirapounds (HOgstedt al, 1979a).

At a plant in Germany where ethylene oxide was rzatwred, 2-h area samples
taken in 1978-79 contained less than 5 ppm [9 fginder normal working conditions.
Concentrations rose to 1900 ppm [3400 mipfor several minutes in exceptional cases
during plant breakdown (Thiessal, 1981).

The typical average daily exposures of workers in a 197@ofiplants in the USA
where ethylene oxide was manufactured and used @@&& ppm [0.5-7.3 mgfln
worst-case peak exposures of maintenance workers w&sed6p0 ppm [17 300 mgAn
for less than 1 min (Flores, 1983).

In one chemical manufacturing complex in the USé@arly time-weighted average
(TWA) exposures to ethylene oxide in 1977-80 wepmrted to have been below 1 ppm
[1.8 mg/m] in all jobs except loading, during which techaits were exposed to up to
1.7 ppm [3 mg/rj yearly and 5.7 ppm [10 mgAnindividually. Peak exposures were
usually < 20 ppm [< 36 mgffip except in loading, during which concentratiofisip to
235 ppm [420 mg/fhwere reported (Currigat al, 1984).

In an ethylene oxide manufacturing plant in the hiddands, geometric mean
concentrations in 8-h personal samples were cééclita be < 0.01 ppm [< 0.02 mgjm
in 1974, 1978 and 1980 and 0.12 ppm [0.2 mgimL981; individual values ranged from
not detected (< 0.05 ppm [< 0.1 mdj)to 8 ppm [14 mg/rj (van Sittertet al, 1985).

At another plant in Sweden where ethylene oxide pvaduced by oxygenation of
ethylene, the 8-h TWA exposure to ethylene oxids 5 mg/m[5-8 ppm] in 1963—
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76 and 2—-4 mg/M[1-2 ppm] in 1977-82 during the production of &hg oxide and
ethylene glycol, 6 mg/™M3 ppm] in 1963-76 and 2 mg/rfl ppm] in 1977-82 during
the processing of ethylene oxide and 2—6 mMdlm3 ppm] in 1963-76 and 1-3 md/m
[0.6-1.7 ppm] in 1977-82 during maintenance andhnieal service work. Certain
workers in each category were reported to havehigter exposures (up to 600-1800
mg/nT [333—1000 ppm]) during periods of minutes (HogsétdL, 1986).

In former Czechoslovakia, the 8-h TWA concentratioh ethylene oxide measured
in 1982-84 in the working environment of an ethgl@xide production plant were 0—
8.25 mg/m [4.6 ppm] (Karelovét al, 1987).

Under the sponsorship of the Chemical ManufactuAssociation, company data
were collected on current exposures to ethylendeoaf workers in 11 ethylene oxide
production units and 24 ethoxylation units in tHeAUn 1987 (Table 2). Respirators were
reported to be used in specific operations, suchadscar loading and unloading,
maintenance and product sampling, during whichremging controls are not feasible
(Heiden Associates, 1988a).

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

Unit and job category No. of  8-h TWA (mg/n) No. of Short-term (10—150 min)
samples samples exposure (mg/M
Mearf  Range Mearf Range

Ethylene oxide production

Production workers 402 0.7 0.11-3.2 171 7.7 nexs-
Maintenance workers 439 1.3 0.14-5.6 59 19.6 -B23
Supervisors 123 0.2 0.04-0.18 3 1.3 1.3-14
Distribution workers 218 2.9 0.36-6.8 111 11.7 3566
Laboratory workers 189 0.7 0.12-4.3 39 1.4 b2
Other workers 97 0.2 0.05-0.72

Ethoxylation

Production workers 640 0.4 0.12-1.26 172 2.0 02
Maintenance workers 191 1.1 0.02-4.7 56 13.3 54D
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 -2B86
Laboratory workers 52 0.4 0.02-0.9 19 5.0 —0140
Other workers 24 0.4 0.18-0.54

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

Gardnetet al (1989) reported that monitoring since 1977 in four 8riilants where
ethylene oxide and derivatives were produced itelicaverage exposures to less than
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5 ppm [9 mg/ in almost all jobs and to < 1 ppm [1.8 md{iin many jobs; occasional
peaks up to several hundred parts per million occurradesult of operating difficulties.
In earlier years, peak exposures above the odoesthbld of 700 ppm [1260 mgim
were reported.

In industries in which ethylene oxide and its datiies are manufactured, exposure
to a large variety of chemicals other than ethylexide may occur, depending on the
types of process and job. These include unsaturated aipigdtocarbons (e.g. ethylene,
propylene; see IARC, 1994), other epoxides (e.gpyene oxide; see IARC, 1994),
chlorohydrins (e.g. epichlorohydrin; see IARC, 189%nd ethylene chlorohydrin),
chlorinated aliphatic hydrocarbons (e.g. dichlorthrape, dichloroethane; see IARC,
1999a), glycols and ethers (e.g. ethylene glycol, giybelrs, bis(2-chloroethyl)ether; see
IARC, 1999a, 2006), aldehydes (e.g. formaldehyde KARC, 2006), amines (e.g.
aniline; see IARC, 1987), aromatic hydrocarbong. (benzene, styrene; see IARC,
1987), alkyl sulfates and other compounds (Skhoet, 1993).

(b)  Use of ethylene oxide for industrial sterilization

Industrial workers may be exposed to ethylene odigiing sterilization of a variety
of products such as medical equipment and prodads surgical products, single-use
medical devices), disposable health care prodysisrmaceutical and veterinary
products, spices and animal feed.

In an extensive survey of the industry in the USAducted by the National Institute
for Occupational Safety and Health, exposure tglate oxide was estimated on the
basis of data collected in 1976-85 by 21 of 36 @ngs, most of which were involved
in the sterilization of medical supplies and spidedividual 8-h TWA concentrations of
samples collected by active sampling on charcoal tubes jpetisonal breathing zones of
workers were included in a model in which regrassionalysis was used to link exposure
concentrations to seven significant variables: ydawperation, volume of sterilizer or
treatment vessel, period since the product wadizteriproduct type, aeration procedure,
presence of a rear exhaust valve in the steribret exposure category (sterilizer,
chamber area, maintenance, production, wareholess coom, quarantine and labo-
ratory) (Greifeet al, 1988; Stayneet al, 1993; Hornungt al, 1994). When the model
was applied in a cohort study to the job histoésexposed workers in 13 of the
companies surveyed, the estimated historical ageragcentrations ranged from 0.05 to
77.2 ppm [0.1-139 mgfip with a mean of 5.5 ppm [9.9 mglirand a median of
3.2 ppm [5.8 mg/r} (Stayneret al, 1993). Wong and Trent (1993) used the industrial
hygiene data from the same companies and estinth&édsterilizer operators were
exposed to an 8-h TWA concentration of 16 ppm [2§mi] before 1978 and of 4—
5 ppm [7-9 mg/rj after 1978, while production workers were exposedbout 5 ppm
[9 mg/nT] before 1978 and 2 ppm [3.6 mdjrafter that year.

In a Swedish factory where hospital equipment waidlized, area samples taken in
1977 in the storage area showed concentrationthykre oxide that ranged from 2 to
70 ppm [3.6-126 mg/f the 8-h TWA concentration in the breathing zone of warker
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the same area was 20 ppm [36 nigy/(Hdgstedtet al, 1979b). In 1978, full-shift
personal sampling indicated that sterilizing room dpesénad an exposure concentration
of 2.4 ppm [4.3 mg/ff; area sampling indicated an exposure of 1.3 g fng/m].
Personal sampling showed a concentration of 0.1 [pprmg/m] in the packing room,
and area sampling showed a concentration of 0.8 [iptnmg/ni] in the stockroom
(Hogstedtet al, 1983). In another Swedish study, sterilizatiarkers and a laboratory
technician in the production of disposable medicalipment were reported to have been
exposed to bursts of ethylene oxide at concentatih 5-10 ppm [9-18 mgfirfor a
total of 1 h per working day, while packers werpased at an average of 0.5-1 ppm [1—
2 mg/ni] for the entire week (Peret al, 1981). Sterilization workers, packers and truck
drivers at another Swedish factory, where singiemgdical equipment was produced,
were reported to be exposed to an 8-h TWA condé@niraf 0.5-1 ppm [1-2 mgfh
(Peroet al, 1982). In two Swedish disposable medical equigirpiants, sterilizers and
packers were the most heavily exposed, but levetsedsed steadily from 35-40 ppm
[about 70 mg/rj in 1970 to < 0.2—0.75 ppm [< 1.5 mgjrin 1985; the average levels of
exposure of store workers and development engirdemseased from 5-20 ppm [9—
36 mg/ni] to < 0.2 ppm [< 0.4 mg/thin the same period, while those of people in othe
job categories (repairmen, laboratory techniciastrollers and foremen) decreased
from 1—4 ppm [2-7 mg/fhto < 0.2 ppm [< 0.4 mg/fh(Hagmaretal., 1991).

Engineering controls and new work practices desigioelower the exposure of
workers to ethylene oxide were generally adoptedhim USA in 1978 and 1979
(Steenlancet al, 1991). Stolleyet al (1984) estimated that the 8-h TWA concentrations
of sterilizer operators in three facilities in tH8A before 1980 had been 0.5, 5-10 and 5—
20 ppm [1, 9-18 and 9-36 mgjmwhile data collected in the two plants that wstit
operating in 1980-82 indicated concentrationsssf than 1 ppm [2 mgfin

In Belgium, 12 workers involved in industrial skieation in three plants were
exposed to 8-h TWA concentrations of 0.1-9.3 pp2{06.7 mg/ri, with averages in
each plant of 1.7, 3.7 and 4.5 ppm [3.1, 6.7 ahar®®y/ni] (Wolfs et al, 1983).

In a plant in eastern Germany where disposable aaedguipment was sterilized,
workers were found to have been exposed to an averagaatior of about 60 mg/m
[27.1 ppm] in 1985 and about 30 md/f3.6 ppm] from 1989 onwards (Tatesal,
1991).

Under the sponsorship of the Health Industry Martufers’ Association, company
data were collected in 1987 on current exposuresthglene oxide of workers in 71
facilities in the USA where medical devices andydistic products were sterilized. The
workers included sterilizer operators, maintenam@kers, supervisors, warehouse
workers, laboratory workers and quality controlspanel. Respirators were reported to
be used in specific operations, such as unloadiegsterilizer, maintenance, quality
control sampling, emergencies, loading aeratiod, @manging ethylene oxide bottles,
cylinders and tanks. Concentrations were measuntside the respirators. The routine
8-h TWA concentration that occurred 2 or more dags week was > 1 ppm
[> 1.8 mg/m] for 12.6% of workers, 0.5-1 ppm [0.9-1.8 mg/for 13.9%, 0.3-0.5 ppm
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[0.5-0.9 mg/r for 26.7% and < 0.3 ppm [< 0.5 mglrfor 46.8%. Short-term sampling
(for 5-120 min; average, 28 min; except in onecigctvhere sampling was for 210 min
for workers in other jobs) showed routine shomrtexposures of > 10 ppm [> 18 mdim
for 10.7% of workers, 5-10 ppm [9-18 md}ifor 17.1% and < 5 ppm [< 9 mgfirfor
72.2%. Non-routine short-term exposure that ocdudreday per week or near areas
where there was exposure was > 10 ppm [> 18 fdém5.1% of workers, 5-10 ppm
[9-18 mg/ni] for 2.6% and < 5 ppm [< 9 mgfifor 92.3% (Heiden Associates, 1988b).

At a commercial sterilization operation in the US#grkers were exposed to 8-h
TWA concentrations of 1-10 ppm [1.8-18 mgj/im 1993-2001 and to 1.3-2.4 ppm
[2.3-4.3 mg/r in 2002, according to measurements carried outheyemployer. The
Occupational Safety and Health Administration mamedl personal exposures in the
same workplace and found 8-h TWA concentration§.6£9.3 ppm [1.1-17 mgfin
After improvement of working conditions, 8-h TWA concetitnias of 0.2—1.2 ppm [0.4—
2.2 mg/m] were found during follow-ups (Daniet al, 2004).

Exposures in 10 factories in Taiwan (China) thadusthylene oxide as a sterilant in
the manufacture of medical supplies were measured0D5 (Chienet al, 2007).
Sterilizer operators had an average short-termsexpdevel of 27.6 ppm [50 mgim
during unloading of the sterilizer, and the meah WA exposure was 7.4 ppm
[13 mg/m]. High concentrations were measured particularihe aeration area, near the
sterilizer and in the warehouse. Increasing thebaurof post-sterilization purge cycles
and improvements to ventilation in the aeratiomaed warehouse decreased the average
short-term exposures to 55% of the earlier values.

Other substances to which workers involved in thealigation of medical products
may be exposed include gases that are presentettiffiene oxide in the sterilizing
mixture, such as chlorofluorocarbons and carboxidto(Heiden Associates, 1988b), and
methyl formate in Sweden (Hagnetral, 1991).

(c) Use of ethylene oxide in hospitals

Ethylene oxide is used widely in hospitals as &gas sterilant for heat-sensitive
medical items, surgical instruments and other @bjand fluids that come into contact
with biological tissues. The National Institute f@ccupational Safety and Health
estimated that there were more than 10 000 sterilizerseiin health care facilities in the
USA in 1977. Large sterilizers are found in centtgbply areas of most hospitals, and
smaller sterilizers are found in clinics, operatirapms, tissue banks and research
facilities (Glaser, 1979).

Exposure to ethylene oxide may result during anyheffollowing operations and
conditions: changing pressurized ethylene oxide gaxers; leaking valves, fittings and
piping; leaking sterilizer door gaskets; opening sterilizer door at the end of a cycle;
improper ventilation at the sterilizer door; impeoly ventilated or unventilated air gap
between the discharge line and the sewer draimvainof items from the sterilizer and
transfer of the sterilized load to an aerator; wppr ventilation of aerators and aeration
areas; incomplete aeration of items; inadequatergiaio®m ventilation; and passing near
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or working in the same room as sterilizers andtaeraluring operation (Mortimer &
Kercher, 1989).

Levels of exposure to ethylene oxide in hospitessammarized in Table 3.

The National Institute for Occupational Safety afealth conducted a series of
studies between 1977 and 1990 to document the @ngotis ethylene oxide of hospital
sterilization staff in the USA. The main resulte aummarized in Table 4. The more
recent studies from Japan and France (see Tabley8gst that 8-h TWA concentrations
are often < 1 mg/f{0.6 ppm] in hospitals.

From 1984 to 2001, a total of 256 666 ethylene exsdmples were analysed by a
major vendor of passive ethylene oxide monitoriegicks in the USA. Most of the
measurements (86%) were taken in hospitals. Wdtksleiasurements were taken from
28 373 hospital workers in 2265 hospitals and sieomh measurements from 18 894
workers in 1735 hospitals. The percentage of halspit which the 8-h TWA exposure
limit of 1 ppm [1.8 mg/n] was exceeded once or more times in a year dectdasm
21% in 1988 to 0.9% in 2001 (La Montaggteal, 2004).

In most studies, exposure to ethylene oxide appeargsult mainly from peak
emissions during operations such as opening thealdhe sterilizer and unloading and
transferring sterilized material. Proper enginggedantrols and work practices have been
reported to result in full-shift exposure levelslegs than 0.1 ppm [0.18 mgjnand
short-term exposure levels of less than 2 ppmif&y7] (Mortimer & Kercher, 1989).
In a survey of 125 hospitals in the USA, howeveg af personal protective equipment
was found to be limited to the wearing of varioypes of gloves while transferring
sterilized items. No respirators were used (Elébtl, 1988).

In a unit in Argentina that was equipped with ol gterilizers with no mechanical
ventilation, the 8-h TWA concentration of ethylengide was 60-69 ppm [108—
124 mg/m] (Lerda & Rizzi, 1992).

Other substances to which sterilizer operatorsopitals may be exposed include
other gases present in the sterilizing mixture sagtchlorofluorocarbons (see IARC,
1999a; banned by the Montreal Protocol in 1989)camtdon dioxide (Wolfgt al, 1983;
Deschampst al, 1989). Some operating room personnel exposethytene oxide may
also be exposed to anaesthetic gases and X-rage €bal, 1984a; see IARC, 2000;
Chessoet al, 2005), and some may have occasional exposuogvtooncentrations of
formaldehyde (Gardnet al, 1989; see IARC, 2006).

(d) Other uses

In a wastewater treatment plant in the USA, etlg/leride was used as a reaction
chemical to modify starch in the starch processirgg; in this area, full-shift personal
breathing zone concentrations ranged from undéilecta 0.43 mg/rh[0.24 ppm] for
operators and from undetectable to 2.5 midi ppm] for mechanics (McCammen
al., 1990).



Table 3. Concentrations of ethylene oxide observead hospitals in various countries

Reference Country Year of No. of Job or operation Duration of No. of Concentration (mg/f
sampling sites sampling samples
Range Mean
Hemminki Finland 1981 24 Sterilizer operators 8-h TWA NR 0.2-0.0
et al (1982) Peaks NR <450
Sterilizing chamber open 20 min NR 9-18
Mouilleseaux France NR 2 Loading, sterilizing, unloading, Few minutes 270 0.9-414
et al (1983) aerating; area sampling 6—-8-h TWA 14 0.1-9
Wolfs et al Belgium NR 3 Sterilizer operators 8-h TWA 28 0.4-4.5 0.5-2.9
(1983) 1 Sterilizer operators; leaking 8-h TWA 16 0.5-32.9 14.0
1 equipment
Sterilizer operators; box 8-h TWA 5 16.2-95.2 27.0
sterilizer with capsules
Hanseretal USA NR 1 14 <0.13-7.7
(1984) 17 <4.3-81
13 4-1430
Sartoet al Italy NR 6 Old sterilizers
(1984a,b) Opening sterilizer; area 5 min NR 23-288 113
sampling
One sterilization cycle; Variable NR 6.7-63.9 28.4
personal sampling
Standard working day; 8-h TWA 19 subjects 6.7-36 19.3
personal sampling
Second-generation sterilizers
Opening sterilizer; area 5 min NR 9-47 155
sampling
One sterilization cycle; Variable NR 0.5-4.7 2.0
personal sampling
Standard working day; 8-h TWA NR 0.4-0.9 0.63

personal sampling

86T

26 ANNTOA SHAVEOONOW DV



Table 3 (contd)

Reference Country Year of No. of Job or operation Duration of No. of Concentration (mg/f)
sampling sites sampling samples
Range Mean
Brugnone Italy NR 1 Sterilization workers 8-h TWA 10 subjec 1.90-4.71
et al (1985)
Karelova Former 1984 Sterilization workers; area 8-h TWA NR 0-4.8
etal (1987) Czechosolovakia sampling
Sartoet al. Italy NR 1 Sterilizer workers 7-8-h TWA 4 subjects 11.5-16.7 14.3
(2987) Helpers 7-8-h TWA 4 subjects 6.8-9.0 7.7
Deschamps France 1983-86 Opening sterilizer and handl|ing.5—-102 min 10 0.4-70
et al (1989) sterilized material; personal
samples
Mayeret al USA 1985-86 1 Sterilizer operators; personal 8-h TWA 34 subjects <4.3
(2991) 1987 samples NR <1.8
1988 31 <0.18
Sartoet al Italy NR 1 Sterilization workers 6.5-h TWA 5 subjects 0.68
(2991) Preparation workers 6.5-h TWA 5 subjects 0.045
Schulteetal  Mexico NR 1 Sterilizer operators 8-h TWA 22 sulbgec 0-2.4
(1992)
Kodaet al Japan NR Central supply division
(1999) Working area (hospital A) 322 0.2-11 0.7
Near sterilizer (hospital A) 322 0.2-11 0.5
Working area (hospital B) 298 0.5-14 0.9
Near sterilizer (hospital B) 35 2.0-2.3 2.2

3dIX0 INTTAHLE
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Table 3 (contd)

Reference Country Year of No. of Job or operation Duration of No. of Concentration (mg/f
sampling sites sampling samples
Range Mean
Sobaszek France 1988-95 2 Sterilization sites
et al (1999) Unloading; area samples 8-h TWA 5 0.05-0.72
Unloading; personal samples 14—34 min 5 0.09-11.1
Bottle changing; personal ~ 7-9 min 5 0.18-162
samples
Hori et al Japan NR 6 Sterilization, one laundry
(2002) Area samples 8-h TWA 37 <0.05-10.3
Personal samples NR 37 <0.05-0.49
USA NR 9 Sterilizer operators 8-h TWA 51 subject6-0.54

NR, not reported; TWA, time-weighted average
#0One was a municipal sterilization and disinfectiacility.
P All samples had the same concentration.

00¢
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Table 4. Exposure of hospital sterilizer operatorgo ethylene oxide (personal samples) in studies aturcted by
the National Institute for Occupational Safety andHealth, in the USA, 1977-90

Reference Period of No. of Operation or conditions Duration of sampling No. of Concentration
measurements hospitals samples  (mg/nT)
Kercher & NR 1 Before installation of controls (1984)Full-shift TWA NR [0.43] (average)
Mortimer Short-term (15-20 min) NR [3.4] (average)
(2987) Short-term (1-2 min) NR [4.3] (average)
After installation of controls (1985) Full-shift TWA NR [< 0.1] (average)
Short-term (15-20 min) NR [< 0.4] (average)
Short-term (1-2 min) NR [1]
Boeniger 1987 1 Decontamination room 8-h TWA 2 [0.58-0.77]
(1988a) Sterile room 8-h TWA 6 [0.02-1.37] ﬂ
Boeniger 1987 1 Full shift 4-7 h TWA 8 [0.04-0.40] =
(1988b) Cracking sterilizer door open 30 sec 6 [<0.05-7.7] m
Transferring load to aerator 30 sec 15 [0.23-18.9] %
Elliott et al [1984-85] 12 Good engineering controls and goo8-h TWA 4 ND o)
(1988) work practice Short-term (2—-30 min) 3 ND x
Good engineering controls and poor 8-h TWA 15 [ND-0.29] )]
work practice Short-term (2-30 min) 19 [ND-5.4] m
No engineering controls and good 8-h TWA 14 [ND-0.83]
work practices Short-term (2-30 min) 4 [0.43-7.2]
No engineering controls and poor  8-h TWA 24 [ND-8.3]
work practices Short-term (2—30 min) 8 [0.43-186]
Mortimer & 1984-86 8 Full-shift TWA (6-8 h) 50 [ND-0.5]
Kercher (1989) Short-term (1-30 min) 59 [ND-10.4]
Newman & 1988 1 8-h TWA 8 [<0.02]
Freund (1989)
Shults & Seitz 1991 1 6-8-h TWA 3 [<0.02]
(1992)

ND, not detected; NR, not reported; TWA, time-weghaverage

T0Z
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1.3.3Environmental occurrence

Most ethylene oxide is released into the atmospfwidO, 2003). Ethylene oxide
degrades in the atmosphere by reaction with phataich#ty produced hydroxyl radicals.
The half-life of ethylene oxide in the atmospherssuming ambient concentrations of
5x 10° hydroxy radicals/cf is 211 days. Data suggest that neither rain bsoration
into agueous aerosols remove ethylene oxide fravatmosphere (National Library of
Medicine, 2005).

Releases of ethylene oxide (excluding sterilizatiato the environment in Canada
totalled 23 tonnes in 1996. The industry sectoet thported data were plastics and
synthetics (0.24 tonnes), inorganic chemicals {6rnhes), industrial organic chemicals
(8.7 tonnes) and soap and cleaning compoundsaigies) (WHO, 2003). An additional
3.0 tonnes per year are estimated to be releasedtfre servicing of medical facilities
that use ethylene oxide in sterilization process®scommercial sterilization operations
(WHO, 2003). By 1997, the emissions had been retlog82% from the 1993 levels.

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

In California, USA, concentrations of ethylene @xid outdoor air were < 0.001—
0.96 mg/m (128 samples) in Los Angeles, 0.032-04@/nt [0.018-0.22 ppb]
(36 samples) in northern California and 0.03-Qug6 [0.017—0.20 ppb] in a remote
coastal location (Havlicedt al, 1992).

Three of 50 24-h air samples collected outside aaniyl selected residences in
Alberta, Ontario and Nova Scotia in Canada contai®B@—4.9ug/n ethylene oxide.
Ethylene oxide was detected in only one sampleg(d?) taken inside these 50 resi-
dences. The limit of detection was Oyt (WHO, 2003).

1.3.4 Other occurrence

Food products, including herbs, spices, nuts, cbeaas, cocoa, cocoa cake, raisins,
dried vegetables and gums, were often treatedetlitylene oxide in the 1980s. Of 204
food products from retail shops in Denmark thatevexkamined for ethylene oxide
residues in 1985, 96 samples were found to haveeotmations of ethylene oxide that
ranged from 0.05 to 1800 mg/kg. The food produatseyed included herbs and spices
(14-580 mg/kg), dairy products (0.06—4.2 mg/kgkled fish (0.08—2.0 mg/kg), meat
(0.05—-20 mg/kg), cocoa products (0.06—0.98 mg/kd)tdack and herb teas (3-5 mg/kg;
one sample contained 1800 mg/kg). In a follow-upresy of 59 honey samples, no
ethylene oxide residue was detected (Jensen, 1988).

A total of 200 samples of spices that are knowhet@onsumed commonly without
cooking (e.g. pepper, cinnamon/cassia, chilli,ycpowder and paprika) were taken from
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wholesalers and retailers in New Zealand in 1998ly @vo samples of cinnamon
contained detectable amounts (limit of detectiorm@kg) of ethylene oxide (6 and
15 mg/kg). Ethylene oxide intake, based on avespge consumption in New Zealand,
was estimated to be 0.24) per person per day (conservative estimate) (Rostlal,
2001).

Ethylene oxide occurs as a contaminant of skin qacelucts because current
commercial preparations of polyglycol ethers mawntain ethylene oxide monomer
residues of up to 1 ppm (Filseral, 1994). This is in line with a study in which skiare
products were reported to contain 0.08-1.5 mg/detie oxide (Kreuzer, 1992).

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

Mainstream tobacco smoke containggfcigarette ethylene oxide (IARC, 2004).

Patients may be exposed during dialysis when thigpegnt has been sterilized with
ethylene oxide (IPCS-CEC, 2001).

1.4 Regulations and guidelines

Occupational exposure limits and guidelines forylethe oxide in a number of
countries, regions or organizations are presentédble 5.

A tolerance of 50 ppm (mg/kg) has been establisheithe USA for residues of
ethylene oxide when used as a post-harvest fumigamt on raw black walnut meats,
copra and whole spices (Environmental Protectiomn&y, 1992a). Ethylene oxide,
either alone or with carbon dioxide or dichloragiiftomethane, is permitted in the USA
as a fumigant for the control of micro-organismd arsect infestation in ground spices
and other processed natural seasoning materiagisptemixtures to which salt has been
added. Residues of ethylene oxide in ground spivgst not exceed the established
tolerance of 50 ppm (mg/kg) in whole spices (Envinental Protection Agency, 1992b).

Table 5. Occupational exposure limits and guidelines for ethyfe oxide

Country/region or TWA STEL Carcinogenicitfl Notes
organization (ppmy  (ppmy
Australia 1 2
Belgium 1 Ca
Brazil 39
Canada,
British Columbia 0.1 1 1 ALARA,; skin
Quebec 1 A2 Recirculation
prohibited
China (mg/m) 2 5 STEL based
on ultra limit
coefficient

China, Hong Kong SAR 1 A2
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Table 5 (contd)
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Country/region or TWA STEL Carcinogenicitfl Notes
organization (ppmf  (ppmy
China (Province of 1 2
Taiwan)
Czech Republic (mg/fp 1 3 Skin
Finland
France 1.8
Germany 1 (TRK) 2 (MAK) Skin
Ireland Ca2
Japan-JSOH 1 1 Skin
sensitizer-2
Malaysia 1
Mexico 1 A2
Netherlands (mg/f 0.84 Ca
New Zealand 1 A2
Norway 1 Ca
Poland (mg/n) 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); Chiest al (2007)
ACGIH, American Conference of Governmental Industrial Hygienists; AAA&S
low as reasonably achievable; DOL CL, Department of Labour ceilings]id&OH,
Japanese Society of Occupational Health; MAK, maximum allowed contemtra
NIOSH, National Institute of Occupational Safety and Health; OSHAugatonal
Safety and Health Administration; PEL, permissible exposure limit;, RE
recommended exposure limit; STEL, short-term exposure limit; TRKnieal
guidance concentration; TWA, time-weighted average

Unless otherwise specified
® 2 (Australia), probable human carcinogen; 2 (Germany), considered to be
carcinogenic to humans; Ca (except Norway), carcinogen/substance is eanitinog
Ca (Norway), potential cancer-causing agent; 1, substance which causessica
humans/carcinogenic to humans; A2, suspected human carcinogen/carcinpgenicit
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 ofy#¢he oxide and cancer risk are
summarized in Table 6.

2.1 Case reports

Hogstedtet al (1979b) reported three cases of haematopoietiplams that had
occurred between 1972 and 1977 in workers at a iSkvéactory where ethylene oxide
and methyl formate had been used since 1968 fttizetdrospital equipment. Attention
had been drawn to the case cluster by the factdgryscommittee. One woman with
chronic myeloid leukaemia and another with acutelogenous leukaemia had worked
in a storage hall where they were exposed for &mhday to an estimated 2010
(standard deviation [SD]) ppm [3618 mg/ni] ethylene oxide. The third case was that of
a man with primary Waldenstrom macroglobulinaemiaovad been manager of the
plant since 1965 and had been exposed to ethylede for an estimated 3 h per week.
[The Working Group noted that Waldenstrom macragfiohemia is classified in the
WHO Classification of Diseases as lymphoplasmodytipphoma.]

Tompaet al. (1999) described a cluster of 16 cases of cameguding eight women
with breast cancer) over a 12-year period among 98 nursewevaexposed to ethylene
oxide at a sterilizer unit in a hospital in Hungafyrborne concentrations of ethylene
oxide in the working area were reported to varyf®to 150 mg/rh

2.2 Cohort studies

2.2.1 Europe

Hogstedtet al (1979a, 1986) and Hogstedt (1988) examined werken Swedish
chemical plant where ethylene oxide had been producee lshkbrohydrin process. The
cohort comprised men who had taken part in a mesiigaey in 1959-61 and included
89 operators with regular exposure to ethyleneexi@ maintenance staff with inter-
mittent exposure and 66 unexposed men. All of tha trad been exposed or employed
for at least 1 year. Average exposures to ethygite during 1941-47 were estimated to
have been below 25 mginbut occasional peaks exceeded the odour threshdl800
mg/nT. During the 1950s and through to 1963, an averageentration of 10-50 mgfm
was estimated. In 1963, production of ethylene og@esed, but the compound continued
to be used in manufacturing processes, and randmmplas showed workplace
concentrations of ethylene oxide in the range df0lmg/mi, with occasional higher
values. Other exposures in the plant included ofdam (IARC, 1999b), chlorinated
acetals, chloral (IARC, 1995), DDT (IARC, 1991 hyene glycol, surfactants, cellulose
ethers, ethylene (IARC, 1994), ethylene chloromydrethylene dichloride, bis(2-
chlorethyl)ether (IARC, 1987, 1999a) and propylexid® (IARC, 1994, 1995, 1997).



Table 6. Epidemiological studies of exposure to eglene oxide and cancer at various sites

90¢

Reference, Cohort description Exposure Organ site (ICD code)  Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments

deaths
COHORT STUDIES
Europe
Lymphohaematopoeitic (LH)
Hogstedtet al. 89 operators with regular Leukaemia Operators 2 [10] Estimated average
(1979a, 1986), exposure to ethylene Maintenance staff 1 [5] exposure before 1963,
Sweden oxide and 78 maintenance 5-25 ppm

staff with intermittent
exposure, employed for
= 1 year at a chemical
plant, followed 1962—-85

Thiesset al. 602 male employees in a
(1981), company in western
Germany Germany who worked for

at least 6 months in
ethylene oxide
production, followed to
June 1980

Hogstedtet al. 203 workers employed

(1986), Sweden = 1 year in production of
sterilized supplies,
followed 1978-82

Myeloid leukaemia
Lymphatic sarcoma

LH (200-209)

All cohort members 2

6.67

(15]

[9-45 mg/nd]; one
CML, one acute
leukaemia, one CLL

26 ANNTOA SHAVEOONOW DV

Estimated average
past exposure in
storeroom, 20 ppm
[36 mg/ni]; one
AML was part of a
cluster which had
originally prompted
the study; one acute
blastic leukaemia



Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments
deaths

Hogstedtet al. 355 chemical workers and Air sampling  CML All cohort members 1 11.6 deaths expecte@WA exposures,
(1986), Sweden maintenance and and interview from all causes 1-8 ppm [1.8-14.4

technical personnel with mg/nt] in 1963-76;

employed at a chemical experienced 0.4-2.0 ppm [0.7—

plant, followed 1964-81  staff 3.6 mg/m] in 1977—

82
Hogstedt Follow-up of Hogstedt SMR
(1988), Sweden et al.(1979a,b, 1986) Leukaemia All cohort 7 9.21 (NR)
Men 6  3.54(1.3-7.7)
Blood and lymphatic ~ All cohort 9 4.59 (NR)
malignancies Men 4 6.11 (1.7-15.7)

Gardneret al. 1471 workers employed  Environmental Leukaemia (204-208) All cohort members 4 1.41 (0.39-3.62) Measured TWA
(1989), United  in production or use of and personal  Hodgkin lymphoma 1 1.40 (0.04-7.82)  concentrations
Kingdom ethylene oxide at monitoring (201) < 5 ppm [9 mg/m in
(updated by 4 chemical companies in since 1977 NHL (200) 4 1.38 (0.38-3.53)  almost all jobs but
Coggonet al, 1956-85, followed to Multiple myeloma 3 2.03 (0.42-5.94)  with occasional peaks
2004) 31 December 2000 (203) up to several hundred

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

ppm; exposures
probably higher in
past

All cohort members 1 0.55 (0.01-3.06)
2.98 (0.08-16.6)

3 1.59(0.33-4.66)

Iy
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code)  Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments
deaths
Kiesselbach 2658 employees from 6 LH All cohort members 5 1.00 (0.32-2.3) No data on exposure
et al. (1990), chemical companies Leukaemia 2 0.85(0.10-3.1) levels; risk estimates
Germany exposed to ethylene oxide may have been
for = 12 months during seriously biased since
1928-82, followed to 31 most deaths in cohort
December 1982 were not ascertained
from death
certificates.
Hagmaret al. 2170 workers employed LH All cohort members 6 1.8 (0.65-3.88)
(1991, 1995), for = 12 months during Leukaemia All cohort members 2 2.4 (0.30-8.81)
Sweden 1964-85 at 2 plants where > 0.14 ppm-years 2 7.1(0.87-25.8)
medical equipment was with induction
sterilized with ethylene period of 10 years
oxide, followed for cancer
incidence to 1990
Bisantiet al. 1971 male chemical LH All cohort members 6 2.5 (0.91-5.5) The 2 leukaemia
(1993), workers licensed to Lymphosarcoma and 4 6.8 (1.9-17) deaths occurred in
Italy handle ethylene oxide for reticulosarcoma men with <5 years
> 1 year during 1938-84, Leukaemia 2 1.9 (0.23-7.0) of exposure and
followed 1940-84 < 10 years after first
exposure.
Kardoset al. 299 women employed on Leukaemia All cohort members 1 4.38 deaths expecteBeaths in the cohort
(2003), a hospital ward using from all causes ascertained from a
Hungary ethylene oxide sterilizer different source from

in 1976-93, followed
1987-99

the reference rates

80¢
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code)  Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% ClI) comments
deaths
Breast
Gardneret al. 1011 women potentially Breast All cohort members 11 0.84 (0.42-1.51)
(1989), United  exposed to ethylene oxide Continual 5 0.70 (NR)
Kingdom in sterilization units at 8 Unknown 6 1.16 (NR)
(updated by hospitals during 196486,
Coggonet al,, followed to 31 December m
2004) 2000 7
Hagmaret al. 2170 workers employed Breast All cohort members 5 0.46 (0.15-1.08) #
(1991, 1995),  for = 12 months in 1964— il
Sweden 85 at 2 plants where m
medical equipment @)
sterilized with ethylene X
oxide, followed for cancer )
incidence to 1990 m
Kardoset al. 299 women employed on Breast All cohort members 3 4.38 deaths expecteDeaths in the cohort
(2003), a hospital ward using from all causes ascertained from a
Hungary ethylene oxide sterilizer different source from
in 1976-93, followed the reference rates;
1987-99 one or more breast

cancer cases may
have been part of a
cluster that prompted
the study.

602



Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% ClI) comments
deaths

Stomach
Thiesset al. 602 employees exposed Environmental Stomach All cohort members 4 [1.49] (NR)
(1981), to alkylene oxides and monitoring
Germany other substances,

employed in 1928-80
Hogstedtet al. 89 operators with regular Stomach SMR
(19794, 1986);  exposure to ethylene All cohort members 5 9.03 (2.9-21.1)
Hogstedt oxide and 78 maintenance
(1988), staff with intermittent
Sweden exposure, employed for

> 1 year at a chemical

plant, followed 1962—-85
Hogstedt 539 men employed for Stomach Length of
(1988), > 1 year at a chemical employment SMR
Sweden plant followed 1960-85 1-9 years 4 5.97 (NR)

> 10 years 6 6.08 (NR)
Al 10  6.02(2.9-11.1)

Gardneret al. 1471 workers in the Environmental Stomach SMR Measured TWA
(1989), United  production or use of and personal All cohort members 5 [0.62 (0.20-1.46)] concentrations
Kingdom ethylene oxide at monitoring Definite 4 0.78 (NR) < 5 ppm [9 mg/r in
(updated by 4 chemical companies since 1977 Probable 1 0.57 (NR) almost all jobs but
Coggonet al, during 195685, followed Unknown 0 0 (NR) with occasional peaks
2004) to 31 December 2000 up to several hundred

ppm; exposures
probably higher in the
past

0T¢
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code)  Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments
deaths
Kiesselbach 2658 employees from 6 Stomach SMR No data on exposure
et al.(1990), chemical companies All cohort members 14 1.38 (0.75-2.31) levels; risk estimates
Germany exposed to ethylene oxide may have been
for = 12 months in 1928— seriously biased since
82, followed to 31 most deaths in cohort ﬂ
December 1982 were not ascertained T
from death =
certificates. m
Z
Hagmaret al. 2170 workers employed Stomach SIR m
(1991, 1995), for = 12 months during All cohort members 0 0 (0-4.55) O
Sweden 1964-85 at 2 plants using Induction period of 0 0 (0-8.38) x
medical equipment 10 years r?1
sterilized with ethylene
oxide, followed for cancer
incidence to 1990
Ambroiseet al. 181 male workers Stomach SMR No information

(2005),
France

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

All cohort members

1 3.18(0.08-17.70)

available on
individual level of
exposures to
pesticides,
rodenticides or
formaldehyde

TTZ



Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments
deaths
Brain
Thiesset al. 602 employees exposed Environmental Malignant tumour of  Duration of
(1981), to alkylene oxides and monitoring the brain exposure
Germany other substances, 0.5-4 years 0 NR
employed in 1928-80 5-9 years 0 NR
10-19 years 0 NR
> 20 years 1 [41.7] (NR)
Hagmaret al. 2170 workers employed Brain SIR
(1991, 1995), for = 12 months in 1964— All cohort members 4 1.69 (0.46-4.34)
Sweden 85 at 2 plants using All cohort members 3 3.80(0.78-11.1)
medical equipment > 0.14 ppm-years
sterilized with ethylene Induction period of 3 2.80 (0.58-8.19)

oxide, followed for cancer
incidence to 1990

10 years

(AN
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Table 6 (contd)
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Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% ClI) comments
deaths
Pancreas
Hagmaret al. 2170 workers employed Pancreas SIR
(1991, 1995), for = 12 months during All cohort members 2 2.47 (0.30-8.92)
Sweden 1964-85 at 2 plants where All cohort members 1 2.86 (0.07-15.9)
medical equipment was > 0.14 ppm-years
sterilized with ethylene Induction period of 1 2.22 (0.06-12.4)
oxide, followed for cancer 10 years
incidence to 1990
Ambroiseet al. 181 male workers Pancreas SMR No information
(2005), France  employed as pest-control All cohort members 0 0 (0-10.77) available on
workers 1979-94, individual level of
followed for mortality exposures to
through to 2000 pesticides,
rodenticides or
formaldehyde
USA
Lymphohaematopoeitic (LH)
Morganet al. 767 men employed in Industrial LH All cohort members 3 10 (0.21-2.9) Exposures in 1977
(1981), eastern  1955-77 at a chemical hygiene Leukaemia 0 0.0 (0.0-3.4) <10 ppm [18
Texas (reported plant for= 5 years with survey in mg/n7]; included
in Shoreet al, potential exposure to 1977 2 cases of Hodgkin
1993) ethylene oxide, followed disease

1955-85

€Te



Table 6 (contd)

vic

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments

deaths
Steenlancet al. 18 235 workers employed SMR Adjusted for age, race

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

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 79
Cumulative exposure

in ppm—days

0-1199 18
1200-3679 20
3680-13 499 18
=13 500 18

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 6
Cumulative exposure
in ppm—days

0-1199

1200-3679

3680-13 499

>13 500

NWEF O

1.00 (0.79-1.24) (white/non-white),
date of birth (within 5
years); in an internal

0.77 (NR) case—control analysis
1.31 (NR) (excluding 1 small

1.10 (NR) plant), log cumulative
0.94 (NR) exposure to ethylene

oxide lagged by
15 years significantly
related to mortality
from LH cancers in
men 0 = 0.02), but
not in women;
1.00 duration of exposure,
0.90 (0.16-5.24) peak exposure and
2.89 (0.65-12.86) average exposure less =
2.74 (0.65-11.55) predictive of
3.76 (1.03-13.64) mortality from LH
p-trend = 0.13 cancer; similar
pattern observed for
1.24 (0.53-2.43)  lymphoid-cell
tumours

OA SHAVHOONOIN 24VI
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% ClI) comments
deaths
Steenlanckt al. NHL All cohort members 31 1.00 (0.72-1.35)
(1991); Stayner Cumulative exposure
et al. (1993); in ppm—days
Steenlanckt al. 0-1199 7 0.76 (NR)
(2004) (contd) 1200-3679 8 1.34 (NR)
3680-13 499 6 0.85 (NR)
=13 500 9 1.21 (NR)

Multiple myeloma All cohort members 13 0.92 (0.54-0.87)
Cumulative exposure
in ppm—days
0-1199 1 0.26 (NR)
1200-3679 5 1.89 (NR)
3680-13 499 3 0.92 (NR)
=13 500 4 1.03 (NR)
Leukaemia All cohort members 29 0.99 (0.71-1.36)
Cumulative exposure
in ppm—days
0-1199 10 1.15(N\R)
1200-3679 6 1.06 (NR)
3680-13 499 6 0.93 (NR)
=13 500 3 0.43 (NR)
Benson & Teta 278 men intermittently LH All cohort members 8 2.94 (1.27-5.80) Priryagixposed to
(1993), West exposed to ethylene oxide ethylene chloro-
Virginia in a chlorohydrin unit hydrin, ethylene
since 1949, followed to dichloride and
1988 bischloroethyl ether

3dIX0 INTTAHLE
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% ClI) comments
deaths
Tetaet al. 1896 men potentially LH All cohort members 7 0.6 (0.2-1.2)
(1993), West exposed to ethylene oxide Lymphosarcoma and 2 1.0 (0.1-3.56)
Virginia since 1940 at 2 chemical reticulosarcoma
plants but who never Leukaemia 5 1.1 (0.4-2.5)
worked in chlorohydrin
unit, followed to 1988
Normanet al. 1132 workers employed Leukaemia All cohort members 1 1.85p=0.42)
(1995), New in 197480 at a sterilizing
York State plant that used ethylene
oxide, followed for cancer
incidence to 1957
Olsenet al. 1361 men employed for LH Ever in ethylene 10 1.29 (0.62-2.38)
(1997), Texas > 1 year and potentially chlorohydrin
engaged foe 1 month in production
ethylene or propylene Ever in ethylene 6 1.4 (0.52-3.12)
chlorohydrin production chlorohydrin
since 1941 at 4 chemical production with
plants, followed to 1992 allowance for 25-
year induction
period from first
exposure
Breast
Normanet al. 1132 workers employed Breast All cohort members 12 1.72* (0.99-3.00) *Expected numbers
(1995), New during 1974-80 at a from SEER rates for
York State sterilizing plant that used 1978-81

ethylene oxide, followed
for cancer incidence to
1957

All cohort members 12

1.57** (0.90-2.75)

**Expected numbers
from SEER rates for
1981-85

9T¢
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% ClI) comments
deaths
Steenlanctal. 7576 women worked for Breast All cohort members 319 0.87* (0.77-0.97)  *Recognized to be
(2003) > 1 year at 13 plants, Breast excluding All cohort members 299 0.94 ([0.84-1.05]) an underestimate
followed for breast cancer carcinoman situ because of
incidence to 1998 Breast Exposures in incomplete
ppm—days with ascertainment of
15-year lag cases
0 81 1.00** (lagged out) **Odds ratios
< 647 45 1.07 (0.72-1.59) calculated by Cox
647-2026 46 1.00 (0.67-1.50) regression in a
2027-4919 46 1.24 (0.85-1.90) nested case—control
4920-14 620 45 1.17 (0.78-1.78) analysis
> 14 620 48  1.74(1.16-2.65)
Exposures in **Analysis
ppm-days with restricted to subset
15-year lag of 5139 women
0 81 1.00*** (lagged out) with data on
<647 45 1.06 (0.66-1.71) potential
647-2026 46 0.99 (0.61-1.60) confounders from
2027-4919 46 1.24 (0.76-2.00) interviews; adjusted
4920-14 620 45 1.42 (0.88-2.29) for parity, breast
> 14 620 48 1.87 (1.12-3.10) cancer in first-
degree relative
Steenlancet al. 18 235 workers at Breast All cohort members 103 0.99 (0.84-1.17) At least one cancer
(2004) 14 industrial plants that occurred in a man.
used ethylene oxide for All female cohort NR 0.99 (0.81-1.20)
sterilization since 1943 members

with = 3 months’
exposure to ethylene
oxide, followed to 1998

3dIX0 INTTAHLE
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments
deaths
Stomach
Steenlancet al. 18 254 workers at 14 Stomach SMR
(1991); Stayner industrial plants that used All cohort members 25 1.07 (0.74-1.49)
et al.(1993); ethylene oxide for (Steenlancet al,
Steenlancet al.  sterilization since 1943 2004)
(2004) with = 3 months exposure Cumulative exposure
to ethylene oxide, in ppm—days
followed to 1998 <1200 5 1.74 (0.57-4.07)
1200-8500 4 1.24 (0.29-2.60)
> 8500 1 0.23 (0.11-1.32)
Total 10 0.90 (0.43-1.66)
(Stayneret al, 1993) p trend = 0.04
Benson & Teta 278 men intermittently Stomach All cohort members 1 [0.70] (0.2-3.92)  rimirily exposed
(1993), West exposed to ethylene oxide to ethylene chloro-
Virginia in a chlorohydrin unit hydrin, ethylene
since 1949, followed to dichloride and
1988 bischloroethyl ether
Tetaet al. 1896 men potentially Stomach SMR
(1993), exposed to ethylene oxide All cohort members 8 1.60 (0.69-3.15)
West Virginia since 1940 at 2 chemical

plants but who never
worked in chlorohydrin
unit, followed to 1988

8T¢
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments
deaths
Normanet al. 1132 workers employed Stomach All cohort members 0 -
(1995), New during 1974-80 at a
York State sterilizing plant using
ethylene oxide, followed
for cancer incidence to
1957
Olsenet al. 1361 men employed for Stomach SMR
(1997), > 1 year and potentially Ever in ethylene 2 65 (8-234)
Texas engaged foe 1 month in chlorohydrin
ethylene or propylene production
chlorohydrin production Ever in ethylene 2 [1.17 (0.14-4.23)]
since 1941 at 4 chemical chlorohydrin

plants, followed to 1992

production with
allowance for 25-
year induction
period from first
exposure

3dIX0 INTTAHLE
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and

location assessment categories cases/ (95% CI) comments
deaths

Brain

Steenlancet al. 18 254 workers employed Brain SMR

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

Benson & Teta
(1993), West
Virginia

Tetaet al.
(1993),
West Virginia

at 14 industrial plants
using ethylene oxide for
sterilization since 1943
with = 3 months exposure
to ethylene oxide,
followed to 1998

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

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

Brain and other
nervous system

All cohort members
(Steenlanckt al,
2004)

14 0.59 (0.36-0.91)

Cumulative exposure

in ppm—days
<1200

1200-8500

> 8500

Total

(Stayneret al, 1993)

All cohort members

All cohort members

0.0

0.99 (0.27-2.53)
0.59 (0.07-2.12)
0.54 (0.20-1.18)
p-trend = 0.43

1 [1.17] (0.3-6.56)

OO

SMR
1.50 (0.55-3.27)

Primaslyposed

to ethylene chloro-

hydrin, ethylene
dichloride and

bischloroethyl ether

0ce
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code)  Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI)
deaths
Normanet al. 1132 workers employed Brain All cohort members 0 -
(1995), New during 1974-80 at a
York State sterilizing plant using
ethylene oxide, followed
for cancer incidence to
1957
Olsenet al. 1361 men employed for Brain and other SMR
(1997), > 1 year and potentially nervous system Ever in ethylene 3 1.23 (0.25-3.58)
Texas engaged foe 1 month in (191-192) chlorohydrin
ethylene or propylene production
chlorohydrin production Ever in ethylene 3 [2.73 (0.56-7.97)]
since 1941 at 4 chemical chlorohydrin

plants, followed to 1992

production with
allowance for 25-
year induction
period from first
exposure

3dIX0 INTTAHLE
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments
deaths
Pancreas
Steenlancet al. 18 254 workers employed Pancreas SMR
(1991); Stayner at 14 industrial plants All cohort members 38 0.92 (0.69-1.21)
et al. (1993); using ethylene oxide for (Steenlancet al,
Steenlandet al.  sterilization since 1943 2004)
(2004) with = 3 months exposure Cumulative exposure
to ethylene oxide, in ppm—days
followed to 1998 <1200 3 0.69 (0.14-2.03)
1200-8500 10  1.70(0.81-3.12)
> 8500 3 0.50 (0.10-1.47)
Total 16 0.98 (0.57-1.61)
(Stayneret al, 1993) p-trend = 0.38
Benson & Teta 278 men intermittently Pancreas All cohort members 8 4.92 (1.58-11.40)Primarily exposed
(1993), West exposed to ethylene oxide to ethylene chloro-
Virginia in a chlorohydrin unit hydrin, ethylene
since 1949, followed to dichloride and
1988 bischloroethyl ether
Tetaet al. 1896 men potentially Pancreas SMR
(1993), exposed to ethylene oxide All cohort members 4 0.61 (0.17-1.56)
West Virginia since 1940 at 2 chemical

plants, who never worked
in chlorohydrin unit,
followed to 1988

[AA4
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% CI) comments
deaths
Normanet al. 1132 workers employed Pancreas All cohort members 2 3.92p=0.09)
(1995), New in 1974-80 at a sterilizing
York State plant using ethylene
oxide, followed for cancer
incidence to 1957
Olsenet al. 1361 men employed for Pancreas SMR
(1997), Texas > 1 year and potentially Ever in ethylene 1 0.25 (0.1-1.40)
engaged foe 1 month in chlorohydrin
ethylene or propylene production
chlorohydrin production Ever in ethylene 1 0.40 (0.1-2.26)
since 1941 at 4 chemical chlorohydrin

plants, followed to 1992

production with
allowance for 25-
year induction
period from first
exposure

3dIX0 INTTAHLE
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Table 6 (contd)

Reference, Cohort description Exposure Organ site (ICD code) Exposure No. of Relative risk Adjustments and
location assessment categories cases/ (95% ClI) comments
deaths

CASE-CONTROL STUDY

Swaeret al. 210 employees of a Hodgkin lymphoma All cohort members Odds ratio
(1996), Belgium chemical manufacturer 3ex- 85(1.4-39.9)
between 1966 and 1992 posed
cases

META-ANALYSIS

Tetaet al. Nearly 33 000 workers Meta-SMR
(1999), Leukaemia 35 1.08 (0.61-1.93)
Germany, ltaly, NHL 33 1.34 (0.96-1.89)
Sweden, United Stomach 59 1.23 (0.71-2.13)
Kingdom, USA Brain 25 0.96 (0.49-1.91)
Pancreas 37 0.95 (0.69-1.31)

AML, acute myelogenous leukaemia; Cl, confidendgeriral; CLL, chronic lymphocytic leukaemia; CML, ramic myelogenous leukaemia; ICD, International
Classification of Diseases; NHL, non-Hodgkin lymptay NR, not reported; SEER, Surveillance, Epidengipland End Results; SIR, standardized inciderto® ra
SMR, standardized mortality ratio; TWA, time-weigtitaverage
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The cohort was followed from 1962 to 1985 througttiamal registries. Among the
ethylene oxide operators, 34 deaths from all caosesrred (25.0 expected), including
14 cancer deaths (6.1 expected) of which five wegeto stomach cancer (0.6 expected)
and two to leukaemia (0.2 expected; one chronidaggaous and one acute leukaemia
not further specified). No overall excess mortdiityn cancer was observed among the
maintenance staff who had intermittent exposurearaong the unexposed workers;
however, four of the maintenance men had died mmach cancer (0.6 expected) and
one from chronic lymphocytic leukaemia (0.2 expdkte

Two hundred and three workers employed for at lka&ar at the Swedish factory
described in Section 2.1 were subsequently followedor mortality through national
census, death and emigration registries (Hogstedid, 1986). During 1978-82, five
deaths occurred (4.9 expected), four of which viem@ cancer (1.6 expected). Two of
the deaths were from lymphatic and haematopoietiignancies (0.13 expected), but
one of these decedents (who had acute myelogeaokaeimia) had been part of the
original case cluster that had prompted the stiithe other died from acute blastic
leukaemia.

The above reports also described a third cohorSwédish workers who were
exposed to ethylene oxide in a plant where the ocomgb was produced by direct
oxidation of ethylene (Hogstedt al, 1986; Hogstedt, 1988). The cohort comprised 128
workers who were employed in the production of lethg oxide or ethylene glycol and
had had almost pure exposure to ethylene oxideya@Bkers who were employed in the
processing of ethylene oxide and propylene oxidedt-ionic surfactants and polyols
and whose principal exposure was to ethylene caidk propylene oxide but who had
also been exposed to various amines, sodium nitrate (IABRO),Zormaldehyde (IARC,
2006) and 1,2-butene oxide; and 158 maintenancéeahdical personnel who had had
multiple exposures that included ethylene oxidealyses of air samples and interviews
with experienced staff indicated 8-h TWA exposucesthylene oxide of 1-8 ppm [1.8—
14.4 mg/m| during 1963-76, which fell to 0.4—2.0 ppm [0.B-8g/m] during 1977—
82. Expected numbers of cancers and deaths wexdatell from 5-year age-, sex- and
calendar year-specific rates for the national patmr. During follow-up from 1964 to
1981 using national registries, eight deaths weeemwed in the entire cohort compared
with 11.6 expected; one man in the maintenancerepdir group died from chronic
myelogenous leukaemia. During extended follow-up985, a fatal case of reticular-cell
sarcoma was recorded among the production workrpefted number not given]. [The
Working Group noted that the cohort was not defipredtisely.]

Hogstedt (1988) also presented findings on canciténce (ascertained through the
national cancer registry) for the three cohortissidescribed above. After exclusion of
the three cases in the initial cluster at the lgieg plant, seven leukaemias were
observed (0.8 expected from national rates [stdimat incidence ratio (SIR), 9.2]). For
blood and lymphatic malignancies, nine deaths webserved (two expected,;
standardized mortality ratio [SMR], 4.59). Confiderintervals (Cls) were reported only
for the SMRs of men.
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Thiesset al (1981) examined the mortality of 602 active and formefema
employees at a company in western Germany who had workatlézast 6 months in
an area of alkylene oxide production. Until 1965, ethylexide had been made from
ethylene chlorohydrin, but thereafter it was produced bgctoxidation of ethylene.
Propylene oxide had been made since 1959 by a propylene hgfddro process.
Industrial hygiene measurements in 1978 showed that thegaveoacentration of
ethylene oxide was < 4 ppm [7.2 mdlnbut no earlier measurement was available.
Discussions with long-standing employees indicated thabsexps before that time
would have been higher. Other potential exposures included prapgkide, butylene
oxide, dioxane, epichlorohydrin, dichloropropane, ethylene chjalrin, propylene
chlorohydrin, aniline, piperazine, cyclohexylamine, cyeldme, formaldehyde,
isobutyraldehyde, ethyleneimine, hydrocyanic acid, hydrogendsulfaluminium
chloride, benzene, phenol, cyanuric acid, acrylic acidsatylene alcohols (IARC,
1987, 1994, 1999a, 2006). The first worker was employed in 1988pkow-up was
from that year until 30 June 1980. The expected numbers ofsdeatie cohort were
calculated for each 5-year age group, using mortalitgsrédr the populations of
Ludwigshafen and Rhinehessia-Palatinate during 1970-75 androfa®e during
1971-74 as a reference. In addition, an internal comparisaup gf 1662 persons
who were employed in a styrene production facility on #messite was used. During
follow-up, 56 deaths were recorded in the exposed cohort, veire@xpected num-
bers were 71.5 (Ludwigshafen), 73.4 (Rhinehessia-Palatirve, (Germany) and
57.9 (styrene cohort). Fourteen of the deaths were duantel; whereas 16.6 were
expected from national statistics [SMR, 0.84]. The deatta ftancer included one
case of myeloid leukaemia (< 0.15 expected) and one casepfdjimsarcoma. [The
Working Group noted that no indication of the completenesis which the cohort
was identified was given, and that the methods of follow-gpewnot stated. It is not
clear how losses to follow-up were handled in the analysis.]

Gardnetet al (1989) studied 2876 workers at four British chemicalgamies where
ethylene oxide or its derivatives had been manufadtand in eight hospitals where
ethylene oxide had been used as a sterilant. Ircompany, ethylene oxide had been
produced by the chlorohydrin process during 1950—60 anitdmt dxidation of ethylene
from 1959 onwards; in the second company, the chialrin process had been used
during 1955-70 and direct oxidation was used tlfteredn the third company, ethylene
oxide had been produced during 1960-81 only byctdioidation; and in the fourth
company, ethylene oxide had been used in the mantdasf derivatives since 1959. The
eight hospitals had started using ethylene oxiderdmn 1962 and 1972. The cohort
comprised all workers at each factory and hospitad had had probable exposure to
ethylene oxide during specified periods for whichpeyment records were complete.
Sixteen subjects had to be excluded because siachation was not available in full.
Jobs held by cohort members at the factories wassified as having involved definite,
probable or possible exposure to ethylene oxidahéthospitals, jobs were classed as
involving continual, intermittent or possible expos Environmental and personal moni-
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toring since 1977 had shown a TWA concentratior 6f ppm [9 mg/nf in almost all
jobs, but with occasional peaks of exposure ugteral hundred parts per million as a
result of operating difficulties in the chemicahpls and during loading and unloading of
sterilizers in the hospitals. Exposures were thbtmthave been higher in earlier years,
and peak exposures above the odour threshold op@®0[1260 mg/ri} were reported
both by the chemical manufacturers and at the hosialsrt members at the manufac-
turing plants were potentially exposed to many rotdemicals, including chlorohydrin,
propylene oxide, styrene and benzene; some of depithl workers had occasionally
been exposed to formaldehyde and carbon tetradblofihe cohort was followed for
mortality through the National Health Service Calegister, with supplementary infor-
mation from social security records for some subjelnn the most recently published
analysis of this study (Coggoet al, 2004), the results of which subsumed earlier
findings, the cohort was followed for mortality 2000. Follow-up for 51 untraced
subjects was cut off at the last known date of eyment. A further 206 subjects had
emigrated or were otherwise lost to follow-up, arete considered to be at risk up to the
date when they were last known to be alive. Obslemvertality was compared with that
expected from national death rates by sex, agecatahdar period. No significant
elevations of mortality were observed for any catg@f cancer either in the cohort as a
whole, or separately in the chemical manufactuaeid hospital workers. Among the
1471 chemical workers (all but one of whom were Yn866 deaths (366.9 expected)
occurred from all causes, including 120 (108.6 etquk SMR, 1.11; 95% CI, 0.92-1.32)
from all cancers combined. Increased non-significeks were found for leukaemia,
lymphoma and multiple myeloma. Lymphatic and haepwttic cancer was more
common in chemical workers who were classed asnfavad definite exposure to
ethylene oxide (nine deaths versus 4.9 expected®,IM4), but there was no excess in
the hospital workers who were classed as contingdposed (one death versus 2.6
expected).

Most of the above cohort was included in a largadys of employees from six
chemical companies in western Germany (Kiesselleacil, 1990). The 2658 cohort
members had been exposed to ethylene oxide feasit 12 months before 31 December
1982. The year of first exposure ranged from 13289381, but most had first been
exposed after 1950. Other possible exposures iedludenzene (IARC, 1987),
4-aminobiphenyl and 2-naphthylamine (IARC, 1987t o information was given on
the extent of exposure to these substances. Subjectsad left employment were traced
through local registries and, in the case of foreig who had returned home, by letter or
by asking fellow countrymen who were still workimgthe plant. Of the cohort members,
97.6% were traced successfully to 31 December Fa82those who had died, the cause
of death was ascertained from death certificaté$¢2 of all deaths), lay statements, the
physician who last treated the patient or hospéitpbrts. Mortality was compared with
that expected from 5-year age-, sex- and caleneldodsspecific rates in the national
population; no statistics were available for pesibgfore 1951, and the rates for 1951
were used. In total, 268 deaths were observed.eab&07.6 were expected. There were
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68 deaths from cancer (69.9 expected; SMR, 0.9% 65 0.76-1.24), including three
from oesophageal cancer (1.5 expected), 14 fromasth cancer (10.2 expected; SMR,
1.38; 95% CI, 0.75-2.31) and five from lymphaticd amaematopoietic cancer (5.0
expected; SMR, 1.00; 95% CI, 0.32-2.34). Two dea#re ascribed to leukaemia (2.4
expected). When expected numbers were calculatédeobasis of rates in the states in
which each plant was situated, the findings werg gémilar. Based on calculations in
which the first 10 years of exposure for each suiljesre ignored, mortality ratios were
similar to those in the main analysis. It was pdssiclassify exposure to ethylene oxide
for 67.2% of subjects as ‘weak’, ‘medium’ or ‘higiThe excess mortality from stomach
cancer was greatest in those with weak or mediypnsexe and with less than 15 years
of total exposure. When foreign workers were exatlitom the analysis, there was no
change in the observed number of deaths and niprtaliios were only slightly
increased. [The Working Group noted that the fiijilglity criteria for inclusion in the
cohort were not reported, no data were given ohgtrie levels of exposure to ethylene
oxide or on the nature of the processes in whibfests worked, and risk estimates may
have been seriously biased since certificates axaitable for only about one-quarter of
deaths in the cohort.]

Hagmaret al (1991) studied employees at two Swedish plang$ foduced
disposable medical equipment that was sterilizéld gthylene oxide. In plant A, a 50:50
mixture of ethylene oxide and methyl formate haérbesed since 1970. In 1973,
personal sampling for two packers indicated an sx@oto ethylene oxide of 24 ppm
[43 mg/mi]. After 1981, monitoring was carried out annualier 1-3 days for sterilizers
and packers and showed a continuous decrease asuggpsuch that, after 1985, only
sterilizers were exposed to concentrations greatari2appm [0.4 mg/fh (the limit of
detection of the method used). In plant B, a 50:50 mixtue¢hylene oxide and methyl
formate was used from 1964 but was replaced by layleee oxide:carbon dioxide
mixture in 1978. In 1975, personal monitoring intkchexposures of 4-5 ppm [7—
9 mg/n] ethylene oxide for four packers. After 1985, gia TWA concentration was
< 0.2 ppm [0.4 mg/f for all employees except sterilizers and storekexs. The
authors estimated that sterilizers were exposegptto 75 ppm [135 mg/fhin the
earliest years of operation at this plant. On thsid of estimates of exposure in
different job categories and time periods, the @ustitalculated individual cumulative
exposures for 97% of subjects at plant A and 89% at plant Bcdrf@t comprised 594
men and 557 women who had been employed at plant A for at leasnilzgsrhetween
1970 and 1985 and who were still working after 24eJd975, and 267 men and 752
women who had been employed at plant B for at leasndnths between 1964 and
1985 and were still working after 1 January 197Rede subjects were followed
through to 1986 for mortality and from 1972 to 1986cancer registration. None was
lost to follow-up. Expected mortality was calculatedthe basis of calendar year-, sex-
and 5-year age-specific rates (cut-off at age &dsydor the county in which the plants
were located, and expected cancer incidence wasilad from corresponding
registration rates in the same area. Fifteen deattre observed (25.7 expected),
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including eight from cancer (9.0 expected), two frgastrointestinal cancer (2.1
expected) and one from haematopoietic and lymplaiccer (1.0 expected). The
observed/expected numbers of incident cancers 8B@6.8 for cancers at any site,
0/0.5 for stomach cancer, 1/1.6 for brain canddr3%or lymphoma and myeloma and
one case of polycythaemia vera with 0.7 casesubfakmia, polycythaemia vera and
myelofibrosis expected. Among subjects with morenthappm—year of cumulative
exposure to ethylene oxide, two cases of canc8rg®pected) and no lymphatic or
haematopoietic cancer (0.2 expected) were obsehRatbw-up for cancer incidence
was subsequently extended to 1990, again with see$oto follow-up (Hagmaat al,
1995). In total, 40 cases of cancer were recordéu 46.28 expected. No significant
excesses in mortality were observed for any indalicsite of cancer, either with or
without allowance for a 10-year induction perioohfrfirst exposure. With no allowance
for an induction period, the numbers of observgafeted cases were 5/10.8 (SIR, 0.5;
95% ClI, 0.15-1.08) for cancer of the breast, 6/83R, 1.78; 95% CI, 0.65-3.88) for
lymphatic and haematopoietic cancer and 2/0.82,(31&4; 95% CI, 0.30-8.81) for
leukaemia. Among 930 subjects with cumulative expess of at least 0.14 ppm-years,
after allowance for a minimum induction period of 10 years,dases of leukaemia were
observed compared with 0.28 expected (SIR, 7.1; 65%.87-25.8).

Bisantiet al (1993) studied a cohort that comprised all 193lerahemical workers
in the Lombardy and Piedmont regions of Italy who had hétgtace to handle ethylene
oxide for at least 1 year during 1938-84; 637 held hicences for ethylene oxide only
and 1334 for ethylene oxide and other toxic gaseseSarkers may have been exposed
to ethylene oxide before they obtained a licence. The calasrfollowed from 1 January
1940 to 31 May 1984, and vital status was ascedadn the census office at the place of
residence of each subject. Sixteen subjects (0Ov8B6) were lost to follow-up were
considered to be still alive. Expected numberseatits were calculated from 5-year age-,
sex- and calendar period-specific rates for theonad) (Lombardy) population. Seventy-
six deaths were recorded (98.8 expected), includihffom cancer (33.0 expected). The
SMRs were 1.22 (95% ClI, 0.40-2.87) for stomacheari:54 (95% Cl, 0.52-7.44) for
cancer of the pancreas, 1.61 (95% CI, 0.04—8.9%)dacer of the kidney, 6.82 (95% Cl,
1.86-17.45) for lymphosarcoma and reticulosarconth1a93 (95% CI, 0.23-6.99) for
leukaemia. The two deaths from leukaemia occumaeohg men who had had less than
5 years of exposure and after a latency of less fitayears since first exposure to
ethylene oxide. Among the men who had held licencesfonithylene oxide, 27 deaths
(30.1 expected) occurred (SMR, 0.87; 95% ClI, 0.57-1.2°%f Which were from cancer
(10.5 expected; SMR, 1.42; 95% CI, 0.79-2.34)uiiclg one from stomach cancer (1.3
expected; SMR, 0.76; 95% CI, 0.02—4.26), three fltgmphosarcoma and reticulo-
sarcoma (0.2 expected; SMR, 16.93; 95% CI, 3.4833&nd two from leukaemia (0.3
expected; SMR, 6.50; 95% CI, 0.79-23.49). ResuWitained from national mortality
rates as the basis for expected numbers were isifititee Working Group noted that no
data were available on levels of exposure to atigylexide or on exposure to other
chemicals.]
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Following the observation of a cluster of breasices cases at a hospital in Hungary
(Tompaet al, 1999; see Section 2.1), Kardetsal (2003) systematically followed 299
women who were employed on a ward where an ethgbeide sterilizer was used during
1976-93. The cohort was followed from 1987 to 1988d deaths among cohort
members were ascertained from various databasésperisonal contact to confirm the
vital status of those who did not appear in anthege records. A total of 11 deaths from
cancer were identified (three breast, two ovarg wng and one each &frge bowel,
uterus, leukaemia and peritoneum) compared with é®@ected from national age- and
calendar period-specific rates (SMR, 2.51; 95%1(@5-4.49). Expected numbers based
on local mortality rates were similar. [The Worki@goup noted that deaths in the cohort
were ascertained from a different source from #ference rates. Also, it was unclear
whether any of the cases from the original clustre included in the study.]

Prompted by a perceived excess of cancer amonecquastl officers of a large
French city, Ambroiset al (2005) conducted a historical cohort study of & who
had worked in the pest control department duringp484. The cohort was followed for
mortality up to 2000 through registry offices afthplaces and records held by the Institut
National de la Statistique et des Etudes Econormsjqraises of death were obtained by
matching with a national file of death certificatesfrom records held by the personnel
department (three cases). For three subjects waoatiiroad, vital status was established
by interview with colleagues. Ethylene oxide haérbesed to sterilize hospital equip-
ment, but no exposure measurements were repondidual exposures to ethylene
oxide were assigned by application of a job—exmosnatrix to occupational histories
abstracted from administrative records. At leadd &dbjects were classed as having
worked with ethylene oxide. In the cohort as a whole, 38hddrom all causes occurred,
including 21 from cancer (9.36 expected from regimsex- and age-specific rates by
calendar year). However, no statistically significexcess of mortality was observed for
any specific site of cancer and no consistent tefnchncer mortality was observed in
relation to estimated cumulative exposures to ettgybxide. [The Working Group noted
that less weight can be given to the overall exoédssancer in this study, since the
investigation was prompted by a perceived excessmburs.]

222 USA

Morganet al (1981) reported a retrospective cohort studyedf men who had been
employed between 1955 and 1977 at a chemical plagdstern Texas where ethylene
oxide was produced. All of the men had worked atftittory for at least 5 years and
were ‘potentially exposed’ to the compound. Potdrdkposure to ethylene oxide was
determined by personnel at the company on the basierk histories. In an industrial
hygiene survey in 1977, all samples taken in thlelymtion area contained less than
10 ppm [18 mg/rf} ethylene oxide. Vital status was ascertained for moreabgmof the
cohort members from a combination of plant recofjgisrsonal knowledge’ and tele-
phone follow-up. Altogether, 46 deaths were readraéhereas 80 were expected on the



ETHYLENE OXIDE 231

basis of US vital statistics. Death certificategevebtained for 42 of the 46 deceased
subjects. Eleven deaths were from cancer (15.2cteghe and non-significant excesses
were found for mortality from cancers of the paasréhree versus 0.8 expected) and
brain and central nervous system (two versus (péaed) and from Hodgkin disease
(two versus 0.4 expected); no deaths from leukaemiarred. [The Working Group
noted that details on the nature of the manufagyiocess, the extent to which exposure
readings were representative of earlier conditiortee plant and potential confounding
exposures were lacking.] The results of an exteridéalv-up of this cohort to 1985
(follow-up rate, 99.7%) were reported by Sheral (1993) as part of a meta-analysis of
cohort studies on ethylene oxide. Three deaths fsaim cancer (1.1 expected), three
from lymphatic and haematopoietic cancer (3.0 agogcnone from leukaemia (1.1
expected) and none from stomach cancer [expectabennot given] were observed.

A series of studies was carried out on a cohor2lf4 male employees at two
chemical plants in West Virginia where ethylenedexhad been produced and used
(Greenberget al, 1990; Benson & Teta, 1993; Tethal, 1993). It was produced by the
chlorohydrin process during 1925-57 and by direaation from 1937 to 1971. After
1971, the plants continued to use ethylene oxideththd been produced elsewhere. The
cohort comprised men who had been employed at thesglaring 1940—78 and assigned
at any time before 1979 to a chemical productiggadenent in which ethylene oxide was
judged to have been manufactured or used at tledirthe assignment. The first large-
scale environmental monitoring project at the pgagtan in 1976. The 8-h TWA concen-
tration of ethylene oxide in departments whereais wsed was generally less than 1 ppm
[1.8 mg/ni] but ranged up to 66 ppm [120 md]niThe authors estimated that the 8-h
TWA concentration in ethylene oxide production lngct oxidation in the 1960s ranged
from 3 to 20 ppm [5.4-36 mgfinand that exposures during production by the oalor
hydrin process were probably higher. Departmentse vtassified as having high,
medium or low exposure concentrations accordingpécoperations carried out, and the
classification was validated by reference to regbtihcidents of acute exposure. The
cohort was followed to the end of 1988, and vitatus was ascertained for more than
98% of subjects. Death certificates were obtaireed9% of decedents, and expected
numbers of deaths were calculated on the basistwnal 5-year age- and calendar
period-specific rates in white men.

A total of 278 men had worked in a chlorohydrintuhiat primarily produced
ethylene chlorohydrin, with ethylene dichloride dmsichloroethyl ether as by-products
(Benson & Teta, 1993). For part of the time, prepgl chlorohydrin had also been
produced. Ethylene oxide was handled only sporbiyliaad in small volumes. Of these
men, 147 had died while 140.8 deaths were expetteddeaths included 40 from cancer
(30.8 expected; SMR, 1.30; 95% ClI, 0.9-1.8), dfigith lymphatic and haematopoietic
cancer (2.7 expected; SMR, 2.9; 95% CI, 1.3-5.8)aght from pancreatic cancer (1.6
expected; SMR, 4.9; 95% CI, 1.6-11.4). In a corspariwith workers from other plants
in the same locality, the risks for cancer of glles, for lymphatic and haematopoietic
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cancer, leukaemia and pancreatic cancer increagedduration of assignment to the
chlorohydrin unit.

Among the 1896 men who had never been assigndiktohiorohydrin unit, 431
deaths occurred whereas 547.7 were expected €fetd, 1993). The numbers of
observed/expected deaths were 110/128.1 (SMR, 9686,Cl, 0.7-1.0) for cancer at any
site, 8/5.0 (SMR, 1.6; 95% CI, 0.7-3.2) for stomaeahcer, 4/6.6 (SMR, 0.6; 95% CI,
0.2-1.6) for pancreatic cancer, 6/4.0 (SMR, 1.5; 95%0.6+3.3) for cancers of the brain
and nervous system, 7/11.8 (SMR, 0.6; 95% CI, 02-fbr lymphatic and haemato-
poietic cancer, 2/2.0 for lymphosarcoma and raigaricoma (International Classification
of Diseases [ICD]-9 200), 5/4.7 (SMR, 1.1; 95% @H#-2.5) for leukaemia and aleu-
kaemia and 0/1.2 for Hodgkin disease. No signifiextess of mortality was observed
for any cause of death. No excesses of mortatity fleukaemia or stomach cancer were
observed among men who had spent 2 or more yedmglrexposure departments.
Comparison with death rates of workers from plamnthie same location who had never
been assigned to ethylene oxide production or bewved no significant trend with
duration of assignment for all cancers, leukaemigancreatic, brain or stomach cancers;
however, a two- to threefold increase in the rislddéukaemia (based on three cases) was
observed among workers with more than 10 yearsssigament to ethylene oxide
departments. This study confirmed and amplifiedfitngings of an earlier case—control
study at the same plants (@ttal, 1989).

Steenlandet al (1991) followed 18 254 employees at 14 industiplahts where
ethylene oxide had been used to sterilize medigaples or spices or in the testing of
sterilizing equipment. The plants were selectechii®e they held adequate records on
personnel and exposure and their workers had adateduat least 400 person—years at
risk before 1978. Only workers with at least 3 monthscpbsure to ethylene oxide were
included in the cohort. Forty-five per cent of dahort were men, 79% were white, 1222
were sterilizer operators and 15 750 were empldyafdre 1978. Analysis of 627 per-
sonal 8-h TWA samples indicated that average expadwring 1976-85 was 4.3 ppm
[7.7 mg/mi] for sterilizer operators; on the basis of 1888peal samples, the average
level for other exposed workers was 2.0 ppm [3.6mijg Many companies began to
install engineering controls in 1978, and exposbedere that year were thought to have
been higher. There was no evidence of potentiatigforinding exposure to other
occupational carcinogens. The cohort was followed up&@ ftlfough the national death
index and records of the Social Security Adminigirg the Internal Revenue Service and
the US Postal Service; 95.5% were traced succhssFlle expected numbers of deaths
were calculated from rates in the US populatiaatifed according to age, race, sex and
calendar year. In total, 1177 cohort members had(ti##.3 expected), including 40 for
whom no death certificate was available. There vB#@ deaths from cancer (380.3
expected; SMR, 0.9; 95% CI, 0.8-1.0). The obseexpeicted numbers of deaths were
36/33.8 (SMR, 1.07; 95% CI, 0.7-1.5) for all lympbaand haematopoietic cancer,
including 8/5.3 (SMR, 1.5; 95% CI, 0.7-3.0) for phosarcoma-reticulosarcoma
[ICD-9 200], 4/3.5 (SMR, 1.1; 95% CI, 0.3-2.9) féodgkin lymphoma, 13/13.5 (SMR,
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0.97; 95% CI, 0.5-1.7) for leukaemia, 8/6.7 (SMR2; 5% CI, 0.6-2.4) for non-
Hodgkin lymphoma [ICD-9 202] and 3/5.1 (SMR, 0.69®8 Cl, 0.1-1.7) for myeloma;
6/11.6 (SMR, 0.5; 95% CI, 0.2-1.1) for cancer & lthain and nervous system; 11/11.6
(SMR, 0.95; 95% CI, 0.5-1.7) for cancer of the stom 16/16.9 (SMR, 0.95; 95% ClI,
0.5-1.5) for cancer of the pancreas; 8/7.7 (SMR, %% CI, 0.4-2.1) for cancer of the
oesophagus; and 13/7.2 (SMR, 1.8; 95% ClI, 0.96-3.1) maecaf the kidney. Mortality
ratios for subjects who were first exposed befoié8Mere virtually identical to those for
the full cohort. No significant trend in mortalityas observed in relation to duration of
exposure, but the mortality ratios for leukaemigZ9lbased on five deaths) and non-
Hodgkin lymphoma (1.92 based on five deaths) wiglech after allowance for a latency
of more than 20 years. Among the sterilizer opesatmortality ratios (and observed
numbers of deaths) were 2.78 (two) for leukaemid &r68 (two) for lympho-
sarcoma/reticulosarcoma; no death from stomachecavas observed.

In a further analysis of the same study (Stawteal, 1993), an exposure—response
analysis was conducted using previously derivechiifative estimates of individual
exposure to ethylene oxide (Greie al, 1988). Analysis was limited to 13 of the
facilities studied, since information on exposuagghe other facility was inadequate.
Mortality from lymphatic and haematopoietic cana@is greatest in the highest category
of cumulative exposure to ethylene oxide (> 850hppays) (13 deaths; SMR, 1.24;
95% CI, 0.66-2.13), but the trend across threegodts of cumulative exposure was
weak {7 0.97;p = 0.32). A similar pattern was observed for nordgian lymphoma,
but not for leukaemia. In addition, a Cox proparéibhazard model was used to examine
risk in relation to cumulative exposure (ppm-dagserage exposure (ppm), maximal
exposure (ppm) and duration of exposure (daysihideme oxide. A significant positive
trend in risk with increasing cumulative exposwethylene oxide was observed for all
neoplasms of the lymphatic and haematopoieticasfu= 0.03, two-tailed]. Moreover,
this trend was strengthengaq 0.004] when the analysis was restricted to neomsaof
lymphoid cell origin (lymphocytic leukaemia, ICD-204; non-Hodgkin lymphoma,
ICD-9 200, 202). The exposure—response relatioriséipveen cumulative exposure to
ethylene oxide and leukaemia was positive but mgmificant [p =0.15]. The regression
coefficients for neoplasms of the lymphatic andnia@poietic tissues for duration of,
average and maximal exposure were either weakijiygosr negative. In this analysis,
no significant increase was found for cancers efstomach, pancreas, brain or kidney.
[The Working Group gave greater weight to the imtbrexposure—response analyses
using Cox regression than to those based on SMRs, sincé¢harda more vulnerable to
bias.]

Wong and Trent (1993) reported a separate analysis oflitgartapproximately the
same population (Steenland & Stayner, 1993), viitfilag results. The cohort comprised
18 728 employees, and follow-up was to the en®881[The Working Group noted that
this report adds little useful information to thabvided by Steenlanet al (1991).]

Normanet al (1995) studied cancer incidence among 1132 wer{82% women)
who were employed during 1974-80 at a plant in N@nk State that used ethylene
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oxide to sterilize medical equipment and supplielse cohort included both regular
employees (45%) and others who had worked only m@orary basis and who were
considered to have lower potential exposures. Tiestigation was prompted by the
demonstration of elevated levels of sister chramatchange in the workforce. Leaks of
ethylene oxide had been documented on several ioesagrom three 2-h samples
collected in 1980, the 8-h TWA exposures of steiilizperators were estimated to be 50—
200 ppm [90-360 mg/fh Hygiene at the plant was subsequently improved, ard3dte
TWA exposures were thought to be 5-20 ppm [9-36rijglThe cohort was followed
for cancer incidence up to 1987, using data fronbua sources: health examinations
(mostly conducted during 1982-85), telephone intervieywsd 1987), mailed surveys in
1987 and 1990, annual searches of the New York Sancer Registry during 1985-89
and a search of the National Death Index in 199@eBted numbers of cancers were
derived from age- and sex-specific rates in thevéilance, Epidemiology and End
Result (SEER) programme for 1978-81. A small priipoof subjects (about 2%) had to
be excluded from the analysis of cancer incidemmalse information was insufficient.
A total of 28 cancers were identified (24 from tancer registry and four from other
sources), including 12 breast cancers (6.96 expie&HR, 1.72; 95% CI, 0.99-3.00).
When the expected number of breast cancers wadatelt from SEER rates for 1981—
85, it was slightly higher (7.64), and the excedkjfist short of statistical significance
(SIR, 1.57; 95% CI, 0.90-2.75). Among regular erppés, nine cases of breast cancer
occurred compared with 5.28 expected from SEER fatd981-85 (SIR, 1.70; 95% ClI,
0.89-3.23). When analysis was restricted to workére had completed at least one
health examination or follow-up survey (approxinhaf#9% of the total), the number of
cases of breast cancer observed was again 1hebexpected number (from SEER rates
for 1978-81) was reduced to 4.98. The time betwgshexposure and diagnosis of
breast cancer was11 years for each of the 12 observed breast caases, and for one
case was only 12 months. No statistically significanessof mortality was observed for
cancers at any other sites.

Lucas and Teta (1996) subsequently drew attention to tetjadfor early detection
bias, among others, in this cohort, because thécipants were under active health
surveillance and the earlier investigation of cgtogfic abnormalities may have raised
awareness of cancer risks. The authors acknowledged ticisropbut noted that none of
the cases of breast cancer was discovered by bBuyeearried out at the health
examinations that formed part of the study (Noretzal, 1996).

Olsen et al (1997) analysed mortality from pancreatic and pigatic and
haematopoietic cancer at four chemical plants whtrgene oxide had been produced
by the chlorohydrin process. Production of ethylexiele had occurred during 194167
at one plant, 195171 and 1971-80 at the secoBf;-I9 at the third and 1936-50 at the
fourth. At other times, and sometimes in parallighwethylene oxide, the plants had also
produced propylene oxide by the chlorohydrin preced/orkers engaged in the
production of ethylene chlorohydrin and its conimrso ethylene oxide had potential
exposure to ethylene oxide, but no data were regppam levels of exposure. The cohort
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comprised men who had been employed at the reléa@iiities for at least 1 year and
who had worked for at least 1 month in a job thed probably been in ethylene or
propylene chlorohydrin production at some time esitheese processes began. Vital status
was followed through to 1992 from date of entry into the dabdrqfor those who entered
the cohort before 1940) from 1940. This was aclidmerecord linkage with the Social
Security Administration and the National Death Index| eauses of death were obtained
for those cohort members who had died. In the raaalysis, cause-specific mortality
was compared with that expected from death rates in the W8alagopulation stratified
by age, sex, race (white) and calendar year. Antttd 361 men eligible for study, 300
deaths occcurred in total, including 281 in the subset wihievbeked at some time in the
ethylene chlorohydrin process. Within this subcohort,edihs from cancer overall (73.8
expected) were observed, including one from paticreancer (3.7 expected) and 10
from lymphatic and haematopoietic cancer (7.1 egoecSMR, 1.29; 95% CI, 0.62—
2.38). With allowance for a 25-year induction perfoom first exposure, six lymphatic
and haematopoietic cancers (4.2 expected; SMR,; P8% CI, 0.52-3.12) were
observed. In internal analyses that used a control groogher male employees from the
same company at two of the three sites where tidly glants were located, there was a
weak trend of increasing mortality from lymphati@dehaematopoietic cancer in relation
to duration of employment in any chlorohydrin proiion (ethylene or propylene), but
this was not statistically significant. No data ggrresented on specific malignancies
other than pancreatic and lymphatic and haematipoancers.

In a report related to the study of Steenlahchl (1991), Steenlandt al (2003)
examined the incidence of breast cancer in a sob3&76 women who had worked for
1 year or longer at 13 of the 14 plants. The gtiteant was excluded because of its small
size (only 19 women who were employed for 1 yeAr)postal questionnaire (sup-
plemented by a telephone interview for non-respadeas used to collect information
from cohort members (or, if they had died, fromirtimext of kin) on history of breast
cancer and various known and suspected risk fafctothe disease. For plants that were
still using ethylene oxide in the mid-1980s wher ttohort had originally been
assembled, individual work histories were updateth whe assumption that women
continued to work in the same job with the samell®f exposure to ethylene oxide
through to the date when they were last employddeaplant (in practice, this had little
impact on estimates of cumulative exposures simgahe mid-1980s, exposure inten-
sities were very low). Mortality follow-up for theohort was extended to 1998 by the
same methods that had been used previously. Tl of breast cancer (also through
to 1998) was established from a combination of tiprsaire reports, death records and
cancer registrations; the latter were availableime of the 11 states in which the plants
were located. Life-table analysis was used to compeerall incidence of breast cancer
in the cohort with that in the general populatidnw@men covered by the (SEER)
programme, with adjustment for age, calendar pexratirace (white/non-white). A total
of 319 incident cases of breast cancer were idhiificluding 20 with carcinomia situ
and 124 who had died by the end of 1998. This gav8IR of 0.87 (95% ClI, 0.77—-0.97)
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for the cohort as a whole, which was recognizedbéoan underestimate because
ascertainment of cases was incomplete for women wére not interviewed and for
those who did not live in states that had canagstries. When cases of carcinoimasitu
were excluded, the SIR increased slightly to OWith a 15-year lag, there was a sig-
nificant trend of higher SIRs with higher cumulatiexposuregp(= 0.002), but this was
less markedp(= 0.16) in an unlagged analysis. In addition ®dkternal comparison, a
nested case—control design with Cox regressionusad to assess internal exposure—
response relationships. In these analyses, risknsatiched on race were constructed for
each case by randomly selecting 100 controls fieenpool of all women who had
survived without breast cancer to at least the sageeas the index case. In an analysis
that included all 319 cases and in which exposuegs lagged by 15 years, the odds ratio
for the highest fifth of cumulative exposure relatio no exposure was 1.74 (95% Cl,
1.16-2.65). In a similar analysis that was resitidb the subset of 5139 women who
were interviewed (233 cases) and adjusted for parity atmhhiof breast cancer in a first
degree relative (the two potential risk factors thare found to be important predictors of
breast cancer), the corresponding odds ratio v8as(25% Cl, 1.12-3.10).

[The Working Group noted that, for cancers thatehavhigh survival rate in the
general population, such as breast cancer, studies bag@itlence rather than mortality
may be more sensitive in the detection of an elevated sskiaged with an occupational
exposure. In contrast, several methodologicalatliies complicate the interpretation of
studies on the incidence of breast cancer in oticmgé cohorts, including potential
differences in reproductive histories associateth wmployment and the possibility of
differential rates by occupational exposure. Thee@andet al. (2003) study was able to
address some but not all of these potential liraitatand was judged by the Working
Group to provide the most pertinent evidence on the paitassociation of breast cancer
with exposure to ethylene oxide.]

An updated analysis of mortality from cancer in ttwhort of employees at 14
industrial plants was reported by Steenlatdil (2004) and included 18 235 subjects
who were followed up to 1998. Work histories fodiinduals employed at plants that
were still using ethylene oxide at the time theorbhad originally been assembled were
extended to their last date of employment at tlevaat plant, with an assumption that
they did not change their job or exposure to etleyletide during the additional period of
employment. Life-table analyses were conducted with tlienadpopulation of the USA
as a reference. In total, 2852 deaths from all cd@dR, 0.90; 95% CI, 0.88-0.93) were
observed, including 860 from cancer (SMR, 0.98; 95% C2-1.93). The only category
of malignancy for which mortality was significantlevated was cancer of the bone
(SMR, 2.82; 95% ClI, 1.23-2.56). However, this finglivas based on only six observed
deaths, and there was no indication of an increasesk with increasing cumulative
exposure. Overall, mortality from cancer of tharsioh (25 deaths; SMR, 0.98; 95% ClI,
0.74-1.49), cancer of the breast (103 deaths; SMR; 95% CI, 0.84-1.17), lymphatic
and haematopoietic cancer (79 deaths; SMR, 1.04; 6§ 0.79-1.24), non-Hodgkin
lymphoma (31 deaths; SMR, 1.00; 95% CI, 0.72-1.Bledgkin disease (six deaths;
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SMR, 1.24; 95% Cl, 0.53-2.43), myeloma (13 dec®#dR, 0.92; 95% CI, 0.54-0.87)
and leukaemia (28 deaths; SMR, 0.99; 95% CI, 0.36}Iwas unremarkable. In an
internal analysis (excluding one small plant folicklexposure data were not available),
cases of lymphatic and haematopoietic and breastecavere matched for race, sex and
date of birth with controls (100 per case) who badived without these cancers to at
least the age of the index case. When log cumealatiposures to ethylene oxide were
lagged by 15 years, a statistically significantifpastrend ¢ = 0.02) was observed for
mortality from lymphatic and haematopoietic carinemen but not in women. However,
duration of, peak, average or cumulative expostde nidt predict mortality from
lymphatic and haematopoietic cancer. A similarguativas observed for lymphoid-cell
tumours specifically (including non-Hodgkin lymphammyeloma and lymphocytic
leukaemia). With a lag of 20 years, mortality frbneast cancer was highest in women
who had the highest quarter of exposures (odds ffi3; 95% ClI, 1.42—6.92 relative to
no exposure).

2.3 Case—control study

Swaenet al (1996) carried out a case—control study withia Workforce of a
chemical manufacturing plant in Belgium to investsy an increased incidence of
Hodgkin lymphoma that had been noted by the medigattor at the facility. Ten cases,
diagnosed during 1968-91, were compared with &ab200 individually matched con-
trols. The controls had been employed at the fitardt least 3 consecutive months and
were actively employed at the time that their madatese was diagnosed (a person could
serve as a control for more than one case). Thaigtbries of cases and controls were
abstracted from personnel records and reviewed lmpnapany industrial hygienist
(blinded to health status), who assessed theinfiatexposure to a range of chemicals.
For 24.3% of subjects who had inadequate occusthistories, additional data were
then sought (unblinded to health status) from natd&cords. Three cases were classed
as exposed to ethylene oxide (odds ratio, 8.5; @5%4.4—39.9), but one of these cases
had been reclassified as a large-cell anaplastinoma when pathology samples were
reviewed.

2.4 Meta-analysis

Tetaet al (1999) updated the earlier meta-analysis of Skoral (1993) with
inclusion of data from the study reported by Olseal (1997) and the updated follow-up
of Swedish sterilant workers reported by Hagrearal (1995). Thus, a total of 10
individual cohorts were studied. Altogether, 878esaof cancer were recorded compared
with 928 expected, giving a meta-SMR standardipedafie, sex and calendar year of
0.94 (95% CI, 0.85-1.05). Observed/expected numbmrsspecific cancers were:
pancreas, 37/39 (meta-SMR, 0.95; 95% CI, 0.69-18&)n, 25/26 (meta-SMR, 0.96;
95% CI, 0.49-1.91); stomach, 59/48 (meta-SMR, 1983¢ ClI, 0.71-2.13); leukaemia,
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35/32 (meta-SMR, 1.08; 95% CI, 0.61-1.93); and Hodgkin lymphoma, 33/25 (meta-

SMR, 1.34; 95% ClI, 0.96-1.89). None of the canaaedysed showed significant trends
in risk with increasing duration or intensity ofpasure; however, the risk for brain
cancer increased with time since first expospire @.05 based on four studies).

3. Studies of Cancer in Experimental Animals

3.1 Inhalation exposure

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

3.1.1 Mouse

In a screening assay based on increased muliidicd incidence of lung tumours in
a strain of mice that is highly susceptible to diegelopment of this neoplasm, groups of
30 female strain A/J mice, 8-10 weeks of age, wa&mosed by inhalation to 0, 70 or
200 ppm [0, 128 or 366 mgffrethylene oxide (at least 99.7% pure) for 6 hqmey on
5 days per week for up to 6 months in two indepehdsperiments; in the second
experiment, the 70-ppm group was omitted. Two groups &ré8@le mice were exposed
to room air and served as negative controls, andgteups of 20 female mice received a
single intraperitoneal injection of 1000 mg/kg bwthane and served as positive controls
for both experiments. At the end of the 6th mottita,survivors were killed and examined
for pulmonary adenomas. In the first experimentyigal was 30/30 (0 ppm), 28/30
(70 ppm), 29/30 (200 ppm) and 19/20 (urethane); ithdhe second experiment was
29/30 (0 ppm), 28/30 (200 ppm) and 19/20 (urethafkg¢ numbers of animals with
pulmonary adenomas among survivors (and tumouriplitity) in the first experiment
were: untreated controls, 8/30 (0.48.38 £ SD] adenomas/mouse); low-dose, 16/28
(0.86+ 0.45); high-dose, 25/29 (2.1#40.49); and urethane-treated, 19/19 (201.77);
those in the second experiment were: untreatedateng/29 (0.22t 0.38); ethylene
oxide-treated, 12/28 (0.730.98); and urethane-treated, 19/19 (23649). The tumour
multiplicity increased significantly in each expeent p < 0.05, Duncan’s new multiple-
range test); in the first experiment, it also iased significantly in a dose-dependent
manner p < 0.001, Cochran-Armitage trend test] (Adkinsl, 1986).

Groups of 50 male and 50 female B6¢8fice, 8 weeks of age, were exposed by
inhalation to 0, 50 or 100 ppm [0, 92 or 183 nilethylene oxide (> 99% pure) for 6 h
per day on 5 days per week for up to 102 weeksyhith time the experiment was
terminated. Mean body weights of treated malesfanthles were similar to those of
controls. At the end of the study, 28/50 contrdl/58 low-dose and 34/50 high-dose
males, and 25/50 control, 24/50 low-dose and 3ki§ld-dose females were still alive.



Table 7. Carcinogenicity studies of inhalation expsure to ethylene oxide in experimental mice

Strain Sex No./group  Purity Dose and duration of Duration  Incidence of tumours Result Comments Reference
at start exposure of study
Strain F 30 > 99.7% 0, 70, 200 ppm, Upto6 Lung® 8/30, 16/28, p<0.001 Two independent Adkinsetal.
Ald 6 h/day, 5 days/week months 25/29 (trend) experiments; (1986)
0, 200 ppm, 6 h/day, Upto 6 Lung® 8/29, 12/28 NS tumour
5 days/week months multiplicities
increased with
dose in both
experiments
(p<0.05)
B6C3R M 50 > 99% 0, 50, 100 ppm, 6 102 Lung® 11/50, 19/50, p =0.002 National
h/day, 5 days/week  weeks 26/50 (trend) Toxicology
Harderian gland 1/43, p<0.03 Program
9/44, 843 (trend) (1987)
B6C3R F 50 > 99% 0,50, 100 ppm, 6 102 Lung’. 2/49, 5/48, p<0.001 National
h/day, 5 days/week  weeks 22/49 (trend) Toxicology
Harderian gland p<0.04 Program
1/46, 6/46, 8/47 (trend) (1987); Picut
Lymphoma: p=0.023 et al (2003)
9/49, 6/48, 22/49 (trend)
Uterus: p<0.03
0/49, 2/47, 5/49 (trend)
Mammary glanf p=0.012
1/49, 8/48, 6/49 (low dose
only)

F, female; M, male; NS, not significant
#Mice with one or more pulmonary adenomas/totalenaitrisk
P Mice with one or more tumours/total mice at rigkieolar/bronchiolar adenomas and carcinomas cardbin
¢ Papillary cystadenomas
9 A cystadenocarcinoma was also present in an amiitiala cystadenoma.
¢ Adenocarcinomas, including one tumour in a lowedo®use originally reported as an adenoma
f carcinomas
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Table 8. Carcinogenicity studies of inhalation expgure to ethylene oxide in experimental rats

Strain Sex No./group Purity Dose and Duration Incidence of tumours Result Comments Reference
at start duration of of study
exposure
Fischer 344 M 80 99.7% 0, 50, 2 years Braif1 0/76, 2/77, 5/79 p<0.05 Lynchet al
100 ppm, (high dose) (1984a)
7 h/day, Mononuclear-cell p=0.03
5 days/week leukaemia: 24/77, 38/79, (low dose)
30/76
Peritesticular mesothelioma: p = 0.002
3/78, 9179, 21/79 (high dose)
Fischer 344 M 120 >99.9% 0, 10, 33, 2 years Braifi 1/181, 0/92, 3/85, p<0.05 Early deaths due  Snellingset al
100 ppm, 6/87 (trend) to viral sialo- (1984);
6 h/day, Mononuclear-cell p<0.05 dacryoadenitis; Garmaret al
5 days/week leukaemia: 13/97, 9/51, (trend) no increases in (1985, 1986)
12/39, 9/30 tumour incidence
Peritesticular mesothelioma: p < 0.005 up to 18 months;
2/97, 2/51, 4/39, 4/30 (trend) sites other than
Subcutaneous fibroma: p<0.01 brain include only
3/97, 9/51, 1/39, 11/30 (high dose) necropsies after
24 months.
Fischer344 F 120 >99.9% 0,10, 33, 2 years Braifi 0/187, 1/94, 2/90, p<0.05
100 ppm, 2/78 (trend)
6 h/day, Mononuclear-cell p <0.005
5 days/week leukaemia: 11/116, 11/54, (trend)

14/48, 15/26

F, female; M, male

 Brain tumours were gliomas. Focal proliferationglidil cells (termed ‘gliosis’) were also obseniadwo low-dose rats and four high-dose rats.
® Brain tumours included gliomas only. Numbers ineluats killed both at 18 months and at the conatusf the 2-year study.

ove
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The incidence of alveolar/bronchiolar carcinomasnaie mice was 6/50 control, 10/50
low-dose and 16/50 high-dosp € 0.019, incidental tumour test for trend). A Istig
increase in the incidence of alveolar/bronchioigremas also occurred. The combined
incidence of lung tumours was 11/50 control, 19&@-dose and 26/50 high-dose
(p=0.002, incidental tumour test for trend). In &es, the incidence of alve-
olar/bronchiolar adenomas (2/49 control, 4/48 lasedand 17/49 high-dose) and alve-
olar/bronchiolar carcinomas (0/49 control, 1/48 Jdese and 7/49 high-dose) and the
combined incidence of lung tumours (2/49 contrid89ow-dose and 22/49 high-dose)
were all significantly increaseg & 0.001, incidental tumour test for trend). Theidn
ence of papillary cystadenoma of the Harderiandjlaoreased significantly in animals
of each sex (males: 1/43 control, 9/44 low-dose 82 high-dose; females: 1/46
control, 6/46 low-dose and 8/47 high-doges 0.04, incidental tumour test for trend in
both sexes). In addition, one papillary cystadermimema of the Harderian gland was
observed in one high-dose male and one in a low-floeale. In females, the incidence
of malignant lymphomas was 9/49 control, 6/48 |lagal and 22/49 high-dose mice
(p=0.023, life-table test for trend). An increasethe incidence of uterine adeno-
carcinomas was observed in 0/49 control, 2/47 losedand 5/49 high-dose females
(p < 0.03, incidental tumour test for trend). Thedeace of mammary gland carcinomas
in females was 1/49 control, 8/48 low-dope=(0.012, incidental pair-wise tumour test)
and 6/49 high-dose mice (National Toxicology Progra987). Because of the rarity of
primary epithelial tumours of the uterus in longxi@nhalation studies in mice, data on
the pathology and incidence of uterine tumours GCBR mice from 2-year National
Toxicology Program inhalation bioassays of bromaedt chloroethane and ethylene
oxide were reviewed. Diagnoses of uterine adenmcana in the 1987 bioassay of
ethylene oxide were confirmed (Picttal, 2003). [The Working Group noted that the
diagnosis of uterine adenoma in one low-dose femaserevised to adenocarcinoma.]

3.1.2 Rat

Groups of 80 male weanling Fischer 344 rats wegosed by inhalation to O
(control; filtered air), 50 or 100 ppm [92 or 18@im’] ethylene oxide (purity, 99.7%)
vapour for approximately 7 h per day on 5 daysweek for 2 years. The mortality rate
was increased in the two treated groups over thatontrols, and the increase was
significant for the high-dose group € 0.01). Mononuclear-cell leukaemia was observed
in 24/77 control rats, in 38/79 rats exposed toppth ethylene oxide and in 30/76
exposed to 100 ppm. The overall increase in thdaéncie of mononuclear-cell leukaemia
was significantf§ = 0.03) in the low-dose group, but the increase could nasdertained
in the high-dose group because of excessive myrtBeritoneal mesotheliomas in the
region of the testis developed in 3/78 control, 9/79 love-dwsl 21/79 high-dose rats; the
increase was significant for the high-dose grqug 0.002). Gliomas (mixed cell type)
were found in 0/76 control, 2/77 low-dose and Sitgh-dose animalgy(< 0.05, pair-
wise comparison for the high dose). Focal proltferaof glial cells (termed ‘gliosis’)
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was observed in two rats exposed to 50 ppm andrédsiexposed to 100 ppm ethylene
oxide. [The Working Group noted that lesions sustthmse described as ‘gliosis’ are
probably glial tumours, and that true gliosis i®active lesion and not a neoplasm.] The
incidence of other neoplasms was comparable iaght&ol and treated groups and was
not associated with exposure to ethylene oxideigA mcidence of proliferative lesions
described as ‘multifocal cortical hyperplasia’ awdrtical nodular hyperplasia’ was
observed in the adrenal cortex of animals expasethylene oxide (Lyncét al, 1984a).

Three groups of 120 male and three groups of I@leeFischer 344 rats, 8 weeks of
age, were exposed by inhalation to 10, 33 or 100 [i8, 59 or 180 mg/fhethylene
oxide (purity, > 99.9%) vapour for 6 h per day on 5 days pek feeeip to 2 years. Two
control groups (I and Il), each of 120 male and f@Male rats, were exposed in
inhalation chambers to room air. All animals thiatcor were killed when moribund and
those killed at scheduled intervals of 6, 12, 18 2 (females)—25 (males) months were
examined. During month 15 of exposure, mortalireéased in both treated and control
groups due to a viral sialodacryoadenitis. Mostalias higher in the groups exposed to
33 and 100 ppm ethylene oxide than in the otharpgr@nd was also higher in females
than in males. Up to 18 months of exposure, ndfiignt increase in tumour incidence
was observed. In treated rats killed after 18 ngnthe incidence of brain tumours
classified as ‘gliomas, malignant reticulosis anahglar-cell tumours’ was increased in
animals of each sex. The incidence of brain tum(glismas only) among rats killed at
18 and 24-25 months was: males: 1/181 (contrafd®, (L0 ppm), 3/85 (33 ppm) and
6/87 (100 ppm)f < 0.05, Cox’s test for adjusted trend and Fishexact test for high-
dose versus control); and females: 0/187 (contrdl§4 (10 ppm), 2/90 (33 ppm) and
2/78 (100 ppm) < 0.05, Cox’s test for adjusted trend). In femalsckafter 24 months
of exposure, mononuclear-cell leukaemia was foarf60 (control 1), 6/56 (control 11),
11/54 (10 ppm), 14/48 (33 ppm) and 15/26 (100 pammals; the incidence of
leukaemia was reported by the authors to be significamttgased in the 100-ppm group
(p < 0.001) and in a mortality-adjusted trend test 0.005). In males, mononuclear-cell
leukaemia was found in 5/48 (control 1), 8/49 (coht), 9/51 (10 ppm), 12/39 (33 ppm)
and 9/30 (100 ppm) animalg (< 0.05, mortality-adjusted trend test). Peritoneal
mesotheliomas originating in the testicular senwsge found in 1/48 (control 1), 1/49
(control 1), 2/51 (10 ppm), 4/39 (33 ppm) and 4(300 ppm) malesp(< 0.005, trend
test). The incidence of subcutaneous fibromas ile mas of the high-dose group was
also significantly increased: 1/48 (control 1), @/4control 1I), 9/51 (10 ppm), 1/39
(33 ppm) and 11/30 (100 ppnp € 0.01) (Snelling®t al, 1984; Garmart al, 1985,
1986).
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3.2 Oral administration
Rat

Groups of 50 female Sprague-Dawley rats, approeiynatO0 days of age, were
administered 7.5 or 30.5 mg/kg bw ethylene oxideip 99.7%) in a commercial vege-
table oil [composition unspecified] by gastric inttion twice weekly for 107 weeks
(average total dose, 1186 or 5112 mg/kg bw, respBdti@ontrols comprised one group
of 50 untreated female rats and a second grouf fefrBale rats treated with vegetable oil
alone. The survival rate of rats in the high-daseig was lower than that of the control
groups. Treatment with ethylene oxide resulted idoae-dependent increase in the
incidence of forestomach tumours, which were maggjyamous-cell carcinomas. Such
tumours were not found in the untreated or veltolarols. In the low-dose group, 8/50
animals developed squamous-cell carcinomas, 4/8&&@inomadn situ and 9/50 had
papillomas, hyperplasia or hyperkeratosis of thresiomach. In the high-dose group,
31/50 animals developed malignant tumours of teenath; 29 were squamous-cell
carcinomas of the forestomach and two were fiboosaas, one of which was located in
the glandular stomach. In addition, 4/50 had carcasdnsituand 11/50 had papillomas,
hyperplasia or hyperkeratosis of the forestomacmybf the stomach tumours found in
the high-dose group metastasized or grew invasivelynigighbouring organs. There was
no increase in the incidence of tumours at othies $n the treated animals over that in
controls (Dunkelberg, 1982).

3.3 Dermal application

Mouse

Thirty female ICR/Ha Swiss mice, 8 weeks of ag#hatstart of treatment, received
topical applications of approximately 100 mg of a 10% mwiutf ethylene oxide (purity,
99.7%) in acetone on the clipped dorsal skin thirees a week for life. The median
survival time was 493 days. No skin tumour was olagk (Van Duureret al, 1965).
[The Working Group noted the high volatility of gne 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 ageeived subcutaneous
injections of 0.1, 0.3 or 1.0 mg/mouse ethylene oxidet{p@9.7%) in tricaprylin once a
week for 95 weeks (mean total dose, 7.3, 22.7 ¢t 68y/mouse). Groups of 200 un-
treated and 200 tricaprylin-treated mice servecbasrols. The survival rate of the group
given the highest dose was reduced. Ethylene oxide iddudese-dependent increase in
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the incidence of sarcomas at the injection sitecddaas occurred in 0/200 untreated
controls, 4/200 animals treated with tricapryliored, and 5/100, 8/100 and 11/100
animals that received 0.1, 0.3 and 1 mg ethylerdeprespectivelyd < 0.001, Cochran-
Armitage test for trend]. No significant increasehe 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 expuwdth their dams by
inhalation to 0 ppm (five male and nine female)rs88 ppm (60 mg/fh 10 females),
55 ppm (100 mg/fh four males and seven females) or 100 ppm (18&mégur males
and eight females) ethylene oxide [purity unsped]ffor 8 h per day on 5 consecutive
days per week for 3 weeks. One week later, theprirfify were administered, as a
promoting agent, 10 mg/kg bw Clophen A 50 (a mixtof polychlorinated biphenyls
[not otherwise specified]) orally by gavage twiceveek for up to 8 additional weeks, at
which time the experiment was terminated. The $ivere examined for adenosine
triphosphatase-deficient angglutamyltranspeptidase-positive foci. In femaldsatt
received the two highest doses, but not in mahesnumber and total area of adenosine
triphosphatase-deficient foci increased signifigar{p < 0.05, Student'st test) in
comparison with the controls that received ClopA&s0D only. There was no significant
difference in the number or total areayajlutamyltranspeptidase-positive foci between
controls and animals given the high dose of etleytedde (Denlet al, 1988).

4. Mechanistic and Other Relevant Data

4.1 Absorption, distribution, metabolism and excretion

41.1 Humans

(@) Absorption, distribution and excretion

Ethylene oxide is readily taken up by the lungs ianabsorbed relatively efficiently
into the blood. A study of workers exposed to ethgl oxide revealed an alveolar reten-
tion of 75-80%, calculated from hourly determinasi@f ethylene oxide concentrations
in the environmental air that ranged from 0.2 tol 2g/n? [0.11-13.2 ppm] and in
alveolar air that ranged from 0.05 to 6 mfh03-3.3 ppm] (Brugnonet al, 1985,
1986). At steady state, therefore, 20-25% of imhathylene oxide that reached the
alveolar space was exhaled as the unchanged comandritb—80% was taken up by the
body and metabolized. Blood samples taken from &rsriéd h after the workshift gave
venous blood:alveolar air coefficients of 12—17 amuhous blood:environmental air
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coefficients of 2.5-3.3. The difference from thdéueaof 90 samples determined for the
blood:air partition coefficienin vitro was explained by incomplete saturation of tissues
and limitation of the metabolic rate by the ratéuofy uptake (Brugnonet al, 1986).

(b) Metabolism

The following overall schema describes the mammafizetabolism of ethylene
oxide (Figure 2). Ethylene oxide is converte) by enzymatic and non-enzymatic
hydrolysis to ethylene glycol, which is partly exted as such and partly metabolized
further via glycolaldehyde, glycolic acid and glatig acid to oxalic acid, formic acid and
carbon dioxide; andbf by conjugation with glutathione (GSH) followed Iyrther
metabolism t&-(2-hydroxyethyl)cysteines-(2-carboxymethyl)cysteine amdtacetylated
derivatives N-acetylS-(2-hydroxyethyl)cysteine (also term&dq2-hydroxyethyl)mercap-
turic acid or HEMA) andN-acetylS(2-carboxymethyl)cysteine) (Wolfet al, 1983;
Poppet al, 1994), which are partly converted to thiodiacatid (Scheiclet al, 1997).

Figure 2. Metabolism of ethylene oxide

(¢]
CH,—CH;,
Ethylene oxide
GlutathioneS transferase Enzymatic hydrolysis (epoxide hydrolase) +

uman, ~20%; rat, ~60%; mouse, ~80%, non-enzymatic hydrolysis
h 20% 60% 80% ic hydrolysi
[human, ~80%; rat, ~40%; mouse, ~20%]

GSCH,CH,OH HOCH,CH,OH
S 2-(Hydroxyethylglutathione) 1,2-Ethanediol (ethylene glycol)

HOCH,CHO
Hydroxyacetaldehyde (glycol aldehyde)

N-Acetyl-S-(2-hydroxyethyl)cysteine =—— CYS— CH,CH,OH

[S{(2-Hydroxyethyl)mercapturic acid] S-2-(Hydroxyethyl)cysteine HOCH,CO.H
[HEMA] o
Glycolic acid
/ OHCCOH
Glyoxylic acid
CYS— CH—COOH
S Carboxymethylcysteine / \
HCOH CO,HCOH
Formic acid Oxalic acid
+
COOH— CH—S— CH,— COOH co,

Thiodiacetic acid

Adapted from Wolfst al. (1983); Scheiclet al. (1997)
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Blood concentrations of ethylene glycol were deteeah at the end of day 3 of a
normal working week in sterilization personnel wivere exposed to ethylene oxide.
TWA concentrations of ethylene oxide determinedr && ranged from 0.3 to 52 ppm
[0.55-95.2 mg/r} (overall mean, 4.2 ppm [7.7 mg/in The mean concentrations of
ethylene glycol in the blood of exposed subjects wereetagchigh (90 mg/L) as those in
controls (45 mg/L) (Wolfet al, 1983).

The concentration of thioethers excreted in uritected at the end of sterilization
processes was found to be twice as high in nonsigogersonnel (10.2 mmol/mol
creatinine) exposed to peak concentrations of 1808 [1.83-366 mg/th ethylene
oxide as that in unexposed workers (5.46 mmol/meatmine). The concentration of
ethylene oxide in air was not monitored routin®yrgazet al, 1992).

The glutathionestransferase (GST) activity for ethylene oxide iamfan liver
cytosolic fractions was low (too low to determimme tMichaelis-Menten constant JK
value). The maximum velocity @) varied from 7.6 to 10.6 nmol/min/mg protein.
Epoxide hydrolase (EH) activity in the microsomalction of the human liver averaged
1.8 nmol/min/mg protein. The Kfor hydrolysis has been estimated to be approeimat
0.2 mM, but non-enzymatic hydrolysis was significand precluded accurate deter-
mination (Fennell & Brown, 2001).

Metabolism of ethylene oxide to the GSH conjugaig ethylene glycol is generally
considered to be the major pathway for the elirionadbf DNA-reactive ethylene oxide.
However, strongly suggestive eviderigevitro was presented by Hengstédral. (1994)
that glycolaldehyde is formed by further metabolisfnethylene glycol and that this
derivative leads to DNA—protein cross-links and to DNArsirbreaks (as measured with
the alkaline elution assay) after in-vitro incubatiwith human peripheral mononuclear
blood cells.

(c) GST polymorphisms

Ethylene oxide is a substrate of the GST isoenzyin¢Hayeset al, 2005). This
isoenzyme is polymorphic and a relatively largeytation (in Caucasians about 20%, in
Asians almost 50%) has a homozygous deletion geulbtype) (Bolt & Thier, 2006). As
expected, these individuals show a significantihar amount of hydroxyethyl valine in
their haemoglobin due to the metabolism of endogenbylere to endogenous ethylene
oxide (Thieret al, 2001). Nevertheless, the influence of this genietiton the formation
of these haemoglobin adducts by workplace exposuexogenous ethylene oxide is
much less clear, as discussed below.

In the cytoplasm of erythrocytes obtained from B@ividuals, ethylene oxide was
eliminated three to six times faster in samplemfsm-called conjugators (defined by a
standardized conjugation reaction of methyl bronsidd GSH; 75% of the population)
than in those from the remaining 25% (who lack @&T-specific activity). In the latter
samples, disappearance did not differ from thatooftrols. In this experiment, the dis-
appearance of ethylene oxide was investigated engs phase of closed vials that
contained GSH and cytoplasm of erythrocytes (Hadlial, 1993).
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In contrast, several publications reported no oruanlear association between
GSTT1 status and hydroxyethyl adducts after wodlaxposure to ethylene oxide
(HEMA formation) (Haufroidet al, 2007) or exposure to ethylene oxide from cigarett
smoking (hydroxyethyl valine in haemoglobin) (Miillet al, 1998) Other studies
reported a relatively weak but significant assdmmat(0.17 £ 0.03 N-(2-hydroxy-
ethyl)valine formed in haemoglobin versus 068 0.01;p < 0.02) after exposure to
ethylene oxide of individuals who had homozygouletas of theGSTT1gene com-
pared with those who had at least one copy of¢he gYonget al, 2001).

The different impact of th&STT 1polymorphism is due to the fact that, in the study
of Hallier et al. (1993), cytoplasm of erythrocytes was exposedhiglane oxide, while in
the subsequent studies, the whole human organissnexposed to ethylene oxide.
Similarly, Fostet al. (1995) also observed that, when ethylene oxidelted to whole
blood of various individuals, the impact of B&TT1polymorphism is significant.

In-vitro incubation of mononuclear blood cells fromarious individuals with
polymorphisms in GSTEESTM1, GSTTandGSTP) did not demonstrate a significant
influence on ethylene oxide-induced DNA strand ksganeasured by the Comet assay)
and on micronucleus formation in binucleated dgledderiset al, 2006). This lack of
an effect is presumably due to the null or nediigimntribution of GSTM1 and GSTP1
enzymes to ethylene oxide metabolism and to ar@il $20%) contribution of GSTT1
activity in the human whole organism (Figure 2).

(d) Haemoglobin adducts

Ethylene oxide is an electrophilic agent that ateg nucleophilic groups in
biological macromolecules. Haemoglobin adducts haea lnsed to monitor tissue doses
of ethylene oxide (Callemaat al, 1978; Farmert al, 1987; Osterman-Golkar &
Bergmark, 1988; Ehrenberg, 1991; Ehrenberg & Tashqw992). The results have
shown measurable increases in hydroxyethyl haetiogbulducts that are dependent on
the workplace exposure concentration (reportedimuissed in IARC, 1994).

Cigarette smoke contains ethylene oxide, and hyetbyl/valine in the haemoglobin
of smokers correlates with the number of cigarettes smélezuhéllet al, 2000; Boncet
al.,, 2002; Wuet al, 2004). The umbilical cord blood of smoking pregnaomen
contained increased levels of hydroxyethyl valiwhich were quantitatively related to
the increased levels in maternal blood (Fareteal, 1996a). Levels of this adduct were
significantly higher in the haemoglobin of newbofrean smoking compared with those
from nonsmoking mothers (147 68 compared with 42 18 pmol/g haemoglobin;
p<0.01) (Tavarest al, 1994). INGSTT tnull individuals, levels of hydroxyethyl valine
were significantly elevated when normalized to simplstatus or levels of cotinine. The
lack of functionalGSTT1was estimated to increase the internal dose ofestlyoxide
derived from cigarette smoke by 50-70% (Feneekl, 2000). Ethylene oxide is also
formed endogenously in humans (Bolt, 1996). Thig hnait the sensitivity of this adduct
as a biomarker for cigarette smoking; indeed, dnmétion of hydroxyethyl valine was
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not associated with exposure to secondhand smokétlortea or alcoholic beverage
consumption, age or gender (\&Lal, 2004).

(e) Toxicokinetic modelling

A recent model by Fennell and Brown (2001) deterchmdalf-life of ethylene oxide
in the human body of 47.6 min, taking into accdhetenzymatic disposition of ethylene
oxide by human liver microsomal EH (mEH) and cyliosGST by their K, and Vnax
characteristics, as well as a possible depleti@gSH. This half-life value was quite close
to the 42-min value obtained by Filsgtral. (1992). In this human model, the majority of
ethylene oxide is metabolized by hydrolysis, angt approximately 20% is converted to
GSH conjugates. There is little change in metafoliwith increasing exposure
concentration. At given exposure concentrationstioylene oxide (1, 100 and 300 ppm
[1.83, 183 and 549 mgfif), blood concentration was sensitive to alveoktilation and
to K, and Vi for liver mEH but relatively insensitive to thedr GSH concentration and
the rate of GSH synthesis in the liver.

4.1.2 Experimental systems

(@) Absorption, distribution and excretion

Pulmonary uptake of ethylene oxide is expectecetoapid and dependent only upon
the alveolar ventilation rate and concentratioth@inspired air, since this compound is
very soluble in blood (IPCS, 1985). Ethylene oxideabsorbed rapidly through the
respiratory tract in rats (Filser & Bolt, 1984; Keogf al, 1987; Tardifet al, 1987), mice
(Ehrenberget al, 1974; Tardifet al, 1987) and rabbits (Tarddt al, 1987). Close to
100% of inhaled ethylene oxide was absorbed by thiatewere exposed for 1-2 h to 2—
55 mg/ni(1.1-30 ppm) (Ehrenbesy al, 1974).

The permeation rate of a solution of 1% ethylensleoxn water (w/v) through
excised human skin at 30 °C was determined tol®50ng/(crix h) (Baumbactet al,
1987).

The pharmacokinetics of inhaled ethylene oxide hawen investigated in male
Sprague-Dawley (Filser & Bolt, 1984) and Fische4 8dts (Krishnaret al, 1992). The
studies were carried out in closed exposure chamifes.4 and 9.5 L occupied by two
and three rats, respectively. The initial concdioina of ethylene oxide vapour in the
chamber atmospheres were up to about 1100 ppm j2g0®. Filser and Bolt (1984)
showed that ethylene oxide is rapidly taken upheylings because the clearance due to
uptake, which reflects the rate of transfer of lethg oxide from the atmosphere into the
organism, was 11 100 mL/h (185 mL/min) for two SpexDawley rats that weighed
500 g. Johanson and Filser (1992) calculated aewafitb8 mL/min for one Sprague-
Dawley rat that weighed 250 g by allometric scal@gcording to the method of Filser
(1992). This value represents 50% of the alveotstilation (117 mL/min; Arms &
Travis, 1988), which indicates that about 50% @& #mount inhaled into the lung is
exhaled again without becoming systemically avéilalia the bloodstream. A possible
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explanation for this finding is that there is a Swan-wash out’ effect in the upper air-
ways (Johanson & Filser, 1992), which may be mdiectve in rats than in humans
(Filseret al, 1993). The maximal accumulation of ethylene okidbe body of Sprague-
Dawley rats, determined as the thermodynamic jpartdoefficient for whole body:air,
was 30. Because of fast metabolic elimination cthiecentration ratio at steady state for
whole body:air, calculated for two animals thatgiseid 500 g, was only 1.52 over the
entire dose range. A re-calculation of this paramatcording to Filser (1992) for one
Sprague-Dawley rat that weighed 250 g yielded aevaf 1.88, which is similar to the
coefficient for venous blood:environmental air fduim workers exposed to ethylene
oxide under steady-state conditions (see above).

An almost uniform distribution of ethylene oxidetlin the body was concluded
from the similar tissue:air partition coefficierite organs of male Fischer 344 rats deter-
minedin vitro: fat, 44.1; muscle, 48.3; brain, 58.7; lung, 60v&r| 61.6; blood, 64.1; and
testes, 83 (Krishnaet al, 1992).

Elimination of ethylene oxide was described bytfingler kinetics over the whole
concentration range examined in both Sprague-DafMiéser & Bolt, 1984) and Fischer
344 rats (Krishnaet al., 1992). At steady state, the clearance due tabmlgm in re-
lation to the concentration in the atmosphere wa$d0 mL/h (177 mL/min) for two
Sprague-Dawley rats that weighed 500 g (Filser 8, B®84). Re-calculation for one
Sprague-Dawley rat that weighed 250 g accordirtheanethod of Filser (1992) gave a
value of almost 55 mL/min. On the basis of theifigdhat clearance due to metabolism
in relation to the concentration in the atmospler@arly identical to that due to uptake,
uptake of ethylene oxide by inhalation was condautie be the rate-limiting step for
metabolism of this compound. Alveolar retention dne Sprague-Dawley rat that
weighed 250 g was calculated as 47% on the basisvefitilation rate of 117 mL/min
and clearance of metabolism in relation to the eotration in the atmosphere of 55
mL/min. The half-life was reported to be 6 minwptanimals that weighed 500 g (Bolt
& Filser, 1987).

Clearance rates of ethylene oxide from the blominpbmuscle and testes were nearly
identical. Following a 4-h inhalation exposure @@H mice and Fischer 344 rats to
100 ppm [183 mg/f, the average blood elimination half-lives weré-3.2 min in mice
and 11-14 min in rats (Brovet al, 1996, 1998).

In male Fischer 344/N rats exposed by nose-onlglation for 60 min to 5 ppm
[9.2 mg/n] ethylene oxide, a steady-state blood level ofia66 ng/g was reached after
15 min (Maples & Dahl, 1993).

After 4-h inhalation exposures of B6G3Hice to 0, 50, 100, 200, 300 or 400 ppm [0,
91.5, 183, 366, 549 or 732 mdjrethylene oxide, concentrations of ethylene oxide in the
blood increased linearly with inhaled concentratiohless than 200 ppm, but the blood
concentration increased more rapidly than lineadgve that level. GSH levels in the
liver, lung, kidney and testes decreased as expwsncreased above 200 ppm, which
indicated that, at low concentrations, GSH conjogais responsible for the dis-
appearance of ethylene oxide but, at higher coratemts when tissue GSH begins to be
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depleted, the elimination occurs via a slower hiydie process, which leads to a greater
than linear increase in blood concentrations oflette oxide (Browret al, 1998).

(b) Metabolism

For an overview of mammalian metabolism of ethylexide, see Figure 2.

For early identification and quantification of maedimn metabolites of ethylene
oxide, see IARC (1994).

After intravenous injection of 1 and 10 mg/kg buayd¢ne oxide to male Sprague-
Dawley rats, HEMA was excreted as a constant ptagerof the dose: about 30% from O
to 12 h and 5% from 12 to 24 h. Following admimitm of 100 mg/kg bw ethylene
oxide, the corresponding percentages were 16% &fidréspectively. These results
indicate that the capacity for GSH conjugation at the higle dould have been exceeded
within the first 12 h (Gérin & Tardif, 1986).

Ethylene glycol, 2-hydroxyethylmercapturic acidmgthylthioethanol and 2-mer-
captoethanol were identified as metabolites inuttiee of male Wistar rats exposed for
6 h to 500 ppm [915 mgArethylene oxide (Kogat al, 1987). The amounts of ethylene
glycol in the urine of male Wistar rats collectedinlgi6-h exposures to 50, 100, 200, 300
and 500 ppm [91.5, 183, 366, 549 and 915 rigéthylene oxide and up to 20 h there-
after were 0.2, 0.35, 1.0, 2.5 and 4.2 mg, anditimieased disproportionately to the ex-
posure concentrations (Koghal, 1985). These findings may indicate a relative ehess
in GSH conjugation.

The pattern of excretion of ethylene oxide metéd®lin mice, rats and rabbits was
investigated in urine collected 24 h after treatmeith ethylene oxide, either intra-
venously (20 and 60 mg/kg bw) or by inhalationadn (about 200 ppm [366 mgih
Marked species differences were seen (Table Qe sinetabolites that resulted from
conjugation of ethylene oxide with GSH were foundhe urine of male Swiss CD-1
mice and male Sprague-Dawley rats but not in thaalbits [strain not given]. HEMA
was excreted in the urine of mice and rats, ByfP-hydroxyethyl)cysteine and
S(carboxymethyl)cysteine were present only in thieeuof mice. Ethylene glycol, the
reaction product of the enzymatic and non-enzynigtitrolysis of ethylene oxide, was
found in the urine of all three species (Taadifil, 1987).

(c) GSH depletion

Treatment of animals with ethylene oxide lowered tdoncentration of GSH in
various tissues. Immediately after a 4-h exposdrenale Swiss-Webster mice and
Fischer 344 rats to atmospheric concentration€0f 400 and 900 ppm [183, 732 and
1647 mg/m] (mice) and 100, 600 and 1200 ppm [183, 1098 &k Ing/ni| (rats)
ethylene oxide, concentration-related decreaseGSil levels were observed in the
kidney, heart, lung, brain, stomach, spleen, testis aaddivoth species, in the blood of
mice but not of rats and in bone marrow, which wgamined in rats only. In both
species, the GSH levels were reduced to a greater exteatlivah lung and stomach
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Table 9. Urinary excretion of ethylene oxide metabolites whin 24 h after
treatment of mice, rats and rabbits with ethylene oxideintravenously or by
inhalation

Treatment Urinary metabolites (umol/100 g bw) (mean values)
N-Acetyl-S-(2- S(2-Hydroxy- S(Carboxy- Ethylene
hydroxy- ethyl)cysteine methyl)cysteine glycol
ethyl)cysteine
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/m], 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 Tardiét al (1987)
ND, not detected

than in other organs. After exposure to the higleesicentrations, GSH levels in the
tissues were depressed to 20—30% of the contimsdMcKelvey & Zemaitis, 1986).
Concentrations of GSH in the hepatic cytosol of ridistar rats decreased to 37% of
that of controls after a single exposure (4 h)a® ppm [915 mg/rij ethylene oxide, to
13% after exposure to 1500 ppm [2745 nify/(Katoh et al, 1990) and to 5% after
exposure to 2500 ppm [4575 md]rfNakashimaet al, 1987). Immediately after the last
of a series of repeated exposures of male Wiststaes500 ppm [915 mghAhethylene
oxide for 6 h per day on 3 days per week for 6 weeks, the h§sitiaconcentration was
decreased by 50%. Control values were reached dgdirthereafter (Katoht al, 1989).
The consequences of GSH depletion on the occurmnuen-linear increases in the
concentration of ethylene oxide in the blood withreasing external doses of ethylene
oxide is discussed in Section 4.8)2(Haemoglobin adduct formation in mice and rats
exposed to 0, 3, 10, 33, 100 and 300 (rats only i 5.49, 18.3, 60.39, 183 and
549 mg/mi| ethylene oxide for 6 h per day on 5 days per wieek weeks was linear in
both species up to 33 ppm, after which the slopeeaised more than proportionately
(Walkeret al, 1992a). The dose-related decrease in hepatic G8¢ttation (Brown
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et al, 1998) provides a plausible explanation for therarthan proportional increase in
hydroxyethylated haemoglobin (see below). In bath and mice, depletion of GSH was
already considerable following a single exposurehigh levels (i.e. 550 mg/n of
ethylene oxide (McKelvey & Zemaitis, 1986; Broemnal, 1998).

(d) Haemoglobin adducts

Binding of ethylene oxide to haemoglobin has bestiewved in some detail (IARC,
1994). In-vitro treatment of mouse, rat and human célsethylene oxide demonstrated
the formation of adducts witBcysteine, histidine and-terminal valine in haemoglobin.
The second-order rate constants were approximtielysame for histidine and valine
across the three species; however, large spedfegedces were seen with respect to
Scysteine (Segerbéack, 1990). In studies of the datethylene oxide in mice, single
exposures to this epoxide produced in a dose-depemdanner haemoglobin adducts
that disappeared at a rate predicted by the ndifieapan of the red blood cells. These
data suggested that stable haemoglobin adducts woulthaletel over the lifetime of the
erythrocyte during chronic exposures to ethyleneeoxand provided the basis for the
concept of using haemoglobin adducts to monitaegirali doses of alkylating agents.
Single intraperitoneal injections of and multipidalation exposures to ethylene oxide
generally yielded linear dose—response relatiossbigtween dose and histidine and
valine haemoglobin adduct levels. However, chrarialation exposures of male Fischer
344 rats to 10, 33 or 100 ppm [18.3, 60.4 or 183mfjgethylene oxide under cancer
bioassay conditions (6 h per day on 5 days per fagek years) resulted in a non-linear
dose-response curve fbr-(2-hydroxyethyl)histidine (Osterman-Golket al, 1983).
Comparisons of the data from single-dose or 4-viigleddation exposure studies of rats
versus a study of rats exposed for 2 years sughtsiethe dose—response relationship
between the concentration of ethylene oxide anddtmation of haemoglobin adducts
can change over time during repeated exposuréstepbxide (Walkeet al, 1992a).

More recent studies on haemoglobin adducts in ethylede-exiposed mice and rats
have focused org)] potential species differences in the relatiorshiptween exposure,
accumulation of haemoglobin adducts over time duriepeated exposures and the
dynamics in loss of adducts after discontinuatibrexposures (Fennedt al, 1992;
Walkeret al, 1992a); andh) comparisons of the formation and persistenceldfiets in
haemoglobin and DNA (Walkest al, 1993), and the relationships between exposure,
levels of haemoglobin adducts as a marker of doderaluction of somatic mutations
(Tateset al, 1999). Results of species comparisons of thedtiom and persistence of
N-(2-hydroxyethyl)valine have been summarized prgshp (IARC, 1994). In brief,
dose-related levels ®f-(2-hydroxyethyl)valine were reported to be similamice and
rats exposed to ethylene oxide (3—100 ppm [5.49-7§8] for 4 weeks), while the
adducts were lost in a species-specific patteata@lto a differing life-span of red blood
cells in each species. However, the relationshgie/denN-(2-hydroxyethyl)valine in
haemoglobin andN7-(2-hydroxyethyl)guanine in DNA varied with lengtih exposure,
interval since exposure, species and tissue, whthhe authors to conclude that the
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haemoglobin adducts were unlikely to provide adeupmedictions of DNA adducts in
tissues under conditions in which the actual seerairexposure to ethylene oxide is
unknown (Walkeet al, 1993). Tatest al. (1999) measured-(2-hydroxyethyl)valine to
determine blood levels of ethylene oxide in rais doen used the estimated blood doses
to compare the mutagenic effects of ethylene oxigéhwiee routes of exposure, including
single intraperitoneal injections, ingestion viae thdrinking-water or inhalation;
comparisons of the mutagenic responses from alieertaeatments with ethylene oxide
are considered below. Other studies that meastmedfiormation ofN-(2-hydroxy-
ethyl)valine in mice and rats after inhalation tfyene oxide have typically used this
haemoglobin adduct as a marker of exposure for adegn with DNA adducts in the
same animals (Walket al, 2000; Rusyret al, 2005). In general, the same relationships
were found as those reported in the earlier rodemties of ethylene oxide that are
summarized above.

(e) Toxicokinetic modelling

A physiologically based pharmacokinetic model hesnbdeveloped for dosimetry of
inhaled and intravenously injected ethylene oxitleats (Krishnaret al, 1992). The
model enables the determination of tissue distabutnmetabolic pathways, i.e. hydrolysis
by EH and conjugation with GSH by GST, depletiorhepatic and extrahepatic GSH
and binding of ethylene oxide to haemoglobin andADWhe biochemical parameters
used in the model were obtained by fitting data abthiafter inhalation of ethylene oxide
in closed chambers to data on tissue GSH condensgiMcKelvey & Zemaitis, 1986)
and on levels of hydroxyethyl adducts in haemogladid tissue DNA (Pottest al,
1989). The model was validated by comparing siradland published data on urinary
excretion of HEMA after inhalation and intravencagministration of ethylene oxide
(Gérin & Tardif, 1986; Tardifet al, 1987) and on levels of hydroxyethyl adducts in
haemoglobin and tissue DNA after exposure for 6 B0 ppm [549 mg/th ethylene
oxide (Walkeret al, 1990, 1992a). The second-order rate constartésnet for the
binding of ethylene oxide to amino acid residues in haerivgiwe similar to those pub-
lished by Segerback (1990). According to the moméhl adduct formation in haemo-
globin and DNA accounted for 0.25% and 0.001% ofrthaled dose, respectively. After
exposure to atmospheric concentrations of up todf@0 [915 mg/ri] ethylene oxide,
the model predicted first-order kinetics for whbledy elimination, but non-linearity in
individual metabolic pathways and exhalation. Compargddhe predictions for low and
500-ppm exposures indicated that the share of G8lugation decreased from 38 to
27%, whereas the share of hydrolysis increased 8brto 36% and that of exhalation
from 23 to 28% (Krishnaat al, 1992).

More recent physiologically based pharmacokinetidefs of uptake and metabolism
of ethylene oxide in mice, rats and humans werdighdal by Csanadgt al (2000) and
Fennell and Brown (2001). These models predictedj@ately blood and tissue concen-
trations of ethylene oxide in rats and mice (wita éxception of the testes). Simulations
by the model of Fennell and Brown (2001) indicaia,tin mice, rats and humans, about
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80%, 60% and 20% of ethylene oxide, respectivetylevbe metabolized via GSH con-

jugation. Nevertheless, modelling 6-h inhalation expes gave simulated ethylene oxide
areas under the curve and blood peak concentrakiahsvere similar for mice, rats and

humans (Fennell & Brown, 2001). Thus, exposure givan concentration of ethylene

oxide in air results in similar predicted bloodyé¢ime 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 humanghé metabolism of ethylene
oxide is the predominance of the GSH pathway in mice asdwhile in humans (and in
other larger animals tested to date), the pathwisigted by enzymatic and non-enzym-
atic hydrolysis is of greater importance (Jones &llgy 1981; Martigt al, 1982; Gérin
& Tardif, 1986; Tardifet al, 1987; Brownet al, 1996) which is consistent with the
observed levels of the ethylene oxide that conu@®BTT1 in the order mice > rats >
humans. This leads to an onset of significant G®Hletion in rodents at exposure
concentrations that were used in toxicological stigations, namely between 33 and
100 ppm [60.4 and 183 mgihethylene oxide in ambient air (see above). Howeivés
important to note that carcinogenicity in rats \@heady observed at the lower exposure
concentration of 10 ppm [18.3 mgdjrethylene oxide in one study (see Section 3).

Although the physiologically based pharmacokinatiodels constructed by Fennell
and Brown (2001) indicated profound differencesthia relative contribution of the
different metabolic pathways, when differencesptake and metabolism are taken into
account, simulated blood peak concentrations azmbarnder the curve were similar for
mice, rats and humans (human levels within abo¥%i d6rat and mouse levels). Thus,
exposure to a given concentration of ethylene oiidar gives similar predicted blood
levels of ethylene oxide and areas under the curve for ratseand humans (in the range
of exposures used in the rodent cancer bioassay400 ppm [183 mg/fhand below;
above these concentrations, the differences in Gegitetion may be expected to lead to
significant differences in the levels of ethylenéde in blood with comparable concen-
trations in the ambient air).

Human erythrocytes are rich (but polymorphic) ie tithylene oxide-metabolizing
enzyme GSTT1, but, in the experimental animalsstigated, this protective enzyme is
not present in the erythrocytes (Hall@ral, 1993). This adds a further complexity to
species differences in the metabolism of ethyled#eo

4.2 Genetic and related effects

The direct reaction of ethylene oxide with DNA @ught to initiate the cascade of
genetic and related events that lead to cancem{&uget al, 1990). Ethylene oxide is a
direct alkylating agent and reacts with nucleophiléhout the need for metabolic trans-
formation. It uses the generalZSmechanism and has a high Swain-Scott substrate
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constant (Golberg, 1986), both of which favouraggit N7-alkylation of guanine (and
other ring nitrogens to a lesser extent) due tcetbetron density distribution of purines
and the steric availability of thil7-position of guanine (Kolmaet al, 2002). The
reactivity of this agent is due to the strain of thxirane ring and the partial positive
charge on the carbon atoms, which give the compdsnelectrophilic character and
predispose the ring to open and form a hydroxyetnigbnium ion (Golberg, 1986).
Several published reviews contain details of easliedies of the reactivity and genetic
toxicity of ethylene oxide in humans and experirabsystems (Kolmart al, 1986;
Dellarcoet al, 1990; Walkeret al, 1990; IARC, 1994; Natarajeet al, 1995; Health
Canada, 1999; Preston, 1999; Thier & Bolt, 200(altdeCanada, 2001; Kolmaet al,
2002; WHO, 2003). This update is focused primauibpn recently published in-vivo
studies of ethylene oxide-exposed humans and rodeels that shed light on the mode
of action and the extent to which species compasisoay be pertinent to an evaluation
of the carcinogenicity of this chemical in humans.

4.2.1 Humans

(@8 DNA adducts

For nearly 20 years, it has been known that the endogdormation of ethylene and
its conversion to ethylene oxide leads to 2-hydetixylation of DNA to yield back-
ground levels ofN7-(2-hydroxyethyl)guanine (7-HEG) in unexposed hosn@eviewed
in Bolt, 1996; Farmer & Shuker, 1999; Walker al, 2000; Marsderet al, 2007).
Ethylene is generatdd vivo during normal physiological processes such ad |igr-
oxidation, oxidation of methionine, oxidation ofemae in haemoglobin and/or through
the metabolizing activity of intestinal bacteriajiewed in Thier & Bolt, 2000). Walker
et al. (2000) described a series of studies of backgrdemels of these adducts in
different tissues of unexposed humans, and shohatdlawer endogenous levels of
7-HEG have typically been found with more sensitiletection methods than those
employed in reports on the impact of endogenoustgus exogenously derived ethylene
oxide (Bolt, 1996). Farmer and Shuker (1999) suggdethat, in order to estimate the
increase in cancer risk attributable to a giverrae exposure, it is clearly important to
establish and consider background levels of correspoidifgdamage so that the scale
of the incremental increase can be calculateds tnainly for this reason that more
sensitive and specific analytical methods have hliksseloped for the measurement of
background and treatment-induced levels of 7-HE&h tfor any other single DNA
adduct (reviewed in Zhaet al, 1999; Liacet al, 2001; Kao & Giese, 2005).

Since endogenous DNA damage through lipid peraridas thought to contribute
significantly to cancer in humans (Marnett, 20@)ao and Hemminki (2002) investi-
gated the association between age and endogenmgtitmn of 7-HEG in 34 younger
and older healthy human subjects (mean ages, 88.8228 years, respectively). Steady-
state levels of 7-HEG in the DNA of peripheral lddgmphocytes were similar in the
younger and older subjects (means, 8.8.4 and 3.0+ 2.7 adducts/I0Onucleotides,
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respectively), which suggests that endogenous DNA danyagthylene oxide that arises
from ethylene generated by lipid peroxidation ahd tepair of such damage is in-
dependent of age as a contributing factor to carster

A single study has been performed to examine timadiion of 7-HEG in humans
exposed to ethylene oxide in the workplace (Yenhgl, 2007). 7-HEG was quantified,
using the method of Kao and Giese (2005), in pergdhblood granulocytes from 58
hospital workers exposed to ethylene oxide durregunloading of sterilizers or when
working adjacent to sterilizers. Cumulative expesto ethylene oxide (ppm-h) was
estimated during the 4-month period before theectiin of blood samples. There was
considerable interindividual variation in the levelf 7-HEG in both unexposed control
and ethylene oxide-exposed workers, ranging frantd.241 adducts/Ihucleotides.
The mean levels in the unexposed, low-ethylene eoxédposure (< 32 ppm-h)
[58.6 mg/mi-h] and high-ethylene oxide exposure (> 32 ppm+bligs were 3.8, 16.3
and 20.3 adducts/i®ucleotides, respectively, but the differencesewest statistically
significant after adjustment for cigarette smokamgl other potential confounders. Since
the life-span of granulocytes is less than 1 daypaved with a life-span of up to several
years for lymphocytes, the large inter-individuariation in 7-HEG levels as well as
elevated values in individual ethylene oxide-exgoa®rkers may have reflected very
recent transient peak exposures that were notreapitu the overall 4-month cumulative
exposure estimates.

(b) Mutations and other genetic related effdsee also Table 10)

Studies of human exposures to ethylene oxide haseséd upon individuals who
were employed in the operation of hospital or flacberilization units and workers who
were involved in ethylene oxide manufacturing asgesssing. Selected studies showed
that exposure to ethylene oxide results in chromasalterations that are related to both
the level and duration of exposure, while a sirglledy suggested that exposure to
ethylene oxide causes gene mutations. Several bibtarkers of DNA damage (un-
scheduled DNA synthesis, DNA single-strand brepfesnature centromere division and
DNA—protein cross-links) have been studied by amlyew investigators; results are
summarized at the end of this section.

Preston (1999) provided a critical assessmenteotitiogenetic effects of ethylene
oxide in vitro and in vivo, discussed the basic guidelines for cytogenetiayasin
population monitoring and hazard identificationd aaxhaustively reviewed reports of
human cytogenetic studies of ethylene oxide thraadt996. Occupational exposures to
ethylene oxide have resulted in increased leveth@imosomal events, which included
sister chromatid exchange, chromosomal aberratms micronucleus formation in
blood cells. Cytogenetic end-points can serve akarmof exposure to ethylene oxide
and DNA damage. Moreover, several large prospestivdies have demonstrated that,
on a population basis, increased levels of chromakaberration or micronucleus for-
mation are indicative of an increased risk for estevelopment (Hagmat al, 1998;



Table 10. Cytogenetic observations in humans expak® ethylene oxide

No. of exposed No. of Exposure time (years) Ethylene oxide in air (pprfi) Cytogenetic effects Reference
controls
Range Mean Range Mean CA MN  SCE
(TWA)

12 8 0-36 + Garryet al. (1979)
12 11 1-8 4 0.5-1 - Peroet al (1981)

5 11 0.8-3 1.6 5-10 +
18 (factory 1) 11 0.5-8 3.2 <1 + +9 - Hogstedeet al (1983,
10 (factory Il) 9 0.5-8 1.7 <1 + - - 1990)

9 (low-dose task) 13 13 Yageret al (1983)

5 (high-dose task) 13 501°
14 14 <0.07-43 - Hanseret al (1984)
10 (nonsmokers) 15 0.5-10 5.7 [15-123] + Laurentet al (1984)
15 (smokers) 7 0.5-10 4.5 +
22 (low exposure) 22 1-4 3 0.2-05 0.35 (+) + Sartoet al (1984a,b;
10 (moderate exposure) 10 0-9.3 1.84 + 1987)
19 (high exposure) 19 3.7-20 10.7 + +
13 (work site 1) 12 3.2 0.5 - - Stolleyet al. (1984);
22 (217 (work site 11) 19 (20¥ 3.1 5-10 - ) Gallowayet al. (1986)
26 (25§ (work site I11) 22 (21¥ 4 5-20 (+) +
33 (production workers) 32 1-14 <0.05-8 <0.01" + Clareet al (1985)
50 141 1-10 1-40 + + Richmoncet al. (1985)
36 35 1-14 0.05-8 0.12 - van Sittetral (1985)
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Table 10 (contd)

No. of exposed No. of Exposure time (years) Ethylene oxide in air (ppri) Cytogenetic effecls Reference
controls
Range Mean Range Mean CA MN SCE
(TWA)

22 (sterilization unit) 10 1-8 0-2.6 + Karelovaet al (1987)
21 (factory workers) 20 2-17 0-4.5 +
25 (laboratory workers) 20 1-15 0-4.8 +

9 27 0.5-12 5 0.025—0.:§8 - Sartoet al (1990)

3 27 >0.38 +
34 23 8 0.008-24 <0.3 - - + Mayeet al (1991)

5 10 0.1-4 8.6 0.025 - - Sartoet al (1991)

5 10 4-12 <1-4.4 0.38 - +

9 (hospital workers) 8 2-6 4 22-72 0..025 + - + Tateset al. (1991)
15 (factory workers) 15 3-27 12 14-400 5 + + +
10 10 3 60-69 + + Lerda & Rizzi (1992)
32 8 5.1 0-0.3 0.04 - + Schulteet al (1992)
11 8 9.5 0.13-0.3 0.16 - +
47 47 <1 - - Tomkiret al. (1993)
14 (hospital workers, 14 0.5-208 - Poppet al (1994)
nonsmokers)
11 (hospital workers, 11 0.5-417 -
smokers)

75 22 3-14 7 2-5 + + Ribeid al (1994)
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Table 10 (contd)

No. of exposed No. of Exposure time (years) Ethylene oxide in air (pprfi) Cytogenetic effects Reference
controls
Range Mean Range Mean CA MN SCE
(TWA)

28 (hospital workers) 8 0-0.30 0.08 - + Schulteet al (1995)
10 (hospital workers) 0.13-0.30 0.17 - +

7 (production workers) 7 Accidental 28-429 - - Tateset al (1995)

7 (production workers) <5 < 0.005-0.02 - -

7 (production workers) >15 < 0.005-0.01 - -

9 (low exposure, 48 4 2.7-10.9 2.7 + - Major et al (1996)
hospital workers)
27 (high exposure, 10 15 2.7-82 55 + +

hospital workers)

CA, chromosomal aberrations; MN, micronuclei; S6Bter chromatid exchange; TWA, time-weighted agera
Blanks not studied

2 1 ppm = 1.83 mg/frethylene oxide

+, positive;—, negative

Maximum concentration measured during purge cycle

Positive for erythroblasts and polychromatic aktére; negative for peripheral blood lymphocytes
Average 6-month cumulative dose in mg ethylend®xi

TWA

Numbers in parentheses are for chromosomal almrsaivaluated by Gallowat al (1986)

" Calculated by linear extrapolation

' Exposed acutely from sterilizer leakage

I Estimated 40-h TWA based on haemoglobin adducts

o
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Liou et al, 1999; Smerhovskegt al, 2001; Hagmaet al, 2004; Boffettaet al, 2007;
Bonasskt al, 2007).

The induction of increased frequencies of sisteorolatid exchange has been found
to be a sensitive indicator of genotoxic exposorethylene oxide in humans (Tasl,
1991). Evaluation of the impact of exposure to lethy oxide on changes in the fre-
quency of sister chromatid exchange should takedansideration the observation that
the available studies assessed a wide range obuegpooncentrations and conditions,
including moderately high-dose acute exposurescanohic exposures at varying con-
centrations of ethylene oxide. Some interestingdseare apparent across studies. Those
that failed to find significant increases in freqdes of sister chromatid exchange
following exposure to ethylene oxide were primardjudies of workers who were
exposed to approximately 5 ppm [9.15 mi/or less (TWA) (Hogstedet al, 1983;
Yageret al, 1983; Hansent al, 1984, Stolleyet al, 1984; Sarte@t al, 1991; Tatest al,
1995), although a number of studies report incob&sguencies of sister chromatid ex-
change in workers exposed to less than 5 ppm (Ti®#oet al, 1984a, 1987; Mayest
al., 1991; Tategt al, 1991; Schultet al, 1992, 1995). Significant increases in frequen-
cies of sister chromatid exchange were commonipdadn studies that evaluated indi-
viduals who were exposed to concentrations of etleybxide > 5 ppm (TWA) (Garst
al., 1979; Yageet al, 1983; Laurengt al, 1984; Sartet al, 1984a; Stollet al, 1984;
Tateset al, 1991; Lerda & Rizzi, 1992; Schulet al, 1992). It should be noted that
comparisons among studies are complicated by eliféers in the methodology used to
record and report exposure concentrations of ethylexide; this problem is further
complicated by the fact that, although workers wggaerally exposed to low average
levels in some studies, acute high exposures watesl o have occurred (Tatesal,
1991). In spite of these complications, severatlistufound significant differences in
sister chromatid exchange frequencies in indivislaald/or groups exposed to levels of
ethylene oxide higher than the designated low-axgogroup from the same or similar
environment (Yageet al, 1983; Sartcet al, 1984a; Stolleyet al, 1984; Tatest al,
1991; Schulteet al, 1992). These findings support the observationdister chromatid
exchange frequencies varied with level and frequehexposure to ethylene oxide. Two
studies investigated changes in frequencies @rsistromatid exchange over time and
found that they remained elevated for at least Gthsoeven when exposures were de-
creased or ceased after the first assessment (baatp1984b; Stolleyet al, 1984). A
relationship between changes in frequencies dadrsitromatid exchange and cigarette
smoking has also been found by several investigators @ap1991); because data on
exposure to cigarette smoke as a potential confiogni@ctor was not consistently
included in all studies, it is not always possitledetermine the primary cause for the
observed changes in sister chromatid exchangedinegSarteet al, 1991).

Because increased frequencies of some classesonfi@somal aberration are asso-
ciated with an increased risk for the developmémtancer (Sorsat al, 1990), several
studies have investigated the induction of increaBequencies of chromosomal
aberrations in individuals exposed to ethylene exM/orkers exposed to a range of
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concentrations from 0.01 ppm to 200 ppm [0.02—-3@#mH) have been evaluated; the
majority of the studies found significant increageschromosomal aberrations (Pero
et al, 1981; Hogstedet al, 1983; Sartet al, 1984b; Richmoneat al, 1985; Galloway
etal, 1986; Karelovéet al, 1987; HOgstedet al, 1990; Tatest al, 1991; Lerda &
Rizzi, 1992; Ribeiroet al, 1994; Majoret al, 1996). One study found significant
increases in chromosomal aberrations in individuatposed to concentrations of
ethylene oxide of approximately 1 ppm [1.83 nij/amd below (Hogstedit al, 1983),
although the majority of positive studies evaluagggdosure conditions in which higher
concentrations of ethylene oxide were present. rQshadies of workers exposed to
concentrations of ethylene oxide of approximateppin [1.83 mg/rfj TWA and below
did not find evidence of increased chromosomal ratiens (van Sitteret al, 1985;
Mayer et al, 1991). Chromosomal aberration frequencies haee bmund to correlate
with exposure concentrations of ethylene oxide@rdidration of exposure (Claet al,
1985; Gallowayet al, 1986; Tateset al, 1991; Lerda & Rizzi, 1992). As noted for
studies of sister chromatid exchange, chromosotmatrations can be influenced by
concurrent exposure to cigarette smoke and by ggéiese factors, combined with
differences in the methods used to determine thgnitoge of the exposures to ethylene
oxide, limit the conclusions that can be drawn froomparisons between studies
(Preston, 1999). As reported for sister chromatidhange, the validity of these
comparisons is supported by the observation thaesovestigators found significant
increases in chromosomal aberrations in high-dosapg but not in low-dose groups
exposed in the same or similar environments (Saib, 1984b; Gallowat al, 1986).

Fewer investigators have evaluated the impact pb&xe to ethylene oxide on the
frequencies of micronucleated cells, and compasiswa therefore limited for this cyto-
genetic marker. The available studies showed a icatidn of positive and negative
effects. HOogstedet al. (1990) and Ribeir@t al. (1994) found increased frequencies of
micronucleated lymphocytes in workers while Tagdsal. (1991) found significant
increases in micronucleus frequencies in workepo®ad to high but not to low doses.
Exposure concentrations in all of these studiesedabut ranged from < 1 ppm to
400 ppm [1.83-732 mgfinethylene oxide. Studies that evaluated indivisieadposed to
levels of ethylene oxide 1 ppm gave negative results (Hogstscl, 1983; Sart@t al,
1990, 1991; Tatest al, 1995).

Two studies determined micronucleus frequencigssnes other than lymphocytes.
Ribeiroet al. (1994) evaluated both peripheral blood lymphocwies exfoliated buccal
cells in individuals exposed to 2-5 ppm [3.66-9m§/nT] ethylene oxide (TWA);
micronucleus frequencies in buccal cells had ativegassociation while lymphocytes
had a significantly positive association with thte@s of ethylene oxide. Sartt al.
(1990) found significant increases in micronucl#aguencies in nasal mucosal cells but
not in exfoliated buccal cells of workers exposedethylene oxide at concentrations
below 0.38 ppm [0.7 mgfih (TWA) (some workers experienced acute exposure to
ethylene). Exposure to cigarette smoke and age watraliscussed as potential con-
founders in these studies. These mixed result®ldwe conclusion by Tates al. (1991)
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that the relative sensitivity of end-points for the debectif exposure to ethylene oxide in
humans was in the following order: haemoglobin atilet sister chromatid exchange >
chromosomal aberrations > micronucleus formatidrypoxanthine—guanine phosphori-
bosyl transferase genklPRT) mutants. HowevetIPRT mutation is a marker of heri-
table DNA change and thus should not be expectduk teensitive as an indicator of
exposure.

Several studies reported individual differencethan magnitude of response for one
or more biomarkers that were not accounted for by adjustirgibwn confounders such
as smoking or age (Lauregttal, 1984; Sart@t al, 1984a). Yonget al. (2001) evaluated
the relationship between levels of haemoglobin erdusister chromatid exchange
frequencies an@STT1genotype and found that individuals who had thik GSTT1
genotype had significantly higher levels of haembigladducts and lower frequencies of
sister chromatid exchange than individuals who dtaldast one positive allele. Because
these findings were made after most of the abgwert® the impact of individual geno-
type upon the markers listed above is not knowre Tigsults of Yonget al. (2001)
suggest that studies that found significant vamieti between individuals may have
detected the impact @STT1genotype upon the study end-points, and suppemded
to consider genotype in future studies of ethylride-induced effects.

Only three reports have addressed the issue ofhemhetcupational exposure to
ethylene oxide is associated with the inductiogarfe mutations. In the first study, the
T-cell cloning assay was used to meadtdiRRT mutant frequencies in peripheral blood
lymphocytes from nine ethylene oxide-exposed habpibrkers and 15 ethylene oxide-
exposed factory workers (Tatesal, 1991). Hospital workers included nurses and tech-
nicians who were involved in the sterilization aédital equipment and were exposed to
ethylene oxide once or twice a week for about 1. Mhe concentrations of ethylene
oxide ranged from 20 to 25 ppm [36.6—45.8 nifjimthe sterilization room and from 22
to 72 ppm [40.3.-131.8 mgfirin front of the sterilizer immediately after ofieg (as
measured by GC). The hospital workers were matédredge, sex and smoking habits
with a control group of eight unexposed administeatvorkers. The factory workers
were employed at a plant that was involved in tieelpction of ethylene oxide-sterilized
disposable medical equipment, and were similarly mdtaligh a group of 15 unexposed
controls in the same factory. During a 4-month riowimg period (equivalent to the life-
span of erythrocytes in humans), five workers wengaged in ‘daily’ sterilization
activities, two workers were involved in ‘daily’esilization except for leave periods of 7
or 11 days and eight remaining workers were ‘oocely’ exposed to ethylene oxide
during exposure control, packing and quality cdntfosterilized products. Before the
collection of samples in early 1990, the mean ¢haif exposure of factory workers was
12 years (range, 3-27 years), with average ameéigrasure levels from 1989 onwards
that were estimated to be about 17 ppBi[mg/ni] ethylene oxide. Based on measure-
ments of N-(2-hydroxyethy)valine haemoglobin adducts thaedrate exposure over
time, average exposures to ethylene oxide in thwdths before blood sampling were
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estimated to be a 40-h TWA of 0.025 ppm [0.046 migfon hospital workers and 5 ppm
[9.15 mg/m] for factory workers (Tatest al. 1991).

The averag¢dPRT mutant frequencies in hospital workers (12.8.9 x 10° and
factory workers (13.& 4.4x 10°) were remarkably similar and showed increase$%f 5
and 60%, respectively, above background in thepeaetive control groups (8#63.6 x
10° and 8.6+ 4.4 x 10°); however, the mutagenic response was significaiivated
only in the factory workers. Tates al. (1991) suggested that the statistically significan
increase in the mutant frequency in the factorykexsr, and not the hospital workers, may
have been due to some extent to the larger styulyladmns of factory workers and their
controls, but the investigators concluded thatifference was more probably due to the
higher exposure concentrations and tissue dosstkydéne oxide in factory workers. The
mean cloning efficiency was uniformly lower in the exposeatiry workers than in their
control group (as well as the hospital workers sggoand their control groups), which
might exaggerate the effect of exposure to ethytetide onHPRT mutant frequency in
factory workers; however, adjustments (using miigtgive and additive models) for the
observed effect of cloning efficiency, age and smokingsiatfactory workers appeared
to justify the conclusion that the increas¢f@dRT mutant frequency in this group was due
to exposure to ethylene oxide. [While the Working@ recognized the importance of
this study, it also noted inconsistencies in trgulte with regard to the response in
relation to the exposure concentrations and duratiexposure, as well as the apparent
similarity of the mutational spectrum of the exmbsgroup and that of control
populations.]

In a follow-up study of workers in an ethylene @xidroduction plant, Tate=t al.
(1995) again used the T-cell cloning assay to mme&#BRT mutant frequencies in three
exposed and one unexposed groups (seven subjeagsopp). Group | workers were
incidentally exposed to acute high concentratidrettyylene oxide, while group Il and 111
workers were chronically exposed to low concerratiof ethylene oxide for < 5 years
and > 15 years, respectively. No significant didferes in mutant frequencies were
observed between any combination of worker or obr@roups, which implies that
incidental exposure to high levels of ethylene ex@8-429 ppm [52—785 mgihor
chronic exposure to low concentrations of ethylexiee (< 0.005-0.02 ppm [< 0.01-
0.04 mg/n]) did not cause any measurable permanent gendionstin lymphocytes.

A few investigations extended the number of biomerkevaluated to characterize
ethylene oxide-induced effects to include unsclesH@NA synthesis and induction of
DNA single-strand breaks, premature centromeresidiviand DNA—protein cross-links.
Induction of unscheduled DNA synthesis was dectkasempared with controls in
workers exposed to a range of concentrations gfegtl oxide that included levels below
1 ppm [mg/m] (TWA) (Peroet al, 1981; Sarteet al, 1987; Mayeret al, 1991); the
significance of this finding was not clear, but agmeestigator considered the decrease to
reflect diminished DNA repair capacity (Pezbal, 1981). DNA single-strand breaks
were not found to be increased in ethylene oxide-exposdergon one study (Mayet
al.,, 1991), but were shown to be increased by alkadilogion in peripheral blood
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mononuclear cells from hospital and factory workecsupied in sterilizing medical
devices (Fuchst al, 1994). In nonsmokers, significantly higher elotiwas observed in
ethylene oxide-exposed workers than controls, wtharkable individual differences in
susceptibility according t&STT1polymorphism. In smokers, a similar trend was ob-
served in ethylene oxide-exposed subjects but désponse was smaller and non-
significant. Only one study evaluated prematuretroemere division as a potential
indicator of genomic instability (Majaet al, 1999); an increase in this phenomenon was
observed in ethylene oxide-exposed subjects thedlated with increased chromosomal
aberrations. Another study measured DNA—protein cioks-by alkaline filter elution in
hospital workers and found a significant correlatietween reduced elution rates and
exposure to ethylene oxide (Pagifal, 1994).

4.2.2 Experimental systems

(@ DNA adducts

The relative amounts of adducts found in two indépet studies of the reactivity of
ethylene oxide with double-stranded DMAvitro (Segerbéack, 1990; lgt al, 1992) are
compared in tables in Segerback (1994) and Kokehah (2002).In vitro, the reaction of
ethylene oxide with nucleic acids occurs mainlyid nitrogens, and leads to the for-
mation of 7-HEGQ®-(2-hydroxyethyl)guaninedf-HEG) and reaction products wil,
N3, N7 andN® of adenine anli3 of cytosine, uracil and thymine. Depending upe@niith
vitro study, 7-HEG accounted for up to 90% of aligin products and smaller amounts
of other DNA adducts were formed. Segerbéck (196Pprted that treatment of calf
thymus DNA with'“C-labelled ethylene oxide resulted in the formatibi-HEG,N3-(2-
hydroxyethyl)adenine (3-HEA) ar@-HEG at a ratio of 100:4.4:0.5. In contrast, Walker
et al. (1992b) found that the ratio of the steady-statecentrations of 7-HEG, 3-HEA
and O°-HEG was 100:0.3:0.4 following repeated exposufesats to ethylene oxide,
which indicates that 3-HEA ar@-HEG do not accumulaia vivo at levels predicted by
the in-vitro ratios of these adducts and 7-HEG.

Many studies have evaluated DNA adducts as a moleculanetesifollowing single
or repeated exposures of mice and rats to ethyleide by intraperitoneal injection or
inhalation. 7-HEG has consistently been found tahieepredominant adduct; relatively
small amounts 0b®*-HEG and 3-HEA were identified in a single inveatign of in-vivo
adduct formation in tissues of ethylene oxide-egdasits (Walkeet al, 1992b). Time-
course studies have demonstrated that 7-HEG acateduht steady-state levels after 4
weeks of inhalation exposure of mice and rats @b lsioncentrations of ethylene oxide
(100 ppm [183 mg/fhin mice and 100 or 300 ppm [183 or 549 mi/im rats) for 6 h
per day on 5 days per week (Walkeral, 1990, 1992b; Rusyet al, 2005); in contrast,
adducts reached a plateau after 1 week of expaduriag in-vivo conversion of
exogenous ethylene to low levels of ethylene oxieppm [111 mg/m]) in most tissues
of mice and rats exposed to 3000 ppm ethylene ldtion 6 h per day on 5 days per
week for 4 weeks (Walkeet al, 2000; Rusyret al, 2005). These data support the
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hypothesis that, after repeated exposures of redenhigh concentrations of ethylene
oxide, the discrepancies between the time to stetadg (i.e= 28 days) and the DNA

adduct half-life values [cited in the previous eaviof ethylene oxide (IARC, 1994); i.e.
half-life of 1.0-2.3 days in most mouse tissues ard+4.8 days in most rat tissues
(Walker et al, 1992b)] were most probably related to a greaggreddence on spon-
taneous depurination for loss of 7-HEG than at foleeels of exposures to ethylene
oxide at which DNA repair is not saturated (Walgeal, 2000). In contrast, the patterns
of elimination of 7-HEG adducts after a single 6xposure of rats to 40 or 3000 ppm
ethylene exhibited slow linear loss of adducts fthmbrain, liver and spleen in animals
exposed to endogeneously formed low-level ethylexide equivalents of ~1-6 ppm

[1.83-11 mg/r] (Rusynet al, 2005).

Dose-response studies in mice and rats exposed.@ 33 or 100 ppm [5.49, 18.3,
60.4 or 183 mg/f ethylene oxide for 6 h per day on 5 days per wieekd weeks
showed that the formation of 7-HEG at any givenosxpe level was similar for all
tissues (brain, liver, lung, spleen) except the testiifwat factor of three) (Walket al,
1992b; Wuet al, 1999a; Rusyrt al, 2005), which suggests that, since not all ofahes
tissues are targets for cancer, other criticalbbfactnay be involved in the species and
tissue specificity for tumour induction by this aofieal (Walker et al, 1992b).
Nevertheless, in rats exposed by inhalation for peh day on 5 days per week for
4 weeks to 0, 50, 100 or 200 ppm [0, 91.5, 183 or 366 Thethylene oxide, statistically
significant linear relationships were found betweszan levels of 7-HEG and increases
in Hprt mutant frequencies and between 7-HEG and elegatiorsister chromatid
exchange or so-called high-frequency cells (vatergét al, 2000). Similar relationships
between levels of 7-HEG amtprt mutant frequencies were observed in mice expased f
4 weeks to the same concentrations of ethyleneepxgcept that the dose—response
curves were sublinear and showed a greater effectrpt dose for both biomarkers with
increasing exposure (see Fig. 4 in Walkkeanl, 1997a). Thus, while levels of ethylene
oxide-induced 7-HEG do not correlate directly withecies/tissue susceptibility, they
appear to predict the occurrence of increased drazies of gene mutations and sister
chromatid exchange in the lymphocytes of ethyletigesexposed rodents.

Background levels of 7-HEG in mice and rats havenhbavestigated in numerous
reports on the validation of sensitive methods &asuare this adduct and/or establish the
relative contribution of DNA damage that arisesrfrendogenously and exogenously
derived ethylene oxide (Foet al, 1989; Walkeret al, 1992b; Eideet al, 1999; Wu
et al, 1999a,b; Zhaet al, 1999; van Sittertt al, 2000; Walkeket al, 2000; Rusyret al,
2005; Marsderet al, 2007). Most recently, Marsdezt al. (2007) developed a highly
sensitive LC-MS/MS assay with selected reactionitmamg and established the lowest
background levels of 7-HEG (1.1-3.5 adducts/h0cleotides) reported to date for
multiple tissues (colon, heart, kidney, liver, lusgleen and stomach) in male Fischer
344 rats, which corroborated and extended an eael®rt of (2.6 7-HEG adducts/$0
nucleotides in liver DNA from unexposed male Lewass (van Sitteret al, 2000).
Marsdenet al. (2007) also measured exogenously derived 7-HE@®Gwiplg intra-
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peritoneal administration of a single dose or tlii@éy doses of 0.01-1.0 mg/kg ethylene
oxide. These relatively low doses resulted in mbldesgenerally dose-related increases
in the observed concentrations of 7-HEG (i.e. bamkud levels from endogenous
ethylene oxide plus levels from exogenous ethytexde) in various tissues, except at
the lowest concentration for which the measured ata@iry-HEG in various tissues did
not differ from those detected in control animdlke latter finding indicates that any
increase in 7-HEG was negligible compared witheghdogenous DNA damage already
present.

(b) Mutations and other genetic effe(iee Table 11 for details and
references)

As a direct-acting alkylating agent, ethylene oxids displayed genotoxic activity in
nearly all studies in experimental systems, wifava notable dose-related exceptions in
ethylene oxide-exposed roderits.vitro, ethylene oxide caused DNA damage and gene
mutations in bacteriophage, bacteria, fungi, isenid mammalian cells, and gene
conversion in yeast (IARC, 1994). Given the geneaaisistency of the in-vitro data in
Table 11, only studies conducted in in-vivo systamesdetailed here.

In-vivo exposure to ethylene oxide induced DNA dgenand heritable mutations in
germ cells of rodents, which caused alkali-labilessand single-strand breaks in mouse
sperm and spermatids, and chromosomal aberrationsouse spermatocytes. It also
induced dominant lethal effects in mice and ratsl heritable translocations in mice.
Reviews of these studies have been published (Healtl&at#09, 2001; WHO, 2003).
It should be noted that these (mostly dose-related) effesre observed at relatively high
concentrations of ethylene oxide (165-300 ppm [389-mg/ni]; lower doses not
tested) that exceeded the high dose used in thentradrcinogenicity studies of this
chemical.

Results of in-vivo gene mutation studies in rodéwtge given consistently positive
results following ingestion, injection or inhalatioof ethylene oxide. The in-vivo
mutagenicity of ethylene oxide at th#prt locus of somatic cells was demonstrated
following intraperitoneal injection and after refehinhalation exposures of mice. The
impact of age-dependent trafficking on the ‘maniftigsn’ of mutant T-cells in rodents
was taken into consideration in designinghimet mutation studies (Walket al, 1999).

In young adult maldacl transgenic mice of B6C3Forigin, inhalation exposures for
4 weeks to ethylene oxide resulted in significant norafifrecreases in the frequencies of
Hprt mutations in splenic T cells. The average inducedant frequencies (i.e. the
average observed mutant frequency after treatmensitiislaverage background mutant
frequency) following exposures to 50, 100 or 200 ppm [983,0t 366 mg/rf) ethylene
oxide were 1.6, 4.6 and 11x9L0°® greater relative mutagenic efficiencies (mutations pe
unit dose) were observed at higher than at lowecatrations. The small but significant
mutagenic response induced at 50 ppm ethylene {tkiddow-dose concentration in the
carcinogenicity bioassay in mice) was only 73% a&bihe average control animal value
of 2.2+ 0.3x 10° (p = 0.009). In a follow-up study of rodents exposed for 4 weeks to



Table 11. Genetic and related effects of ethyleneide

Test system Result Dos€ Reference
(LED or HID)

Without With

exogenous exogenous

metabolic  metabolic

system system
DNA single-strand breaks, Chinese hamster V79 geNgro + NT 0.5mM1hA Herreroet al (1997)
Gene mutation, Chinese hamster ovary celfst locusin vitro + + 0.5mM5Hh Tanet al (1981)
Gene mutation, Chinese hamster ovary celfst locusin vitro + NT <2000 ppm 1h Zamoret al (1983)
Micronucleus formation, Chinese hamster V79 dellgitro + NT 12 344 ppm 30 min Zhorgg al (1992)
Chromosomal aberrations, Chinese hamster V79 icelisro + NT 3500 ppm 30 min Zhorgt al (1992)
Cell transformation, mouse C3H/10T1/2 cells NT 5aM 1K Kolmanet al (1989)
DNA single-strand breaks, human diploid fibroblastsitro + NT 25mM 1A Nygrenet al. (1994)
DNA double-strand breaks, human diploid fibroblastsitro + NT 1I0mM1A Nygrenet al. (1994)
DNA single-strand breaks, human lymphocyitesitro + NT 0.5mM 1A Hengstleret al. (1997)
Unscheduled DNA synthesis, human lymphocytegtro + NT 0.1mM 24 R Peroet al. (1981)
Gene mutation, human fibroblagtsvitro + NT 25mM 1A Kolmanet al (1992)
Gene mutation, human fibroblagtsvitro + NT 5mM1HK Bastlovéet al. (1993)
Sister chromatid exchange, human fibroblastsgtro + NT 36 ppm 24 h Star (1980)
Sister chromatid exchange, human lymphocirtestro + NT 0.22 mM 20 min Garrgt al (1982)
Sister chromatid exchange, human lymphocirtestro + NT mM3s Tuckeret al (1986)
Sister chromatid exchange, human lymphociriestro + NT R5mM1HK Agurellet al (1991)
Sister chromatid exchange, human lymphociriestro +9 NT 1000 ppm 90 min Halliezt al (1993)
Chromosomal aberrations, human amniotic cell ilinetro + NT >5mM1h Poirier & Papadopoulo

(1982)

DNA single-strand breaks, mouse spermaitidévo + 1800 ppminh 1 h Segd al (1988)

3dIX0 INTTAHLE

192



Table 11 (contd)

89¢

26 ANNTOA SHAVHOONOWN D

Test system Result Dosé Reference
(LED or HID)
Without With
€x0genous exogenous
metabolic  metabolic
system system
DNA single-strand breaks, mouse spermaitidgvo + 100 mg/kg % 1 ip Sega & Generoso (1988%
Gene mutation, mouse spleen T lymphocyitgst locusin vivo + 600 mg/kg ip Walker & Skopek
(1993)
Gene mutation, mouse spleen T lymphocytist locusin vivo + 50 ppm infix 4 wk Walkeret al (1997a)
Gene mutation, mouse and rat spleen T lymphochfiest,locus  + 200 ppm infix 4 wk Walkeret al (1997b,
in vivo 2000)
Gene mutation, mouse lungacl transgenén vivo + 200 ppm infix 4 wk Sisket al. (1997)
Gene mutation, mouse bone marrow, spléex| transgenén - 200 ppm infix 4 wk Sisket al (1997)
Vivo
Gene mutation, male Lewis rat spleen T lymphocygst locus  + 20 mg/kg x 1ip Tatest al (1999)
in vivo
Gene mutation, male Lewis rat spleen T lymphocyiigst locus  + 2mMdw, 30d Tatest al (1999)
in vivo
Gene mutation, male Lewis rat spleen T lymphocytigst locus  + 50 ppm infix 4 wk Tateset al (1999)
in vivo
Gene mutation, male Lewis rat spleen T lymphocyigst locus  + 200 ppm infix 4 wk van Sitteret al (2000)
in vivo
Gene mutation, mouse bone marrhagl transgenén vivo + 100 ppm infix 48 wk Recicet al (2004)
Gene mutation, mouse testisicl transgenén vivo + 25 ppm infix 48 wk Recicet al (2004)

Mouse specific locus, spermatogonial stem éeligvo

255 ppm inh 6 hid

Russellet al. (1984)



Table 11 (contd)

Test system

Result

Without With

exogenous exogenous

Dosé
(LED or HID)

Reference
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metabolic  metabolic
system system

Mouse specific locus, spermatogonial stem geligvo +) 200 ppm inh 6 hAd Lewiset al (1986)
Sister chromatid exchange, rabbit lymphocytegivo + 50 ppm infix 12 wk Yager & Benz (1982)
Sister chromatid exchange, male Fischer 344 raphouytesn + 451 ppminh 6 h Kligermaet al (1983)

vivo
Sister chromatid exchange, monkey lymphociriesvo + 50 ppm inh 7 hiY Lynchet al (1984b);

5 d/wk, 2 years Kelseyet al (1988)
Sister chromatid exchange, rabbit lymphocytegivo + 200 ppm inh 6 h/d, Yager (1987)
40 days

Sister chromatid exchange, Swiss mouse bone-mamedsgin + 30 mg/kgip x 1 Faroogit al (1993)

Vivo
Sister chromatid exchange, male Fischer 344 rag{nagrrow + 100 ppm inff 3 mo Oneet al (1993)

cells and spleem vivo
Sister chromatid exchange, male Fischer 344 raphpuoytesn + 150 ppm infix 1-4 wk Preston & Abernethy

Vivo (1993)
Sister chromatid exchange, male Lewis rat splgmiphocytes (+) 50-200 ppm inhx 4 wk  van Sitteret al (2000);

in vivo Lorenti Garcieet al

(2001)

Micronucleus formation, mouse and rat bone-marrells i vivo  + 100 mg/kg x 1 iv Appelgreet al (1978)
Micronucleus formation, mouse bone-marrow cigllgivo + 125 mg/kg x 1 ip Jenssen & Ramel (1980)
Micronucleus formation, rat bone-marrow cétis/ivo + 100 ppm inf 3 mo Hochbergt al (1990)
Micronucleus formation, Swiss mouse bone-marrols éelvivo  + 30 mg/kgip x 1 Faroogit al (1993)

69¢



Table 11 (contd)

Test system

Result

Without With
€x0genous exogenous
metabolic  metabolic

Dosé
(LED or HID)

Reference

system system
Micronucleus formation, male Fischer 344 rat an€B8B mouse + 200 ppm infAx 4 wk Vergnes & Pritts (1994)
bone marrovin vivo
Micronucleus formation, male Lewis rat splenic lymopytesn - 50-200 ppm irftx 4 wk  van Sitteret al. (2000);
Vivo Lorenti Garcieet al
(2001)
Chromosomal aberrations, male Swiss mouse bonesmaslls  + 200 ppm inh 6 h/d Ribeiret al (1987a)
in vivo
Chromosomal aberrations, Swiss mouse bone-marrbsiice + 30 mg/kg x 1 ip Faroogit al (1993)
vivo
Chromosomal aberrations, male Fischer 344 rat lyroptesin - 450 ppm inh 6 h/d, 3d Kligerman al. (1983)
vivo
Chromosomal aberrations, monkey lymphocytegvo + 100 ppminh 7 h/d, Lynchet al (1984b)
5 diwk, 2 years
Chromosomal aberrations, male Fischer 344 rat |yroptesin - 150 ppm infix 1-4 wk Preston & Abernethy
Vivo (1993)
Chromosomal aberrations, male Lewis rat lymphocyte$vo - 50-200 ppm irftx 4 wk  van Sitteret al. (2000);
Lorenti Garcieet al
(2001)
Chromosomal aberrations, mouse spermatocytesdrieet®/o + 400 ppm inh 6 h/d Ribeiret al (1987a)
Dominant lethal mutation, mousevivo - 25 mg/kg x 1iv Appelgreet al (1977)
Dominant lethal mutation, mougevivo + 150 mg/kg x 1 ip Generoset al (1980)
Dominant lethal mutation, mougevivo + 250 ppm infix 2 wk Generoset al (1983)
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Table 11 (contd)

Test system Result Dosé
(LED or HID)

Reference

Without With
€x0genous exogenous
metabolic  metabolic

system system
Dominant lethal mutation, mousevivo + 300 ppminh 6 h/dx4d Generasioal (1986)
Dominant lethal mutation, mousevivo + 204 ppm inh 6 h/d Generoset al (1990)
Dominant lethal mutation, rat vivo + 1000 ppminh 4 h Embrex al (1977)
Mouse heritable translocation + 30 mg/kgeip diwk, Generoset al (1980)
5 wk
Mouse heritable translocation + 165 ppm 6'h/d Generos@t al (1990)
Binding (covalent) to calf thymus DN vitro + NT 2M 10 h Liet al. (1992)
Binding (covalent) to human DN# vitro + NT 1mM3h Pauwels & Veulemans
(1998)
Binding (covalent) to mouse DNif vivo + 1.15 ppm inh 75 min Ehrenbeztal. (1974)
Binding (covalent) to rat DNAn vivo + 20.4pmol/kg x 1 ip Osterman-Golkaet al.
(1983)
Binding (covalent) to rat DNAn vivo + 100 ppminh 4 h Fost al. (1989)
Binding (covalent) to rat DNAn vivo + 1ppminh6h Pottest al. (1989)
Binding (covalent) to rat DNAn vivo + 300 ppm infix 4 wk Walkeret al. (1990)
Binding (covalent) to mouse DNy vivo + 300 ppminh 1h Segd al. (1991)
Binding (covalent) to mouse DNy vivo + 33 ppm infix 4 wk Walkeret al. (1992b)
Binding (covalent) to rat DNAn vivo + 10 ppm infix 4 wk Walkeret al. (1992b)
Binding (covalent) to rat DNAn vivo + 04.6 ppminh6hx1 Bolt & Leutbecher
(1993)
Binding (covalent) to rat DNAn vivo + 300 ppm inh 12 h/d 3 Eideet al. (1995)
Binding (covalent) to mouse DNif vivo + 10 ppm infix 4 wk Wouet al. (1999a)
Binding (covalent) to rat DNA in vivo + 3 ppm ihk 4 wk Wuet al (1999a)
Binding (covalent) to rat DNAn vivo + 50 ppm infix 4 wk van Sitteret al (2000)
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Table 11 (contd)

Test system Result Dosé Reference
(LED or HID)

Without With
€exogenous exogenous
metabolic  metabolic

system system
Binding (covalent) to mouse and rat DNAvivo + ~1 ppminAx 4 wk Walkeret al. (2000);
Rusynet al. (2005)
Binding (covalent) to rat DNAn vivo + 0.1 mg/kgx 1 ip Marsderet al. (2007)
Binding (covalent) to rat haemoglokimvivo + 1 ppminh 6 h Potteat al (1989)
Binding (covalent) to mouse haemoglobinvivo + 300 ppminh 1 h Segd al (1991)
Binding (covalent) to mouse haemoglobinvivo + > 33 ppm infix 4 wk Walkeret al. (1993)

Binding (covalent) to rat haemoglobin in vivo + > 10 ppm infix 4 wk Walker et al. (1993)
Sperm morphology, mouse vivo 200 ppm inh 6 h/d x 5 Ribeiet al. (1987b)

+

&+, positive; —, negative; (+), weak positive; Nibt tested

b LED, lowest effective dose; HID, highest ineffeetidose; d, day; dw, drinking-water; inh, inhalatiaj, injection; ip, intraperitoneal;
iv, intravenous; mo, month; wk, week

¢ Concentration in the culture medium

4 Single concentration, positive only for non-cortays of glutathione

€6 h/day, 5 days/week

" Sixty days total over a 5-month period

9 Five days/week; 6-7 months; mating started 7trkweé@xposure and continued throughout exposurieger
_“ Five days/week; 2 years (study group from Lyethl, 1984b)

' Five days/week; 16 days

I Five days/week; 6 weeks then daily 2.5 weeks

clLe
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0 or 200 ppm [366 mg/fth ethylene oxideHprt mutant frequency measurements in
splenic T cells of young adult male Fischer 344 gatd B6C3Fmice were significantly
increased by five- to sixfold over background (1.7 ancL@* in control mice and rats,
respectively).

Ethylene oxide-induced mutagenesis atiipet locus in splenic T cells of rats was
confirmed in two additional investigations in youadult male Lewis rats exposed to
ethylene oxide by single intraperitoneal injectionthe drinking-water or by inhalation.
Significant mutagenic effects were observed byhaée routes of exposure; plots of the
mutagenicity data against blood dose (estimatedh fnmemoglobin adducts) were a
common denominator, which showed that, at equaldbltoses, injection of ethylene
oxide led to higher mutant frequencies than treatritethe drinking-water, which was
more mutagenic than exposure via inhalation. In a follpvgtudy of inhalation exposure
of male Lewis rats to the same concentrations loflete oxide, modest dose-related
increases iHprt mutant frequencies were found but the only sigaift elevation was in
the group exposed to the highest dose of ethylgitke.oThe results of these studies of
Hprt gene mutation led to the conclusion that ethytedage is only weakly mutagenic in
adult rats.

Ethylene oxide-induced gene mutations have been dgrated in multiple tissues of
Lacl transgenic mice. Following 4 weeks of inhalation expostireale Big Bluél mice
to ethylene oxide, the frequenciesLaicl gene mutations in exposed animals were sig-
nificantly increased over control values in lung but noebmarrow or spleen. When Big
Blue mice were exposed to ethylene oxide for 12a2d 48 weeks, clear dose-related
mutagenic responses in bone marrow were obsenigdafier 48 weeks of exposure,
with Lacl mutant frequencies significantly increased onlghie 100- and 200-ppm [183-
and 366-mg/rfj exposure groups. In testes of the same micereteted increases in
mutant frequencies were found in the groups exptus28, 50 or 100 ppm [45.8, 91.5 or
183 mg/mi] but not the group exposed to 200 ppm [366 mMgathylene oxide.

Recent assessments of the carcinogenicity of ethylexide have included
discussions and summary tables of the results finamy studies on chromosomal effects
in ethylene oxide-exposed humans (Health Canadz9, 201, WHO, 2003), but no
critical review of cytogenetic studies in ethylemede-exposed rodents has been made
since 1990 (Dellarcet al, 1990). Several studies have shown that repeapEeres of
rats to levels equal to or greater than those irseddent carcinogenicity studies of
ethylene oxide (> 50 ppm [> 91.5 md]jrinduced dose-related increases in sister chro-
matid exchange. Treatment of rats and mice with higute doses of ethylene oxide by
intraperitoneal or intravenous injection or ordliye. routes of exposure that are less
relevant to humans) also caused increases inahjadncies of micronucleus formation
and chromosomal aberrations.

In contrast, following inhalation exposure (i.e.raute of exposure relevant to
humans), only concentrations of ethylene oxide that erdethdse used in rodent cancer
bioassays induced micronucleus formation or chromes aberrations in mice and rats.
Modest but significant increases in bone marrowrenigclei were observed in male
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Fischer 344 rats and B6C3mice following 4 weeks of exposure for 6 h per day5
days per week to 200 ppm [366 mdj/ethylene oxide, but not to 40, 1000 or 3000 ppm
exogenous ethylene which is converiadvivo to about 1-6 ppm [1.83-11 mgjm
ethylene oxide (Vergnes & Pritts, 1994). In confras increases in the frequencies of
chromosomal aberrations or micronucleus formatiorrewfound in peripheral
blood/splenic lymphocytes from rats exposed to letiey oxide. Furthermore, another
study showed that 4 weeks of exposure of rats hylezte oxide failed to cause an
increase in translocations (e.g. the percentagamglocations in controls and rats treated
with 200 ppm [366 mg/fh was 0.1% and 0.09%, respectively). [The Workingup
noted, however, that strong conclusions cannotré@rdabout the clastogenic potential
of the ethylene oxide treatment regimen used idtveek inhalation study (van Sittett
al., 2000; Lorenti Garcigt al, 2001) because cytogenetic studies were initiatddys
after the final day of exposure, a suboptimal time, and tverpaf the fluorescent in-situ
hybridization studies were limited by analysis pfyoa single chromosome and the small
numbers of rats per group examined.] In studighepotential clastogenicity of styrene,
a group of rats exposed to 150 ppm [274.5 migéthylene oxide by inhalation for 6 h
per day on 5 days per week for 1, 2, 3 or 4 weeks mcluded based upon the expec-
tation that, with appropriate sampling times shortlyrafigosure, a positive response for
chromosomal aberrations would be produced in lyroyies of ethylene oxide-exposed
animals. However, the frequency of chromosomalrabens in ethylene oxide-exposed
rats was not increased over that in air contradmgtsampling time.

(c) Mutational spectra

Walker and Skopek (1993) reported limited data artational spectra foHprt
mutant T-cell clones from B6C3Fmice given repeated intraperioneal injections of
ethylene oxide. Molecular analyses using polymerdsen reaction-based denaturing
gradient gel electrophoresis and sequencing foatioas in the exon 3 region efprt
suggested the involvement of both modified guanimksgi®nine bases in ethylene oxide-
induced mutagenesis. Additional dataHprt gene mutational spectra were presented in
a preliminary report following 4-week inhalationpasures of mice to 0, 50, 100 or
200 ppm [0, 91.5, 183 or 366 mdJrathylene oxide or rats to 0 or 200 ppm [366 nij/m
ethylene oxide for 6 h per day on 5 days per weéldKer et al, 1997b). The types of
mutation in ethylene oxide-exposed mice or ratsewedependent of the route of ex-
posure; these mutations included a combinationask substitutions, frameshifts and
small deletions; the most common lesions were a +1G in & gixguanines (base pairs
207-212) and several different small deletiondéregion of base pairs 275-280. These
data suggest that ethylene oxide mutagenesis malvénsimilar mechanisms in mice
and rats.

In ethylene oxide-exposed Big Bliuemice, molecular analyses of mutations in the
lacl transgene of bone marrow showed a decrease iionstat G:C base pairs and an
increase at AT base pairs, which were exclusiv&ly - T:A transversions and
accounted for 25.4% (14/55) of the mutations isdlgRecioet al, 2004). In contrast,
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A:T - T:A transversions occurred at a frequency of 1.4%6Q) in concurrent control
mice. The mutational spectrum in the testes of etlgybxide-exposed mice indicated that
small increases across most mutational types wéfigient to produce an overall in-
crease in theacl mutation frequency, although this was not signifiéana specific type
compared with controls.

4.2.3 Mechanism of mutation induction

Although abundant daia vitro andin vivo indicate that genotoxicity plays a major
role in the carcinogenicity of ethylene oxide, @sdnutagenicity is deemed to be a con-
sequence of high reactivity with DNA, the lesioasponsible for ethylene oxide-induced
mutationsn vivo have not yet been identified. Possible precursmrisgor the induction
of mutations by ethylene oxide are thought to idelthe formation ofg) 7-HEG and
other N-alkylated bases that may ‘predispose’ to mutatievants, §) O°-HEG as a
promutagenic adductg)(hydroxyethyl adducts of the DNA backbone addsecondary
reactive oxygen species. Systematic studies oftixe& damage from exposure to ethyl-
ene oxidein vivo have not been performed and this potential soofreautation is not
considered in depth here. Since the publicatiotheffirst data on mutational spectra
following exposure of human cells vitro (Bastlovéet al, 1993) and exposure of mice to
ethylene oxiden vivo (Walker & Skopek, 1993), several lines of resedrakie been
pursued in a limited fashiom)(to assess the hypothesis that adducts that dealatsic
(apurinic/apyrimidinic) sites may contribute to timeitagenesis of ethylene oxide) (o
identify and characterize promutagenic adducts i@y account for certain types of
mutations induced by ethylene oxide; anjltp evaluate the means by which adducts
could cause large deletions and chromosomal adtesgbroduced by ethylene oxide.

As the major DNA adduct of ethylene oxide, 7-HEGuidikely to be directly
promutagenic becaudd7-alkylguanine adducts formed from small epoxideshsas
ethylene oxide and propylene oxide do not cause distofitibie alouble helix and do not
interfere with hydrogen bonding (Albertini & Swegn@007); ratherN7-alkylguanine
adducts are hypothesized to result in mutationobyg bf the adduct via depurination or
the action of DNA glycosylases. The resulting abaiés are non-coding and may result
in base substitutions and strand breaks. The aofi@purinic endonuclease creates a
single-strand break which, if unresolved, can l@adDNA double-strand breaks and,
possibly, chromosomal alterations (Vogel & Nataraj982). Current data suggest that
depurination ofN7-alkylguanine adducts results largely in-G 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 substitwgi@t theHprt locus of splenic
T cells of mice and rats exposed to ethylene owidee at A:T base pairs (Walker &
Skopek, 1993; Walkeat al, 1997b), and it is feasible that these mutatiangdcoriginate
from spontaneous or glycosylase-mediated depuwmafi 3-HEA and otheN-hydroxy-
ethyl adducts of adenine/thymine, with subsequgrpass replication of abasic sites.
While chemically induced abasic sites have beendda be important in the mutagenic
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mechanisms for only a few exogenous chemicals (I&é&weston, 1986), the fact that
> 98% of the DNA adducts produced by ethylene olede to abasic sites denoted the
need to investigate their role in the mutagendsiki® agent (Walker & Skopek, 1993).
In order for these mutagenic events to occur at sudfieient to result in ethylene oxide-
induced changes in mutational spectra (includirggeimses in base substitutions and
deletions), accumulation of abasic sites that dr@a high levels of 7-HEG would be
expected to occur over time (Rustral, 2005).

A study was recently completed to test the hypothesis thasere to ethylene oxide
results in the accumulation of abasic sites anddesl changes in the expression of genes
for base-excision DNA repair, which predisposepdmt mutations and chromosomal
aberrations in Fischer 344 rats exposed by inbaldtir 6 h per day on 5 days per week
for 4 weeks to 0 or 100 ppm [183 mdJrethylene oxide or 0 to 3000 ppm ethylene
(~ 6 ppm ethylene oxide) (Rusghal, 2005). The resulting data demonstrated thatgwhil
7-HEG accumulates with repeated exposuxdsydroxyethylation of DNA by ethylene
oxide is repaired without accumulation of abadiessiand that the mechanisms proposed
above probably play a minor role in the mutagenicity af sigient. The same conclusions
would apply to the minor accumulation of 3-HEA aottier N-hydroxyethyl adducts of
adenine/thymine, and the induction of strand-bresksoint mutations at A:T base pairs
by ethylene oxide.

Several investigators have proposed that the mitatyeof ethylene oxide may in-
volve the action of minor promutagenic adductshasO’-HEG, N3-(2-hydroxyethyl)-
2'-deoxyuridine (3-HEdU) and possibly ring-opened E&H(Solomon, 1999; van Sittert
et al, 2000; Rusyret al, 2005; Marsderet al, 2007).OG—HEG is considered to be a
miscoding lesion due to mispairing with thymineidgrDNA replication (Ellisoret al,
1989); however, this adduct is formed at extrert@ly levelsin vivo in ethylene oxide-
exposed rats (and presumably other species) afficiently removed from DNA by the
repair proteinO®-alkylguanineDNA alkyltransferase and excision repair (Ludeke &
Kleihues, 1988). In addition, only a few-G\ mutations were found ip53 exons 6 and
7 of ethylene oxide-induced mammary gland carcirothtbuleet al, 2006) and these
transitions were not significantly increased inomtgr genes of ethylene oxide-exposed
mice and rats. Whil®>-HEG may contribute minimally to the mutagenicifyethylene
oxide in vivg O°-alkylguanine adducts are probably important pramenic lesions for
epoxides with an& character, such as styrene oxide (Litil, 1988; Solomon, 1999).
N3-(2-Hydroxyethyl)-2-cytidine in DNA rapidly deaminates to stable, ptitdly muta-
genic 3-HEdU lesions (Solomon, 1999). This lesias been shown to block DNA
replication by bacterial polymerasesvitro and to cause G:CA:T and G:C- T:A base
substitutions (Bhanott al, 1994; Zhanget al, 1995). In contrast, the formation of
cytosine or uracil adducts has not been showndants exposed to ethylene oxide, and,
if formed, 3-HEdU would be expected to be at veny levels and to contribute to a
minor extent to the mutagenicity of ethylene oxiteiva 7-HEG can undergo imidazole
ring-opening to chemically stable, potentially nggtaic lesions (Solomon, 1999).
Formation of ethylene oxide-induced ring-openedEGaHas not been demonstrated
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vivo but is worthy of investigation in the future. Eggation of other potential pro-
mutagenic adducts of ethylene oxide should not ordiude site-directed mutagenesis
studies to characterize the mutagenic specificity efficiency of these adducts, but also
experimentdn vivo to demonstrate whether or not these adducts @tchiologically
relevant concentrations in ethylene oxide-exposdents.

Because exposure to ethylene oxide is associathdcytdgenetic effects in humans
and induces deletions in human cellvitro and in rodent@ vivo, it is also essential to
determine which DNA adducts and mechanism(s) asporesible for large-scale
mutational events. The suspected metabolite ofezthyoxide, glycolaldehyde, has been
shown to form DNA—protein crosslinks and single-stramdksin vitro (Hengstleret al,
1994), but no information is available on the falioraof this intermediatan vivo or its
potential effects following exposures to ethylengde. The lack of accumulation of
abasic sites during repeated high-dose exposunedsofo ethylene oxide (Rusy al,
2005) does not favour a mechanism that involvesgithection of strand breaks via abasic
sites that result from labile DNA adducts (Lindahl, 192@jother postulated mechanism
for ethylene oxide-induced strand scissions isth& formation of g3-hydroxyethyl
phosphotriester adduct that requires the interactfdhe3-hydroxyethyl group with the
phosphate backbone (Agureit al, 1991). 2-Hydroxyethylation of phosphate groups
introduces extreme instability into the sugar—phasp backbone, since the resultant
phosphotriester breaks down through a dioxaphoapldaing intermediate (Eisenbrand
et al, 1986). This alternative mechanism for ethylenelexinduced strand breaks and
chromosomal damage deserves further investigatitirirbvitro andin vivo,

4.2.4  Alterations in oncogenes and suppressor genes in tumours

The ability of ethylene oxide to induce alterationsisproto-oncogenes and thé3
tumour-suppressor gene has been investigated intwinistochemical and molecular
studies of mutations in control and chemically induced lasops of B6C3Fmice. In the
first investigation of spontaneous and ethylenad@xnduced mammary gland carci-
nomas, thgp53and Hras genes were selected for study because they are amongsthe mo
commonly altered genes in human cancers, mutaitiohsth often occur in the same
cancer cell and several lines of evidence supporingeraction between these genes
during the multistep process of oncogenesis (Heukd, 2006). Immunohistochemistry
results showed that p53 protein expression wastdeten 42% (8/19) of spontaneous
and 67% (8/12) of ethylene oxide-induced carcinonfasrther semiquantitative
evaluations revealed that the protein levels wigfeld higher in cancers from exposed
mice than in those from control mice (i.e. the agerscores by the ‘quickscore method’
were 3.83 and 0.63, respectively). Mutationg®3 exons 5-8 were detected in eight of
12 (67%) ethylene oxide-induced carcinomas; fivihefeight mutations had two or more
base changes. Fourteen base substitutions weriigderincluding eight silent muta-
tions, five missense mutations and one nonsensationjtno, four, seven and three
mutations occurred in exons 5, 6, 7 and 8, resmdgtiNine of 14 alterations (64%)
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involved guanine bases, including mutations in codothsad 264 that occurred in more
than one neoplasm from mice treated with 50 andppd® [91.5 and 183 migethylene
oxide. Ethylene oxide-induced mammary carcinomasibégd a clear dose-related
response in relation to the level of p53 proteipregsion and the number b3 gene
mutations. Base substitutions were found inth& gene in 58% (7/12) of spontaneous
mammary carcinomas, including five silent mutati@even missense mutations and one
nonsense mutation. However, in contrast to theltseseen in the tumours of ethylene
oxide-exposed animals, nine of the 13 mutationsiroed in exon 5, none was found in
exon 6 and seven were-d transitions. Has Mutations in codon 61 (bases CAA) were
detected in 33% (4/12) and 26% (5/19) of ethylerilesinduced and spontaneous
mammary carcinomas, respectively. All ethylene exittiuced alterations were missense
mutations localized to the second base (or mug@bradenine), whereas 80% (4/5) of
spontaneous mutations occurred in the first basmaddn 61 (or mutations at cytosine)
with the remaining mutation found in the third baseodon 61 (Houlet al, 2006).

Analyses for cancer gene mutations were extendedther target tissues by
evaluating the occurrence fds gene mutations in lung, Harderian gland and werin
neoplasms from ethylene oxide-exposed and con®@3B, mice (Honget al, 2007).
Specifically, the base triplets for codons 12 (GGI3 (GGC) and 61 (CAA) were
examined for mutations. kKas Gene mutations were identified in 100% (23/23}haf
ethylene oxide-induced lung neoplasms and 25% @8y/af the spontaneous lung neo-
plasms. Codon 12 mutations were most common iniuhg neoplasms from both
exposed and control mice; however, 97% (21/23hefethylene oxide-induced tumours
had a G- T transversion at the second base compared wishome in 108 spontaneous
tumours that exhibited this mutation, while 11 g¢porous tumours had a-@\ tran-
sition in the second base compared with only tvinylehe oxide-induced tumours. In
Harderian gland neoplasms, 86% (18/21) of ethytide-induced tumours compared
with 7% (2/27) of spontaneous tumours containgdd@ene mutations. Codon 13-GC
and codon 12 GT transversions were the predominant mutationghiglane oxide-
induced Harderian gland neoplasms, but these didamur in the spontaneous counter-
parts. Spontaneous uterine carcinomas were notiesdrbut 83% (5/6) of such neo-
plasms from ethylene oxide-exposed mice haddgene mutations, all of which were
codon 13 G- T transitions. Dose-related trends fords gene mutations were found for
all three cancer types in mice treated with 50 0@ ppm [91.5 and 183 mgfhin the
cancer bioassay of ethylene oxide.

These datan p53 andras gene mutational spectra show distinct differenicehe
locations and types of base substitutions in speoias versus ethylene oxide-induced
neoplasms in mice. Futhermore, the profile afak-gene mutations in ethylene oxide-
induced lung and Harderian gland neoplasms wasrelift from that described for other
chemically induced tumours of the same tissuesctwbBuggests that ethylene oxide
induces a chemical-specific signature for basetisutiisns (Honget al, 2007). Based
upon the spectra @3 and Hras gene mutations in mammary gland neoplasms, Houle
et al. (2006) suggested that purine bases (guanine aeminayl serve as the primary
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targets for mutation by ethylene oxide while motthat involves mostly cytosine
appears to be a more common spontaneous eventarfiee data set for cancer gene
mutations in spontaneous and ethylene oxide-indneeglasms of the lung, Harderian
gland, uterus and mammary gland indicates thatezthyoxide probably increases the
mutant fraction for most types of base substitutioross proto-oncogenes and tumour-
suppressor genes, as was found inHpe gene of T cells and tHeacl gene of testes
from ethylene oxide-exposed mice. The overall datgest that a common mechanism
for ethylene oxide is as a point mutagen in oncegend tumour-suppressor genes of
multiple tissues in mice.

4.3 Mechanisms of carcinogenesis

Ethylene oxide is a direct-acting alkylating agémat has been shown to have
genotoxic and mutagenic activity in numerous assalsth somatic and germ cells, and
in both prokaryotic and eukaryotic organisms (IARG94). It is active in a wide range of
in-vitro and in-vivo systems. Increases in bothegemutations and chromosomal alter-
ations, two general classes of cancer-relatedigaietnges, have been observed. In-vitro
and in-vivo studies have shown that ethylene ozatebind to cellular macromolecules,
which results in a variety of DNA, RNA and proteidducts. The major DNA adduct
recoveredin vivo is 7-HEG and additional adducts such as 3-HEA @MHEG are
detected at much lower levels (Wallegral, 1992b). In-vitro studies indicate that other
minor adducts can also be formed from the readi@ihylene oxide with thil andN®
of adenine and thB3 of cytosine, uracil and thymine (IARC, 1994; B¢ al, 1999;
Kolman et al, 2002). While the exact mechanism by which thadducts lead to
mutation is unknown, a number of mechanisms cosldnisolved, including the mis-
pairing of altered bases or the formation of ajcfapyrimidinic sites via DNA repair or
chemical depurination/depyrimidination combinedhwihe insertion of another base,
which would typically be an adenine opposite arriapusite (Tatet al, 1999; Houlest
al., 2006). These lesions can also lead to the faymaif single-strand breaks and,
subsequently, to chromosomal breakage. In additienputative ethylene oxide metabo-
lite, glycolaldehyde, has been shown to form DNAtgn cross-links and DNA single-
strand breaks (Hengstleral, 1994).

In-vivo studies using reporter genes suchipg or theLacl transgene have shown
that ethylene oxide can significantly increaseftbguency of mutations following expo-
sure in both mice and rats (Wallatral, 1993; Sislet al, 1997; Walkeet al, 1997a,b;
Tateset al, 1999; Reciet al, 2004). The type of mutation that is recovereceappto be
influenced by the assay system involved. In moplnie and/or thymic T lymphocytes,
mutations inHprt could be detected after shorter exposures (4-indglkation exposure
or multiple intraperitoneal injections over 1 weel)d appeared to consist of larger
deletion mutations as well as base-pair substitsitaond frameshift mutations (Wallketr
al., 1993, 1997a,b). The latter point mutations agaktd originate primarily from either
altered G or altered A bases (Walkeral, 1993; IARC, 1994). In the inhalation study,
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significant increases ibacl mutations were not seen in the spleen, bone mar@erm

cells of mice after 4 weeks of exposure to ethytedide (Sisket al, 1997). A modest but
significant increase ihacl mutants was seen in the lungs of mice expose@agpm

[366 mg/mi] ethylene oxide. In a follow-up study with prol@uy exposure (up to

48 weeks), significant increased.iacl mutants were seen in the bone marrow and testes
of ethylene oxide-exposed transgenic mice (Retial, 2004). DNA sequence analysis
of mutants obtained from the bone marrow showeitgtAT - TA transversions were
recovered at a significantly increased frequendhiérexposed mice. A unique mutational
spectrum was not seen in the testes.

Only limited information is available on the mutaigty of ethylene oxide in
humans. A significant increasebtPRT mutation frequency was reported in one group of
workers with prolonged higher exposures to ethylexide (~5 ppm [I 9.15 mg/r
TWA) but not in another group with lower exposuegels (0.025 ppm [0.046 mgin
TWA) (Tateset al, 1991; Kolmaret al, 2002).

In two recent studies, an elevated frequency ofitiaunts or a change in mutational
spectra has been seen in the tumours of ethyléde-tigated mice (Houlet al, 2006;
Hong et al, 2007). In the Hongt al (2007) study, Kras mutations were detected in
100% (23/23) of ethylene oxide-induced lung tumaaosipared with 25% (27/108) of
spontaneous tumours. Codon 12. G transversions occurred frequently in the ethylene
oxide-induced lung neoplasms (21/23) but infredyeint spontaneous lung neoplasms
(1/108). Similarly, Kras mutations were present in 86% (18/21) of Hardegkamd
tumours from ethylene oxide-treated animals butewarly seen in 7% (2/27) of the
spontaneous tumours in this organ. Codon 13CGGand codon 12 GT transversions
were common in the ethylene oxide-induced but dbisethe spontaneous Harderian
gland tumours (0/27). Kas Mutations were also seen in 83% (5/6) of ethylexide-
induced uterine tumours, all of which exhibited a. G transition in codon 13. The
incidence in spontaneous uterine tumours was porter. A similar study by Houlet
al. (2006) provided evidence of the involvement afddandp53 mutations in mammary
gland tumours induced by ethylene oxide in micee Thutation frequency was only
slightly elevated for Has (33% in treated versus 26% in spontaneou§58r(67% in
the ethylene oxide-treated versus 58% in the doaimals), but the mutational spectra
of tumours obtained from control and treated arsnaiiffered significantly. The muta-
tional spectra were generally consistent with getimg of G and A bases by ethylene
oxide (Houleet al, 2006; Honget al, 2007). The high frequencies of mutation present in
these genes, particularly mutations in the criticabosdf Kras and inactivation op53
indicate that mutations are induced in the tumours ofextbybxide-treated mice and that
the changes probably play an important role inletfeyoxide-induced tumorigenesis in
these tissues.

Little is known about the mechanisms that mightdléa ethylene oxide-induced
tumours in humans. However, activating mutationtharas family of oncogenes and
inactivation ofp53 have been shown to play critical roles in the bigraent of both
spontaneous and chemically induced cancers (PecBjseyaardet al, 2006; Zarbl,
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2006). For example, activating mutationsas genes have been shown to occur in up to
30% of cases of acute myelogenous leukaemia (Byidiarshall, 1998). In most cases,
N-ras is activated, although activation of K-ramégasionally seen (Byrne & Marshall,
1998; Bowenet al, 2005; Christiansest al, 2005). The mutations typically occur in
codons 12, 13 and 61, sites that are criticaliferntormal regulation of ras activity. The
activating mutations lead to the generation of titmtively activated ras proteins that
cannot be switched off and inappropriately gengpatéiferative signals within the cell
(Byrne & Marshall, 1998). Some patients who lagls mutations still exhibit an
overexpression ofas genes and this has been considered as furthezneeidor the
involvement of dysregulated ras signalling in lexrkagenesis (Byrne & Marshall, 1998).

Acute myelogenous leukaemia in patients who haeeiquisly been treated with
alkylating agents frequently exhibits distinctivieacacteristics that allow it to be distin-
guished from acute myelogenous leukaemia induceathgr agents (such as topo-
isomerase |l inhibitors) or that occurs spontango(Redersen-Bjergaard & Rowley,
1994; Pedersen-Bjergaaet al, 2006). One of the hallmarks of leukaemias induze
alkylating agents is that they frequently exhibitd of chromosomes 5 or 7 (-5, -7) or loss
of part of the long arms of these chromosomes &g, In addition, mutations ip53
are frequently seen in leukaemias with the -5/50- kgpgotand mutations p53andras
are seen in a subset of those that exhibit the-Karyotype (Christiansegt al, 2001,
Pedersen-Bjergaaret al, 2006). Although ethylene oxide has not been stigated
specifically for its ability to induce losses inramosomes 7 and 5 or deletions of the long
arms of chromosomes 7 and 5 (7g- or 5g-), it has beported to induce similar types of
chromosomal alterations and deletions in a vadégxperimental models and/or in the
lymphocytes of exposed workers (IARC, 1994; Ma&bal, 1996, 1999). The detection
of elevated levels of chromosomal aberrations aimlomuclei in the peripheral blood
lymphocytes of ethylene oxide-exposed workers ipaticular note, as multiple pro-
spective studies have reported that individual$ witreased levels of chromosomal
aberrations or micronuclei in these cells are atemsed risk for developing cancer
(Hagmaret al, 1998; Liouet al, 1999; Smerhovskgt al, 2001; Hagmaet al, 2004;
Boffettaet al, 2007; Bonast al, 2007).

A comparison of the evidence for ethylene oxide-inducedtigeand related changes
in experimental animals and humans is summarizédlate 12.
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Table 12. Comparison of the evidence for key ethylene oxideeinced 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 StrongNI NA
Increased levels of cancer-related proteins in Strong NI NA
tumours
Chromosomal alterations in somatic cells
Sister chromatid exchange Strong Strong Strong
Structural chromosomal aberrations Strongd Strong Moderate
Micronucleus formation Strongd Strong NI

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

bioassays.

5. Summary of Data Reported

51 Exposure data

Ethylene oxide is a flammable gas. It was firsdpeed in the 1910s by the chloro-
hydrin process, which has gradually been replagethé direct oxidation of ethylene
since the 1930s. Ethylene oxide is used predontyndmt the production of other
chemicals, such as ethylene glycols, ethoxylates, dthemioes and glycol ethers, and its
use is increasing. It is also used as a steritanteat hospital equipment, disposable
medical items, spices and other products. The sidghanan exposures occur in occupa-
tional settings. Historically, 8-h time-weightedesage exposures above 20 nitimere
common when the chlorohydrin process was used,ewdierage exposures of 2—
20 mg/ni were reported during direct oxidation of ethyl@mel in plants that produce
sterilized medical items. The largest group of eggoworkers is hospital personnel who
perform sterilization operations. The average kel exposure in hospitals and pro-
duction facilities have decreased significantly &werage to below 1 ppm [2 mdljinin
western Europe and North America following the ddtrction of new occupational
exposure limits in the mid-1980s. High peak expasuray still occur in some short-term
work tasks. Ethylene oxide may occur in indoor aidevels generally < 0.2 mgim
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probably due to small amounts in tobacco smokeyl&ite 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 earfcom ethylene oxide derives
principally from the follow-up of 14 cohorts of exposedkeass either in chemical plants
where ethylene oxide was produced or converteddetivatives or in facilities where it
was used as a sterilant. Data from 10 of the celhate collated in a meta-analysis that
was published in 1999, but this did not includeaips of two cohorts that were published
after that time. Many of the cohort members emmogechemical factories were also
exposed to other chemicals.

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

In examining the epidemiological evidence, the WagkGroup focused in particular
on lymphatic and haematopoietic cancers and orecao€ the breast, stomach, pancreas
and brain. These sites were selected because aigtashad been suggested by one or
more epidemiological study or because tumours eatséime site had been reported in
rodent bioassays.

Evaluation of the possible risks for lymphatic ahdematopoietic cancer was
hampered by temporal changes and inconsistencths imistopathological classification
of diagnoses. The interpretation of results fos¢hmalignancies was constrained by the
diagnostic groupings that had been used by res&arelinen the studies were conducted
and possible errors in the exact specificationnoidurs on death certificates.

The Working Group found some epidemiological eviefor associations between
ethylene oxide and lymphatic and haematopoieticeran and specifically lymphoid
tumours (i.e. non-Hodgkin lymphoma, multiple myetrmnd chronic lymphocytic leu-
kaemia). In the most recent follow-up of the Nagiolmstitute for Occupational Safety
and Health cohort, no overall excess of deaths fromHodgkin lymphoma or multiple
myeloma was observed in comparison with nationathdeates. However, in an internal
analysis, mortality from lymphoid tumours (as definabove) was associated with
measures of cumulative exposure to ethylene oxitEng men. No corresponding asso-
ciation was found among women. Other studies didhbomt consistently to an increase
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in the risk for non-Hodgkin lymphoma or multiple myeia in comparisons with external
reference populations, although moderate elevatainssk were reported in some
investigations.

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

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

Four of the cohort studies provided useful infoforaion the association between
exposure to ethylene oxide and breast cancer. Htierdl Institute for Occupational
Safety and Health study and a cohort study of talsgierilization workers in the United
Kingdom examined mortality from breast cancer anthél no overall excess risk. Three
studies examined the incidence of breast canceiN#tional Institute for Occupational
Safety and Health study and a cohort study fromdgwédound no overall excess risk for
breast cancer, while another cohort study from Nevk State, USA, found a borderline
significant excess risk of about 60%. Cancer ingigewas recognized to be under-
estimated in the National Institute for Occupatiddafety and Health study, which was
thus negatively biased for the investigation ofrall€ancer incidence.

A study conducted within the National Institute @ccupational Safety and Health
cohort was designed to investigate the associ@inween exposure to ethylene oxide
and the risk for breast cancer in greater detaikrhal analyses in this study found
increased relative risks for breast cancer in thkeen categories of cumulative exposure
to ethylene oxide and a significant exposure—respaalationship, both of which per-
sisted in analyses that controlled for parity arstiohy of breast cancer in a first-degree
relative. The risk for the highest category of clative exposure was almost doubled.

While early epidemiological studies had suggestedeased risks for stomach and
pancreatic cancer in workers exposed to ethyleitke othese findings were not supported
by more recent, larger studies (including the Neidnstitute for Occupational Safety
and Health investigation); nor did the balance miflemiological evidence point to an
increased risk for brain cancer in humans expasethiylene oxide.

5.3 Cancer in experimental animals

Ethylene oxide was tested for carcinogenicity ie erperiment by intragastric intu-
bation in female rats, by inhalation in female mice in opegment and in both sexes of
mice in another experiment, by inhalation in batkes of rats in one experiment and in
male rats of the same strain in another experiniiewis also tested in single studies in
female mice by skin application and by subcutane@gestion.
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In the experiment of intragastric intubation in &enrats, ethylene oxide produced
tumours of the forestomach, which were mainly squasycell carcinomas. In one study
in both sexes of mice, inhalation of ethylene oxafulted in increases in the incidence of
alveolar/bronchiolar lung tumours and tumours efltarderian gland in animals of each
sex and of uterine adenocarcinomas, mammary canemand malignant lymphomas in
females. In a pulmonary tumour bioassay in femadensf\/J mice, inhalation of ethylene
oxide increased the number of pulmonary adenomampese. In both experiments in
which male and female rats of one strain were egdxy inhalation, ethylene oxide
increased the incidence of mononuclear-cell leuka@md brain tumours in animals of
each sex and of peritoneal mesotheliomas in thierragf the testis and subcutaneous
fibromas in males. Ethylene oxide produced locat@maas in female mice following
subcutaneous injection. In a limited study in fesrmalice treated by skin application, no
skin tumours were observed.

54 Mechanistic and other relevant data

Inhaled ethylene oxide is readily taken up by tims, is absorbed efficiently into the
blood and is systemically distributed in rodentd anhumans. Ethylene oxide is con-
verted by both enzymatic and non-enzymatic hydi®lys ethylene glycol, which is
excreted or further metabolized, and by conjugatidth glutathione mediated by the
polymorphic glutathion&transferase T1. Glycolaldehyde, which is potegtifdrmed
by further metabolism of ethylene glycol, can caDd#A—protein crosslinks and DNA
strand breaks. A striking difference in the meteinolof ethylene oxide between rodents
and humans is the predominance of the glutathione comjogatthway in mice and rats,
while the pathway initiated by enzymatic and nomyematic hydrolysis is of greater
importance in humans. Simulations indicated tmainice, rats and humans, about 80%,
60% and 20%, respectively, would be metabolizedgligathione conjugation. Despite
these differences, physiologically based pharmaetiki models of uptake and metabo-
lism of ethylene oxide in the range of exposuresdug rodent bioassays (100 ppm
[180 mg/mi] and below) yielded simulated blood peak concentratindsageas under the
curve that were similar for mice, rats and humans.

Ethylene oxide is a direct-acting alkylating agbat forms adducts with proteins and
DNA. Haemoglobin adducts have been used for biotmang purposes, in view of the
significant correlation between cumulative exposaver 4 months (the lifespan of
human erythrocytes) and levels of adducts in tleenoglobin of ethylene oxide-exposed
workers. Endogenous hydroxyethyl adducts of haeobagland DNA are also found in
both humans and experimental animals in the abs#rkgown exogenous exposure to
ethylene oxideN7-Hydroxyethylguanine is quantitatively the major ®&dduct formed,
but does not appear to be directly promutagenicoMpromutagenic adducts proposed
for ethylene oxide are either induced at very levels or have not been shown to occur
in humans or experimental animals.
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Studies of workers exposed to ethylene oxide ipitedsand factory sterilization units
and in ethylene oxide manufacturing and procegdigis have been fairly consistent in
showing chromosomal damage in peripheral blood hgooptes, which included sister
chromatid exchange in 21 of 33 study groups, chsomal aberrations in 18 of 24 study
groups and micronucleus formation in four of 18 stgayups. In ethylene oxide-exposed
workers, the frequency of micronucleus formatiors &0 elevated in the bone marrow
in one study and in nasal mucosal cells in ancttugly, but not in exfoliated buccal cells
in two studies. In general, the degree of chromasaamage was correlated with level
and duration of exposure, and the majority of pasitesults were found in studies that
evaluated individuals who were exposed to time-hteid) average concentrations greater
than 5 ppm [9 mg/fh ethylene oxide. Elevated levels of chromosomairations and
micronucleus formation in peripheral blood lymphesyhave been associated with
increased risks for cancer in humans. One study suggestéelation in gene mutations
in one of two groups of ethylene oxide-exposed exwkSeveral other biomarkers of
DNA damage, which include unscheduled DNA synthd3ISA single-strand breaks,
premature centromere divisions and DNA—protein drdsslhave been studied by only a
few investigators.

Collectively, the genotoxicity data in experimerggstems consistently demonstrate
that ethylene oxide is a mutagen and clastogersaat phylogenetic levels tested.
Ethylene oxide induced unscheduled DNA synthedi$A Btrand breaks, gene mutation,
sister chromatid exchange and chromosomal abersaitiocultured human cells, as well
as mutations, chromosomal aberrations, micronudtausation and cell transformation
in rodent cellsn vitro. It also induced gene mutation, specific locus mutatister chro-
matid exchange, chromosomal aberrations, micronsicfermation, dominant lethal
mutation and heritable translocation in somatic/@nderm cells in rodents treatéd
vivo. Analogous genetic and related effects of ethylexide were observed in non-
mammalian systems. Unequivocal data show that estbybxide caused dose-related
increases in point mutations in both reporter gemescancer genes of multiple tissues
from mice and rats exposed to 25-200 ppm [45-36@nthgthylene oxide, doses that
encompassed all but the lowest concentration used intrcaigrer bioassays. In these in-
vivo studies, ethylene oxide was consistently atikedly weak point mutagen. Ethylene
oxide induced sister chromatid exchange but nobrobsomal aberrations or micro-
nucleus formation in rodents exposed by inhalatipnoncentrations that were used in
carcinogenicity studies. In contrast, assays ferpbtential clastogenic effects of inha-
lation of this concentration range of ethylene exiy rodents have not been performed
uniformly in an optimal fashion. Rodent studiest theere positive for clastogenicity
following exposure to higher doses of ethylene @xd via a less relevant route of ex-
posure may also be informative for a risk for chmeomal events under some exposure
scenarios in ethylene oxide-exposed humans. Wijardeto the mode of action of
ethylene oxide as a genotoxic carcinogen in rogdéinése is clear evidence that point
mutations inras proto-oncogenes and theb3 tumour-suppressor gene (which are
involved in a range of human cancers) are key svarthe development of cancers, but
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the role of chromosomal alterations as primary riomat events in the carcinogenicity of
ethylene oxide in mice and rats is still uncertain.

6. Evaluation and Rationale

6.1 Carcinogenicity in humans

There idimited evidencén humans for the carcinogenicity of ethylene exid

6.2 Carcinogenicity in experimental animals

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

6.3 Overall evaluation

Ethylene oxide isarcinogenic to humans (Group 1).

6.4 Rationale

In making the overall evaluation, the Working Gralgo took into consideration the

following supporting evidence:

(@) Ethylene oxide is a direct-acting alkylating agat reacts with DNA.

(b) Ethylene oxide induces a dose-related increasthdanfrequency of ethylene
oxide-derived haemoglobin adducts in exposed huraeshsodents.

(c) Ethylene oxide induces a dose-related increasthdnfrequency of ethylene
oxide-derived DNA adducts in exposed rodents.

(d) Ethylene oxide consistently acts as a mutagenckstbgen at all phylogenetic
levels.

(e) Ethylene oxide induces heritable translocationghie germ cells of exposed
rodents.

() Ethylene oxide induces a dose-related increas¢hen frequency of sister
chromatid exchange, chromosomal aberrations antbmuicleus formation in
the lymphocytes of exposed workers.

(g) Prospective studies have shown that elevatedslefehromosomal aberrations
and micronucleus formation in peripheral blood Wiogytes are associated with
increased risks for cancer in humans.
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