
Summary
Many of the 2.9 billion workers across the globe are exposed to haz-
ardous risks at their workplaces. This chapter examines the disease and
injury burden produced by selected occupational risk factors: occupa-
tional carcinogens, airborne particulates, noise, ergonomic stressors and
risk factors for injuries. Owing primarily to lack of data in developing
countries, we were unable to include important occupational risks for
some cancers, reproductive disorders, dermatitis, infectious diseases,
ischaemic heart disease, musculoskeletal disorders (MSDs) of the upper
extremities, and other conditions such as workplace stress. Mesothe-
lioma and asbestosis due to asbestos exposure, silicosis and coal workers’
pneumoconiosis are almost exclusively due to workplace exposure, but
limitations in global data precluded a full analysis of these outcomes.

The economically active population (EAP) aged ≥15 years, which
includes people in paid employment, the self-employed, and those who
work to produce goods and services for their own household consump-
tion, were considered the group at risk of exposure to occupational
hazards. Both formal and informal sectors of employment are included
in the EAP, but child labour was excluded. Exposure was quantified
based on the economic sector (where people do the work) and on occu-
pation (what people do). Our sources of data to delineate categories of
exposed workers included economic databases and publications of the
International Labour Organization (ILO) and the World Bank and the
published scientific literature. For most risk factors the workers were
grouped into high- and low-exposure categories, and the exposed pop-
ulation was distributed by age, sex and subregion.1 Risk estimates for
the occupational hazards were obtained from the published epidemio-
logical literature, particularly from studies of large populations, reviews
and meta-analyses when available.

The occupational risk factors in our study accounted for an estimated
37% of back pain, 16% of hearing loss, 13% of chronic obstructive 
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pulmonary disease (COPD), 11% of asthma, 8% of injuries, 9% of lung
cancer and 2% of leukaemia. These work-related risks caused 775000
deaths worldwide in 2000. There were five times as many deaths in males
as in females (647000 vs 128000). The leading occupational cause 
of death among the six risk factors was unintentional injuries (41%) 
followed by COPD (40%) and cancer of the trachea, bronchus or lung
(13%). Workers who developed outcomes related to the occupational
risk factors lost about 22 million years of healthy life. By far the main
cause of years of healthy life lost (measured in disability-adjusted life
years [DALYs]), within occupational diseases, was unintentional injuries
with 48% of the burden. This was followed by hearing loss due to occu-
pational noise (19%) and COPD due to occupational agents (17%).
Males experienced almost five times greater loss of healthy years
(DALYs) than females. Low back pain and hearing loss have in common
the fact that they do not directly produce premature mortality, but they
cause substantial disability and have multiple consequences for the indi-
vidual and society, particularly for workers suffering the outcomes at an
early age.

The major source of uncertainty in our analysis was characterizing
exposure, which was based solely on economic subsectors and/or occu-
pations and involved a large number of extrapolations and assumptions.
High-quality exposure data are lacking, especially in developing coun-
tries, and European and American exposure estimates were thus applied
in many instances in developing regions. This extrapolation could have
substantial impact on the accuracy of analysis for the developing regions
if exposures, as usually occur, vary from place to place and over time.
Diseases with long latency (e.g. cancers) are more susceptible to the
assumptions and extrapolations. In addition to problems produced by
the length of the latency period, the magnitude of the excess risk may
vary depending on the age of the person when exposure began, the dura-
tion and strength of exposure and other concomitant exposures. The
turnover of workers is another issue that affects both exposure and risk
assessment. Sources of uncertainty in hazard estimates (relative risk and
mortality rates) include variations determined from the literature (once
again caused by the use of different exposure proxies), extrapolations to
regions with different working conditions, the application to females of
risk measures from male cohorts, and the application of the same rela-
tive risk values to all age groups (e.g. carcinogens). Restricting the analy-
sis to persons aged ≥15 years excludes the quantification of child labour.
The exclusion of children in the estimation was due to the wide varia-
tion in the youngest age group for which countries reported economic
activity rates (EARs). In addition to inconsistent data on EARs for chil-
dren, there were virtually no data available on their exposure to occu-
pational risk factors or the relative risks of such exposures. Specific,
focused research on children is needed to quantify the global burden of
disease due to child labour and the resulting implications.
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1. Introduction
Throughout the world, most adults—and many children—spend much
of their waking hours at work. Work provides a number of economic
and other benefits. At the same time, people at work face a variety of
hazards owing to chemicals, biological agents, physical factors, adverse
ergonomic conditions, allergens, a complex network of safety risks, and
many and varied psychosocial factors. In addition to injuries, more than
100 occupational diseases have been classified according to the tenth
revision of the International Classification of Diseases and Related
Health Problems (ICD-10). Broadly, these include respiratory, muscu-
loskeletal, cardiovascular, reproductive, neurotoxic, skin and psychologi-
cal disorders, hearing loss and cancers.

Of the wide variety of work-related exposures, only the most wide-
spread are evaluated here. Other criteria for selection of risk factors
include adequacy of exposure information and the applicability of health
outcome data to all regions of the globe, and the inclusion of the rele-
vant health outcomes in the global burden of disease (GBD) database of
diseases and injuries.

Exposure to occupational hazards can adversely affect the human
body. Adverse effects range from asymptomatic physiological and bio-
chemical changes to symptoms of illness, to diagnosed diseases and,
finally, to death. For some risk factors there is a very clear connection
between the exposure and the disease. For example, the primary route
of exposure to airborne particulates, gases and vapours is inhalation,
whereby these agents gain access to the respiratory system and are either
deposited (in the case of particulates) or enter the circulatory system
(gases and vapours). Many risk factors cause more than one type of
outcome of interest. For example, exposure to asbestos can result in
malignant conditions of the lung and the pleura, malignant conditions
of the peritoneum, and nonmalignant conditions of the lung (asbestosis).
Some exposures, such as occupational noise, are well characterized.
Others have not been well characterized or are multi-faceted, but the
condition they cause is clear (such as occupational injuries).

Following a general description of methods and data sources, indi-
vidual sections provide details of specific aspects of methodology and
results for each of the selected occupational health risk factors that were
analysed: occupational carcinogens, occupational airborne particulates,
occupational noise, occupational ergonomic stressors and occupational
risk factors for injuries.

In this study, the term “occupational risk factor” is defined as a chem-
ical, physical, biological or other agent that may cause harm to an
exposed person in the workplace and is potentially modifiable. Figure
21.1 shows the selected risk factors along with related health outcomes.
Owing to complex etiology and lack of data, a different approach was
developed for some conditions such as asthma and low back pain, using
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occupation as a proxy for exposure to the causative agents. The utility
of this work as a risk-based framework has thus been limited.

1.1 Excluded exposures and outcomes

No effects specific to the hazards associated with child labour are
addressed in this report owing to a lack of data. Other excluded risks or
outcomes include respiratory diseases other than COPD and asthma;
some infectious diseases; less widespread cancers and carcinogens (e.g.
bladder cancer and cancer of the liver); MSDs such as carpal tunnel syn-
drome; intentional injuries in the workplace; organ and systemic diseases
resulting from occupational exposure to solvents, pesticides and heavy
metals such as lead or mercury; maternal and perinatal conditions result-
ing from occupational exposures; skin disorders, including dermatitis,
dermatosis and melanoma; ischaemic heart disease and other outcomes
associated with work-related stress.

Malignant mesothelioma of the pleura and peritoneum is virtually
uniquely due to asbestos exposure. Occupational dusts can also result in
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Figure 21.1 Relationship between occupational risk factors and
outcomesa

Occupational carcinogens (arsenic, 
asbestos, beryllium, cadmium, chromium, 

diesel exhaust, nickel, silica) 

CANCER 
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Low back pain 
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Coal dust 

Noise 

Ergonomic stressors (heavy lifting, 
vibration) 

Risk factors for injuries

Pneumoconiosis 

Hearing loss 

Injuries (unintentional) 
 

Agents leading to COPD COPD 

Asthmagens Asthma 

a Only selected relationships were quantified.



nonmalignant respiratory diseases other than asthma and COPD. The
most important of these are silicosis, asbestosis and coal workers’ pneu-
moconiosis, which are caused by exposure to silica, asbestos and coal
dust, respectively. While evidence for a causal relationship is strong, lack
of data on accumulated exposure, especially in developing countries,
restricted the ability to provide a detailed assessment of attributable mor-
tality and disease burden for these outcomes. Preliminary estimates are
provided in the note under Table 21.62 in Section 7.

Because of lack of available data and difficulties in quantification, it
was not possible to conduct a global quantitative analysis for the health
consequences of stress at work. Overall, the evidence indicates that inci-
dence of stress-related cardiovascular disease is likely to be higher in the
blue-collar occupations when the following factors are present: restricted
discretion, shiftwork (particularly nightshift), effort-reward imbalance,
high demands, poor psychosocial work environment, social isolation,
physical inactivity or occupational violence. These risk factors may be
interactive. Nurminen and Karjalainen (2001) estimated for Finland an
attributable fraction of 16.9% (18.9% for men and 9.1% for women) for
ischaemic heart disease due to the combined occupational risk factors of
shiftwork, noise, and exposure to engine exhaust and environmental
tobacco smoke. For ischaemic heart disease, Steenland et al. (2003) used
an attributable fraction of 6–18% for individuals in the United States of
America aged 24–64 years, based on the combined effects of noise, job
strain (stress), shiftwork and environmental tobacco smoke. Occupational
dermatitis accounts for about 10% of all occupational disease in the
United States (Emmett 2002) but exposure data are lacking at global level.

Although there were adequate global data to analyse the risks to
health care workers from contaminated sharps (e.g. syringe needles and
scalpels), the full analysis has been omitted from this chapter. Since
health care workers make up only 0.6% of the global population, the
contribution to hepatitis B, hepatitis C and HIV/AIDS infections on a
global level was close to zero. However, health care workers are at high
risk of preventable infection from bloodborne pathogens, owing to occu-
pational exposure to infected blood and body fluids.

1.2 Choice of theoretical-minimum-risk 
exposure distributions

For some occupational hazards, a theoretical minimum exposure of zero
is not possible, as there is some low-level environmental exposure. Two
occupational risk factors (carcinogens and airborne particulates) involve
workplace exposure at concentrations higher than the environmental 
or background levels of these substances. For noise, the theoretical
minimum was defined as less than 80 dBA, a level found not to have an
increased risk of causing hearing loss (NIOSH 1998). For the other risk
factors (ergonomic stressors and work-related risk factors for injuries),
a category of workers with the lowest risks was identified as the com-
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parison group for occupational categories of workers with higher risks.
Thus, the theoretical minimum risk corresponds to “no occupational
exposure above levels found in the defined comparison group”. Selec-
tion of a defined comparison group provides a realistic basis for a theo-
retical minimum, but it does not establish the lowest rate of adverse
outcome that could ever be experienced. While it is not expected that
occupational exposures will be eliminated in the foreseeable future, it is
possible to control exposures through recognized industrial hygiene prac-
tices. Engineering controls (including prevention, substitution of materi-
als, process automation, enclosure, process elimination, isolation of
workers and process change) constitute effective methods of minimizing
exposures (Burton 1997). Administrative controls (such as education and
training, work practice controls, worker rotation, maintenance and
housekeeping) provide another means of risk reduction.

1.3 Data sources

A systematic assessment of the literature was carried out to identify
studies on occupational exposures and health outcomes. This included
searching Medline, occupational health and safety databases such as
OSHROM and NIOSHTIC and databases of various organizations;
reviewing relevant references cited in publications identified through the
initial literature search and of references cited in these secondary refer-
ences; communicating with relevant experts; and seeking other informa-
tion recommended by referees following the initial review of the draft
manuscript. PubMed was searched using keywords for exposures and
health outcomes, including (separately and in combination, with no limit
on year of publication): exposure, occupational, cancer, carcinogen,
silica, silicosis, benzene, asbestos, asbestosis, pneumoconiosis and devel-
oping country. Names of regions (e.g. Africa, Asia) and specific countries
were also used as keywords. A systematic search was conducted using
Ovid Healthstar and the former HealthSTAR databases, covering the
period 1975–2001. Keywords included: asbestos; asthmagens; chronic
obstructive lung disease; cancer and diesel exhaust; arsenic; benzene and
leukaemia; ionizing radiation and leukaemia; back (for low back pain);
injury; accidents; ergonomics; and hearing impairment and noise.

Studies of large populations, reviews and meta-analyses were specifi-
cally sought. Reports and publications were critically assessed to deter-
mine their methodology, validity and the characteristics of the population
studied.

1.4 Estimating risk factor levels

In general, since the types of risk factor to which workers are exposed
are primarily influenced by where the work is performed (economic
sector) and the type of work they do (occupation), the assessment of 
proportion of population exposed in each subregion was based on
(Figure 21.2):
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• economic sector distribution (total nine sectors), used for carcinogens
and agents leading to COPD) (Equation 1); 

• occupational distribution (occupation within economic sector) (total
seven occupations), used for asthmagens, noise and ergonomic stres-
sors (Equation 2); and

• exposure could not be estimated for injury risk factors, and thus esti-
mates of disease burden were made based on the reported rates of the
outcome (injury mortality) rather than on exposure.

(1)

(2)

where

PEP(r,g,a) = proportion of the population occupationally exposed to
a specific risk factor in that subregion, by sex and age,
at low or high level
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Figure 21.2 Exposure assessment overview

Population 

Economically active population (≥15 years)

Economic subsector (agriculture, 
mining, etc.) 

Percentage of exposed workers Occupation category 

Level: background 

Level: low 

Level: high 

Level: background 

Level: low 

Level: high 

Percentage of exposed workers 



EAR(r,g,a) = economic activity rate, by subregion, sex and age

OT(r) = occupational turnover, if applicable, to account for 
workers exposed in the past, by subregion

EPF(r) = exposure partitioning factor, by subregion, to delineate
proportion exposed at low or at high levels

PW(es(r,g)i) = proportion of the population working in economic  sub-
sector (i), by subregion and sex

PEW(es(r,g)i) = proportion of workers in economic subsector (i) with ex-
posure to the specific risk factor, by subregion and sex

PW(oc(r,g)i) = proportion of the population working in occupational
category (i), by subregion and sex

PEW(oc(r,g)i) = proportion of workers in occupational category (i) with
exposure to the specific risk factor, by subregion and sex

The differences between the two equations are the term PW(es(r,g)i)
in Equation 1, which is used when exposure data are available by eco-
nomic sector, and the term PW(oc(r,g)i) in Equation 2, which is used
when exposure data are available by occupational category. Occupa-
tional turnover (OT), defined as “the rate of replacement of workers due
to departures from the workplace”, was utilized for carcinogens because
health effects due to these risk factors occur many years after exposure
(latency) and it was therefore necessary to know how many persons had
been exposed in the past to these risk factors. The effects of noise,
ergonomic stressors and risk factors for injuries are relatively immedi-
ate; latent effects were therefore not a consideration for these risk factors.
Additional detail on each term is provided below in the text, and is also 
summarized in Table 21.1.

The primary data sources used for the exposure assessment and the
determination of some of the risk measures (see Table 21.2) included:
the World Bank, ILO, the European Union carcinogen exposure
(CAREX) database, published literature on prevalence and level of expo-
sure to occupational risk factors, and published literature on epidemiol-
ogy of health outcomes linked to occupational risk factors, as cited in
the relevant sections for each risk factor.

ECONOMIC ACTIVITY RATE

EAR is defined as the proportion of the economically active population
(EAP) among the overall population. EAR was calculated for each region
and sex in persons aged ≥15 years, and used to estimate the proportion
of the population potentially exposed to occupational risks. EAR pro-
vides the most comprehensive accounting of persons who may be
exposed to occupational risks, as it includes people in paid employment,
the self-employed, and people who work to produce goods and services
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for their own household consumption. According to ILO (2002b), the
majority of those who work in the informal sector are included in the
“employed” category, and the remainder are in the “unemployed” 
category; thus, the informal sector workers are included in this analysis.
At the same time, persons in precarious or contingent employment often
face an increased risk of occupational health and safety hazards, which
are not quantified here (Quinlan 2002). The use of EAR for persons aged
≥15 years excludes children under 15 who work.

Estimates and projections of EAP were developed by ILO by apply-
ing estimates and projections of activity rates, by sex and age group, to
the population estimates and projections assessed by the United Nations
(ILO 1996). ILO estimates and projections of economic activity are taken
primarily from population censuses and/or sample surveys carried out
between 1975 and 1994. ILO also takes data from specific publications
by national, interregional and/or international institutions.

Country-level data from the ILO electronic database were used to
develop subregion-specific EARs for ages 15 years and above, for males
and females (Table 21.3). EARs were estimated for 60–69-year olds by
using data for 60–64-year olds. Data for people aged ≥65 years were

1660 Comparative Quantification of Health Risks

Table 21.2 Key sources, data supplied and special characteristics of the
sources used to estimate exposure

Source Data supplied Comments

ILO (1995a, 2000, 2002b) Employment in economic Collected by national EAP 
sectors and subsectors, and surveys. Differences among 
in occupations within economic and within countries (e.g.
sectors; EARs by age and sex applicable ages, time period 
for selected countries covered) limit international 

comparability

World Bank (2001) Distribution of EAP (males and Based on ILO data
females) in agriculture, industry 
and services; participation of 
females in the EAP

FIOH (1999); Kauppinen Proportion of the working Applicable to A subregions,
et al. (2000) population with occupational extrapolated to B, C, D 

exposure to carcinogens in and E subregions
the European Union, by 
economic sector and subsector,
at the 3-digit classification level

EIA (2001) Country-level data on coal 
production

ILO (1995b) Country-level data on number 
of coal miners

NIOSH (1991, 1998); Data on noise exposure of Applicable to A subregions,
USDHHS (1986) American workers extrapolated to B, C, D 

and E subregions



applied to the 70–79 age group. The ≥80 age group was estimated at
one half of the rate for the ≥65 age group (by comparison with country-
level data, which is reported by some countries for elderly workers) 
(ILO 2001).

PROPORTION OF THE POPULATION WORKING IN AN ECONOMIC SECTOR OR

OCCUPATIONAL CATEGORY

The distinction between “where people work”, i.e. economic sector and
“what they do”, i.e. occupation, is important in exposure characteriza-
tion. For example, within the economic subsector of manufacturing there

Marisol Concha-Barrientos et al. 1661

Table 21.3 Economic activity rates by subregion, sex and age group

Age group (years)

Subregiona Sex 15–29 30–44 45–59 60–69 70–79 ≥80 Total ≥15

AFR-D Male 0.77 0.97 0.95 0.85 0.65 0.33 0.85
Female 0.50 0.61 0.62 0.48 0.28 0.14 0.53

AFR-E Male 0.78 0.97 0.95 0.86 0.66 0.33 0.86
Female 0.64 0.72 0.69 0.54 0.36 0.18 0.65

AMR-A (95%) Male 0.70 0.93 0.87 0.50 0.13 0.07 0.73
Female 0.64 0.81 0.71 0.32 0.07 0.04 0.59

AMR-B Male 0.78 0.97 0.89 0.66 0.33 0.17 0.82
Female 0.46 0.53 0.39 0.20 0.07 0.04 0.42

AMR-D Male 0.71 0.98 0.96 0.86 0.61 0.31 0.82
Female 0.38 0.48 0.39 0.29 0.17 0.09 0.39

EMR-B (90%) Male 0.66 0.97 0.92 0.74 0.45 0.23 0.79
Female 0.33 0.37 0.26 0.18 0.09 0.05 0.31

EMR-D (40%) Male 0.73 0.97 0.94 0.76 0.44 0.22 0.82
Female 0.37 0.43 0.37 0.25 0.12 0.06 0.37

EUR-A Male 0.66 0.96 0.84 0.35 0.05 0.03 0.68
Female 0.59 0.74 0.56 0.14 0.02 0.01 0.47

EUR-B Male 0.72 0.96 0.80 0.41 0.22 0.11 0.74
Female 0.56 0.77 0.59 0.23 0.12 0.06 0.54

EUR-C Male 0.72 0.97 0.89 0.30 0.11 0.06 0.74
Female 0.61 0.94 0.74 0.17 0.05 0.03 0.58

SEAR-B Male 0.74 0.98 0.94 0.73 0.44 0.22 0.83
Female 0.55 0.70 0.65 0.44 0.21 0.11 0.58

SEAR-D (95%) Male 0.77 0.98 0.95 0.72 0.53 0.27 0.85
Female 0.45 0.57 0.50 0.32 0.16 0.08 0.47

WPR-A Male 0.67 0.97 0.95 0.69 0.30 0.15 0.76
Female 0.57 0.70 0.67 0.36 0.13 0.07 0.52

WPR-B (90%) Male 0.81 0.98 0.92 0.61 0.29 0.15 0.84
Female 0.77 0.89 0.67 0.29 0.09 0.05 0.71

a When data were not available for all countries, the percentage of the regional working age
population (≥15 years) represented by data is indicated. Some very small countries, e.g. Grenada,
were not included in these calculations.

Source: ILO (2002a).



are people who work as production workers, but also people who work
as clerical or sales people (Table 21.4). EAP was used for injuries. EAP
by economic sector and subsector was used for carcinogens and agents
leading to COPD, because available data do not distinguish exposures
by occupational category within economic sectors. For asthmagens, noise
and ergonomic stressors, the analyses were conducted on the basis of
exposure by occupational category within economic sectors.

The approach used here is based on the International Standard Indus-
trial Classification of All Economic Activities (ISIC), an economic clas-
sification system of the United Nations, which organizes all economic
activities by economic sectors and relevant subgroupings (ILO 1987; 
UN 2000). The ISIC system is used almost universally by national and
international statistical services to categorize economic activity, and
therefore allowed us to make global comparisons. Table 21.4 illustrates
the ISIC classification scheme of economic sectors, economic subsectors
and occupational categories that were used to estimate exposures to
workers in this project. We did not subdivide agriculture into economic
subsectors.

Economic sector

For each subregion, a weighted proportion of working men and women
(EAP) in each of the three economic sectors was constructed (Table 21.5)
(World Bank 2001, data from 1990 and 1996–1998). Economic sector
employment data were used to subdivide the number of workers in
industry into the economic subsectors of mining, manufacturing, elec-
tricity (and other utilities) and construction. In a similar manner, the data
for the service sector were subdivided into the economic subsectors 
of trade, transport, finance and services. The agriculture sector was not
subdivided.

1662 Comparative Quantification of Health Risks

Table 21.4 Illustration of the ISIC classification system used in exposure
assessment

Occupational categoriesEconomic Economic 
sector subsectors Professional Administration Clerical Sales Service Agriculture Production

Agriculture

Industry Mining
Manufacturing
Electrical
Construction

Services Trade
Transport
Finance
Services

Source: ILO 1987.
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Occupational category

Regional tables of occupation within economic sector distributions were
constructed using the number of employed people by occupation and
economic sector. For comparison purposes, data were obtained from one
source (ILO 1995a). For a subregion with only one country represented,
the distribution of occupation within economic sector was assumed to
represent the regional employment patterns. Where more than one
country was represented, a weighted average was constructed. Where
there were no data for the subregion, patterns for the most similar 
subregion were applied (EMR-B based on EMR-D, EUR-C based on
EUR-B and WPR-A based on AMR-A). Because of limited data on occu-
pational distribution by sex within an economic sector, the same distri-
bution (i.e. proportional division) was applied within a subregion to ages
15 and above, and to males and females. The A subregions had higher
proportions of EAP in the professional, managerial and administrative
categories, while the B, C, D and E subregions had proportionally more
workers in the production categories.

PROPORTION OF WORKERS IN AN ECONOMIC SECTOR OR OCCUPATIONAL

CATEGORY WITH EXPOSURE

Worldwide data on worker exposure are limited. Therefore, several
assumptions were made, validated where possible, to establish the pro-
portion of workers exposed to a specific risk factor within an economic
sector (PEW). More detail is presented in the sections on specific risk
factors.

EXPOSURE PARTITIONING FACTOR (EPF)

In order to partition into high and low exposure groups those workers
exposed to carcinogens, we chose the United States Occupational Health
and Safety Administration (OSHA) Permissible Exposure Levels (PELs).
For most carcinogens we were then able to estimate the risks for the low
and high exposure groups from the literature.

The OSHA PELs state a level of the agent that can never be exceeded
in the workplace (usually based on eight-hour time-weighted average
exposures), and these have had the force of law in the United States as
maximum limits of exposure since the creation of OSHA in 1971. Similar
occupational exposure limits (OELs) have been promulgated as law by
many countries, particularly in the A subregions, and as recommenda-
tions by professional expert groups. It is generally considered that a long-
term mean exposure in a “minimally controlled” work environment will
be in the range 0.3–0.5 times the PEL (Hewett 1996). For example, the
American Industrial Hygiene Association suggests that a typical long-
term average exposure may be one third of an eight-hour PEL (Roach
1992). 
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A different approach was used for asthmagens and agents leading to
COPD. The actual disease-causing exposures themselves, within these
occupations, are either generic (e.g. dust) or too numerous to be useful
(e.g. there are over 200 known asthmagens). In both instances there were
no international data on the number of workers exposed, which dictated
the approach of using occupations or economic subsectors. For asthma,
different relative risks were available for eight large occupational groups,
while for COPD we partitioned the overall relative risk for the exposed
population into high and low relative risks, and assigned these to dif-
ferent economic subsectors according to Korn et al. (1987).

OCCUPATIONAL TURNOVER (OT)

Cancers and lung diseases have long latency periods and once the disease
process has begun the worker continues to be at risk, even after expo-
sure ceases. This means that persons who were exposed in the past must
be considered as ever-exposed, even if they are currently working in non-
exposed jobs or have retired. Furthermore, OT increases the number of
persons ever exposed to an occupational risk. This approach was con-
sistent with cohorts represented in the epidemiological studies from
which relative risks were taken. The OT factor was not utilized in esti-
mating the numbers of workers exposed to noise, ergonomic stressors or
risk factors leading to occupational injuries, as these risk factors do not
have latent effects. No turnover was estimated for asthma and COPD
owing to a lack of sufficient information on the applicability to studies
in which relative risk was measured. Table 21.6 presents data from the
literature on annual OT rates in various countries and industries
throughout the world, organized by subregion. These reports did not
indicate if employees were new to the job or to the industry, although
several studies were at the company level, indicating that the worker was
new to the company. Therefore, to account for previously unexposed
workers entering jobs with carcinogen or dust exposures, an annual
turnover rate (ATR) of 10% was selected for all subregions.

An adjustment factor (noted as OT) to account for annual turnover
in jobs with exposure to occupational carcinogens was determined as
follows:

Computation of adjustment factor to correct for occupational
turnover (OT)

(3)

where

Pt = the proportion who have ever been occupationally exposed,
during a period of 40 years, still living

Adjustment factor, OT P P

original workers new workers deaths original workers

P P ATR t mortality rate P P ATR t P

t 0

0 0 0 0 0

=
= + -[ ]
= + ¥ ¥[ ] - ( ) + ¥ ¥( )([ ]{ }
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P0 = the proportion who are occupationally exposed at time t=0

ATR = turnover/year, taken as 0.10

t = time, taken as 40 years, a typical working lifetime

mortality = 20% of total cohort, based on published death rates of about
5 deaths per thousand over a period of 40 years (Minino and
Smith 2001).

Equation 3 results in an adjustment factor of OT= 4 to correct for
occupational turnover over a 40-year period with a median exposure
duration of 10 years.

In addition to knowing the numbers of workers exposed to agents
with latent health effects, in some cases it was also useful to know the
duration of exposure to agents with latent effects for outcomes for which
the risks were based on cumulative exposure. Cohort modelling was 
conducted to determine the typical duration of exposure (K. Steenland,
personal communication, 2002). This modelling assumed that people
worked for a maximum of 40 years, that 10% of the workers were
replaced each year, and that 20% died over the 40-year period. Expo-
sure durations were randomly selected from a log-normal distribution.
Persons were also randomly assigned a starting age at entry between 20
and 45 years, and were assumed to retire at age 65 years if they had not
already left the cohort by that age. A steady-state working population
was produced by using a log-normal distribution for exposure with a
geometric mean of 9 years. Using this, the mean length of exposure (in
years) at the end of 40 years could be estimated (by age) for all persons
ever exposed in the cohort. The average estimated length of exposure,
as shown in Table 21.7, was 9.8 years, which is consistent with data on
a wide range of cohorts presented in the published literature (Steenland
et al. 1991a, 1991b, 2001b).

1.5 Risk factor–disease relationship

Risk measures (relative risks or mortality rates) for the health outcomes
resulting from exposure to the risk factors considered in this study were
determined primarily from peer-reviewed, published studies. Adjust-
ments were made, as appropriate, to account for differences in levels of
exposure, exposure duration and/or age, sex and subregion.

• For carcinogens leading to cancer of the lung, trachea or bronchus,
and for leukaemogens, composite values were taken from the litera-
ture and adapted to exposure patterns in the various subregions.

• For asthma, the relative risks for different occupations were taken
from Karjalainen et al. (2002), with the exception of work in agri-
culture, for which the relative risk was taken from Kogevinas et al.
(1999).



• For COPD, the relative risks for different economic subsectors were
taken from Korn et al. (1987).

• For noise, relative risks of noise-induced hearing loss were calculated
from data on hearing loss in workers with different levels of noise
exposure in the United States (NIOSH 1998).

• The relative risks of low back pain, given employment in different
occupational categories, were taken from Leigh and Sheetz (1989).

• Owing to heterogeneity of factors leading to occupational injuries, 
relative risks could not be extrapolated from one setting to another.
As a result, the mortality rates for workers exposed to risk factors
leading to injuries were estimated for different subregions from
various sources, including Laborsta (ILO 2001).

2. Occupational carcinogens
The International Agency for Research on Cancer (IARC 2002) has 
classified 150 chemical or biological agents or exposure situations as
known or probable human carcinogens. IARC has classified 87 agents,
mixtures or exposure circumstances as Group 1 (carcinogenic to
humans), including various chemical compounds, pharmaceuticals and
bacterial and viral infections. Many are encountered in occupational set-
tings, e.g. asbestos and cadmium. An additional 63 agents, mixtures or
exposure circumstances have been classified as Group 2A (probably car-
cinogenic to humans). Those with occupational significance include
diesel fumes and benzidine-based dyes (IARC 2001). Although IARC
classifies agents according to their overall carcinogenicity, specific sites
are also considered.

Work-related malignant conditions can arise from a large variety of
occupational exposures. However, the main groups of conditions are 
relatively few—lung cancer and leukaemia. The exposures selected for
assessment in this study were based on how common they may be, the
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Table 21.7 Exposure duration after 40 years in model cohort

Age group (years) Number Total exposure (years) Average exposure (years)

15–29 12 50 4.2

30–44 86 575 6.7

45–59 117 1182 10.1

60–69 105 1195 11.4

70–79 53 618 11.7

≥80 19 234 12.3

All ages 392 3854 9.8



risk arising from exposure, the strength of evidence and the availability
of data. Table 21.8 shows the definition of each of the chemical and
physical agents, along with the related cancer.

The analysis included relevant Group 1 and 2A carcinogens, with the
following exceptions.

• Tetrachloroethylene and trichloroethylene, both classified in Group
2A, were not included as carcinogens because the evidence for cancer
is weak.

• The aromatic amines and dyes, including 2-naphthylamine, benzidine-
based dyes, benzidine and 4,4’-methylenebis(2-chloroaniline) (also
known as MOCA) were excluded owing to lack of data for develop-
ing countries.

• Occupational carcinogens with extremely limited exposures (e.g. bis-
chloromethyl ether, also known as BCME) were not included.

• Compounds for which exposure estimates were not available from the
CAREX database (e.g. soot, xenylamine, 4-nitrobiphenyl and poly-
cyclic aromatic hydrocarbons) were not included.

• Although radon is an IARC Group I carcinogen with large estimated
exposures, it was excluded from consideration owing (i) to worldwide
differences in naturally occurring radon emissions, (ii) to wide 
variations in climate and construction methods, which substantially 
affect the concentration of radon retained in buildings, and (iii) to 
difficulties in separating occupational and nonoccupational radon
exposures.

Other conditions have insufficient relevant exposure data, insufficient
risk data or insufficient number of cases worldwide to allow them to be
usefully included. These conditions include:

• bladder cancer (aromatic amines, benzidine dyes, MOCA);

• liver (vinyl chloride);

• nasal cavity and middle ear (hardwood dust, chromium VI com-
pounds, nickel compounds);

• bone and articular cartilage (ionizing radiation);

Marisol Concha-Barrientos et al. 1671

Table 21.8 Occupational carcinogens and health outcomes

Occupational carcinogen Outcome 

Arsenic, asbestos, beryllium, cadmium, chromium, diesel exhaust, Cancer of the trachea,
nickel, silica bronchus or lung

Benzene, ethylene oxide, ionizing radiation Leukaemia 



• skin (arsenic, by-products of distillation, ionizing radiation); and

• lung cancer due to passive smoking in the workplace.

2.1 Exposure variable and theoretical-minimum-risk
exposure

Exposure was divided into three categories: background, low and high.
The occupational risk factors for cancer involve workplace exposure, at
concentrations higher than background level, to various chemical and
physical agents that are known to cause malignant neoplasms. Thus, the
theoretical minimum risk corresponds to “no occupational exposure to
physical, chemical or biological agents or other factors above back-
ground levels”.

2.2 Estimating risk factor levels

The general exposure assessment methodology was described earlier.
This assessment was based on the distribution of the EAP by economic
subsector, because the primary exposure data sources used in this analy-
sis organized carcinogen exposure data by economic subsector (Equa-
tion 1). The regional distributions of workers into economic subsectors
were adjusted by data on the carcinogens to which people in the various
economic subsectors were exposed. As described earlier, an adjustment
factor of 4 was used to account for turnover in jobs with exposure to
occupational carcinogens.

The primary data source on work-related exposure to carcinogens for
each economic subsector (PEW(es(r,g)i) in Equation 1) is the CAREX
database (FIOH 1999), which presents data on the number of workers
in the European Union exposed to 139 carcinogens (IARC Group 1, 2A
and selected 2B agents) at levels above background in 1990–1993. Table
21.9 lists the CAREX data for the carcinogens in our study. These esti-
mates were based on national workforce data and exposure prevalence
estimates from Finland and the United States, adjusted for the economic
structure of each country, then refined by national experts.

It was assumed that the proportion of workers exposed to a particu-
lar carcinogen in a specific economic subsector was constant throughout
the world. To check the validity of this assumption, the literature was
searched for estimates of the number of workers exposed to silica. Silica
was chosen as an indicator because there are more data on silica avail-
able for developing countries than on other carcinogens. This search
yielded a range of study types, from rough estimates (Zou Changqi et
al. 1997) to studies in which air concentrations were measured in work-
places (Yin et al. 1987). Estimates of the number of workers exposed to
silica in China, Thailand and Viet Nam, and to benzene in China, were
compared to the number of persons employed in that country, either in
a specific economic sector or overall. The results obtained were com-
pared with CAREX data. With a few exceptions, the estimated fraction
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of workers exposed to silica was equal to or higher in these countries
than indicated by CAREX (Juengprasert 1997; T. Nguyen, personal com-
munication, 2001; NIEHS 1999; Phan Hong Son et al. 1999; Yin et al.
1987; Zou Changqi et al. 1997). For example, the proportion of workers
exposed to silica in manufacturing in Viet Nam is 3.7%, compared to
the CAREX estimate of 2.3%.

It was assumed that, within a given economic subsector, both male
and female workers and younger and older workers had the same prob-
ability of exposure. For example, if 2.3% of people working in manu-
facturing were exposed to silica, it was assumed that 2.3% of males and
2.3% of females working in manufacturing were exposed to silica, young
and old alike. There were, however, fewer females working in manufac-
turing, so that at the population level the proportion of females with
exposure to silica was lower than that of males.

There are few data on the distribution of exposure monitoring values,
which are needed to accurately estimate the proportion of workers
exposed to above or below a specific value (EPF(r) in Equation 1). There-
fore, the demarcation between low and high exposure was established
as the PELs enforced by OSHA. Some reasons for selecting the PELs as
partitioning values include the following.

• Exposure data for the United States are often reported based on “com-
pliance with” or “exceeding” the PELs.

• The risks corresponding to low or high exposure have been linked to
the PELs.

• As cancers have long latency periods, the exposures of concern have
occurred several decades in the past. The OSHA PELs for many car-
cinogens have not changed since their adoption in 1971, allowing a
stable benchmark for comparison (Table 21.10).

The peer-reviewed literature was searched for studies that included
proportions of workers exposed above and below particular levels. There
are many reports of exposures to contaminants in the literature, and even
on the distribution of exposures at low and high levels in developed
countries. However, there are few data on distribution of exposure values
for developing countries. A summary of the major sources used to decide
how to partition exposure values for carcinogens for the B, C, D and E
subregions is presented in Tables 21.11 and 21.12 for benzene and
metals, respectively.

The following data were used to partition exposure for A subregions:

• Finnish data (Partanen et al. 1995), indicating 11–94% exposed above
0.2 mg/m3 respirable silica in a range of industries;

• NIOSH (1999) estimates of proportions of workers exposed above
the PELs of 4% (asbestos) and 13.6% (silica); and
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Table 21.10 OSHA permissible exposure levels (PELs) for carcinogens

Chemical/
physical agent PEL Source Comment

Arsenic Inorganic: 10mg/m3 OSHA, 29 CFR 1910.1018 Effective 1978
Organic: 0.5mg/m3 OSHA, 29 CFR 1910.1000, Effective 1971

Table Z-1

Asbestos Varieda

Benzene 10ppm OSHA, 29 CFR 1910.1000, Effective 1971
Table Z-2

1ppm OSHA, 29 CFR 1910.1028 Effective 1987

Beryllium 2mg/m3 OSHA, 29 CFR 1910.1000, Effective 1971
Table Z-2

Cadmium Fume: 0.1mg/m3 OSHA, 29 CFR 1910.1000, Effective 1971
Table Z-2

Dust: 0.2mg/m3 OSHA, 29 CFR 1910.1000, Effective 1971
Table Z-2

5mg/m3 29 CFR 1910.1027 Effective 1992

Chromium Chromic acid and OSHA, 29 CFR 1910.1000, Effective 1971
chromates: 0.1mg/m3 Table Z-2 (ceiling)
Chromium metal: OSHA, 29 CFR 1910.1000, Effective 1971
1 mg/m3 Table Z-1

Diesel exhaust NA

Ethylene oxide 1ppm OSHA, 29 CFR 1910.1047 Effective 1984

Ionizing Rems/calendar OSHA, 29 CFR 1910.1096, Effective 1974
radiation quarter: whole Table G-18

body, 1.25; hands,
forearms, feet,
ankles, 18.75;
skin, 7.5

Nickel Metal, insoluble and OSHA, 29 CFR 1910.1000, Effective 1971
soluble compounds: Table Z-1
1 mg/m3

Silica Respirable OSHA, 29 CFR 1910.1000, Effective 1971.
quartz: (10mg/m3)/ Table Z-3 For 100% silica dust,
(per cent SiO2 + 2) this is equivalent to

0.1 mg/m3. Halve this
value for cristobalite
and tridymite

NA Not applicable.
a As shown in this table, most of the PELs have not changed since they were put in place. However,

there were considerable changes in the United States PEL for asbestos during the years of
interest to the current analysis, with a level before 1972 of 12 fibres/ml before the first OSHA-
issued PEL in 1972 decreasing, through several steps, to 0.1 fibres/ml in 1994 (Martonik et al.
2001; Nelson 1997).

Source: USDOL OSHA (2002a).
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Table 21.11 Occupational exposure to benzene in developing countries

Country Industry Concentration Year (or year reported)

Egypt Rubber coating 0–74mg/m3 (1986)

Turkey Shoemaking 48–96mg/m3 1970
672 mg/m3 (maximum level)

India Petrol pump 4.5mg/m3 (mean) 1991

China Various: paint, 0.06–850mg/m3 (1987)
chemical, varnish 
works, shoemaking

Brazil Steel workers 960–3200mg/m3 per day (1993)
Petrochemical 140mg/m3, maximum of (1993)

personal samples

Source: Pearce et al. (1994).

Table 21.12 Occupational exposures to metals in developing countries

Country Industry Concentration Year (or year reported)

China Tin mine Arsenic: 0.42mg/m3, mean 1952
Arsenic: 0.01mg/m3 1980s

China Cadmium refining Cadmium: 0.04–0.074mg/m3 1970s

Singapore Storage battery factory Cadmium: 0.13–58.3mg/m3, 1980
geometric means of three 
sets of samples

China Chromate production 0.02–21.3mg/m3 1960s–1980
0.55mg/m3, mean (1989)

Source: Pearce et al. (1994).

• NIOSH (2000b) data on miners, indicating silica exposures above the
PEL for 8% of coal mine samples, 16% of metal mine samples, 9%
of stone mine samples and 8% of sand and gravel facility samples.

For the B, C, D and E subregions, important evidence includes:

• Chinese data (Dosemeci et al. 1995), indicating roughly three quar-
ters of samples above 0.1 mg/m3 respirable silica;

• a study of a South African brickworks (Myers et al. 1989), in which
45% of presented sample values were above 0.1 mg/m3 and roughly
two thirds and four fifths of samples in medium and dusty areas,
respectively, were above 0.1mg/m3 respirable silica;

• a study of a South African pottery (Rees et al. 1992), where roughly
three quarters of samples that included silica analysis were above the
Threshold Limit Value (TLV); and



• the Chinese benzene study (Yin et al. 1987), in which 35% of over
50000 workplaces had concentrations at or above 40 mg/m3, in com-
parison to the current OSHA PEL of 3.2mg/m3 for benzene, and in
which the benzene concentration in 86% of 141 shoe factories was
above 25mg/m3.

Based on these data, partition factors for carcinogen exposures were
determined for the A and for the B, C, D and E subregions, as shown in
Table 21.13.

LUNG CARCINOGENS

The proportions of the population exposed to the occupational lung car-
cinogens included in the study (Table 21.8) are shown in Tables 21.14
and 21.16 by subregion, age, sex and level of exposure.

LEUKAEMOGENS

The proportions of the population exposed to occupational leukae-
mogens (Table 21.8) are presented in Table 21.15 by subregion, age, sex
and level of exposure.

2.3 Risk factor–disease relationships

Relative risk estimates were used for lung carcinogens and leukae-
mogens. Table 21.17 summarizes the chemical or physical agent, the spe-
cific cancer and the key data sources that provided evidence of the link
between the two. These review studies assessed risk measures for the
main sites of occupational cancer, including the lung (which, for the pur-
poses of this study, includes the trachea, bronchus and lung), the
haematopoietic system (represented in this study by leukaemia) and
malignant mesothelioma.

Relative risks for lung cancer and leukaemia were taken from studies
of cohorts of workers with variable exposure durations and intensities,
variable periods from the last exposure and variable lengths of follow-
up. They therefore compare exposed with unexposed groups. In prepar-
ing relative risk estimates for exposure outcomes of interest, several
assumptions were made:
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Table 21.13 Exposure partition factors for carcinogens for the A and for
the B, C, D and E subregions

Proportion of exposed workers with Proportion of exposed workers with
Subregion low exposures (at or below the PEL) high exposures (above the PEL)

A 0.90 0.10

B, C, D and E 0.50 0.50
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Table 21.14 Proportions of the population exposed to lung carcinogens
by subregion, age, sex and level of exposure

Age group (years)

Subregion Sex Exposure level 15–29 30–44 45–59 60–69 70–79 ≥80

AFR-D Male Background 0.837 0.837 0.837 0.837 0.837 0.837
Low 0.082 0.082 0.082 0.082 0.082 0.082
High 0.082 0.082 0.082 0.082 0.082 0.082

Female Background 0.934 0.934 0.934 0.934 0.934 0.934
Low 0.033 0.033 0.033 0.033 0.033 0.033
High 0.033 0.033 0.033 0.033 0.033 0.033

AFR-E Male Background 0.839 0.839 0.839 0.839 0.839 0.839
Low 0.080 0.080 0.080 0.080 0.080 0.080
High 0.080 0.080 0.080 0.080 0.080 0.080

Female Background 0.929 0.929 0.929 0.929 0.929 0.929
Low 0.035 0.035 0.035 0.035 0.035 0.035
High 0.035 0.035 0.035 0.035 0.035 0.035

AMR-A Male Background 0.802 0.802 0.802 0.802 0.802 0.802
Low 0.178 0.178 0.178 0.178 0.178 0.178
High 0.020 0.020 0.020 0.020 0.020 0.020

Female Background 0.936 0.936 0.936 0.936 0.936 0.936
Low 0.058 0.058 0.058 0.058 0.058 0.058
High 0.006 0.006 0.006 0.006 0.006 0.006

AMR-B Male Background 0.793 0.793 0.793 0.793 0.793 0.793
Low 0.103 0.103 0.103 0.103 0.103 0.103
High 0.103 0.103 0.103 0.103 0.103 0.103

Female Background 0.951 0.951 0.951 0.951 0.951 0.951
Low 0.024 0.024 0.024 0.024 0.024 0.024
High 0.024 0.024 0.024 0.024 0.024 0.024

AMR-D Male Background 0.761 0.761 0.761 0.761 0.761 0.761
Low 0.119 0.119 0.119 0.119 0.119 0.119
High 0.119 0.119 0.119 0.119 0.119 0.119

Female Background 0.961 0.961 0.961 0.961 0.961 0.961
Low 0.019 0.019 0.019 0.019 0.019 0.019
High 0.019 0.019 0.019 0.019 0.019 0.019

EMR-B Male Background 0.760 0.760 0.760 0.760 0.760 0.760
Low 0.120 0.120 0.120 0.120 0.120 0.120
High 0.120 0.120 0.120 0.120 0.120 0.120

Female Background 0.963 0.963 0.963 0.963 0.963 0.963
Low 0.019 0.019 0.019 0.019 0.019 0.019
High 0.019 0.019 0.019 0.019 0.019 0.019

EMR-D Male Background 0.840 0.840 0.840 0.840 0.840 0.840
Low 0.080 0.080 0.080 0.080 0.080 0.080
High 0.080 0.080 0.080 0.080 0.080 0.080

Female Background 0.955 0.955 0.955 0.955 0.955 0.955
Low 0.023 0.023 0.023 0.023 0.023 0.023
High 0.023 0.023 0.023 0.023 0.023 0.023
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Table 21.14 Proportions of the population exposed to lung carcinogens
by subregion, age, sex and level of exposure (continued)

Age group (years)

Subregion Sex Exposure level 15–29 30–44 45–59 60–69 70–79 ≥80

EUR-A Male Background 0.802 0.802 0.802 0.802 0.802 0.802
Low 0.179 0.179 0.179 0.179 0.179 0.179
High 0.020 0.020 0.020 0.020 0.020 0.020

Female Background 0.937 0.937 0.937 0.937 0.937 0.937
Low 0.057 0.057 0.057 0.057 0.057 0.057
High 0.006 0.006 0.006 0.006 0.006 0.006

EUR-B Male Background 0.779 0.779 0.779 0.779 0.779 0.779
Low 0.111 0.111 0.111 0.111 0.111 0.111
High 0.111 0.111 0.111 0.111 0.111 0.111

Female Background 0.920 0.920 0.920 0.920 0.920 0.920
Low 0.040 0.040 0.040 0.040 0.040 0.040
High 0.040 0.040 0.040 0.040 0.040 0.040

EUR-C Male Background 0.654 0.654 0.654 0.654 0.654 0.654
Low 0.173 0.173 0.173 0.173 0.173 0.173
High 0.173 0.173 0.173 0.173 0.173 0.173

Female Background 0.801 0.801 0.801 0.801 0.801 0.801
Low 0.099 0.099 0.099 0.099 0.099 0.099
High 0.099 0.099 0.099 0.099 0.099 0.099

SEAR-B Male Background 0.798 0.798 0.798 0.798 0.798 0.798
Low 0.101 0.101 0.101 0.101 0.101 0.101
High 0.101 0.101 0.101 0.101 0.101 0.101

Female Background 0.922 0.922 0.922 0.922 0.922 0.922
Low 0.039 0.039 0.039 0.039 0.039 0.039
High 0.039 0.039 0.039 0.039 0.039 0.039

SEAR-D Male Background 0.805 0.805 0.805 0.805 0.805 0.805
Low 0.098 0.098 0.098 0.098 0.098 0.098
High 0.098 0.098 0.098 0.098 0.098 0.098

Female Background 0.934 0.934 0.934 0.934 0.934 0.934
Low 0.033 0.033 0.033 0.033 0.033 0.033
High 0.033 0.033 0.033 0.033 0.033 0.033

WPR-A Male Background 0.745 0.745 0.745 0.745 0.745 0.745
Low 0.230 0.230 0.230 0.230 0.230 0.230
High 0.026 0.026 0.026 0.026 0.026 0.026

Female Background 0.914 0.914 0.914 0.914 0.914 0.914
Low 0.078 0.078 0.078 0.078 0.078 0.078
High 0.009 0.009 0.009 0.009 0.009 0.009

WPR-B Male Background 0.769 0.769 0.769 0.769 0.769 0.769
Low 0.115 0.115 0.115 0.115 0.115 0.115
High 0.115 0.115 0.115 0.115 0.115 0.115

Female Background 0.875 0.875 0.875 0.875 0.875 0.875
Low 0.063 0.063 0.063 0.063 0.063 0.063
High 0.063 0.063 0.063 0.063 0.063 0.063
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Table 21.15 Proportions of the population exposed to leukaemogens by
subregion, age, sex and level of exposure

Age group (years)

Subregion Sex Exposure level 15–29 30–44 45–59 60–69 70–79 ≥80

AFR-D Male Background 0.980 0.980 0.980 0.980 0.980 0.980
Low 0.010 0.010 0.010 0.010 0.010 0.010
High 0.010 0.010 0.010 0.010 0.010 0.010

Female Background 0.989 0.989 0.989 0.989 0.989 0.989
Low 0.005 0.005 0.005 0.005 0.005 0.005
High 0.005 0.005 0.005 0.005 0.005 0.005

AFR-E Male Background 0.979 0.979 0.979 0.979 0.979 0.979
Low 0.010 0.010 0.010 0.010 0.010 0.010
High 0.010 0.010 0.010 0.010 0.010 0.010

Female Background 0.984 0.984 0.984 0.984 0.984 0.984
Low 0.008 0.008 0.008 0.008 0.008 0.008
High 0.008 0.008 0.008 0.008 0.008 0.008

AMR-A Male Background 0.973 0.973 0.973 0.973 0.973 0.973
Low 0.025 0.025 0.025 0.025 0.025 0.025
High 0.003 0.003 0.003 0.003 0.003 0.003

Female Background 0.970 0.970 0.970 0.970 0.970 0.970
Low 0.027 0.027 0.027 0.027 0.027 0.027
High 0.003 0.003 0.003 0.003 0.003 0.003

AMR-B Male Background 0.980 0.980 0.980 0.980 0.980 0.980
Low 0.010 0.010 0.010 0.010 0.010 0.010
High 0.010 0.010 0.010 0.010 0.010 0.010

Female Background 0.977 0.977 0.977 0.977 0.977 0.977
Low 0.011 0.011 0.011 0.011 0.011 0.011
High 0.011 0.011 0.011 0.011 0.011 0.011

AMR-D Male Background 0.967 0.967 0.967 0.967 0.967 0.967
Low 0.016 0.016 0.016 0.016 0.016 0.016
High 0.016 0.016 0.016 0.016 0.016 0.016

Female Background 0.979 0.979 0.979 0.979 0.979 0.979
Low 0.010 0.010 0.010 0.010 0.010 0.010
High 0.010 0.010 0.010 0.010 0.010 0.010

EMR-B Male Background 0.969 0.969 0.969 0.969 0.969 0.969
Low 0.015 0.015 0.015 0.015 0.015 0.015
High 0.015 0.015 0.015 0.015 0.015 0.015

Female Background 0.984 0.984 0.984 0.984 0.984 0.984
Low 0.008 0.008 0.008 0.008 0.008 0.008
High 0.008 0.008 0.008 0.008 0.008 0.008

EMR-D Male Background 0.984 0.984 0.984 0.984 0.984 0.984
Low 0.008 0.008 0.008 0.008 0.008 0.008
High 0.008 0.008 0.008 0.008 0.008 0.008

Female Background 0.995 0.995 0.995 0.995 0.995 0.995
Low 0.003 0.003 0.003 0.003 0.003 0.003
High 0.003 0.003 0.003 0.003 0.003 0.003
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Table 21.15 Proportions of the population exposed to leukaemogens by
subregion, age, sex and level of exposure (continued)

Age group (years)

Subregion Sex Exposure level 15–29 30–44 45–59 60–69 70–79 ≥80

EUR-A Male Background 0.968 0.968 0.968 0.968 0.968 0.968
Low 0.029 0.029 0.029 0.029 0.029 0.029
High 0.003 0.003 0.003 0.003 0.003 0.003

Female Background 0.973 0.973 0.973 0.973 0.973 0.973
Low 0.024 0.024 0.024 0.024 0.024 0.024
High 0.003 0.003 0.003 0.003 0.003 0.003

EUR-B Male Background 0.978 0.978 0.978 0.978 0.978 0.978
Low 0.011 0.011 0.011 0.011 0.011 0.011
High 0.011 0.011 0.011 0.011 0.011 0.011

Female Background 0.983 0.983 0.983 0.983 0.983 0.983
Low 0.009 0.009 0.009 0.009 0.009 0.009
High 0.009 0.009 0.009 0.009 0.009 0.009

EUR-C Male Background 0.982 0.982 0.982 0.982 0.982 0.982
Low 0.009 0.009 0.009 0.009 0.009 0.009
High 0.009 0.009 0.009 0.009 0.009 0.009

Female Background 0.981 0.981 0.981 0.981 0.981 0.981
Low 0.009 0.009 0.009 0.009 0.009 0.009
High 0.009 0.009 0.009 0.009 0.009 0.009

SEAR-B Male Background 0.980 0.980 0.980 0.980 0.980 0.980
Low 0.010 0.010 0.010 0.010 0.010 0.010
High 0.010 0.010 0.010 0.010 0.010 0.010

Female Background 0.985 0.985 0.985 0.985 0.985 0.985
Low 0.008 0.008 0.008 0.008 0.008 0.008
High 0.008 0.008 0.008 0.008 0.008 0.008

SEAR-D Male Background 0.979 0.979 0.979 0.979 0.979 0.979
Low 0.011 0.011 0.011 0.011 0.011 0.011
High 0.011 0.011 0.011 0.011 0.011 0.011

Female Background 0.995 0.995 0.995 0.995 0.995 0.995
Low 0.003 0.003 0.003 0.003 0.003 0.003
High 0.003 0.003 0.003 0.003 0.003 0.003

WPR-A Male Background 0.975 0.975 0.975 0.975 0.975 0.975
Low 0.023 0.023 0.023 0.023 0.023 0.023
High 0.003 0.003 0.003 0.003 0.003 0.003

Female Background 0.979 0.979 0.979 0.979 0.979 0.979
Low 0.019 0.019 0.019 0.019 0.019 0.019
High 0.002 0.002 0.002 0.002 0.002 0.002

WPR-B Male Background 0.978 0.978 0.978 0.978 0.978 0.978
Low 0.011 0.011 0.011 0.011 0.011 0.011
High 0.011 0.011 0.011 0.011 0.011 0.011

Female Background 0.980 0.980 0.980 0.980 0.980 0.980
Low 0.010 0.010 0.010 0.010 0.010 0.010
High 0.010 0.010 0.010 0.010 0.010 0.010
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Table 21.16 Proportions of the population exposed to asbestos by
subregion, age, sex and level of exposure

Age group (years)

Subregion Sex Exposure level 15–29 30–44 45–59 60–69 70–79 ≥80

AFR-D Male Background 0.961 0.961 0.961 0.961 0.961 0.961
Low 0.019 0.019 0.019 0.019 0.019 0.019
High 0.019 0.019 0.019 0.019 0.019 0.019

Female Background 0.978 0.978 0.978 0.978 0.978 0.978
Low 0.011 0.011 0.011 0.011 0.011 0.011
High 0.011 0.011 0.011 0.011 0.011 0.011

AFR-E Male Background 0.961 0.961 0.961 0.961 0.961 0.961
Low 0.020 0.020 0.020 0.020 0.020 0.020
High 0.020 0.020 0.020 0.020 0.020 0.020

Female Background 0.975 0.975 0.975 0.975 0.975 0.975
Low 0.012 0.012 0.012 0.012 0.012 0.012
High 0.012 0.012 0.012 0.012 0.012 0.012

AMR-A Male Background 0.973 0.973 0.973 0.973 0.973 0.973
Low 0.025 0.025 0.025 0.025 0.025 0.025
High 0.003 0.003 0.003 0.003 0.003 0.003

Female Background 0.991 0.991 0.991 0.991 0.991 0.991
Low 0.008 0.008 0.008 0.008 0.008 0.008
High 0.001 0.001 0.001 0.001 0.001 0.001

AMR-B Male Background 0.966 0.966 0.966 0.966 0.966 0.966
Low 0.017 0.017 0.017 0.017 0.017 0.017
High 0.017 0.017 0.017 0.017 0.017 0.017

Female Background 0.992 0.992 0.992 0.992 0.992 0.992
Low 0.004 0.004 0.004 0.004 0.004 0.004
High 0.004 0.004 0.004 0.004 0.004 0.004

AMR-D Male Background 0.965 0.965 0.965 0.965 0.965 0.965
Low 0.017 0.017 0.017 0.017 0.017 0.017
High 0.017 0.017 0.017 0.017 0.017 0.017

Female Background 0.994 0.994 0.994 0.994 0.994 0.994
Low 0.003 0.003 0.003 0.003 0.003 0.003
High 0.003 0.003 0.003 0.003 0.003 0.003

EMR-B Male Background 0.963 0.963 0.963 0.963 0.963 0.963
Low 0.018 0.018 0.018 0.018 0.018 0.018
High 0.018 0.018 0.018 0.018 0.018 0.018

Female Background 0.994 0.994 0.994 0.994 0.994 0.994
Low 0.003 0.003 0.003 0.003 0.003 0.003
High 0.003 0.003 0.003 0.003 0.003 0.003

EMR-D Male Background 0.962 0.962 0.962 0.962 0.962 0.962
Low 0.019 0.019 0.019 0.019 0.019 0.019
High 0.019 0.019 0.019 0.019 0.019 0.019

Female Background 0.985 0.985 0.985 0.985 0.985 0.985
Low 0.008 0.008 0.008 0.008 0.008 0.008
High 0.008 0.008 0.008 0.008 0.008 0.008
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Table 21.16 Proportions of the population exposed to asbestos by
subregion, age, sex and level of exposure (continued)

Age group (years)

Subregion Sex Exposure level 15–29 30–44 45–59 60–69 70–79 ≥80

EUR-A Male Background 0.971 0.971 0.971 0.971 0.971 0.971
Low 0.026 0.026 0.026 0.026 0.026 0.026
High 0.003 0.003 0.003 0.003 0.003 0.003

Female Background 0.991 0.991 0.991 0.991 0.991 0.991
Low 0.008 0.008 0.008 0.008 0.008 0.008
High 0.001 0.001 0.001 0.001 0.001 0.001

EUR-B Male Background 0.962 0.962 0.962 0.962 0.962 0.962
Low 0.019 0.019 0.019 0.019 0.019 0.019
High 0.019 0.019 0.019 0.019 0.019 0.019

Female Background 0.982 0.982 0.982 0.982 0.982 0.982
Low 0.009 0.009 0.009 0.009 0.009 0.009
High 0.009 0.009 0.009 0.009 0.009 0.009

EUR-C Male Background 0.949 0.949 0.949 0.949 0.949 0.949
Low 0.025 0.025 0.025 0.025 0.025 0.025
High 0.025 0.025 0.025 0.025 0.025 0.025

Female Background 0.975 0.975 0.975 0.975 0.975 0.975
Low 0.013 0.013 0.013 0.013 0.013 0.013
High 0.013 0.013 0.013 0.013 0.013 0.013

SEAR-B Male Background 0.959 0.959 0.959 0.959 0.959 0.959
Low 0.020 0.020 0.020 0.020 0.020 0.020
High 0.020 0.020 0.020 0.020 0.020 0.020

Female Background 0.981 0.981 0.981 0.981 0.981 0.981
Low 0.010 0.010 0.010 0.010 0.010 0.010
High 0.010 0.010 0.010 0.010 0.010 0.010

SEAR-D Male Background 0.959 0.959 0.959 0.959 0.959 0.959
Low 0.021 0.021 0.021 0.021 0.021 0.021
High 0.021 0.021 0.021 0.021 0.021 0.021

Female Background 0.978 0.978 0.978 0.978 0.978 0.978
Low 0.011 0.011 0.011 0.011 0.011 0.011
High 0.011 0.011 0.011 0.011 0.011 0.011

WPR-A Male Background 0.967 0.967 0.967 0.967 0.967 0.967
Low 0.030 0.030 0.030 0.030 0.030 0.030
High 0.003 0.003 0.003 0.003 0.003 0.003

Female Background 0.988 0.988 0.988 0.988 0.988 0.988
Low 0.011 0.011 0.011 0.011 0.011 0.011
High 0.001 0.001 0.001 0.001 0.001 0.001

WPR-B Male Background 0.955 0.955 0.955 0.955 0.955 0.955
Low 0.022 0.022 0.022 0.022 0.022 0.022
High 0.022 0.022 0.022 0.022 0.022 0.022

Female Background 0.974 0.974 0.974 0.974 0.974 0.974
Low 0.013 0.013 0.013 0.013 0.013 0.013
High 0.013 0.013 0.013 0.013 0.013 0.013



• that relative risks are the same for men and women;

• that relative risk values are constant with age; and

• that the relative risks apply equally to the risk of developing the malig-
nant condition (incident cases) and to the risk of dying from the con-
dition (fatal cases); where relative risk values were based on disease
incidence studies, the incidence ratio was comparable to the corre-
sponding mortality risk ratio.

Steenland et al. (1996) estimated for the United States the relative risk
of exposure to nine lung carcinogens (arsenic, asbestos, beryllium,
cadmium, chromium, diesel fumes, nickel, silica and radon). They did
not consider agents to which relatively few workers were exposed
(BCME, coke oven and coal gasification fumes and soot) and they did
not consider smoking, beyond the selection where possible of relative
risk factors that had been adjusted for smoking. Combined relative risk
values (ranging from 1.31 to 3.69) were calculated for all but radon,
using inverse variance and a random-effects model and relying on 
major cohort studies of the specific agents. The authors estimated that
9000–10000 men and 900–1900 women develop lung cancer annually
in the United States owing to past exposure to occupational carcinogens
(except radon). This would account for approximately 9% of lung cancer
deaths in males and 2% in females, or 0.5% of all deaths annually in
the United States.

Steenland et al. (2003) examined the population-attributable risk
(PAR) from several studies (including Steenland et al. 1996). They
applied the PAR to deaths occurring in 1997 in the United States to deter-
mine occupational deaths from lung cancer, among other outcomes. The
authors determined a PAR for lung cancer in the range 6.1–17.3% for
men and 2% for women. For overall cancer they determined a PAR of
7–19% for men and 11% for women. For leukaemia, a combined PAR
for men and women of 0.8–2.8% was calculated.

Nurminen and Karjalainen (2001) estimated the proportion of fatal-
ities related to occupational factors in Finland. The average number of
exposed workers in Finland was estimated from census data by sex, age,
occupation and industry, and the FINJEM national job-exposure matrix.
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Table 21.17 Examples of sources used to assess the risk factor–disease
relationship for selected occupational carcinogens

Selected risk factor Health outcome Examples of key sources of evidence of causality

Lung carcinogens Cancer of the trachea, Nurminen and Karjalainen (2001); Steenland
bronchus or lung et al. (1996, 2003)

Leukaemogens Leukaemia Lynge et al. (1997); BEIR V (1990); IARC 
(1997)
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Relative risks were obtained from a review of epidemiological studies,
focusing on risk estimates that were most valid for the Finnish exposure
circumstances. The attributable fraction methodology was used to 
determine the proportion of deaths in the population attributable to
occupational factors. The authors reported that 30% of deaths due to
occupational disease in Finland in 1996 were caused by cancer. Occu-
pational lung cancer accounted for 0.9% of all deaths. They attributed
24% of cancer of the bronchus and lung (29% for men and 5.3% for
women) to occupational exposure to combined risk factors. The attri-
butable fractions for urinary cancer were 10.3% overall—14.2% for
men and 0.7% for women. Combined occupational risk factors resulted
in 10.9% (18.5% for males, 2.5% for females) of leukaemia deaths being
attributed to occupational exposures, the majority (17.8% and 2.3%,
respectively) from electrical occupations, in contrast to 0.7% and 0.2%,
respectively, from benzene. An average of 71.3% (90% for males, 25%
for females) of malignant mesothelioma was attributed to occupation.

The three review papers described above (Nurminen and Karjalainen
2001; Steenland et al. 1996, 2003) provided summary measures, or
information that can be used to determine summary measures, of rela-
tive risk for one or more of the main agents and outcomes of interest.
The study by Nurminen and Karjalainen (2001) focused on Finland, and
preferentially used studies based in Scandinavia or thought to be most
relevant to Finland. Most of its relative risk estimates relate to lung
cancer, with attributable fractions presented for leukaemia. The paper
by Steenland et al. (1996), although focused on the United States, was
more inclusive of studies of suitable quality. The other paper by Steen-
land et al. (2003) provided information on relative mortality risks similar
to the first (1996) paper. All papers provided similar summary measures
of relative risk for lung cancers, but the Steenland et al. (1996) results
were used preferentially because they are generally based on a broader
range of studies. However, the Steenland paper provided information
only on lung cancer. Table 21.18 gives a summary of the risk measures
for each of the carcinogens and the relevant outcomes. The basis for
these risk estimations is described in more detail below.

LUNG CANCER

The evidence for substance-specific relative risk values, which were used
to calculate the overall relative risk for the eight lung carcinogens, is
briefly discussed below, relying heavily on the review paper by Steenland
et al. (1996). The data in the paper provide a summary relative risk of
1.6 for occupational exposure to the set of lung carcinogens considered
here.

Smoking is the main important potential confounder of lung cancer,
and potentiates the effect of some exposures (notably with asbestos and
lung cancer). In this analysis, where possible, studies were used that pro-
duced risk estimates for lung cancer after controlling for smoking.
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Arsenic

Arsenic is accepted as a Group 1 carcinogen (IARC 1980, 1987a). The
six principal epidemiological studies (covering nearly 18000 workers)
reviewed by Steenland et al. (1996) indicated a combined relative risk of
3.69, with a range of 1.31–15.2 reported for individual studies and a
clear dose–response relationship. The lowest relative risk arose from a
study in which exposures mostly ranged from 7 to 13mg/m3, compared
to the OSHA level of 10mg/m3 (Enterline et al. 1987). Excess cancers in
other studies were probably due to high exposures that occurred largely
in the past. A combined relative risk of 3.69 (95% CI 3.06–4.46) was
determined by the Steenland et al. (1996) review, whereas 3.2 was used
by Nurminen and Karjalainen (2001).

Asbestos

Both serpentine and amphibole asbestos have been shown to cause lung
cancer in humans, with a clear dose–response relationship and a synergy
between asbestos and tobacco (Lee 2001). Over 100 cohort studies and
many case-referent studies, plus animal and cellular studies, provide
ample evidence for causation. In six cohort studies of nearly 6000
asbestosis patients, the standardized mortality rate ranged from 3.5 to
9.1, with a combined relative risk of 5.9. In 20 studies of over 100000
asbestos workers, the standardized mortality rate ranged from 1.04 for
chrysotile workers to 4.97 for amosite workers, with a combined rela-
tive risk of 2.00. It is difficult to determine the exposures involved
because few of the studies reported measurements, and because it is a
problem to convert historical asbestos measurements in millions of dust
particles per cubic foot to gravimetric units. Nevertheless, little excess
lung cancer is expected from low exposure levels. These studies have
been the subject of several reviews (IARC 1977; IPCS 1998; Nurminen
and Karjalainen 2001; Steenland et al. 1996). The main papers provided
a range of relative risks (1.04–7.4), with summary relative risks of 2.0
(Steenland et al. 1996) and 2.3 (Nurminen and Karjalainen 2001) cited
in the two most recent reviews. The lower value (2.0, 95% CI
1.90–2.11), which is based on a wider range of studies, is accepted for
this analysis.

Beryllium

Beryllium is an IARC Group 1 carcinogen (IARC 1993), although 
epidemiological evidence is rather limited. A standardized mortality rate
for lung cancer of 2.0 was determined from a registry cohort of 689
women and men (Steenland and Ward 1991), and an overall standard-
ized mortality rate of 1.24 was found in a study of 9225 male workers
from seven beryllium plants (1.49 at plants with higher exposure) (Ward
et al. 1992). Steenland et al. (1996) utilized a smoking-adjusted relative
risk of 1.49 (no 95% CI reported), based on a beryllium plant with high
exposures.
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Cadmium

Cadmium is an IARC Group 1 carcinogen (IARC 1993). The best epi-
demiological evidence of its relationship to lung cancer comes from a
cohort study by Stayner et al. (1992), although the evidence for car-
cinogenicity is stronger in animals and has recently been questioned in
humans (Jarup and Nordberg 1998). The most recent follow-up study
suggests a relative risk of 1.49 (95% CI 0.96–2.22) (Steenland et al.
1996). Nurminen and Karjalainen (2001) used 1.2, based on a 
Scandinavian study.

Chromium

Chromium is an IARC Group 1 carcinogen (IARC 1990a). There is
ample epidemiological evidence of its causal association with lung cancer,
with many cohort studies showing a dose–response relationship. Based
on the largest and best designed studies of chromium production
workers, producers of chromate paints and chromate plating workers,
the overall relative risk is 2.78 (95% CI 2.47–3.52) (Steenland et al.
1996). Nurminen and Karjalainen (2001) used a lower relative risk of
1.4 from a hospital-based case-referent study.

Diesel exhaust

Polycyclic aromatic hydrocarbons comprise the main components of
diesel exhaust, which contains a mixture of substances. Diesel exhaust
has been accepted as a Group 2A carcinogen (IARC 1989) and was
scheduled for further review in 2001. Owing to limitations in exposure
assessment to diesel exhaust, human epidemiology has been difficult to
conduct. However, cohort studies and meta-analyses confirm a relation-
ship between diesel exhaust exposure and lung cancer, with summary 
relative risks in the range 1.3–1.5 (Bhatia et al. 1998; Lipsett and 
Campleman 1999). Based on six relatively consistent recent studies with
good documentation of exposure to diesel exhaust, in which the number
of cases ranged from 50 to 1256, Steenland et al. (1996) determined a
combined relative risk of 1.31 (95% CI 1.13–1.44), and Nurminen and
Karjalainen (2001) used the same estimate.

Nickel

Nickel is an IARC Group 1 carcinogen (IARC 1990a). Based on 
data from the 1990 report of the International Committee on Nickel
Carcinogenesis in Man (ICNCM 1990), Steenland et al. (1996) calcu-
lated a combined relative risk of 1.56 (95% CI 1.41–1.73). Nurminen
and Karjalainen (2001) used an estimate of 1.4 based on a Finnish 
study.

Silica

On the basis of detailed reviews, silica has been classified as an IARC
Group 1 carcinogen (IARC 1987b, 1997). Several cohort studies in silica-



exposed and silicosis patients showed a dose–response relationship
between silica exposure and lung cancer relative risk, and this was con-
firmed by meta-analyses and a pooled study (Steenland and Sanderson
2001). Animal and cellular studies provided supporting evidence. Con-
troversy remains as to whether silicosis is a necessary precursor for the
development of lung cancer, but this does not affect the underlying status
of silica as a carcinogen (Checkoway 2000; Hnizdo and Sluis-Cremer
1991; Soutar et al. 2000). Steenland et al. (1996) based their combined
relative risk of 1.33 (95% CI 1.21–1.45) on 13 large cohort and
case–control studies of silica-exposed workers. These studies included
granite workers, stone workers, pottery workers, brick workers, gold
miners and diatomaceous earth miners, and covered a range of workers
generally numbering from almost 1000 to over 5000. Half of the studies
controlled for smoking. Nurminen and Karjalainen (2001) used a slightly
higher estimate of 1.4.

Combined estimates

A common methodology, similar to that used by Steenland et al. (1996)
and Nurminen and Karjalainen (2001), was used in this analysis for all
lung carcinogens, in that occupational exposure to carcinogens was esti-
mated and applied to relative risk estimates to enable the determination
of attributable fractions. A mean relative risk of 1.63 was determined
for eight lung carcinogens (not including radon), using data reported by
Steenland et al. (1996). This was done by calculating a weighted average
of the substance-specific relative risks, and weighting the substance-spe-
cific relative risks by the proportion of workers exposed to each sub-
stance to determine a mean relative risk for workers exposed to the eight
lung carcinogens. This was done separately for each subregion, using the
proportion of workers in each subregion exposed to specific agents to
weight the relative risk for each of the agents. However, the resulting
average relative risks were not clearly different from each other (all were
close to 1.6).

In addition, to estimate an uncertainty range for the initial mean rel-
ative risk, a weighted average was calculated of the lower and upper
95% CI values of the relative risk reported for each substance (except
beryllium, for which there were no estimated CI). These values (not to
be confused with the partitioned relative risk values for low- and high-
level exposure) were within 15% of the mean relative risk values. This
is demonstrated for the AMR-A subregion (Table 21.19).

To produce relative risk estimates for low and high exposure, it was
necessary to partition the mean relative risks into values that correspond
to low- and high-level exposure. A mean relative risk (of 1.6) was deter-
mined for the United States. Based on the estimates of 90% of Ameri-
can workers exposed at or below about one fifth of the PEL values and
10% exposed at or above the PEL values, and an estimate of the Amer-
ican population-attributable fraction of lung cancer due to occupation
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of 9% (Steenland et al. 1996), the mean relative risk of 1.6 was parti-
tioned into a relative risk of 1.3 for low-level exposure to lung carcino-
gens, and 1.9 for high-level exposure. The United States ratios of the
lower (1.3/1.6) and the higher (1.9/1.6) relative risks to the average 
relative risk were then applied to the average relative risks estimated for
each subregion to produce estimated relative risks at low and high expo-
sures for each subregion. In the same manner, upper and lower 95% CI
were produced for these relative risks, based on the limits estimated for
the average relative risks. The results of this process are shown in 
Table 21.20.

LEUKAEMIA

Leukaemia has been linked to exposure to benzene, ionizing radiation
and ethylene oxide, all of which are IARC Group 1 carcinogens (IARC
2001; WHO 1999). There is also some evidence that exposure to 
low-frequency electric fields may be leukaemogenic (Nurminen and 
Karjalainen 2001; WHO 2001). However, as this physical agent has not
been included in CAREX, it has been excluded from this study.

Benzene

The causal relationship between leukaemia and benzene is well recog-
nized, including data from cohort studies in China and the United States
covering workers in chemical plants, refineries, machine production, and
textile and cloth factories. Excesses of nonlymphocytic, myelogenous and
acute myeloid leukaemias occurred. There is also limited evidence in

1690 Comparative Quantification of Health Risks

Table 21.19 Lung cancer relative risk, substance-specific and weighted
average, for the AMR-A subregion

Carcinogen Combined relative riska (95% CI) Proportion of workers exposed

Silica 1.33 (1.21–1.45) 0.0248

Cadmium 1.49 (0.96–2.22) 0.0015

Nickel 1.56 (1.41–1.73) 0.0039

Arsenic 3.69 (3.06–4.46) 0.0011

Chromium 2.78 (2.47–3.52) 0.0055

Diesel fumes 1.31 (1.13–1.44) 0.0217

Beryllium 1.49 0.0005

Asbestos 2.00 (1.90–2.11) 0.0094

Totalb 1.59 (1.41–1.77)

a Derived from major epidemiological studies.
b Weighted summary relative risk, weighted by the proportion of workers exposed to each

contributing carcinogen.

Source: Steenland et al. (1996).



mammals (Hayes et al. 1997; IARC 1990b). A recent review (Lynge 
et al. 1997) provides a low-exposure relative risk of 2.0 (95% CI
1.8–2.2) and a high-exposure relative risk of 4.0 (3.6–4.4).

Ionizing radiation

The causal relationship between ionizing radiation and leukaemia is well
recognized. There is consistency across numerous studies, strong associ-
ation between exposure and outcome, and evidence of a dose–response
gradient. Excess leukaemia has been observed in survivors of the atomic
explosions at Hiroshima and Nagasaki, and also among patients med-
ically treated with X-rays or g-rays. The risk of leukaemia increases over
fivefold at sufficiently high doses (BEIR V 1990; IARC 2000; ICRP
1991). Models describing risk have been proposed as: Linear RR model
1+5.5 _ dose in Sv, quadratic RR=1+0.24 dose+0.27 dose2 (dose in Sv)
(BEIR V 1990). Relative risks of 1.22 (1.07–1.70) for low exposure and
1.57 (1.18–2.88) for high exposure are accepted as the best available
estimates (BEIR V 1990; IARC 2000).

Ethylene oxide

Workers have exposure to ethylene oxide either as a sterilant or as a
chemical intermediary or final product. In a study in the United States,
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Table 21.20 Weighted summary relative risks for lung cancer for all
subregions

Low exposure High exposure

Combined relative riska Combined relative riska

Subregion Summary relative riska (95% CI) (95% CI)

AFR-D 1.61 1.31 (1.17–1.45) 1.91 (1.72–2.11)

AFR-E 1.62 1.32 (1.18–1.45) 1.92 (1.72–2.12)

AMR-A 1.59 1.29 (1.14–1.44) 1.88 (1.67–2.11)

AMR-B 1.58 1.28 (1.14–1.42) 1.87 (1.67–2.08)

AMR-D 1.56 1.26 (1.13–1.41) 1.85 (1.64–2.05)

EMR-B 1.56 1.26 (1.13–1.40) 1.85 (1.64–2.05)

EMR-D 1.61 1.31 (1.18–1.45) 1.92 (1.72–2.10)

EUR-A 1.62 1.32 (1.17–1.48) 1.93 (1.71–2.16)

EUR-B 1.59 1.29 (1.15–1.44) 1.89 (1.69–2.10)

EUR-C 1.50 1.22 (1.09–1.35) 1.79 (1.59–1.97)

SEAR-B 1.58 1.28 (1.15–1.42) 1.88 (1.68–2.07)

SEAR-D 1.61 1.31 (1.17–1.45) 1.91 (1.70–2.09)

WPR-A 1.57 1.27 (1.13–1.42) 1.86 (1.65–2.08)

WPR-B 1.58 1.28 (1.14–1.42) 1.87 (1.67–2.07)

a Weighted summary relative risk, weighted by the proportion of workers exposed to each contributing
carcinogen in each subregion.



ethylene oxide used as a sterilant was associated with lymphatic
leukaemia and non-Hodgkin’s lymphoma, with a rate ratio of 1.2 esti-
mated for 45-year exposure to 1ppm. Other studies in Sweden and the
United Kingdom of Great Britain and Northern Ireland showed non-
significant excesses of these cancers. Of six studies of chemical plant
workers (two in Sweden and one each in Germany, Italy, the United
Kingdom and the United States), two found significant excesses, two
found nonsignificant excesses and two found expected rates (IARC
1997). Relative risk was found to range from 1.1 to 3.5 (Steenland et al.
2003).

An approach similar to that used for lung carcinogens was applied 
to the leukaemogens. The separate relative risks for the development of
leukaemia arising from exposures to the main relevant occupational car-
cinogens were combined into single summary relative risks, one for low
exposure and one for high exposure. This was done separately for each
subregion, using the exposure prevalence of the workforce in each sub-
region to weight the exposure-specific risks. However, the resulting
average relative risks were not clearly different from each other. CI were
estimated in the same manner, weighting the estimated CI for benzene
and ionizing radiation (there were no estimated CI for ethylene oxide).
Unlike lung cancer, the low- and high-exposure relative risks were avail-
able for each exposure, and these were directly incorporated into low-
and high-exposure summary measures through the weighting process.
An example of this approach is shown in Table 21.21, using the WPR-
B subregion. The results of this approach for each subregion are shown
in Table 21.22.
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Table 21.21 Leukaemia relative risk, substance-specific and weighted
average, for the WPR-B subregion

Low exposure High exposure

Combined relative riska Combined relative riska Proportion of 
Carcinogen (95% CI) (95% CI) workers exposed

Benzene 2.0 (1.8–2.2) 4.0 (3.6–4.4) 0.0051

Ionizing radiation 1.22 (1.07–1.7) 1.57 (1.18–2.88) 0.0010

Ethylene oxide 1.1 3.5 0.0003

Totalb 1.84 (1.68–2.12) 3.60 (3.20–4.16)

a Derived from major epidemiological studies.
b Weighted summary relative risk, weighted by the proportion of workers exposed to each contributing

carcinogen.



ESTIMATES OF RISK REVERSIBILITY

There are limited data on risk reversibility from occupational exposure
to carcinogens. The studies from which the estimated risks arise are
based on cohorts of people exposed for different periods of time, fol-
lowed up for various periods of time and with various periods of time
between exposure cessation and follow-up, with follow-up periods
varying between zero (still exposed) and many decades. Therefore, most
of the absolute and relative risks produced by the studies already depend
on whatever change in risk might occur once exposure ceases. However,
some indication of the extent of risk reduction that might occur is given
by a recent paper by Peto et al. (2000), which examined changes in the
risk of developing lung cancer as a result of stopping smoking. The study
estimated that, compared to the risk in persons who continued to smoke,
the risk of lung cancer in males declined to about 0.66 within 10 years,
to 0.44 between 10 and 20 years, to 0.2 between 20 and 30 years, and
to 0.1 after 30 years.

3. Occupational airborne particulates
There are a vast number of respiratory conditions that can arise directly
or indirectly from work. However, estimating exposures, risks and attrib-
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Table 21.22 Weighted summary relative risks for leukaemia for all
subregions

Low exposure High exposure

Subregion Combined relative riska (95% CI) Combined relative riska (95% CI)

AFR-D 1.88 (1.72–2.15) 3.73 (3.34–4.24)

AFR-E 1.89 (1.73–2.15) 3.75 (3.37–4.25)

AMR-A 1.91 (1.74–2.16) 3.80 (3.41–4.28)

AMR-B 1.77 (1.61–2.07) 3.38 (2.98–4.01)

AMR-D 1.91 (1.74–2.16) 3.78 (3.39–4.27)

EMR-B 1.87 (1.70–2.13) 3.66 (3.26–4.19)

EMR-D 1.89 (1.72–2.15) 3.73 (3.33–4.23)

EUR-A 1.93 (1.76–2.17) 3.86 (3.48–4.32)

EUR-B 1.83 (1.67–2.11) 3.57 (3.18–4.13)

EUR-C 1.67 (1.51–2.00) 3.06 (2.64–3.80)

SEAR-B 1.89 (1.73–2.15) 3.76 (3.37–4.26)

SEAR-D 1.81 (1.65–2.10) 3.51 (3.11–4.09)

WPR-A 1.90 (1.73–2.15) 3.77 (3.38–4.26)

WPR-B 1.84 (1.68–2.12) 3.60 (3.21–4.16)

a Weighted summary relative risk, weighted by the proportion of workers exposed to each contributing
carcinogen in each subregion.



utable proportions is not possible for many of these on an international
(or even national) scale, because of lack of appropriate data sources.
Therefore, only the more important of the work-related respiratory con-
ditions, in terms of the total number of cases or the risks arising from
exposure, are included here. All of these arise from exposure to partic-
ulates. Malignant respiratory disease is not included here because it is
described in section 2.

Nonmalignant respiratory disease arises as a result of the exposure
of workers to airborne agents, mostly in the form of particulates or
dusts.2 The primary route of exposure is inhalation, whereby these agents
gain access to the respiratory system and are either deposited (in the case
of dusts) or enter the circulatory system. For some exposures, there is a
very clear connection between the exposure and the disease (for example,
silicosis is only caused by exposure to silica). Some exposures cause more
than one type of disease, and even more than one type of respiratory
disease. For example, asbestos can result in malignant conditions of the
lung and the pleura (the inside lining of the chest), malignant conditions
of the peritoneum (the inside lining of the abdomen) and nonmalignant
conditions of the lungs (asbestosis and COPD). Other exposures have
not been well characterized, but are believed to result in certain condi-
tions (such as some forms of occupational asthma).

3.1 Exposure variable

CAUSATIVE AGENTS OF ASTHMA

Asthma, which is a narrowing of the upper respiratory passages result-
ing in difficult breathing and wheezing, has both nonoccupational and
occupational causes. Many hundreds of occupational agents, including
some inorganic and organic dusts, have been associated with occupa-
tional asthma (Balmes et al. 2003; Chan-Yeung and Malo 1994; 
Venables and Chan-Yeung 1997). Biological agents include grains, flours,
plants and gums, fur, feathers and other animal parts, insects and fungi,
drugs and enzymes and various types of wood. Chemical agents include
chlorofluorocarbons, alcohols, metals and their salts, and welding fumes
(CCOHS 1997). These agents are found in a variety of workplaces,
including food and natural products processing, animal handling facili-
ties, manufacturing and construction.

It would not be possible to conduct exposure assessments and to
obtain relative risk data for all the factors contributing to this important
occupational disease, especially since they often occur in combination.
We therefore used occupation as a proxy for exposure to agents that are
associated with occupational asthma. The basis for this approach was
the work of Karjalainen et al. (2001, 2002), who conducted extensive
epidemiological studies of the entire Finnish workforce and developed
relative risks for specific occupations. A similar but less extensive study
based in 12 industrialized countries was also used (Kogevinas et al.
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1999). Relative risks were applied to these occupational data to produce
estimates of the number of deaths due to work-related asthma.

CAUSATIVE AGENTS OF COPD

The causative agents of COPD are non-specific dust and fumes, with
dusts showing a more consistent relationship than fumes (Becklake
1989). Because of a lack of worldwide data on the prevalence of occu-
pational exposure to dusts and their combinations, work in specific eco-
nomic subsectors was used as a surrogate for dust exposure. Relative
risks were applied to these workforce data to produce estimates of the
number of deaths from COPD arising from work-related exposures.

3.2 Estimating risk factor levels

The general exposure assessment methodology was described earlier.
Occupation was used for asthma (Equation 2) and economic sector for
COPD (Equation 1). The theoretical minimum risk corresponds to no
occupational exposure above background levels to airborne particulates
or other agents that cause nonmalignant respiratory disease.

AGENTS CAUSING ASTHMA

The proportion of the total population with occupational exposure to
asthmagens was estimated using Equation 2. Estimates were made for
each occupational category by determining the proportion of the popu-
lation working in occupations that matched as closely as possible to
those identified by Karjalainen et al. (2001, 2002) and for which rela-
tive risk values were provided (Table 21.23). Those not working and
those employed in administration were together considered to be the
nonexposed reference category (relative risk=1). These calculations were
done separately for men and women for each subregion of the world.
Relative risks and the proportions exposed by occupational category
were applied across all age groups from age 15 to ≥80 years.

Table 21.24 summarizes the age-adjusted distribution of the labour
force into occupations matching the categories for which relative risks
were identified by Karjalainen et al. (2002).

AGENTS CAUSING COPD

It is not possible to estimate the proportion of the world’s population
exposed to the large number of agents identified in occupation-specific
and agent-specific studies. Community-based studies have therefore been
preferred. The most common exposure in these studies is exposure to
dust and/or gas/fumes (e.g. Korn et al. 1987; Kryzanowski et al. 1986;
Xu et al. 1992). Unfortunately, there are also no data to estimate the
proportion of the world’s workers exposed to dust and/or gas/fumes. The
study by Korn et al. (1987) provides a link between self-reported expo-
sure to dust (current and past exposure) and some categories of economic
activity3 among the currently employed. Categories of economic activity
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among the currently employed are available worldwide, and can provide
a broad approximation to the proportion of the world’s population with
current or past exposure to dust and/or gas/fumes. We based our esti-
mates of exposed populations on data on employment in economic
sectors of agriculture, industry and service from the World Bank (2001),
supplemented by data from ILO (2000) on employment in economic
activities. The proportions of the population with occupational exposure
at medium and high levels to agents causing COPD were estimated using
Equation 1.

Korn et al. (1987) defined as low-exposed those in finance, as medium-
exposed those in the manufacture of non-durable goods, transport, util-
ities and the wholesale and retail trades, and as highly exposed those in
the manufacture of durable goods, agriculture, mining and construction.
Exposure was to “dusts” and to “gases”, without these being further
defined. We adopted these categories with some modification to account
for our lack of data on the type of manufacturing industry and for the
fact that agriculture in developed and developing countries probably
involves different types of exposure to respirable dust. Lacking data that
would have permitted us to divide manufacturing into medium and high
potential for dust exposure, we have classified it as having potentially
high dust exposure, given that in much of the world manufacturing
involves more dust exposure than is typical in the United States where
the Korn et al. study (1987) was done (Chien et al. 2002; Gomes et al.
2001). We have defined as nonexposed those not in the workforce and
those in utility trade, finance and services. Those in agriculture, manu-
facturing and transportation were defined as having low exposure, while
those in mining and construction were defined as having high exposure.
Many workers in the medium and highly exposed economic activities are
in fact not exposed to dusts, but on the whole the proportions in these
industries are taken to represent the approximate proportion of those
ever exposed to low and high levels of dusts in the general population.
In Korn et al. (1987), the proportion of workers currently employed in
the medium- and high-exposure industries listed above corresponded
approximately to the proportion of those reporting ever having been
occupationally exposed to dust in that study. This approach was fol-
lowed in our study, in which it was assumed that the number of cur-
rently employed in specific industries corresponds roughly to the number
ever occupationally exposed to dusts. The proportion exposed in differ-
ent economic activities in each subregion was adjusted to account for an
average labour force participation among the currently exposed in that
subregion, which was applied across all ages. The results are presented
in Table 21.25.
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Table 21.25 Proportion of the population exposed to agents causing
COPD, by subregion, sex and level of exposure 

Proportion ever exposed

Subregion Exposure level Male Female

Background 0.3722 0.5920
AFR-D Low 0.5086 0.3776

High 0.1192 0.0305

Background 0.3744 0.5386
AFR-E Low 0.5051 0.4365

High 0.1204 0.0249

Background 0.6879 0.9056
AMR-A Low 0.0879 0.0314

High 0.2242 0.0630

Background 0.5653 0.8908
AMR-B Low 0.2336 0.0553

High 0.2011 0.0539

Background 0.6465 0.9337
AMR-D Low 0.1253 0.0169

High 0.2281 0.0494

Background 0.5829 0.9256
EMR-B Low 0.2007 0.0441

High 0.2164 0.0303

Background 0.5818 0.7780
EMR-D Low 0.2204 0.1776

High 0.1978 0.0444

Background 0.6819 0.8965
EUR-A Low 0.0565 0.0253

High 0.2616 0.0781

Background 0.5096 0.6598
EUR-B Low 0.2636 0.2469

High 0.2268 0.0933

Background 0.4312 0.6463
EUR-C Low 0.3273 0.2409

High 0.2415 0.1128

Background 0.4190 0.6694
SEAR-B Low 0.4112 0.2384

High 0.1698 0.0922

Background 0.3965 0.5723
SEAR-D Low 0.4822 0.3869

High 0.1213 0.0408

Background 0.5994 0.8387
WPR-A Low 0.1200 0.0531

High 0.2806 0.1082

Background 0.3700 0.5244
WPR-B Low 0.4474 0.3807

High 0.1826 0.0949
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3.3 Risk factor–disease relationships

ASTHMA

Occupational asthma is a condition characterized by variable airflow
limitation or bronchial hyper-responsiveness related to workplace expo-
sure. However, the precise definition of occupational asthma has been
widely debated. The most controversial issue concerns whether only
immunologically-mediated asthma should be considered to be occupa-
tional asthma or whether asthma arising as result of workplace expo-
sure to irritants, or exacerbation of pre-existing asthma by workplace
irritants, should also be considered in the definition (Lombardo and
Balmes 2000; Malo and Chan-Yeung 2001; Wagner and Wegman 1998).
Recently, consensus seems to have been reached in favour of a broad 
definition (American Thoracic Society review: Balmes et al. 2003). A
broader approach has been supported by others (Blanc and Toren 1999;
Karjalainen et al. 2001; Kogevinas et al. 1999; Milton et al. 1998; Toren
et al. 1999), and recent studies of occupational asthma have tended to
use a more inclusive approach (Karjalainen et al. 2001, 2002; Milton et
al. 1998).

Occupational asthma is probably the most common work-related res-
piratory disorder in industrialized countries (Kogevinas et al. 1999), and
is either stable (Singh and Davis 2002) or increasing in incidence (Sears
1997). Many hundreds of occupational agents, including some inorganic
and organic dusts, have been associated with occupational asthma
(Balmes et al. 2003; Chan-Yeung and Malo 1994; Venables and Chan-
Yeung 1997).

Until recently, there has been limited information on the total risk of
developing asthma from workplace exposure. The United States magni-
tude of mortality study (Steenland et al. 2003) estimated that about 5%
of mortality from nonmalignant work-related respiratory disease was
due to asthma. Studies of substance-specific risks have helped to identify
or implicate particular substances as likely causative agents (e.g. Monso
et al. 1998), but these studies have generally focused on agents thought
to be sensitizers, and usually on only a limited number of these. They
are therefore not useful for determining the true extent of asthma occur-
ring as a result of work-related exposure. Several population-based
studies have partially rectified this problem (Karjalainen et al. 2001,
2002; Kogevinas et al. 1996, 1999; Ng et al. 1994; Toren 1996; Toren
et al. 1999), focusing on occupation-specific rather than substance-
specific risks because of the plethora of potential causative exposures and
the difficulty in characterizing them. These studies provided measures of
relative risk and/or population-attributable fractions. Recent studies in
Finland have estimated population-attributable fractions for occupa-
tional asthma of 18% (Nurminen and Karjalainen 2001) and of 17%
(for women) and 29% (for men) (Karjalainen et al. 2002). A compre-
hensive review undertaken before these two Finnish studies found a



median value for population-attributable fraction of 9% for all relevant
studies, and a median value of 15% for the highest-quality studies (Blanc
and Toren 1999). The American Thoracic Society (Balmes et al. 2003)
has recently reviewed the literature and estimated that approximately
15% of asthma is attributable to occupational exposure, based largely
on studies in developed countries.

Of these studies, only that by Karjalainen et al. (2001, 2002) provides
useable risk information to cover the whole workforce, while that by
Kogevinas et al. provides useful information for agriculture. The study
by Karjalainen et al. (2001, 2002) was a longitudinal study over 13 years
covering the entire Finnish population, and provided relative risks for a
large number of broad occupational categories. In that study, asthma
was defined by the occurrence of clinically diagnosed asthma (n=49575)
during the follow-up period; national medical records were linked to
census data on an individual’s occupation. The study population was
composed of all those currently employed, aged 25–59 years at baseline,
without prior history of asthma. Relative risks were calculated by com-
paring the occupation-specific incidence to the incidence of occupational
asthma in administrative, managerial and clerical workers, whose risk
was assumed to be similar to the background population risk. The rel-
ative risks were adjusted for age, and separate risks were available for
males and females, although these were very close to each other and cer-
tainly within the limits of random variation. The study by Kogevinas et
al. (1999) was a cross-sectional study of asthma involving 15000 people
in 12 European countries. In both studies, relative risks of asthma mor-
bidity were assumed to apply for asthma mortality. This assumption is
likely to be reasonable in most circumstances, but may lead to some
underestimation or overestimation of asthma mortality, depending on
whether exposure results in asthma incidence or exacerbation.

The approach used here was based on the work of Karjalainen et al.
(2001, 2002). The work by Kogevinas et al. (1999) was also used for
the relative risk of asthma due to occupational exposure in agriculture.
While the Finnish study was large, prospective and covered all occupa-
tions, there was concern that Finnish exposures within specific occupa-
tions might be atypical of the rest of the world. In particular, this was
considered likely to be true for agriculture, since Finnish agriculture
might involve more indoor work where the relative risks for asthma were
relatively high. Therefore the Kogevinas et al. results were used for agri-
culture since they were believed to be more generalizable to agriculture
in the rest of the world, especially the developing world.

We assumed that the relative risk of asthma morbidity owing to
employment in occupational categories was approximately equal to the
relative risks of asthma mortality. Those not working and those
employed in administration were together considered to be the nonex-
posed reference category (relative risk=1). These calculations were done
separately for men and women for each subregion of the world. Rela-
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tive risks and the proportions exposed by occupational category were
applied across all age groups from age 15 to ≥80 years. The relative risks
by occupation are shown in Table 21.26.

CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD)

Tobacco smoking is clearly the most important risk factor, but many
work-related exposures have been demonstrated to cause COPD (Hen-
drick 1996). A recent United States study estimating the magnitude of
mortality due to occupational exposure (Steenland et al. 2003) used an
estimate of 14% for the population-attributable fraction for COPD due
to occupational dust exposure (based on a community study of severe
COPD) (Korn et al. 1987), and found that COPD represented 87% of
all fatal work-related nonmalignant respiratory disease, although some
of the other types of respiratory disease may have been underestimated.
A review of Finnish data also used a population-attributable fraction of
14% for men (and 5% for women) (Nurminen and Karjalainen 
2001), and a similar figure (15%) was recently used in a review by the
American Thoracic Society (Balmes et al. 2003).

As for asthma, difficulties arise from the vast array of definite, prob-
able and possible causes of work-related COPD. The role of smoking,
particularly in causing possible confounding effects, makes interpreta-
tion of studies difficult. Apparently significant individual differences 
in susceptibility, and uncertainty about pathological mechanisms, also
cause problems. This area has been the subject of several reviews (Attfield
and Wagner 1998; Balmes et al. 2003; Becklake 1989, 1994; Hendrick
1996; NIOSH 1996; Oxman et al. 1993), some covering all exposures
and some concentrating on mineral dusts.

As a result of difficulties in characterizing all the likely causative occu-
pational exposures, few published papers provide information that com-
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Table 21.26 Relative risks for occupational asthma by original occupation
and economic subsector, and sex, age-adjusted

Relative risk Relative risk 
Occupation (males) (females) Source

Background 1.00 1.00 Non-working population, used as reference

Administration 1.00 1.00 Karjalainen et al. (2002), also used as reference

Technical 1.05 1.06 Karjalainen et al. (2002)

Sales 1.14 1.13 Karjalainen et al. (2002)

Agricultural 1.41 1.41 Kogevinas et al. (1999)

Mining 1.95 1.00 Karjalainen et al. (2002)

Transport 1.31 1.22 Karjalainen et al. (2002)

Manufacturing 1.56 1.33 Karjalainen et al. (2002)

Services 1.53 1.41 Karjalainen et al. (2002)



prehensively describes the risk of developing COPD as a result of work.
The paper by Korn et al. (1987) has been used in this analysis, as it pro-
vides relative risk information covering all workplace exposures. This
study (the methods of which were described in more detail in an earlier
study by Ferris et al. 1979) used data from a random sample of white
adults aged 25–74 years from six United States cities and their sur-
rounding areas (8515 people were included in the final sample). The def-
inition of COPD was FEV1/FVC <0.6, representing reasonably severe
disease. Logistical regression analyses were undertaken, determining the
odds ratios for various respiratory conditions and controlling for age,
sex, current and lifetime smoking history and city of residence. These
odds ratios for COPD morbidity from Korn et al. (1987) were assumed
to apply to COPD mortality.

The study by Korn et al. (1987) provides a strict definition of COPD
and relative risks for both men and women, and was based on a large
number of participants. This study was therefore used as the basis of the
relative risk and attributable fraction estimates presented here. Relative
risks for COPD prevalence were used as an approximation of the rela-
tive risks for COPD mortality.

Korn et al. (1987) found relative risks of COPD of 1.62 for men and
1.24 for women for a history of exposure to dusts. We partitioned these
relative risks into high- and low-exposure categories, and also used
slightly different relative risks for low exposure in developed and 
developing countries. In developing countries the great majority of 
low-exposure employment is in agriculture, where much dust is non-
respirable. In developed countries much of the exposure in the low cat-
egories is in industries other than agriculture, where a higher percentage
of dust exposure may be respirable and toxic. It was assumed that the
relative risks applied across all age categories. The estimated relative
risks are shown in Table 21.27.

RISK REVERSIBILITY

As for carcinogens, there are limited data on risk reversibility. The studies
from which the estimated risks arise are based on cohorts of people
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Table 21.27 Annual risks of COPD mortality

Developed countries
Developing countries (AMR-A, EUR-A, WPR-A)

Relative risk Men Women Men Women

Nonexposed 1.0 1.0 1.0 1.0

Low 1.2 1.1 1.4 1.2

High 1.8 1.4 1.8 1.4

Source: Korn et al. (1987).



exposed for different periods of time, followed up for various periods of
time and with various periods of time between exposure cessation and
follow-up, with follow-up periods varying between zero (still exposed)
and many decades. Therefore, most of the absolute and relative risks
produced by the studies are already dependent on whatever change in
risk might occur once exposure ceases. Indications of risk reversibility
for COPD may be obtained from the literature on smoking.

4. Occupational noise
Noise is a common occupational hazard. The unit for sound (noise) level,
whether measuring noise exposure or hearing loss, is the decibel (dB).
Noise exposure levels as used in this document have the unit dBA.4

Noise-induced hearing loss is reported in dBHL. There is variability in
the literature in the use of the terms to describe hearing ability. As used
here, hearing loss refers to a decline in an individual’s hearing ability.
Hearing impairment refers to the effect of hearing loss on the individ-
ual’s ability to function. The U.S. National Institute for Occupational
Safety and Health (NIOSH) uses the term “material hearing impair-
ment”5 to describe a hearing loss greater than 25dB, and most occupa-
tional studies refer to 25dBHL. The WHO definition used in this study
is hearing loss greater than or equal to 41dBHL. Therefore, extrapola-
tions were made from the occupational studies to fit the requirements of
the WHO study.

4.1 Exposure variable

The exposure variable used in this analysis is a direct measure of the risk
factor, i.e. occupational exposure to noise, which is the causative agent
of noise-induced hearing loss. As global data on the frequency of occur-
rence, duration and intensity of noise exposure do not exist, it was 
necessary to model this exposure for workers employed in various occu-
pational categories. The theoretical minimum is based on expected back-
ground levels of noise, and consistency with national and international
standards. Most experts agree that levels below 80 dBA would result in
minimal risk of developing hearing loss.

For workers in various occupational categories, three levels of expo-
sure were estimated:

• minimum exposure, less than 85dBA;

• moderately high noise, ≥85–90dBA; and

• high noise, >90dBA.

The choice of these levels was based on the recommended exposure
limits (RELs) for occupational noise exposure around the world. In most
developed countries the REL is 85dBA as an eight-hour time-weighted
average without hearing protection. In the United States the PEL is 
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90dBA for an eight-hour day, although a hearing conservation pro-
gramme is required for all employees exposed above 85dBA for an 
eight-hour day. In developing countries, the REL is usually 90dBA
(Ahmed et al. 2001; Alidrisi et al. 1990; Hernandez-Gaytan et al. 2000;
Hessel and Sluis-Cremer 1987; Osibogun at al 2000; Shaikh 1996; 
Sriwattanatamma and Breysse 2000).

Although the theoretical minimum exposure to noise was determined
to be 80dBA, it was not possible to estimate frequency of exposure by
occupational category to occupational noise between 80 and 85dBA.
Therefore, persons with occupational exposure <85 dBA were included
with the background population.

4.2 Estimating risk factor levels

DATA SOURCES

Potentially useful studies were identified using the various approaches
described in section 1. The key terms used were “occupational noise”
and “occupational hearing impairment”. Relevant studies were identi-
fied by critically appraising the references obtained. This included con-
sideration of the approaches to selection, measurement, analysis and
control of confounding. Potential confounders of noise-induced hearing
loss include nonoccupational exposure to noise, undocumented occupa-
tional noise levels, use of personal protective equipment, use of some
medicines, and outer- and middle-ear pathology. Recent review articles
were used where available, and the main articles were obtained and
appraised.

The main reason for excluding studies was that they did not contain
data appropriate for determining risk of noise-induced hearing loss.
Problems included an inappropriate (for this purpose) exposure mea-
surement (such as reporting for only one or a few occupational groups
or tasks); inappropriate (for this purpose) outcome measurement (such
as dB per year loss with age or no data as to the number of cases vs total
population); poorly characterized exposure or self-reported hearing loss;
and inadequate control of confounding.

In the United States, about 9 million workers are exposed to time-
weighted average sound levels of 85dBA and above (Simpson and Bruce
1981, quoted in Suter 2000), and about 10 million have noise-induced
hearing loss >25dB (USDOL OSHA 2002b). About 17% of American
“production workers” are exposed to average noise levels at or above
85dBA (NIOSH 1998). In the European Union, 28% of workers sur-
veyed reported that for at least 25% of the time they were occupation-
ally exposed to noise loud enough to cause them to raise their voices
during conversation (corresponding to approximately 85–90dBA)
(EASHW 2000). The highest percentages of exposed workers were
reported for mining, quarrying, manufacturing and construction. Aus-
tralia compensates about 10000 people each year for noise-induced
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hearing loss; evidence indicates that only one third of workers with noise-
induced hearing loss file compensation claims (NOHSC 1993). Summary
statistics on noise exposure are not available for most industrializing and
nonindustrialized countries. However, most published reports indicate
that average noise exposure levels are well above the recommended 
occupational level in many industrialized countries, which is generally
established at 85–90dB for an eight-hour work day (Suter 2000;
WHO/FIOSH 2001).

Information on noise exposures and noise-induced hearing loss in
developing countries is given in Table 21.28. These studies are charac-
terized by high occupational noise exposure levels, and many report
hearing losses in exposed workers. The authors generally recommended
engineering controls and hearing conservation programmes, including
hearing protection, indicating that hearing protection is not widely 
used. Seventeen studies conducted in 12 countries in South America,
Africa and Asia reported noise levels in a wide range of workplaces,
including mining and the manufacture of food, fabrics, printed 
materials, metal products, drugs and watches. Most studies provided
ranges of sound levels, with the lowest reported noise levels often below
80dBA and the upper levels always above 90dBA. All the studies that
examined the hearing ability of workers revealed increased rates of
hearing impairment in noise-exposed workers compared to nonexposed
controls.

EXPOSURE ESTIMATION

Occupational exposure to elevated noise levels depends on a variety of
factors, including (i) occupation and industry and (ii) workplace-specific
factors such as type of facility and process, raw materials, machinery,
tools, the existence of engineering and work practice controls, and 
the existence, condition and use of personal protective devices. Thus
exposure assessment was conducted using the occupational category
approach (Equation 2), modified to reflect different noise exposures in
occupations in different economic subsectors.

Our estimation of the proportion of workers in each occupational cat-
egory with exposure to noise at or above 85dBA (PEW(oc(r,g)i)) was
based on United States data on the prevalence of noise exposure at or
above 85dBA among production workers in nine economic subsectors
(NIOSH 1998; USDHHS 1986) (see Table 21.29).

The prevalence values among production workers were calculated
from the US National Occupational Exposure Survey conducted during
1981–1983 (NIOSH 1998), which estimated the number of production
workers exposed to noise at or above 85dBA, by economic subsector.
All other prevalence values were estimated by us, based on the NIOSH
values for production workers. The value of 0.20 calculated for pro-
duction workers in agriculture was extrapolated to all agricultural
workers in all economic subsectors. Similarly, the value of 0.12 for 
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production workers in transportation was extrapolated to all sales and
service workers. The value for professional, administrative and clerical
workers was extrapolated from 0.02 indicated for production workers
in business services. The remaining value, 0.05 for professional, admin-
istrative and clerical workers in agriculture, mining, manufacturing, elec-
tricity and construction, was based on expert judgement.

The prevalence values were then partitioned into moderately high and
high noise exposures, i.e. ≥85–90dBA and >90dBA, to estimate the pro-
portions of workers exposed to moderately high and high levels of noise
(EPF(r), exposure partitioning factor). Data from the United States
(USDHHS 1986), taken from the 1981 Occupational Safety and Health
Administration Final Regulatory Analysis for the Hearing Conserva-
tion Amendment, provide the distribution of noise exposure of over 
nine million American production workers (see Table 21.30). Of the 
6063000 production workers with exposure at or above 85dBA, slightly
over half (3407000 or 56%) were exposed above 90dBA. The dis-
tribution of noise exposure levels among workers exposed over 90dBA
was also used to determine that 95dBA is a reasonable level of noise to
estimate risks among the workers in the high-exposure group (>90dBA).

The partitioning of workers by occupational category and noise level
was assigned as follows, based on data in Table 21.30. Among produc-
tion workers exposed at or above 85 dBA, half were considered to be
exposed at ≥85–90dBA and half exposed at >90dBA. (Note that these
partitioning values do not consider the use of personal protective equip-
ment.) Of the agricultural workers and sales and service workers exposed
at or above 85dBA it was assumed, based on expert judgement, that
approximately 70% are exposed at ≥85–90dBA and 30% at >90dBA.
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Table 21.29 Prevalence of noise exposure ≥85dBA

Economic Occupational category

subsector Professional Administrative Clerical Sales Service Agriculture Productiona

Agriculture 0.05 0.05 0.05 0.12 0.12 0.20 0.20

Mining 0.05 0.05 0.05 0.12 0.12 0.20 0.85

Manufacturing 0.05 0.05 0.05 0.12 0.12 0.20 0.22

Electricity 0.05 0.05 0.05 0.12 0.12 0.20 0.15

Construction 0.05 0.05 0.05 0.12 0.12 0.20 0.18

Trade 0.02 0.02 0.02 0.12 0.12 0.20 0.13

Transport 0.02 0.02 0.02 0.12 0.12 0.20 0.12

Financeb 0.02 0.02 0.02 0.12 0.12 0.20 0.02

Services 0.02 0.02 0.02 0.12 0.12 0.20 0.03

a Source: NIOSH (1998).
b Based on 1.5% of workers exposed to noise in “business services”.
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All professional, administrative and clerical workers with noise exposure
at or above 85dBA were assumed to be at the ≥85–90-dBA level. Tables
21.31 and 21.32 present the distribution of noise exposure levels among
workers in the A subregions by occupational category within economic
sectors.

In the absence of global data, it was assumed that the same propor-
tion of workers in these occupational categories in the developing 
countries would be exposed to noise levels at or above 85dBA (B, C, D,
and E subregions). Given the rarity of hearing conservation programmes
in the developing subregions, it was assumed that 5% of production
workers would be exposed in the ≥85–90dBA category and 95% in the
>90dBA category (as opposed to 50/50 for the A subregions). Addi-
tionally, because mechanization is not widespread for D and E subre-
gions, the majority (95%) of the agricultural workers exposed at or
above 85dBA were assigned to the ≥85–90-dBA level. Assignment of all

Table 21.30 Distribution of 9368000 United States production workers
who had noise exposure levels of 80dBA or greater

Noise-exposure level (dBA) Number of workers

80–85 3305000

86–90 2656000

91–95 1936000

96–100 965000

>100 506000

Total >85 6063000

Total >90 3407000

Source: USDOL OSHA 1981, cited in NIOSH (1991).

Table 21.31 Prevalence of noise exposure 85–90dBA in A subregions

Economic Occupational category

subsector Professional Administrative Clerical Sales Service Agriculture Production

Agriculture 0.05 0.05 0.05 0.09 0.09 0.14 0.10

Mining 0.05 0.05 0.05 0.09 0.09 0.14 0.43

Manufacturing 0.05 0.05 0.05 0.09 0.09 0.14 0.11

Electricity 0.05 0.05 0.05 0.09 0.09 0.14 0.08

Construction 0.05 0.05 0.05 0.09 0.09 0.14 0.09

Trade 0.02 0.02 0.02 0.09 0.09 0.14 0.07

Transport 0.02 0.02 0.02 0.09 0.09 0.14 0.06

Finance 0.02 0.02 0.02 0.09 0.09 0.14 0.01

Services 0.02 0.02 0.02 0.09 0.09 0.14 0.02



other occupational categories was the same as for the A subregions.
Tables 21.33–21.36 reflect the different partitioning for the B + C and
D + E subregions.

Table 21.37 presents the proportions of workers exposed to moder-
ately high and to high noise levels by subregion, age and sex. The pro-
portions of males exposed to these noise levels were consistently 
higher than those of females, owing both to higher rates of participation
in the labour force and to higher rates of females working in the services
sector.

4.3 Risk factor–disease relationships

High noise levels in the workplace may cause elevated blood pressure,
sleeping difficulties, annoyance and stress. Excessive noise can interfere

1716 Comparative Quantification of Health Risks

Table 21.32 Prevalence of noise exposure >90dBA in A subregions

Economic Occupational category

subsector Professional Administrative Clerical Sales Service Agriculture Production

Agriculture 0 0 0 0.03 0.03 0.06 0.10

Mining 0 0 0 0.03 0.03 0.06 0.43

Manufacturing 0 0 0 0.03 0.03 0.06 0.11

Electricity 0 0 0 0.03 0.03 0.06 0.08

Construction 0 0 0 0.03 0.03 0.06 0.09

Trade 0 0 0 0.03 0.03 0.06 0.07

Transport 0 0 0 0.03 0.03 0.06 0.06

Finance 0 0 0 0.03 0.03 0.06 0.01

Services 0 0 0 0.03 0.03 0.06 0.02

Table 21.33 Prevalence of noise exposure 85–90dBA in B and C
subregions

Economic Occupational category

subsector Professional Administrative Clerical Sales Service Agriculture Production

Agriculture 0.05 0.05 0.05 0.09 0.09 0.14 0.01

Mining 0.05 0.05 0.05 0.09 0.09 0.14 0.04

Manufacturing 0.05 0.05 0.05 0.09 0.09 0.14 0.01

Electricity 0.05 0.05 0.05 0.09 0.09 0.14 0.04

Construction 0.05 0.05 0.05 0.09 0.09 0.14 0.01

Trade 0.02 0.02 0.02 0.09 0.09 0.14 0.01

Transport 0.02 0.02 0.02 0.09 0.09 0.14 0.01

Finance 0.02 0.02 0.02 0.09 0.09 0.14 0.00

Services 0.02 0.02 0.02 0.09 0.09 0.14 0.00



with communications in the workplace, resulting in property damage 
or personal injury. Tinnitus6 and temporary threshold shift7 may 
also occur. However, the most serious effect is irreversible hearing
impairment, resulting from damage to the delicate hearing mechanisms
of the inner ear. Noise-induced hearing loss typically begins in the fre-
quency range (pitch) of human voices and thus interferes with spoken
communication.

Noise-induced hearing loss is caused by exposure to loud noises, such
as those produced by woodworking equipment, chain saws, heavy
machinery, gunfire, aircraft or amplified music. Permanent hearing loss
from exposure to noise may happen quite early and an audiometric
notch, or initial loss at or around 4000Hz, may be noticeable within six
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Table 21.34 Prevalence of noise exposure >90dBA in B and C
subregions

Economic Occupational category

subsector Professional Administrative Clerical Sales Service Agriculture Production

Agriculture 0.00 0.00 0.00 0.03 0.03 0.06 0.19

Mining 0.00 0.00 0.00 0.03 0.03 0.06 0.81

Manufacturing 0.00 0.00 0.00 0.03 0.03 0.06 0.21

Electricity 0.00 0.00 0.00 0.03 0.03 0.06 0.14

Construction 0.00 0.00 0.00 0.03 0.03 0.06 0.17

Trade 0.00 0.00 0.00 0.03 0.03 0.06 0.12

Transport 0.00 0.00 0.00 0.03 0.03 0.06 0.11

Finance 0.00 0.00 0.00 0.03 0.03 0.06 0.02

Services 0.00 0.00 0.00 0.03 0.03 0.06 0.03

Table 21.35 Prevalence of noise exposure 85–90dBA in D and E
subregions

Economic Occupational category

subsector Professional Administrative Clerical Sales Service Agriculture Production

Agriculture 0.05 0.05 0.05 0.09 0.09 0.19 0.01

Mining 0.05 0.05 0.05 0.09 0.09 0.19 0.04

Manufacturing 0.05 0.05 0.05 0.09 0.09 0.19 0.01

Electricity 0.05 0.05 0.05 0.09 0.09 0.19 0.01

Construction 0.05 0.05 0.05 0.09 0.09 0.19 0.01

Trade 0.02 0.02 0.02 0.09 0.09 0.19 0.01

Transport 0.02 0.02 0.02 0.09 0.09 0.19 0.01

Finance 0.02 0.02 0.02 0.09 0.09 0.19 0.00

Services 0.02 0.02 0.02 0.09 0.09 0.19 0.00



months to one year from starting a job with a hazardous noise expo-
sure. There is significant variation in the susceptibility to noise damage,
so that two workers with the same exposure may not experience the
same hearing impairment. With prolonged exposure to the same noise,
hearing loss continues to worsen. For a given noise environment, most
of the hearing loss occurs in the first few years, although there is a slower
continuing progression as long as the noise exposure continues.

When a person is removed from the noise, hearing loss does not
worsen but does remain permanent. Any additional hearing loss after
termination of work in a noisy environment is due to other causes, most
often presbycusis (age-related hearing loss). Most people are subject to
presbycusis, which is the most common form of sensorineural hearing
impairment. Data show that from as early as 30 years of age, and grad-
ually increasing in later years, some hearing loss occurs in the general
population. Individual variation is great, with around 50% of the pop-
ulation maintaining good hearing into old age. Other factors, such as
ear infection secondary to airborne contaminants, mechanical injury or
chemical substances can lead to or aggravate hearing impairment in the
workplace.

DESCRIPTION OF STUDIES

In the literature review, only three studies were found that indicated the
frequency of hearing impairment at different thresholds of hearing (Davis
1989; Malchaire 2000; Waitzman and Smith 1999). Malchaire compared
the expected percentage of subjects who, at age 55, presented with
hearing impairment at 25 and 50dBHL with the personal level of expo-
sure (Lpe) to noise in dBA, in the absence of noises >140dB. The expo-
sure time frame was 35 years (Table 21.38).
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Table 21.36 Prevalence of noise exposure >90dBA in D and E
subregions

Economic Occupational category

subsector Professional Administrative Clerical Sales Service Agriculture Production

Agriculture 0.00 0.00 0.00 0.03 0.03 0.01 0.19

Mining 0.00 0.00 0.00 0.03 0.03 0.01 0.81

Manufacturing 0.00 0.00 0.00 0.03 0.03 0.01 0.21

Electricity 0.00 0.00 0.00 0.03 0.03 0.01 0.14

Construction 0.00 0.00 0.00 0.03 0.03 0.01 0.17

Trade 0.00 0.00 0.00 0.03 0.03 0.01 0.12

Transport 0.00 0.00 0.00 0.03 0.03 0.01 0.11

Finance 0.00 0.00 0.00 0.03 0.03 0.01 0.02

Services 0.00 0.00 0.00 0.03 0.03 0.01 0.03
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Table 21.37 Proportions of the working-age population occupationally
exposed to different noise levels, by sex and subregion

Exposure Age group (years)

Subregion Sex level 15–29 30–44 45–59 60–69 70–79 ≥80

AFR-D Male <85dBA 0.87 0.84 0.84 0.86 0.89 0.95
85–90dBA 0.09 0.12 0.11 0.10 0.08 0.04

>90dBA 0.04 0.04 0.04 0.04 0.03 0.01

Female <85dBA 0.92 0.90 0.90 0.92 0.96 0.98
85–90dBA 0.07 0.09 0.09 0.07 0.04 0.02

>90dBA 0.01 0.01 0.01 0.01 0.01 0.00

AFR-E Male <85dBA 0.87 0.84 0.84 0.86 0.89 0.95
85–90dBA 0.09 0.12 0.11 0.10 0.08 0.04

>90dBA 0.04 0.04 0.04 0.04 0.03 0.02

Female <85dBA 0.92 0.90 0.90 0.92 0.96 0.98
85–90dBA 0.07 0.08 0.08 0.07 0.04 0.02

>90dBA 0.01 0.01 0.01 0.01 0.01 0.00

AMR-A Male <85dBA 0.92 0.90 0.90 0.91 0.93 0.97
85–90dBA 0.05 0.06 0.06 0.06 0.04 0.02

>90dBA 0.03 0.04 0.04 0.03 0.02 0.01

Female <85dBA 0.96 0.95 0.95 0.96 0.98 0.99
85–90dBA 0.03 0.03 0.03 0.03 0.01 0.01

>90dBA 0.01 0.01 0.01 0.01 0.01 0.00

AMR-B Male <85dBA 0.90 0.87 0.88 0.89 0.91 0.96
85–90dBA 0.05 0.06 0.06 0.05 0.04 0.02

>90dBA 0.06 0.07 0.07 0.06 0.05 0.02

Female <85dBA 0.95 0.94 0.94 0.95 0.97 0.99
85–90dBA 0.03 0.03 0.04 0.03 0.02 0.01

>90dBA 0.02 0.03 0.03 0.02 0.01 0.01

AMR-D Male <85dBA 0.91 0.89 0.89 0.90 0.93 0.96
85–90dBA 0.03 0.04 0.04 0.04 0.03 0.01

>90dBA 0.05 0.07 0.07 0.06 0.05 0.02

Female <85dBA 0.95 0.94 0.94 0.96 0.97 0.99
85–90dBA 0.02 0.03 0.03 0.02 0.01 0.01

>90dBA 0.03 0.03 0.03 0.02 0.01 0.01

EMR-B Male <85dBA 0.91 0.88 0.89 0.90 0.92 0.96
85–90dBA 0.04 0.05 0.05 0.04 0.03 0.02

>90dBA 0.05 0.07 0.07 0.06 0.05 0.02

Female <85dBA 0.96 0.95 0.95 0.96 0.98 0.99
85–90dBA 0.02 0.03 0.03 0.02 0.01 0.01

>90dBA 0.02 0.02 0.02 0.02 0.01 0.01

EMR-D Male <85dBA 0.88 0.85 0.85 0.86 0.90 0.95
85–90dBA 0.09 0.11 0.11 0.10 0.07 0.04

>90dBA 0.04 0.04 0.04 0.04 0.03 0.02

Female <85dBA 0.91 0.89 0.89 0.92 0.95 0.98
85–90dBA 0.07 0.09 0.09 0.07 0.04 0.02

>90dBA 0.02 0.02 0.02 0.02 0.01 0.00

EUR-A Male <85dBA 0.92 0.90 0.90 0.91 0.93 0.97
85–90dBA 0.05 0.06 0.06 0.06 0.04 0.02

>90dBA 0.03 0.04 0.04 0.03 0.02 0.01

continued
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Table 21.37 Proportions of the working-age population occupationally
exposed to different noise levels, by sex and subregion
(continued)

Exposure Age group (years)

Subregion Sex level 15–29 30–44 45–59 60–69 70–79 ≥80

Female <85dBA 0.96 0.96 0.95 0.97 0.98 0.99
85–90dBA 0.03 0.03 0.03 0.02 0.01 0.01

>90dBA 0.01 0.01 0.01 0.01 0.01 0.00

EUR-B Male <85dBA 0.88 0.85 0.85 0.87 0.90 0.95
85–90dBA 0.05 0.06 0.06 0.05 0.04 0.02

>90dBA 0.07 0.09 0.09 0.08 0.06 0.03

Female <85dBA 0.93 0.91 0.91 0.93 0.96 0.98
85–90dBA 0.04 0.05 0.05 0.04 0.02 0.01

>90dBA 0.03 0.04 0.04 0.03 0.02 0.01

EUR-C Male <85dBA 0.88 0.85 0.85 0.87 0.90 0.95
85–90dBA 0.04 0.05 0.05 0.04 0.03 0.02

>90dBA 0.08 0.10 0.10 0.09 0.07 0.04

Female <85dBA 0.93 0.92 0.92 0.94 0.96 0.98
85–90dBA 0.02 0.03 0.03 0.02 0.01 0.01

>90dBA 0.04 0.05 0.05 0.04 0.02 0.01

SEAR-B Male <85dBA 0.88 0.84 0.84 0.87 0.91 0.95
85–90dBA 0.06 0.08 0.08 0.06 0.04 0.02

>90dBA 0.06 0.08 0.08 0.07 0.05 0.03

Female <85dBA 0.92 0.88 0.88 0.91 0.96 0.98
85–90dBA 0.05 0.08 0.08 0.05 0.02 0.01

>90dBA 0.04 0.04 0.04 0.03 0.02 0.01

SEAR-D Male <85dBA 0.87 0.79 0.80 0.84 0.88 0.94
85–90dBA 0.09 0.15 0.15 0.11 0.08 0.04

>90dBA 0.04 0.05 0.05 0.05 0.04 0.02

Female <85dBA 0.91 0.94 0.95 0.96 0.98 0.99
85–90dBA 0.07 0.04 0.03 0.02 0.01 0.01

>90dBA 0.02 0.02 0.02 0.02 0.01 0.00

WPR-A Male <85dBA 0.92 0.90 0.90 0.92 0.96 0.98
85–90dBA 0.04 0.06 0.06 0.04 0.02 0.01

>90dBA 0.03 0.04 0.04 0.03 0.03 0.01

Female <85dBA 0.95 0.94 0.94 0.96 0.97 0.99
85–90dBA 0.03 0.04 0.04 0.03 0.02 0.01

>90dBA 0.02 0.02 0.02 0.01 0.01 0.00

WPR-B Male <85dBA 0.87 0.84 0.84 0.86 0.89 0.95
85–90dBA 0.06 0.08 0.08 0.07 0.05 0.03

>90dBA 0.07 0.08 0.08 0.07 0.06 0.03

Female <85dBA 0.93 0.91 0.91 0.93 0.96 0.98
85–90dBA 0.04 0.05 0.05 0.04 0.02 0.01

>90dBA 0.03 0.04 0.04 0.03 0.02 0.01
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Table 21.38 Expected percentages of workers with hearing loss of 
>25dB or >50dB after 35 years of exposure, by personal
level of exposure

Personal exposure (dBA)

Hearing loss 85 90 92 94 97 98 99 100

50dB 4 5 7 9 15 18 21 26

25dB 29 36 40 46 59 65 70 75

Source: Malchaire (2000).

Waitzman and Smith (1999) analysed data from the United States
Health Examination Survey (1960–1961) and the National Health and 
Nutrition Examination Survey (NHANES I, 1971–1975). Hearing 
loss was rated by a scheme developed by Klockhoff et al. (1974). The
Klockhoff analysis used four hearing loss levels (Slight, Moderate,
Severe1, Severe2), which were related in this analysis to the standard
hearing impairment scales by using typical noise-induced hearing loss
curves. The categories developed by Klockhoff et al. were based on the
frequencies used in the National Health Examination Survey (500, 1000,
2000, 3000, 4000 and 6000 Hz), and the NHANES I study (500, 1000,
2000 and 4000 Hz). As an example of this conversion procedure, the cri-
teria of Klockhoff et al. for slight hearing loss were based on a 30-dB loss
at 4000Hz. Using audiometric data presented by Klockhoff et al. (1974),
we estimated the equivalent hearing losses for each category as follows:

• Slight: >21dBHL 

• Moderate: >38dBHL 

• Severe1: >41dBHL 

• Severe2: >50dBHL 

Waitzman and Smith reported odds ratios calculated by multivariate
regressions for two age groups for workers in construction, manufac-
turing/mining and other subsectors (see Table 21.39). Blue-collar con-
struction workers experienced between 2 and >3.5 times the risk
experienced by white-collar workers in “other industries”. The pattern
of their hearing loss at normal speech frequencies significantly disrupted
their ability to communicate.

Davis (1989) reported on the prevalence of hearing loss as a function
of age in the adult population of Great Britain. Audiometric analyses on
adults ranging in age from 17 to ≥80 years were conducted in four cities.
Hearing impairment was reported for >25, >45 and >65dBHL. Davis
found a “significant” level of hearing loss (>25dBHL) in 16% of the
adult population (17–≥80 years).



Several studies were found that presented relative risk estimates by
specific occupation. The risk estimates were higher than those deter-
mined in this analysis for exposed workers, as they focused on occupa-
tions with generally high noise exposures. These studies were based in
Canada (Hessel 2000), Germany (Arndt et al. 1996) and Great Britain
(Palmer et al. 2001) (see Table 21.40).

In Germany, a prevalence ratio for hearing loss of 1.5 was found in
construction workers vs white-collar employees. Hearing impairment
was defined as the sum of thresholds at 2000, 3000 and 4000Hz greater
than 105dB at least in one ear. Hessel (2000), in a similar study in
Canada, found that construction workers (with the exception of boiler-
makers) had a lower prevalence of hearing loss than the Germans. Also,
prevalence of hearing impairment in the comparison group in Canada
was lower than in Germany. According to the author, the differences
found may be due to the year of the study. The Canadian study was
carried out 7–9 years later than the German study, and there may have
been lower occupational noise levels and/or use of personal hearing pro-
tection. These potentially confounding factors were not described in the
German study.

In contrast to the Canadian and German studies, prevalence ratios
determined in Great Britain were based on self-reported hearing impair-
ment. Prevalence of “ever employed in a noisy job” was compared
against “never exposed in a noisy job”. A noisy place was defined as one
“where there was a need to shout to be heard”. The questions used to
define hearing impairment were modelled on those used in the Institute
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Table 21.39 Odds ratios from logistic multivariate regressions on audiometric
measures of hearing loss, by age group

Ages 25–44 years Ages 45–65 years

Type of Slight Moderate Severe 1 Severe 2 Slight Moderate Severe 1 Severe 2
worker/industry >21dB >38dB >41dB >50dB >21dB >38dB >41dB >50dB

White collar
Construction 0.85 0.00 0.00 0.00 2.50 2.17 1.68 2.18

Manufacturing/ 0.91 1.45 1.17 1.14 1.02 1.43 0.98 1.25
mining

Other industry 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
groups

Blue collar
Construction 2.79 3.50 2.34 2.65 3.08 3.54 1.98 2.38

Manufacturing/ 2.01 3.03 1.94 2.40 2.33 1.86 1.88 1.90
mining

Other industry 1.38 2.42 1.92 1.95 1.84 1.94 1.40 1.69
groups

Source: Waitzman and Smith (1999).



Marisol Concha-Barrientos et al. 1723

Ta
bl

e 
21

.4
0

Pr
ev

al
en

ce
 r

at
io

 o
f 

oc
cu

pa
tio

na
l n

oi
se

-in
du

ce
d 

he
ar

in
g 

im
pa

ir
m

en
t 

in
 a

va
ila

bl
e 

st
ud

ie
s

Co
un

tr
y

Re
fe

re
nc

e
D

efi
ni

tio
n 

of
 h

ea
rin

g 
im

pa
irm

en
t 

O
cc

up
at

io
n

Pr
ev

al
en

ce
 r

at
io

95
%

 C
I

C
an

ad
a

(E
dm

on
to

n)
H

es
se

l (
20

00
)

G
re

at
er

 t
ha

n 
10

5
dB

 h
ea

ri
ng

Pl
um

be
rs

2.
91

—
lo

ss
 a

t 
2,

3,
4

kH
z 

(c
or

re
sp

on
ds

Bo
ile

rm
ak

er
s

3.
88

—
to

 >
35

dB
H

L)
El

ec
tr

ic
ia

ns
1.

46
—

G
er

m
an

y
A

rn
dt

 e
t 

al
.(

19
96

)
G

re
at

er
 t

ha
n 

10
5

dB
 h

ea
lin

g
C

ar
pe

nt
er

s
1.

77
1.

48
–2

.1
2

lo
ss

 a
t 

2,
3,

4
kH

z 
(c

or
re

sp
on

ds
U

ns
ki

lle
d 

w
or

ke
rs

1.
75

1.
47

–2
.0

9
to

 >
35

dB
H

L)
Pl

um
be

rs
1.

49
1.

19
–1

.8
5

Pa
in

te
rs

1.
2

0.
96

–1
.4

9
Pl

as
te

re
rs

1.
29

1.
05

–1
.5

9
O

ve
ra

ll
1.

5
1.

29
–1

.8
2

G
re

at
 B

ri
ta

in
Pa

lm
er

 e
t 

al
.(

20
01

)
Se

ve
re

:w
ea

ri
ng

 a
 h

ea
ri

ng
 a

id
M

al
e

2.
9

—
or

 h
av

in
g 

gr
ea

t 
di

ffi
cu

lty
 in

 b
ot

h
Fe

m
al

e
1.

8
—

ea
rs

 o
n 

he
ar

in
g 

co
nv

er
sa

tio
n 

in
a 

qu
ie

t 
ro

om
 >

45
dB

H
L

M
od

er
at

e 
an

d 
w

or
se

:r
ep

or
te

d
M

al
e

3.
6

—
m

od
er

at
e 

di
ffi

cu
lty

 in
 h

ea
ri

ng
Fe

m
al

e
2.

9
—

co
nv

er
sa

tio
n 

in
 a

 q
ui

et
 r

oo
m

eq
ui

va
le

nt
 t

o 
45

dB
H

L

—
N

o 
da

ta
.



1724 Comparative Quantification of Health Risks

of Hearing Research national survey of hearing, in which those who
reported moderate or worse hearing impairment were found to have a
mean hearing loss of 45dBHL. The mean hearing loss of 45dBHL is
similar to the cut-off of 41dBHL used by WHO and the Global Burden
of Disease study, whereas the cut-off used in the German and Canadian
studies corresponded to slight hearing impairment (>35dBHL).

NIOSH, in a re-analysis of the data from its Occupational Noise and
Hearing Survey (Prince et al. 1997) derived excess risk8 estimates with a
model that used the average of 1000, 2000, 3000 and 4000Hz and a
hearing loss >25dBHL. We used this information to develop excess risk
estimates for workers exposed at 85–90dBA (defined by us as moder-
ately high exposure) and >90dBA (defined by us as high noise exposure,
equivalent to 95dBA). To estimate excess risks for workers exposed to
moderately high noise, we used the observed exposure–response rela-
tionships developed by NIOSH (1998) for workers of different ages who
were exposed at 80, 85 and 90dBA for various numbers of years. The
data show that at any noise level, hearing impairment increases with age
and/or length of exposure. Also, the highest risk is found at the highest
levels of exposure. Prince et al. (1997) found a small increase in excess
risk in workers exposed to 80–84dBA vs a <80dBA control group;
however, these risk estimates are imprecise owing to the low numbers of
workers in the study exposed to noise at these levels.

NIOSH (1998) also provides two data points of excess risk for
workers exposed at 95dBA for prolonged periods. Table 21.41 illustrates
our estimation of excess risk of material hearing impairment at 
>25dBHL for workers exposed at 95dBA, based on these two data
points. The excess risk value of 38.3% at 95dBA for a 65-year-old
worker after 10 or more years of exposure was taken from NIOSH
(1998), Appendix Table IV. In addition, an excess risk value of 19.5%
was taken from the table for 30-year-old workers exposed to noise at 
95dBA and for a duration of exposure of 5–10 years. The values for 
30-, 40- and 50-year olds with >10 years of exposure were interpolated
using the ratios of change of hearing loss with age at 90dBA between
each age group in Table 21.41. All calculations of NIOSH exposure–
response relationships were based on material hearing impairment at 
>25dBHL and were adjusted by us to reflect noise-induced hearing loss
at ≥41dBHL.

The International Organization for Standardization (ISO) has also
developed procedures for estimating hearing loss due to noise exposure.
Their most recent model (referred to as the “1990-ISO model”) and the
1997 NIOSH model (NIOSH 1998) are reasonably similar. Table 21.42
summarizes the excess risk estimates developed separately by NIOSH
and ISO for material hearing impairment >25dBHL caused by occupa-
tional noise exposure.



EXTRAPOLATING FROM RISKS AT >25 dBHL TO RISKS AT ≥41 dBHL 

Occupational hearing loss is usually denoted as >25 dBHL but WHO uses
≥41dBHL as a cut-off point to estimate prevalence of hearing loss. There-
fore, extrapolations were made from studies of occupational risks at 
>25dBHL to estimate risk to workers of hearing loss at 41dBHL or
greater. Data from the USDOL OSHA 1981 Final Regulatory Analysis
for the Hearing Conservation Amendment (NIOSH 1991) provided a
means of adjusting the various reports based on material hearing impair-
ment >25dBHL to >40dBHL, a level of hearing loss assumed for this
project to be equivalent to the WHO definition of ≥41dBHL. As pre-
sented in Table 21.43, OSHA estimated the number of workers with
various levels of hearing loss or impairment. The number of expected
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Table 21.42 NIOSH and ISO estimated excess risk of incurring material
hearing impairment (>25dBHL at 1, 2, 3 and 4kHz) over a
40-year working lifetime and at various average noise
exposures

Excess risk (%)

Average daily noise exposure (dBA) ISO NIOSH

90 17 25

85 6 8

80 1 1

Source: NIOSH (1998).

Table 21.41 Excess risk estimates for material hearing impairment 
>25dBHL, by age and duration of exposure

Excess risk (%)

Average daily exposure (dBA) Age 30 Age 40 Age 50 Age 60

5–10 years of exposure
95a (estimated) 19.5

90 5.4 9.7 14.3 15.9

85 1.4 2.6 4 4.9

80 0.2 0.4 0.6 0.8

>10 years of exposure
95a (estimated) 24 31 38 38.3

90 10.3 17.5 24.1 24.7

85 2.3 4.3 6.7 7.9

80 0.3 0.6 1 1.3

a Estimates for 95 dBA were developed from NIOSH 1998 using methods described in the text.

Source: NIOSH (1998).



cases (based on hearing levels of a nationwide sample of adults in U.S.
Public Health Service hearing surveys) was subtracted to derive the
number of excess cases at various levels of hearing loss or impairment in
United States production workers (OSHA 1981, reported in NIOSH
1991).

Using the data in Table 21.43, a factor to correct excess risk data at
>25dBHL to WHO’s excess risk at ≥41 dBHL was determined as a ratio
of the number of excess cases at >40dB divided by the number of excess
cases at >25dBHL; i.e. 473000 divided by 1060000 yields a ratio of
0.446. This correction factor of 0.446 was used to correct excess risk at
>25dBHL from the reported excess risk in Table 21.42 to the excess risk
at ≥41dBHL as presented in Table 21.44. As no additional data were
available, the hearing impairment of production workers at >40dBHL
was assumed to be equivalent to the WHO definition of hearing loss of
41dBHL or greater used in this project.

Excess risk estimates for hearing impairment at ≥41dBHL are pre-
sented in Table 21.45. They were generated by applying the same cor-
rection factor of 0.446 to Table 21.41.

RELATIVE RISK ESTIMATION FOR NOISE INDUCED HEARING LOSS AT ≥41dBHL

The relative risk values were extrapolated using the following formula:
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Table 21.43 Hearing levels (dBHL) of 9368000 United States production
workers with noise exposure levels of ≥80dBA

Hearing threshold level
(1, 2 and 3 kHz) Cumulative cases Expected cases Excess cases

>15dB (mild hearing loss) 3735000 (40%) 2111000 (23%) 1624000 (17%)

>25dB (material hearing impairment) 2025000 (22%) 965000 (10%) 1060000 (11%)

>40dB (moderate to severe hearing 718000 (8%) 245000 (3%) 473000 (5%)
impairment)

Source: USDOL OSHA, 1981, cited in NIOSH (1991).

Table 21.44 Estimated excess risk of incurring hearing impairment at 41
dBHL or greater over a 40-year working lifetime and at
various average noise exposures

Excess risk (%)

Average daily noise exposure (dBA) ISO NIOSH

90 7.6 11.2

85 2.7 3.6

80 0.4 0.4



Excess risk is defined in this study as “the percentage of workers with
a hearing impairment in an occupationally noise-exposed population,
minus the percentage who would normally incur such impairment from
aging in an unexposed population”. The expected risk is the prevalence
for the general unexposed population. While the NIOSH document pro-
vides the excess risk of the exposed population, the expected risk is not
reported by NIOSH. Data from Davis (1989) estimates prevalence as a
function of age in the adult population of Great Britain. The average
prevalence for both ears for a noise-induced hearing loss of >45dBHL
was calculated by us for the general population, using the data from
Davis (1989) and the methods described above to adjust NIOSH data
for noise-induced hearing loss at >25dBHL to generate Table 21.45. The
results are reported in Table 21.46.

In our study, relative risks for the age groups 0–4 and 5–14 years were
not estimated, as occupational risks are not present and/or data are
unavailable on levels or length of exposure. In the calculation of excess
risk, the age group 15–29 years was assigned the lowest excess risk value
of 8.7 in Table 21.45 for age 30 with 5–10 years of exposure. For the
category of workers with moderately high noise exposure (85–90dBA),
the excess risk estimate is the geometric mean of the excess risk estimates
for 85dBA and 90dBA for each age group (see Table 21.45).

The older age groups (30–44 years, 45–59 years, etc.) did not neatly
fit the age categories in Table 21.45, so worker-population-weighted
averages were constructed for excess risk values at the required ages. For
example, the excess risk estimate for the age group 30–44 years, at 85–90
dBA, was calculated by first taking the geometric mean of the excess risk

Relative risk excess risk expected risk= + ( )1
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Table 21.45 Estimated excess risk for hearing impairment at ≥41dBHL,
by age and duration of exposure

Excess risk (%)

Average daily exposure (dBA) Age 30 Age 40 Age 50 Age 60

5–10 years of exposure
95 8.7

90 2.4 4.3 6.4 7.1

85 0.6 1.2 1.8 2.2

80 0.1 0.2 0.3 0.4

>10 years of exposure
95 10.7 13.8 16.9 17.0

90 4.6 7.8 10.7 11.0

85 1.0 1.9 3.0 3.5

80 0.1 0.3 0.4 0.6



estimates at 85 and 90dBA, for people with >10 years of exposure in
the 30- and 40-year-old categories. These values were then weighted by
the worker population in the age groups 30–39 and 40–44 years. In a
similar procedure, the prevalence values in Table 21.46 for the general
population were adjusted to the same age groups. Relative risks for the
age groups 70–79 years and ≥80 years were calculated from figures in
Prince et al. (1997) and the prevalence data from Davis (1989). Table
21.47 presents the relative risks by age group and level of exposure.

RISK REVERSIBILITY

It was assumed that risk reversibility following exposure removal was
immediate. In other words, for those previously exposed who have not
developed noise-induced hearing loss yet, the risk is removed after expo-
sure removal (no new cases). Those with the condition, however, will
continue to be affected by it.

5. Occupational ergonomic stressors
The physical ergonomic features of work that are most frequently cited
as risk factors for MSDs include a rapid pace of work and repetitive
motion patterns; insufficient recovery time; heavy lifting and other force-
ful manual exertions; non-neutral body postures (either dynamic or
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Table 21.46 Prevalence of hearing loss at >45dBHL for the general
population of Great Britain

Age group (years) Prevalence

17–30 1.25

31–40 1.90

41–50 4.75

51–61 6.40

61–70 9.35

71–80 16.55

≥81 25.35

Source: Davis (1989).

Table 21.47 Relative risks by age group and level of exposure

Age group (years)

Level 15–29 30–44 45–59 60–69 70–79 ≥80

<85dBA 1.00 1.00 1.00 1.00 1.00 1.00

85–90dBA 1.96 2.24 1.91 1.66 1.12 1.00

>90dBA 7.96 5.62 3.83 2.82 1.62 1.00



static); mechanical pressure concentrations; vibration (both segmental
and whole-body); and low temperature. For the present analysis, the risk
factor is exposure to the combination of occupational exposures that are
implicated in the etiology of low back pain, including physical stressors
and possibly psychosocial or work organization features as well.

5.1 Exposure variable

Assessing the fraction of back pain disorders that can be attributed to
occupation requires that an indicator be identified that can be measured
on a global scale and that can also be matched with data on known 
exposure–risk relationship(s). The various reviews of low back pain epi-
demiology have implicated an overlapping set of occupational exposures,
such as lifting, forceful movements, awkward postures, whole-body
vibration and perhaps psychosocial stressors. However, such exposures
are rarely assessed in surveillance activities on a large scale, and thus
data are not available for risk assessment calculations at the global level.

In contrast, low back pain (and other MSD morbidity) is commonly
reported by broad industrial or occupational groupings. Thus, even
though occupation is a less precise indicator of risk than a specific 
exposure, its widespread availability in administrative data sets and some
epidemiological studies makes it useful in this context. Some epidemio-
logical studies have also provided sufficient data to relate back pain to
the same occupational categories. Occupation was therefore considered
as a proxy for specific risk factors. The exposure variable is an occupa-
tional category with its assigned level of risk (low, medium or high rate
of low back pain). This method thus required the assumption that the
distribution of the combined individual risk factors is similar within each
occupational group across geographical regions. This argument applies
to psychosocial as well as physical exposures.

Given that differences can occur within occupations, the assumed
homogeneity of occupational groups in their total exposure to ergonomic
risk factors implies that differences in exposure among occupations are
substantially larger than differences among workers within the occupa-
tion. Although this assertion appears self-evident, only a few investiga-
tors to date have examined it explicitly. Burdorf (1992) evaluated the
homogeneity of the exposure to postural load on the back within and
among four occupational groups, and reported that the exposure vari-
ability within occupational groups was small compared with differences
among groups. The estimated contribution of the variance for postural
load between occupational groups was the largest source of variance.
Hollman et al. (1999) and Paquet et al. (1999) have similarly shown that,
even within one subsector (health care and construction, respectively),
differences in ergonomic exposures among jobs can be large relative to
the variability within jobs. These studies provide strong evidence in
support of the approach taken in this analysis. Although the literature
is less conclusive regarding their effects, to the extent that any specific
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ergonomic factor is etiologically important it is assumed to be internal-
ized in the relative risks by occupation. At the same time, specific analy-
ses at the national or local level could increase the precision by assessing
specific physical risk factors at the workplace.

5.2 Theoretical minimum risk

For low back pain, “theoretical minimum risk” is considered to repre-
sent the level of disease that would occur in the population if all exces-
sive physical workload were abated by effective implementation of
ergonomic control measures. While interventions to reduce ergonomic
stressors have not yet been widely implemented on a global scale, studies
are available from selected settings demonstrating the great potential of
exposure (and disease) reduction in this area. Certain interventions have
shown that removal of ergonomic stressors can practically lead to the
removal of back pain (or its reduction to negligible levels), which justi-
fies the choice of theoretical minimum. For example, in jobs where the
entire work activity consists of manually handling materials, lifting
equipment can successfully reduce both the biomechanical exposure to
the lower back and the risk of low back disorders (Marras et al. 2000).

Westgaard and Winkel (1997) reviewed 89 studies on ergonomic inter-
vention studies, of which 20 were classified as mechanical exposure inter-
ventions and 32 as production system interventions. Most mechanical
exposure interventions target the ergonomic exposure level directly,
through redesign of the work station and work methods. The reviewers
concluded that in work situations whose mechanical exposure level is
initially high, a reduction in the level of mechanical exposure may be
beneficial for musculoskeletal health. For comparison, several other risk
factors considered in this chapter have not yet shown that interventions
can have such highly effective results when applied to selected popula-
tion groups.

Since occupation represents a proxy for the composite of etiological
exposures, rather than being the exposure per se, it is not necessary that
persons leave one occupation for another in order to achieve the theo-
retical minimum risk. Reduction in relative risk would occur through
improved job design to reduce exposures within each occupational cat-
egory. The number of individuals working in each category could remain
constant, even though the nature of the risk in each category would
change.

5.3 Estimating risk factor levels

Since data were not available worldwide on the prevalence of specific
ergonomic exposures, occupations were grouped here by their risk of
low back pain. Thus, for this outcome, estimation of risk factor levels is
not independent of the levels of disease assigned to them in the next step
(see section 5.4). The exposure assessment by occupation was utilized,
as described in the Introduction. Using managers and professionals as a

1730 Comparative Quantification of Health Risks



baseline for comparison, epidemiological studies have indicated that cler-
ical and sales workers have a slightly elevated risk, operators and service
workers have a moderate risk, and farmers have the highest risk of low
back pain (see section 5.4 for details).

The basic approach was to determine economic activity by subregion,
age and sex, and then to determine the distribution of the working pop-
ulation in the various occupational categories. As each occupational cat-
egory was assigned a single relative risk factor (based on methodology
described below), it was not necessary to partition exposures into “high”
or “low” levels.

The estimates of occupations with risk of low back pain were based
on the published literature. The 1968 International Standard Classifica-
tion Codes for Occupations utilizes the term “production workers”,
whereas the epidemiological studies refer to “operators”. Based on the
literature, we made the following assignments.

• Background exposure: professional and administrative workers

• Low exposure: clerical and sales workers

• Moderate exposure: operators (production workers) and service 
workers

• High exposure: farmers

The non-working population is not considered in this analysis, and is
attributed the same relative risk as the background exposure category. It
is likely that younger workers are represented more often in the pro-
duction occupations, and that older workers have more opportunities to
move into management and administration positions.

As seen from Table 21.48, the majority of the working-age popula-
tion is employed in occupations with exposure to factors linked to low
back pain. Males have higher exposure in general, owing to higher rates
of participation in the labour force. Exposures are higher for men in the
less developed subregions, owing to a higher proportion of workers in
agriculture than in the more developed subregions.

5.4 Risk factor–disease relationships

Pain in the soft tissues of the back is extremely common among adults.
In the United States, the National Arthritis Data Workgroup reviewed
national survey data showing that each year some 15% of adults report
frequent back pain or pain lasting more than two weeks (Lawrence et
al. 1998). Back pain is widespread in many countries, and is associated
with substantial financial costs and loss of quality of life. In Canada,
Finland and the United States, more people are disabled from working
as a result of MSDs—especially back pain—than from any other group
of diseases (Badley et al. 1994; Pope et al. 1991; Riihimäki 1995a).
MSDs also constitute a major proportion of all registered and/or 
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Table 21.48 Proportions of the working-age population occupationally
exposed to different levels of ergonomic stressor, by sex
and subregion

Exposure Age group (years)

Subregion Sex category 15–29 30–44 45–59 60–69 70–79 ≥80

AFR-D Male Background 0.29 0.11 0.13 0.22 0.40 0.70
Low 0.09 0.11 0.10 0.09 0.07 0.04
Moderate 0.20 0.25 0.25 0.22 0.17 0.09
High 0.42 0.53 0.52 0.46 0.35 0.18

Female Background 0.53 0.42 0.41 0.55 0.73 0.87
Low 0.05 0.06 0.06 0.05 0.03 0.01
Moderate 0.09 0.11 0.11 0.08 0.05 0.02
High 0.34 0.41 0.42 0.32 0.19 0.09

AFR-E Male Background 0.29 0.12 0.14 0.22 0.40 0.70
Low 0.08 0.10 0.10 0.09 0.07 0.03
Moderate 0.20 0.25 0.25 0.22 0.17 0.09
High 0.42 0.53 0.52 0.47 0.36 0.18

Female Background 0.41 0.34 0.37 0.50 0.67 0.83
Low 0.06 0.07 0.07 0.05 0.04 0.02
Moderate 0.11 0.13 0.12 0.10 0.06 0.03
High 0.41 0.46 0.44 0.35 0.23 0.12

AMR-A Male Background 0.49 0.33 0.37 0.64 0.91 0.95
Low 0.18 0.24 0.23 0.13 0.03 0.02
Moderate 0.29 0.39 0.36 0.21 0.05 0.03
High 0.03 0.04 0.04 0.02 0.01 0.00

Female Background 0.58 0.47 0.53 0.79 0.95 0.98
Low 0.19 0.24 0.21 0.09 0.02 0.01
Moderate 0.22 0.28 0.24 0.11 0.02 0.01
High 0.01 0.02 0.02 0.01 0.00 0.00

AMR-B Male Background 0.32 0.16 0.23 0.43 0.71 0.86
Low 0.15 0.19 0.17 0.13 0.06 0.03
Moderate 0.37 0.46 0.43 0.32 0.16 0.08
High 0.15 0.19 0.17 0.13 0.06 0.03

Female Background 0.63 0.57 0.69 0.84 0.94 0.97
Low 0.10 0.12 0.09 0.04 0.02 0.01
Moderate 0.21 0.24 0.18 0.09 0.03 0.02
High 0.06 0.07 0.05 0.03 0.01 0.00

AMR-D Male Background 0.41 0.19 0.20 0.29 0.49 0.75
Low 0.15 0.21 0.20 0.18 0.13 0.06
Moderate 0.39 0.55 0.53 0.48 0.34 0.17
High 0.04 0.06 0.06 0.05 0.04 0.02

Female Background 0.70 0.62 0.69 0.77 0.86 0.93
Low 0.09 0.11 0.09 0.07 0.04 0.02
Moderate 0.20 0.26 0.21 0.16 0.09 0.05
High 0.01 0.01 0.01 0.01 0.01 0.00

EMR-B Male Background 0.48 0.23 0.27 0.41 0.64 0.82
Low 0.15 0.22 0.21 0.17 0.10 0.05
Moderate 0.27 0.40 0.38 0.31 0.19 0.09
High 0.10 0.15 0.14 0.11 0.07 0.03
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continued

Table 21.48 Proportions of the working-age population occupationally
exposed to different levels of ergonomic stressor, by sex
and subregion (continued)

Exposure Age group (years)

Subregion Sex category 15–29 30–44 45–59 60–69 70–79 ≥80

Female Background 0.77 0.74 0.82 0.87 0.94 0.97
Low 0.10 0.11 0.08 0.05 0.03 0.01
Moderate 0.10 0.12 0.08 0.06 0.03 0.01
High 0.03 0.04 0.02 0.02 0.01 0.00

EMR-D Male Background 0.32 0.10 0.13 0.29 0.59 0.80
Low 0.19 0.25 0.24 0.20 0.11 0.06
Moderate 0.17 0.23 0.22 0.18 0.10 0.05
High 0.32 0.43 0.41 0.33 0.19 0.10

Female Background 0.64 0.59 0.64 0.76 0.88 0.94
Low 0.06 0.07 0.06 0.04 0.02 0.01
Moderate 0.05 0.06 0.05 0.04 0.02 0.01
High 0.24 0.28 0.24 0.16 0.08 0.04

EUR-A Male Background 0.58 0.38 0.46 0.78 0.97 0.98
Low 0.11 0.16 0.14 0.06 0.01 0.00
Moderate 0.27 0.40 0.35 0.14 0.02 0.01
High 0.04 0.06 0.05 0.02 0.00 0.00

Female Background 0.67 0.59 0.69 0.92 0.99 0.99
Low 0.11 0.14 0.11 0.03 0.00 0.00
Moderate 0.19 0.23 0.18 0.04 0.01 0.00
High 0.03 0.04 0.03 0.01 0.00 0.00

EUR-B Male Background 0.36 0.15 0.29 0.64 0.80 0.90
Low 0.10 0.13 0.11 0.06 0.03 0.01
Moderate 0.33 0.45 0.37 0.19 0.10 0.05
High 0.21 0.28 0.23 0.12 0.06 0.03

Female Background 0.51 0.32 0.48 0.80 0.89 0.95
Low 0.05 0.07 0.05 0.02 0.01 0.01
Moderate 0.20 0.27 0.21 0.08 0.04 0.02
High 0.25 0.34 0.26 0.10 0.05 0.03

EUR-C Male Background 0.35 0.13 0.20 0.73 0.90 0.95
Low 0.11 0.14 0.13 0.04 0.02 0.01
Moderate 0.39 0.52 0.48 0.16 0.06 0.03
High 0.15 0.20 0.19 0.06 0.02 0.01

Female Background 0.47 0.18 0.35 0.85 0.96 0.98
Low 0.13 0.20 0.15 0.04 0.01 0.01
Moderate 0.31 0.48 0.38 0.09 0.03 0.01
High 0.10 0.15 0.12 0.03 0.01 0.00

SEAR-B Male Background 0.32 0.09 0.13 0.33 0.59 0.80
Low 0.11 0.14 0.13 0.10 0.06 0.03
Moderate 0.25 0.33 0.32 0.25 0.15 0.07
High 0.33 0.44 0.42 0.32 0.20 0.10

Female Background 0.49 0.36 0.40 0.60 0.81 0.90
Low 0.11 0.13 0.13 0.08 0.04 0.02
Moderate 0.16 0.21 0.19 0.13 0.06 0.03
High 0.24 0.30 0.28 0.19 0.09 0.05
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Table 21.48 Proportions of the working-age population occupationally
exposed to different levels of ergonomic stressor, by sex
and subregion (continued)

Exposure Age group (years)

Subregion Sex category 15–29 30–44 45–59 60–69 70–79 ≥80

SEAR-D Male Background 0.29 0.10 0.13 0.34 0.51 0.76
Low 0.06 0.08 0.08 0.06 0.04 0.02
Moderate 0.23 0.29 0.28 0.21 0.16 0.08
High 0.42 0.53 0.52 0.39 0.29 0.14

Female Background 0.57 0.45 0.52 0.69 0.85 0.92
Low 0.01 0.02 0.01 0.01 0.00 0.00
Moderate 0.06 0.08 0.07 0.04 0.02 0.01
High 0.36 0.46 0.40 0.26 0.13 0.06

WPR-A Male Background 0.51 0.29 0.30 0.49 0.78 0.89
Low 0.16 0.24 0.23 0.17 0.07 0.04
Moderate 0.30 0.43 0.42 0.31 0.13 0.07
High 0.03 0.04 0.04 0.03 0.01 0.01

Female Background 0.59 0.50 0.52 0.74 0.91 0.95
Low 0.16 0.20 0.19 0.10 0.04 0.02
Moderate 0.21 0.26 0.25 0.13 0.05 0.02
High 0.03 0.04 0.04 0.02 0.01 0.00

WPR-B Male Background 0.27 0.11 0.17 0.45 0.74 0.87
Low 0.13 0.16 0.15 0.10 0.05 0.02
Moderate 0.25 0.30 0.28 0.19 0.09 0.04
High 0.35 0.43 0.40 0.27 0.13 0.06

Female Background 0.30 0.20 0.39 0.74 0.92 0.96
Low 0.17 0.20 0.15 0.07 0.02 0.01
Moderate 0.22 0.25 0.19 0.08 0.03 0.01
High 0.30 0.35 0.27 0.11 0.04 0.02

compensable work-related diseases in many countries, representing 
a third or more of all registered occupational diseases in the United
States, the Nordic countries and Japan (Bernard 1997; Pope et al. 1991;
Vaaranen et al. 1994).

Guo et al. (1995) estimated that 65% of cases of low back pain in the
United States are attributable to occupational activities. To date, there
have been no other published estimates of the fraction of back pain
(specifically) in the total population that is occupationally induced.
However, low back pain was identified by the Pan American Health
Organization as one of the top three occupational health problems to be
targeted by surveillance within the WHO Region of the Americas (Choi
et al. 2001).

Among MSDs caused by occupational ergonomic stressors, only low
back pain is currently a separate category in the GBD database and could
be assessed. For purposes of this chapter, low back pain is defined as all
pain in the back that is not secondary to another disease or injury cause
(such as cancer or a motor vehicle accident). This includes disk prob-
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lems (displacement, rupture), sciatica and other sources of back pain.
Cervical spine problems, such as neck pain or neck torsion problems, are
excluded. This category of conditions is considered equivalent to what
others have termed non-traumatic MSDs affecting the lower back.

In the epidemiological literature, MSDs of the back are often defined
on the basis of pain reported on interview, usually with standardized
study criteria referring to time of onset, frequency and/or severity of pain.
Physical examinations have sometimes been used to supplement ques-
tionnaires, particularly to help localize the symptoms reported on inter-
view and to rule out other causes of those symptoms. However, an
important proportion of epidemiologically relevant (exposure-related)
back disorders are negative on physical examination (e.g. Punnett et al.
1991) as well as on X-ray (e.g. Riihimäki et al. 1990). Most cases of low
back pain cannot be diagnosed by objective criteria and are typically des-
ignated idiopathic or non-specific (Frank et al. 1995; Riihimäki 1991,
1995b), even if there are findings on examination or severe symptoms
and loss of function.

It is difficult to measure directly the validity of questionnaire re-
sponses, since no consensus exists regarding a single “gold standard”
against which all other measurements could be compared. The sensitiv-
ity and reliability of physical examination manoeuvres for identifying low
back pain range from good to poor; not all pain results from known
mechanisms for which there is a corresponding objective test (Deyo et al.
1992; Viikari-Juntura and Riihimäki 1999). Deyo et al. (1992) suggested
that as many as 85% of cases of low back pain cannot be diagnosed
because of the poor performance of examination and imaging tests.

A recent review by NIOSH (Bernard 1997) (see also below) empha-
sized that health outcomes defined subjectively should be included in any
consideration of work-related back disorders. In 24 of the 42 epidemi-
ological studies on low back pain reviewed, the health outcome was
defined by reported symptoms on questionnaires or interview, ranging
from any back pain to specific symptoms such as those consistent with
sciatica. In several studies, MSD cases defined by symptoms alone and
those defined by findings on physical examination have shown very
similar associations with the ergonomic characteristics of subjects’ jobs.
Symptom-based case definitions generally appear to be both unbiased
and more sensitive than those that require documented abnormalities on
physical examination (e.g. Bernard et al. 1993; Punnett 1998; Punnett
et al. 1991; Silverstein et al. 1986, 1987).

Other case definitions sometimes used epidemiologically include low
back impairment or disability, typically indicated by reduced ability to
perform activities of daily living or occupational tasks, work absenteeism
and the seeking of medical care for back pain. Such behavioural mea-
sures, however, are less desirable than low back pain per se, because they
are more distal from the direct morbidity and more likely to be affected
by interpersonal variability (e.g. tolerance of pain before seeking medical



attention) or by differences in job demands (e.g. pain of the same sever-
ity may cause more low back disability in persons whose jobs are more
demanding).

At the same time, there is a strong correlation between the frequency
of musculoskeletal symptoms by occupation and the frequency of
workers’ compensation claims and recorded work-related repetitive
trauma disorders in those same occupations (Fine et al. 1986; Silverstein
et al. 1997). Outcomes such as days of restricted activity, long-term dis-
ability, health care utilization and use of medication are very common
among people with back pain, indicating the public health importance
and cost of these disorders even when self-reported pain is not confirmed
objectively (Badley et al. 1994, 1995; Guo et al. 1999; Miedema et al.
1998; Punnett 1999; Westgaard and Jansen 1992).

Back pain has been defined operationally in various ways in epidemi-
ological studies, including both prevalent and incident conditions. Vari-
ations in the definition are related to the recall period (e.g. pain now, or
within the last week or the past year), the frequency or duration (e.g. at
least three times in the past year, or lasting at least one week) and the
severity (e.g. at least a “4” on a 7-point pain intensity scale), among
others. Even among studies that use similar definitions, prevalence esti-
mates can vary substantially (Loney and Stratford 1999). However, for
the purpose of evaluating the exposure–response relationship, as long as
comparisons are made within a study population that has been evalu-
ated with a consistent case definition, estimates of relative risk do not
appear to be greatly affected (Ozguler et al. 2000).

EVIDENCE OF CAUSALITY

The evidence on low MSDs, including back pain, in relation to work-
place factors has been thoroughly reviewed by NIOSH (Bernard 1997).
The National Research Council, with the Institute of Medicine, has also
published a comprehensive review of the evidence on MSDs in the work-
place (National Research Council 2001). Strong or sufficient evidence
was found for a number of risk factors at the workplace to be associ-
ated with back pain (Table 21.49). The National Research Council
report (2001) summarized ranges of risk estimates for specific occupa-
tional stressors (Table 21.50).

In addition to these two comprehensive reviews from the United
States, numerous other authors from Europe, Asia and Canada reviewed
the same epidemiological literature or variously defined subsets, and
most reached similar conclusions (e.g. Burdorf and Sorock 1997; Frank
et al. 1996; Garg 1992; Hagberg et al. 1995; Hales and Bernard 1996;
Hoogendoorn et al. 1999; Hulshof et al. 1987; Jensen 1988; Jin et al.
2000; Johanning et al. 1991; Lagerström et al. 1998; Nachemson and
Jonsson 2000; Riihimäki 1991, 1995a; Viikari-Juntura 1997; Wikstrom
et al. 1994). For example, in a systematic literature review that focused
on 28 cohort and three case–control studies of highest methodological
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quality, Hoogendoorn et al. (1999) found strong evidence for manual
material handling, bending and twisting and whole-body vibration as
risk factors for back pain. They found moderate evidence for patient
handling and heavy physical work, and no evidence for standing 
or walking, sitting, sporting activities and total leisure-time physical
activity. Specific psychological stressors, supported by weaker evidence,
were reviewed by Burdorf and Sorock (1997), and are shown in Table
21.51.

Some of the results of these reviews on specific stressors were obtained
from studies that were conducted within various occupational groups,
such as operators, mine workers, dentists, office workers and nurses. The
evidence presented above implies that preventive interventions reducing
the exposure to these risk factors would decrease the occurrence of back
disorders considerably, even within an occupation. 
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Table 21.49 Rating of evidence for causal relationships between specific
occupational stressors and back disorders according to the
NIOSH review

Strength of evidence Specific stressor

Strong evidencea Lifting and forceful movements
Whole-body vibration

Evidenceb Awkward postures
Heavy physical work

Insufficient evidencec Static work postures

Evidence of no effectd Other stressors

a Strong evidence. A causal relationship is shown to be very likely between intense or long-duration
exposure to the specific risk factor(s) and MSD of the back when the epidemiological criteria of
causality are used. A positive relationship has been observed between exposure to the specific
risk factor and MSD of the back where chance, bias and confounding factors could be ruled out
with reasonable confidence in at least several studies.

b Evidence. Some convincing epidemiological evidence shows a causal relationship when the
epidemiological criteria for causality for intense or long-duration exposure to the specific risk
factor(s) and MSD of the back are used. A positive relationship has been observed between
exposure to the specific risk factor and MSD of the back in studies in which chance, bias and
confounding factors are not the likely explanation.

c Insufficient evidence. The available studies are of insufficient number, quality, consistency or
statistical power to permit a conclusion regarding the presence or absence of a causal association.

d Evidence of no effect. Adequate studies consistently show that the specific workplace risk factor is
not related to development of MSD of the back.

Note: In this review, 42 epidemiological studies were selected on the basis of the following criteria: (i)
exposed and reference populations were well defined; (ii) MSDs of the back were measured by
well defined, explicit criteria determined before the study; (iii) exposure was evaluated so that
some inference could be drawn regarding repetition, force, extreme joint position, static loading
or vibration and lifting tasks; (iv) study participation of more than 70%. Thirty studies used a
cross-sectional design and five a prospective cohort, four were case–control studies and two
were retrospective cohorts. Full descriptions of these studies appear in Table 6-6 of the NIOSH
review. Criteria for causality were based on strength of association, consistency, specificity of
effect or association, temporality, exposure–response relationship and coherence of evidence.

Source: Bernard (1997).



Furthermore, there is sufficient evidence on biomechanical risk factors
to conclude that many cases of low back pain could be prevented by
workplace changes. For example, Marras et al. (2000) showed that
lifting equipment and other engineering controls had demonstrable
effects on lowering both biomechanical exposure to the lower back (com-
pressive force, torque, etc.) and reported rates of low back disorders in
36 repetitive manual material handling jobs at 16 different companies.
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Table 21.50 Summary of epidemiological studies with risk estimates of
null and positive associations of work-related risk factors
and the occurrence of back disorders 

Risk estimate expressed in relative
risk or odds ratio Attributable

Null associationa Positive association fraction (%)

Range of Range of
Work-related risk factor Nb odds ratio Nb odds ratio Nb Range

Manual material handling 4 0.90–1.45 24 1.12–3.54 17 11–66

Frequent bending and 2 1.08–1.30 15 1.29–8.09 8 19–57
twisting

Heavy physical load 0 NA 8 1.54–3.71 5 31–58

Static work posture 3 0.80–0.97 3 1.30–3.29 3 14–32

Repetitive movements 2 0.98–1.20 1 1.97 1 41

Whole-body vibration 1 1.10 16 1.26–9.00 11 18–80

NA Not applicable.
a Confidence intervals of the risk estimates included the null estimate (1.0). In only 12 of 16 null

associations was the magnitude of risk estimate presented.
b Number of associations presented in the epidemiological studies.

Source: National Research Council (2001).

Table 21.51 Summary of epidemiological studies on associations
between specific occupational psychological risk factors and
the occurrence of back disorders

Risk estimate Attributable fraction

Specific risk factor Na Range Na Range (%)

Mental stress 4 1.30–2.08 4 23–44

Job dissatisfaction 5 1.39–2.40 4 21–41

Work pace 1 1.12 NA NA

Monotonous work 5 1.25–2.34 4 20–44

NA Not applicable.
a Number of associations presented in the epidemiological studies.

Source: Burdorf and Sorrock (1997).



The reviews by the National Research Council (2001), Westgaard and
Winkel (1997) and Frank et al. (1996) each cited a number of well
designed studies that identified opportunities to prevent risk of low back
pain by reducing exposure to biophysical and psychosocial factors. To
illustrate the improvements that can be obtained by reducing ergonomic
stressors at work, selected interventions and their impact are shown in
Table 21.52. Certain interventions have practically completely removed
ergonomic stressors from the workplace.

Despite this extensive literature, some still dispute the importance of
these factors, especially in relation to nonoccupational causes (e.g. Battie
and Bigos 1991; Nachemson 1999; Waddell 1991). There are probably
several interrelated reasons for the continuing controversy, many of
which have been discussed by others (Frank et al. 1995, 1996; Viikari-
Juntura and Riihimäki 1999). The available epidemiological evidence
still consists largely of cross-sectional and retrospective case–control
investigations. With regard to assessment of morbidity, the use of self-
reported symptoms for end-points has also generated discussion, as
described above. Sparse longitudinal data leave important gaps in knowl-
edge concerning latency of effect, natural history, prognosis and poten-
tial for selection bias in employed populations (e.g. the “healthy worker
effect”). Few studies have attempted systematically to describe these fea-
tures of back disorders in populations with defined levels of exposure to
ergonomic stressors. Specific, quantitative comparisons of conclusions
based on prevalence and incidence data within the same population are
rare, and knowledge is still sparse as to the factors that predict recovery
or persistence among workers who continue in their jobs after the onset
of a disorder. No study has been identified that compares current and
former workers with reference to both prior MSD morbidity and expo-
sure status.

In addition, there are many known or suspected nonoccupational risk
factors; some study populations have not provided enough statistical
power to address potential confounding and effect modification of expo-
sure–response relationships. Exposure assessment has often been limited,
with too few exposures characterized to rule out confounding, or the use
of crude exposure indicators leading to potential misclassification and
unreliable conclusions. Attempts to partition risk between physical and
psychosocial domains have obscured the overlap between the two 
and the distinction between preventable and nonpreventable risk factors
(Bongers et al. 1993; MacDonald et al. 2001; Volinn and Punnett 2001;
Volinn et al. 2001).

In the light of these issues, it is important to restate that the issue is
not whether all back disorders are caused by work; there is a clear 
consensus that this is not the case. Nevertheless, most investigators and
reviewers have concluded, equally clearly, that a large proportion of back
disorders among persons with high exposure to ergonomic stressors at
work could be prevented by reducing those exposures.

Marisol Concha-Barrientos et al. 1739
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OTHER OUTCOMES

Although the present analysis was limited to low back pain, the evidence
on MSDs caused by occupational ergonomic stressors is broader. MSDs
affecting the neck and the upper and lower limbs result from the same
risk factors as are implicated in low back pain. For example, in a study
of over 10000 manufacturing employees, the effect of “greater physical
demands” of the job on low-back musculoskeletal injuries (relative risk
of 1.6, 95% CI 1.2–2.1) was only slightly higher than that for all other
musculoskeletal injuries combined (relative risk of 1.4, 95% CI 1.1–1.7)
(Tsai et al. 1992). De Zwart et al. (1997), studying over 7300 men in
the Netherlands, found higher prevalences of shoulder disorders among
employees in heavy physical work (e.g. heavy lifting and frequent stoop-
ing) and steeper increases over four years than among employees in less
physically demanding jobs. The magnitude of these effects was very
similar to those for low back injuries. The work-relatedness of upper and
lower extremity MSDs has been discussed extensively, again by Euro-
pean as well as North American reviewers (e.g. Armstrong et al. 1993;
Bernard 1997; Bongers et al. 1993; Buckle and Devereaux 1999;
Hagberg et al. 1995; National Research Council 2001; Sluiter et al.
2000).

Also excluded here are other types of health effects related to
ergonomic stressors, such as acute workplace injuries, cardiovascular
disease, mental health and adverse reproductive effects (Punnett 2002).
Thus, the total impact of excessively strenuous work activities on mor-
bidity and related quality of life is greater than that estimated in this risk
assessment.

HAZARD ESTIMATES

Data sources

For the purposes of this analysis, studies were sought that compared the
risk of low back pain among broad occupational groups (defined simi-
larly to the economic subsectors explained above) and comprehensively
enough to cover the range of paid occupations. Smaller, more specific
studies limited to relatively narrow occupational groups (e.g. nurses,
dock workers, drivers) were checked for consistency with the larger data
sets. Studies where the reference groups were also engaged in substan-
tial physical activity (e.g. house painters) were excluded. The most recent
literature (1997–2001) was searched for exposure data and exposure–
risk relationships, and published statistics of national occupational
health and safety institutes were consulted.

In addition to this systematic search, a number of reviews and studies
were identified to provide evidence supporting the selected approach.
Search strategies were described in the Introduction. Medline was
searched for articles more recent than 1985, using any of the keywords
back pain, back disorder, back or musculoskeletal combined with any of



the following: occupation, occupational, workplace, work, workers, risk
factors, risk. 

Description of literature

The studies specifically referred to in this section are summarized in 
Table 21.53.

The report of the National Research Council (2001) stated that the
occupations with the highest risk among men were construction labour-
ers, carpenters and industrial truck and tractor equipment operators,
while among women they were nursing aides/orderlies/attendants,
licensed practical nurses, maids and janitor/cleaners. Other high-risk
occupations were hairdressers and automobile mechanics, often
employed in small businesses or self-employed. No rates were listed
against occupations in the report. The report stated that the highest-risk
industries for men were lumber and building material retailing, crude
petroleum and natural gas extraction and sawmills/millwork. Among
women, the highest-risk industries were nursing and personal care facil-
ities, beauty shops and motor vehicle equipment and manufacturing. No
rates were listed for industries in the report.

Leigh and Sheetz (1989) measured low back pain on the basis of a
national survey and a self-reported statement regarding “trouble with
back or pain during the last year”. They estimated relative risks by com-
paring the outcome frequency among occupational groups, using man-
agers as a reference group (Table 21.54). This chapter places great weight
on this study, because it was relatively large (1404 participants) com-
pared to many others, it covered a comprehensive sample of occupations,
and the results were adjusted for potential confounding variables. One
important limitation, however, is that the multivariate analyses simulta-
neously included two ratings of physical exposure, socioeconomic status
and occupational title. Since physical exposure is hypothesized to be the
primary pathway through which occupational differences are mani-
fested, these analyses would certainly lead to an underestimation of the
effect of occupation on MSDs.

Although operators and service workers have very similar relative
risks, it is common that intervention strategies differ among these occu-
pational settings. For that reason, the relative risks and exposure assess-
ments for those two occupational groups are presented separately
throughout this analysis.

Within the limits of the available literature, the results of the Leigh
and Sheetz analyses appear to be generally consistent with other reported
relative risk values (Table 21.55). Since many other studies used office
workers or other sedentary occupations as the reference group, it is
appropriate to adjust the Leigh and Sheetz findings for comparative pur-
poses. This can be done by dividing the relative risks for categories 3, 4,
and 5 by 1.38 (the relative risk for clerical or sales work), in order to
estimate a relative risk with clerical jobs as the reference group. The new

Marisol Concha-Barrientos et al. 1743
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values would be 1.73, 1.93 and 3.75, respectively. Keeping in mind that
these estimates represent the average values for the entire occupational
category, it can be seen that the other studies cited fall within the CIs,
with very few exceptions, and in fact generally have similar point esti-
mates (Table 21.55).

The only study that can directly and numerically be compared to that
of Leigh and Sheetz (1989) is that by Leino-Arjas et al. (1998). However,
the only value corresponding directly to one of the categories of Leigh
and Sheetz is that for farmers. The relative risk is lower (2.13) than the
one put forward by Leigh and Sheetz (5.17), which may reflect better
working conditions for farmers in Finland. For this analysis we there-
fore used the average of these two results (see below).

Also available are administrative statistics from several countries on
the number of cases of back conditions. These are generally compiled
from employers’ surveys or compensation statistics and typically report
lower rates than those assessed by population surveys. Rates for certain
occupations, as compared to managers and professionals, can be esti-
mated on the basis of these statistics. Table 21.56 summarizes adminis-
trative workplace statistics on conditions involving the back, based on
reports by employers in the United States of work-related injuries
(Bureau of Labor Statistics 2001) and compensation statistics of the Aus-
tralian workforce (National Occupational Health and Safety Commis-
sion 2001) and of the German national workforce (Bundesverband der
Betriebskrankenkassen 2001).

All three of these data sets show higher risks for occupations other
than managers and professionals, although the point estimates vary
somewhat. None of these frequency estimates is adjusted for potential
confounding variables. The incidents assessed in the first two data sets
are limited to cases that have been recognized as work-related cases and
involve behaviour such as absence from work or filing a claim against
the employer. In contrast, the German study sought to assess the health
status of the population more comprehensively and these data are 
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Table 21.54 Relative risks of low back pain for occupational groups, with
managers and professionals as the reference group

Occupational activity Relative risk (95% CI)

Managers and professionals 1.0 (NA)

Clerical or sales worker 1.38 (0.85–2.25)

Operators 2.39 (1.09–5.25)

Service workers 2.67 (1.26–5.69)

Farmers 5.17 (1.57–17.0)

NA Not applicable.

Source: Based on data from Leigh and Sheetz (1989).
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Table 21.55 Relative risks of occupational groups by exposure level

Source

Occupation Leigh and Bongers Bovenzi Burdorf Johanning Magnusson
(exposure Sheetz Astrand et al. and Betta et al. Hildebrandt et al. et al.
category) (1989)a (1987)b (1990)b (1994)b (1993)b (1995)b (1991)b (1996)b

Managers and 1.00/NA
professionals

Professionals
Managers
Teachers

Clerical or sales 1.38/1.00
workers

Office workers 1.00 1.00 1.00 1.00 1.00
(sedentary)

Clerks 1.00
Air force 1.00

officers
Civil servants
Sales

Operators 2.39/1.73 3.90
Construction 

labourers
Manual workers 2.28
Pilots and 9.00

aircrew
Drivers (bus, 1.83–5.49 2.51 1.32 1.55–2.10

truck,
tractor)

Crane 3.29
operators

Dock workers
Plumbers 1.32
Carpenters
Technicians
Assembly,

packing, food
processing

Automobile 
mechanics

Maintenance

Service workers 2.67/1.93
Airport 

registration 
workers

Hospital 
workers

Warehouse 
workers

Stock handlers,
baggers

Janitors,
cleaners

Waitresses
Nurses

Farmers 5.17/3.75

NA Not applicable.
a Relative risks used in estimation of global burden of disease. The second set of relative risk values was 

estimated using clerical/sales jobs as the reference group, for the purpose of comparison with other 
studies.
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Source

Partridge Guo Leino-Arjas 
and Riihimäki Riihimäki Videman Burchfiel Ozguler Joshi et al. Morken et al.

Duthie et al. et al. et al. et al. et al. et al. (1995)c et al. (1998) 
(1968)b (1989)b (1994)b (1990)b (1992) (2000) (2001) [female] (2000) (male)

1.00

1.00
1.80

[1.2]

1.00 1.00 1.00 0.89 1.00 1.00 1.00 1.35

1.00
1.10

1.0–1.5 1.40 1.10 1.83 1.80
2.10

3.60 1.49 1.84

2.90 2.00

1.27
1.70

1.50 2.10
1.20 1.59

1.73

1.80

1.59 1.70

1.03
0.86

1.13

0.54

1.70

[2.0]

[1.6]
[1.5]

1.80 2.13

b Cited in Bernard (1997).
c Compared to all male or female workers.



therefore likely to be more comparable to those reported by Leigh and
Sheetz. The values are, in fact, relatively close except for agricultural
workers.

Given that the study by Leigh and Sheetz (1989) best fits the format
required for this analysis, and the supporting evidence displaying very
similar quantitative values, the proposed exposure categories and attrib-
uted relative risks are displayed in Table 21.57. The value for farmers is
provided by an average of the relative risks for farmers in the Leigh and

1752 Comparative Quantification of Health Risks

Table 21.56 Relative risks of occupational conditions involving the back
by occupational title, compared to managers and
professionals, from national surveillance data

Relative risk for back conditions

Occupational activitya USAb Australiac Germanyd

Managers and professionals 1.0 1.0 1.0

Tradespeople — 5.5 —

Clerks — 1.1 1.5

Technical, sales and administrative support 2.2 — —

Sales and service workers — 2.2 2.9

Service workers 7.4 — —

Operators 9.1 — 2.4

Farmers, fishermen and forestry workers 4.3 — 3.6

Operators and farmers — 8.8 —

— No data.
a Owing to the different reporting schemes, some rows (occupational activities) represent the sum of

several other rows.
b Bureau of Labor Statistics (2001), nonfatal occupational injuries and illnesses involving days away from

work, for injuries involving the back.
c National Occupational Health and Safety Commission (2001), conditions affecting the upper and lower

back.
d Bundesverband der Betriebskrankenkassen (2001), musculoskeletal illnesses of the lower back.

Table 21.57 Exposure categories and relative risks of low back pain for
occupational groups selected for this analysis, with managers
and professionals as the reference group

Exposure category Relative risk 95% CI Occupational activity

Background 1.0 NA Managers and professionals

Low 1.38 0.85–2.25 Clerical and sales workers

Moderate 2.53 1.09–5.69 Operators and service workers

High 3.65 1.57–17.0 Farmers

NA Not applicable.

Source: Exposure level adapted from Leigh and Sheetz (1989).



Sheetz (5.17) and Leino-Arjas et al. (2.13) studies, resulting in a relative
risk of 3.65. The CI, however, remains the same, because the CI from
the Leigh and Sheetz study (1.57–17.0) includes the CI provided by
Leino-Arjas et al. (1.6–2.9) and is wider, which is probably a truer rep-
resentation of the statistical uncertainty of this estimate.

Methodological quality of the literature

Many of the reviews cited above used systematic criteria to evaluate the
potential for selection bias, information bias and confounding in the indi-
vidual investigations. Several of them identified the methodologically
stronger studies and relied primarily or exclusively on those to draw con-
clusions about the strength of the evidence. 

Potential confounding by nonoccupational factors such as sex, age,
anthropometry, smoking, heredity and general medical history was
extensively investigated in the great majority of studies cited above. All
of the studies on which NIOSH relied most heavily, as being rigorous
and methodologically sound, controlled for multiple potential con-
founding variables, permitting the conclusion that physical job factors
cause low back pain independently of other factors. Burdorf and Sorock’s
(1997) review also summarized the associations between low back pain
and specific occupational exposures, and relied more heavily on data
with adjustment for important covariates. For example, Smedley et al.
(1995) adjusted for age, height and nonmusculoskeletal symptoms (the
only nonoccupational factors associated with low back pain—see below)
in their analysis of low back pain and patient handling demands among
female nurses. Tsai et al. (1992) examined the effect of greater vs 
less physical demands in the job, adjusting for six nonoccupational
covariates.

Leigh and Sheetz (1989) adjusted for sex, race, education, height and
smoking. In addition, they included terms for occupation and for phys-
ical effort and repetitive work; this means that the effect of occupation
is likely to be underestimated, since the primary intermediate variable
(physical effort) was also included. There is also a great deal of discus-
sion in the epidemiological literature about the mechanisms of the effect
of socioeconomic status (see below). It could easily be argued that the
inclusion of terms for education also results in overadjustment, since a
lower level of education is strongly associated with employment in
“unskilled” jobs with higher physical exposures and is likely to act at
least in part through such limited job opportunities.

Ozguler et al. (2000) analysed multiple low back pain case definitions.
The same set of covariates was examined for each one, and all those
nonoccupational factors (sex, age, obesity, psychosomatic “well-being”)
that were associated with low back pain were kept in the model. Like
that of Leigh and Sheetz, this study overadjusted the estimates for occu-
pation, because exposure variables such as carrying heavy loads and
bending posture were entered in addition to the occupation indicators.

Marisol Concha-Barrientos et al. 1753



Many investigators have treated socioeconomic status and sex as
potential confounding variables that require adjustment in statistical
analysis of MSD etiology. However, to the extent that these factors act
through or are surrogates for working conditions, both physical and psy-
chosocial, such analyses may in fact serve to obscure the role of those
exposures. Both the incidence and the severity of low back pain show
an inverse gradient with socioeconomic status (blue collar vs white collar
jobs, income, education level) in both men and women (Bergenudd and
Nilsson 1988; Broersen et al. 1996; Heistaro et al. 1998).

It seems highly plausible that a large part of the gradient of socioe-
conomic status in MSDs is due to differences in the work performed,
since jobs with lower socioeconomic status consistently involve more
physically strenuous and repetitive work (Behrens et al. 1994; Hollman
et al. 1999). In a large study of metal working employees, psychosocial
conditions at work and physical load were generally correlated with each
other and were worse for blue-collar than for white-collar employees, as
well as for women compared with men (Leino and Hänninen 1995). In
each of these subgroups, adverse working conditions predicted the devel-
opment or worsening of MSDs over a 10-year follow-up period. The
effect of social class was not explained by “lifestyle” factors such as
smoking, leisure-time physical activity, body mass index, alcohol con-
sumption or marital status (Leino-Arjas et al. 1998).

Sex differences

Sex is also often described as a “risk factor” for MSDs. In the great
majority of studies relied on here, either the population was restricted
to one sex or relative risks were adjusted for sex. However, in most
studies of low back pain the prevalence was the same or only slightly
higher in men than in women (e.g. Behrens et al. 1994; Guo et al. 1995;
Morken et al. 2000; Tsai et al. 1992). Skovron et al. (1994) found a
higher prevalence among men than among women aged 20–49 years,
whereas from 50 years of age the prevalence in women gradually
increased relative to that in men. Thus sex is not a strong risk factor for
low back pain in any case, and confounding of these effect estimates is
not of concern.

Women and men typically experience qualitatively and quantitatively
different working conditions (Punnett and Herbert 2000). Women are
overrepresented in “light”, monotonous jobs that require precise, repet-
itive hand motions with less latitude for decision-making. Men are more
often found in jobs with heavy whole-body workload, such as manual
materials handling. In general, once job assignments and the consequent
occupational exposures are taken into account, sex differences become
negligible (Punnett and Herbert 2000).
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Estimates of risk reversibility

Although no explicit studies have been carried out on low back pain
attributed to occupational factors before retirement, it has been assumed
that leaving the job would reduce the risk of back pain. The burden of
work-related back pain would diminish gradually once the theoretical
minimum exposure was reached. Since the theoretical minimum is zero,
no new cases would arise. However, morbidity from past exposure might
persist or worsen after retirement (Derriennic et al. 1993; Holte et al.
2000; Sobti et al. 1997).

Derriennic et al. (1993) defined a closed cohort of retirees from mixed
occupations in France, with an average elapsed period of six years from
retirement (at age 63) to the baseline survey. A follow-up survey was
conducted after five years. Joint pain was reported by 29% of men and
42% of women at baseline. At 11 years post-retirement, the attributable
risk was even higher among men, although it decreased in women
because of the high prevalence of joint pain among unexposed persons
(Table 21.58).

In summary, there are few or no epidemiological data on whether or
not new back disorders develop after leaving work that can be attrib-
uted to ergonomic stressors in previously high-exposed (vs low-exposed)
workers. Thus, we have assumed the work-related incidence to be zero
after retirement from paid employment. However, we do have the high
impact of interventions on exposed workers, which supports a reversibil-
ity of 100%. This means that the incidence of low back pain is zero for
chronic and acute cases of low back pain after exposure ceases. However,
chronic low back pain will continue (i.e. the incidence will be zero, but
those who have already developed it will continue to experience it).
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Table 21.58 Prevalence and attributable risk of joint pain at 6 and 11
years after retirement, among workers with prior exposure
to “heavy physical work”

Interview 1 (after 6 years) Interview 2 (after 11 years)

Men
Exposed 58% 75%
Unexposed 49% 57%
Attributable risk 15.5% 24.0%

Women 
Exposed 87% 91%
Unexposed 68% 79%
Attributable risk 21.8% 13.2%

Source: Derriennic et al. (1993).



Extrapolation of risk factor–disease relationships from one subregion 
to another

Because occupational group was used as an indicator of the average level
of combined risk factors for low back pain within each occupation, dif-
ferences in distribution of risk factors that might exist within occupa-
tions or between countries are an important consideration. Risk ratios
among occupations vary somewhat from one country to another. This
could be due to differences in distributions of risk factors for low back
pain, or regional or cultural divergences in symptom reporting. These
discrepancies become even more difficult to interpret when the compar-
isons are made between developing and developed countries. Unfortu-
nately, the data are sparse regarding cross-national differences, both in
exposure distributions (within similar types of job) and in reporting of
low back pain.

One important element is the extent to which ergonomic interventions
have been implemented in the various countries or regions. Although
there are insufficient data to quantify the extent of effective ergonomic
programmes in each region, it is generally true that occupational health
and safety legislation, enforcement and adaptation of engineering con-
trols (ergonomic changes) tend to be more widespread in developed
countries, especially in northern Europe followed by North America. If
this is correct, then application of occupation-specific relative risks from
developed countries (e.g. Leigh and Sheetz 1989) to developing countries
would produce conservative estimates.

Similarly, it would be easy to assume that, because of mechanization
and other changes in production technology, more developed countries
would typically have fewer ergonomic stressors in the same type of work
than developing countries, even without intention to reduce ergonomic
stressors. For example, Bao et al. (1997) compared shoulder-neck
ergonomic exposures in a Chinese and a Swedish assembly line work-
place. The Swedish workplace had a better ergonomic workstation
design and was better balanced, as well as less sensitive to production
irregularities, than the Chinese workplace. The Swedish operators were
less exposed to awkward postures during work.

However, in contrast to the general assumption that low back pain
rates should be higher in low-income than in high-income countries, a
systematic review by Volinn (1997) showed 2–4 times higher rates
among Belgian, German and Swedish general populations than among
southern Chinese, Philippine, Indonesian and Nigerian farmers. Men-
tioning that the prevalence of low back pain is higher in the urban pop-
ulations of low-income countries, and sharply higher in enclosed
workshops in low-income countries compared to low-income rural pop-
ulations, Volinn suggested that low back pain might be associated with
urbanization and rapid industrialization, which imply more repetitive
movements and loss of control over work pace and scheduling. The
author noted that interpretation of the findings requires consideration of
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the methodological quality of population surveys, such as sampling pro-
cedure, formulation of questions, procedures for administration of the
survey, and nonresponse bias.

Little information on risk of low back pain by occupation is available
from developing countries, in particular studies that would pass the
quality criteria of the NIOSH or National Research Council reviews.
One summary of the literature from China (Jin et al. 2000) reported risk
factors for back pain similar to those reported in developed countries.
However, in a comparison of the effect estimates for specific risk factors,
the authors found slightly higher prevalence odds ratios (POR) in
Chinese low back pain studies than other studies (Table 21.59). Alter-
native explanations would include unmeasured confounding or effect
modification. Studies on occupational back pain performed in develop-
ing countries do generally report prevalences of back pain within speci-
fied occupations, but without comparing them to a reference group
(Chiou and Wong 1992; Chiou et al. 1994; Joshi et al. 2001; Kumar et
al. 1999; Muruka 1998; Omokhodion et al. 2000; Toroptsova et al.
1995; Yip 2001). Prevalences were generally high for the studied groups,
but the lack of comparison to reference groups did not allow conversion
into relative risk information, which was necessary for this analysis.

In summary, plausible arguments can be and have been advanced 
in favour of low back pain rates in specific occupational groups 
(farmers, factory workers, etc.) being both higher and lower in develop-
ing countries compared with developed countries, but the available data
permit neither confirmation of this nor quantification of the differences
in risk.

6. Occupational risk factors for injuries
Workplace injuries are a common hazard for workers. Deaths due to
occupational injuries are defined as any potentially avoidable death due
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Table 21.59 Comparison of ranges of effect estimates for selected risk
factors for low back pain in some working populations of
China, India and the Russian Federation 

China, India, Russian Federation Developed countriesa

Risk factor Studies (n) POR range Studies (n) POR range

Bending and twistingb 4 3.1–16.5 9 1.3–8.1

Static posturec 5 2.0–19.9 3 1.3–3.3

Whole-body vibrationa 4 2.5–14.2 14 1.5–9.0

Heavy manual lifting 2c 1.4 ~ 3.5 9 1.5 ~ 3.1

a Data taken from National Research Council (2001).
b Data taken from Jin et al. (2000) (China).
c Summary of data from Ory et al. (1997) (India) and Toroptsova et al. (1995) (Russian Federation).



to an external cause resulting from an exposure related to the person’s
work. The definition excludes death during commuting to or from the
workplace. Workers travelling for work purposes are included.

Data in developed countries indicate that differential risks for injury
exist by sector, being highest in agriculture and production, less in sales
and service, and lowest in professional, administrative and clerical
sectors. But similar data are unavailable for developing countries. At the
same time, occupational registries provide some indication of injury out-
comes—vs risk factor exposure—which can be used to assess the mor-
tality associated with occupational factors. Applying the fatality rates
due to occupational injuries per 100 000 insured workers (Table 21.60)
to the number of persons in the EAP, as defined earlier in the chapter,
gives an indication of total deaths from injuries among workers. The
rates reported here for fatal injuries were reported in most countries only
for insured populations. Thus, we made the assumption that the same
rates applied to all in the EAP, whether or not they were insured, despite
some evidence that fatality rates are higher in uninsured populations
(Dror 2001; Forastieri 1999; Loewenson 1998). Unfortunately, there is
a lack of adequate data on work-related injuries in developing countries
to make it possible to generate plausible rates for economic sectors 
by age, sex and subregion. Mortality outcomes were distributed in the
same age pattern as reported in the United States for unintentional
injuries.

Because no risk factor exposure is defined in this approach, the coun-
terfactual risk (e.g. theoretical minimum risk level) was defined based on
the outcome rather than risk factor exposure. To approximate the safest
working conditions observed where all avoidable injury hazards are con-
trolled by effective preventive measures, we chose the injury fatality rate
of 0.1 (per 100 000 workers) in the age group 16–17 years and in the
occupation category “service” from the National Traumatic Occupa-
tional Fatalities surveillance system for the United States for the period
1980–1995 (Marsh and Layne 2001).

6.1 Outcomes considered

The outcomes considered were unintentional injuries, which include
motor vehicle accidents, poisonings, falls, fires, drownings and the cate-
gory “other unintentional injuries”. Other unintentional injuries com-
prise exposure to inanimate mechanical forces, exposure to mechanical
forces, other accidental threats to breathing, exposure to electric current,
radiation and extreme ambient air temperature and pressure, contact
with venomous animals and plants, exposure to forces of nature and
accidental exposure to other and unspecified factors. Homicide at the
workplace was not assessed owing to a complete lack of data from devel-
oping countries. To estimate the impact of the disability produced by
nonfatal injuries, years lived with disability (YLD) were estimated using
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Table 21.60 Fatality rates due to occupational injuries (per 100000
insured workers) by country and year

Fatality rate 
Country Year(s) per 100000 Source

Australia 1982–1984 8.06 Harrison et al. (1989)
1998–1999 4.0 Worker’s Compensation Cases

(NOSHC 2002)

Austria 1998 5.3 ILO (2000) 

Bolivia 1995 3.7 PAHO/WHO (1998) 

Brazil 1995 13.3 PAHO/WHO (1998) 

Canada 1970–1997 8.79 Human Resources Development 
Canada (2000)

China 1997 11.1 Kam Lam (2000) 
1991–1997 9.1 (1991–1997); Xia et al. (2000) 

11.5 (1997)

Costa Rica 1996 10.5 PAHO/WHO (1998) 

Cuba 1996 4.2 PAHO/WHO (1998) 

Czech Republic 1999 4.2 ILO (2000) 

Denmark 1999 2 ILO (2000) 

Dominican Republic 1996 6.3 PAHO/WHO (1998) 

El Salvador 1996 4.7 PAHO/WHO (1998) 

European Union 1998 5.03 Dupre (2001) 

Finland 1997 3.1 ILO (2000) 

Ireland 1999 4.21 ILO (2000) 

Jamaica 1996 11.8 PAHO/WHO (1998) 

Jordan 1980–1993 25.5 Atallah et al. (1998) 

Mexico 1996 10.4 PAHO/WHO (1998) 

Namibia 1998/1999 25 Amweelo (2000) 

New Zealand 1985–1994 5.03 Feyer et al. (2001)  

Panama 1996 14.5 PAHO/WHO (1998) 

Peru 1996 190 PAHO/WHO (1998) 

Philippines 1999 11 National Statistics Office Philippines 
(2000) 

Poland 1999 4.5 ILO (2000) 

Slovenia 1998 4 ILO (2000) 

Singapore 2000 10.82 Singapore Government (2000)

Spain 2000 9.2 Ministerio de Trabajo y Asuntos 
Sociales (2002) 

Sweden 1998 1.7 ILO (2000) 

Thailand 1999 11.48 ILO (2000) 

United Kingdom 1998 0.8 ILO (2000) 

United States 1980–1995 4.25 NIOSH (2000a) 

Venezuela 1997 0.58 ILO (2000) 



the same attributable fractions as for mortality (age and sex) (i.e. it was
assumed that an occupational injury had the same likelihood of being
fatal as injuries caused by other factors).

6.2 Underreporting

Conventional sources of data on fatal injuries at work are compensation
registries, insurance companies, death certificates and autopsy reports
based on mortuary records. Data from compensation registries and
insurance companies underestimate the magnitude of fatal injuries, either
because they do not cover some sectors of the workforce or because they
refer only to successful claims. To improve the accuracy of the reporting
of fatal injuries at work, many countries gather data from different
systems and data sources (death certificates, insurance companies, labour
inspectorates, coroners’ files, medical examiners’ files) or develop spe-
cific projects. Wide disparities exist regarding the accuracy of these
sources in identifying fatal injuries at work. 

Despite the usefulness of the death records, data from the United
States reveal that such records identify only between 67% and 90% of
fatal injuries at work. A similar underreporting (72.3%) has been found
in the Mortality Registry of Tuscany in Italy (Chellini et al. 2002). The
only study in a developing country that analysed underreporting showed
that 28% of occupational fatalities in Cape Town, South Africa had not
been reported in terms of statutory regulations (Lerer and Myers 1994).
The level of underreporting increases to between 78% and 85% in rural
areas (Schierhout et al. 1997). On the other hand, special registries also
underreport; the National Fund for Occupational Diseases in Italy, for
example, has a reporting rate of only 56.4% (Chellini et al. 2002).

To our knowledge, the most accurate system currently in place that
uses multiple data sources to identify and classify work-related injuries
is in the United States. Data are gathered from death certificates in two
surveillance systems: the National Traumatic Occupational Fatality
System (NTOF) of NIOSH and in the Bureau of Labor Statistics CFOI
system. Thus it would appear that the United States has fairly complete
records of occupational deaths due to injury (CDC 2001). Although,
owing to paucity of data, we did not use the estimates of underreport-
ing to calculate the rates of fatal injuries due to risks at work, this does
indicate likely underestimation.

7. Results
Tables 21.61–21.63 present the overall attributable fractions, mortality
and burden of disease for the selected occupational risk factors consid-
ered here.

In total, occupational risk factors considered here were responsible for
775000 deaths worldwide in 2000. There were five times as many deaths
in males as in females: 647000 vs 128000. The leading occupational
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Table 21.61 Attributable fractions (%) for the disease burden due to
occupational exposure

Risk factor Outcome Males Females Total

Ergonomic stressors Low back pain 41 32 37

Noise Hearing Loss 22 11 16

Agents leading to COPD COPD 18 6 13

Asthmagens Asthma 14 7 11

Risk factors for injuries Unintentional injuries 12 2 8

Beryllium, cadmium, chromium, Trachea, bronchus or 10 5 9
diesel exhaust, nickel, arsenic, lung cancer
asbestos, silica

Benzene, ethylene oxide, Leukaemia 2 2 2
ionizing radiation

Table 21.62 Deaths (000s) due to occupational exposurea

Total

% total from 
occupational 

Risk factor Outcome Males Females Deaths risk factors

Agents leading to COPD COPD 240 78 318 41

Risk factors for injuries Unintentional injuries 291 19 310 40

Beryllium, cadmium, Trachea, bronchus or 88 14 102 13
chromium, diesel lung cancer
exhaust, nickel, arsenic,
asbestos, silica

Asthmagens Asthma 23 15 38 5

Benzene, ethylene oxide, Leukaemia 4 3 7 1
ionizing radiation

Total 647 128 775 100

a Asbestos exposure is the most important cause of mortality from mesothelioma. Cause-of-death
statistics coded in ICD-10 allow direct estimation of the total number of mesothelioma deaths. Using
this method, recent studies suggest that each year there are about 700 malignant mesothelioma deaths
in Australia (Leigh and Driscoll 2003), 700 in Japan (Furuya et al. 2003), 2600 in the United States (Price
and Ware 2004), and 4000 in Europe (Peto et al. 1999). A large proportion of these deaths are
undoubtedly caused by asbestos exposure, primarily work-related. Combining estimates of asbestos
exposure in all 14 subregions with hazards obtained from these studies would result in an estimate of
more than 40 000 mesothelioma deaths caused by asbestos exposure in the world. Of these preliminary
estimates, about 9000 occur in developed countries (AMR-A, EUR and WPR-A), 9 000 in SEAR-D, and
16 000 in WPR-B. These estimates are subject to uncertainty, especially in developing countries where
ICD-10 cause-of-death data and detailed data on history of asbestos exposure are not available. These
preliminary estimates are currently undergoing further refinement by authors. Preliminary estimates also
indicate that there may have been approximately 9000 deaths from silicosis, 7000 deaths from asbestosis
and 14 000 deaths from coal workers’ pneumoconiosis as a result of exposure to occupational dusts
(silica, asbestos and coal dust) in 2000.
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Table 21.63 DALYs (000s) due to occupational exposure

Total

% total from 
occupational 

Risk factor Outcome Males Females DALYs risk factors

Risk factors for injuries Unintentional injuries 9779 718 10496 48

Noise Hearing Loss 2788 1362 4150 19

Agents leading to COPD COPD 3020 713 3733 17

Asthmagens Asthma 1110 511 1621 7

Beryllium, cadmium, Trachea, bronchus or 825 144 969 4
chromium, diesel lung cancer
exhaust, nickel, arsenic,
asbestos, silica

Ergonomic stressors Low back pain 485 333 818 4

Benzene, ethylene oxide, Leukaemia 66 35 101 0
ionizing radiation

Total 18073 3816 21889 100.0

cause of death was COPD (41%) followed by unintentional injuries
(40%) and trachea, bronchus or lung cancer (13%). Workers who devel-
oped outcomes related to occupational risk factors lost about 22 million
years of healthy life. By far the main cause of years of healthy life lost,
within occupational diseases, was unintentional injuries (with 48% of
the burden). This was followed by hearing loss due to occupational noise
(19%) and COPD due to occupational agents (17%). Among the occu-
pational factors analysed in this study, these three conditions accounted
for 84% of years of healthy life lost. DALYs were almost five times
greater in males than in females. Low back pain and hearing loss have
in common the fact that they do not directly produce premature mor-
tality, but substantial disability. This feature differentiates these condi-
tions from the others analysed in the study. Results for specific risk
factors are provided below.

7.1 Carcinogens

Tables 21.64–21.68 summarize the attributable fractions, mortality and
burden of disease for the occupational carcinogens considered here. 

For lung cancer, the attributable fraction varied from 5% in AMR-A
to 14% in EUR-C, with overall attributable fractions for lung cancer
estimated to be 10% for men and 5% for women (9% overall). For
leukaemia, estimates of the attributable fraction varied from 1% in
EMR-D to 3% in several subregions. There were estimated to be approx-
imately 7000 deaths from leukaemia each year, with a much more even
proportion between males and females than was seen for lung cancer,
although approximately two thirds of the DALYs are due to male cases.
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Table 21.64 Attributable fractions for lung cancer and leukaemia disease
burden caused by workplace exposure

Lung cancer Leukaemia

Subregion Males Females Total Males Females Total

AFR-D 9 4 7 3 1 2

AFR-E 9 4 7 3 2 3

AMR-A 6 2 5 3 3 3

AMR-B 11 3 8 2 2 2

AMR-D 12 2 8 3 2 3

EMR-B 12 2 9 3 2 2

EMR-D 9 3 7 2 1 1

EUR-A 7 2 6 3 3 3

EUR-B 12 4 10 3 2 3

EUR-C 15 9 14 2 2 2

SEAR-B 10 4 9 2 2 2

SEAR-D 11 4 9 2 0 2

WPR-A 8 3 6 2 2 2

WPR-B 12 7 10 2 2 2

World 10 5 9 2 2 2

Table 21.65 Deaths (000s) from lung cancer and leukaemia caused by
workplace exposure

Lung cancer Leukaemia

Subregion Males Females Total Males Females Total

AFR-D 1 0 1 0 0 0

AFR-E 1 0 1 0 0 0

AMR-A 7 2 8 0 0 1

AMR-B 4 0 4 0 0 0

AMR-D 0 0 0 0 0 0

EMR-B 1 0 1 0 0 0

EMR-D 1 0 1 0 0 0

EUR-A 11 1 12 1 0 1

EUR-B 6 0 6 0 0 0

EUR-C 12 1 14 0 0 0

SEAR-B 3 0 3 0 0 0

SEAR-D 11 1 12 0 0 1

WPR-A 3 0 4 0 0 0

WPR-B 27 7 34 1 1 2

World 88 14 102 4 3 7
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Table 21.67 Age-specific attributable fractions, deaths and DALYs for
lung cancer and leukaemia, males

Age group (years)

15–29 30–44 45–59 60–69 70–79 80–89 All ages

Attributable fractions (%)
Lung cancer 11 11 10 10 10 9 10
Leukaemia 3 3 3 3 3 3 2

Deaths (000s)
Lung cancer 0 3 20 30 26 8 88
Leukaemia 1 1 1 1 1 0 4

DALYs (000s)
Lung cancer 10 76 306 279 136 18 825
Leukaemia 29 13 11 7 4 1 66

Table 21.66 DALYs (000s) due to lung cancer and leukaemia caused by
workplace exposure

Lung cancer Leukaemia

Subregion Males Females Total Males Females Total

AFR-D 6 1 7 2 1 3

AFR-E 9 2 11 4 2 6

AMR-A 53 13 65 4 3 7

AMR-B 34 4 38 4 4 8

AMR-D 2 0 2 2 1 2

EMR-B 10 1 11 2 1 3

EMR-D 14 2 16 3 1 4

EUR-A 89 9 99 6 4 10

EUR-B 60 5 65 3 2 5

EUR-C 127 14 140 2 2 4

SEAR-B 32 3 34 3 2 5

SEAR-D 109 11 120 10 1 11

WPR-A 23 3 26 1 1 2

WPR-B 257 76 333 19 11 30

World 825 144 969 66 35 101

For each condition, deaths were predominantly among older persons up
to 79 years, whereas DALYs tended to be highest in the younger age
groups.

7.2 Nonmalignant respiratory diseases

Tables 21.69–21.74 summarize the attributable fractions, mortality and
disease burden for asthma and COPD risk factors, each estimated as
described earlier.
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Table 21.68 Age-specific attributable fractions, deaths and DALYs for
lung cancer and leukaemia, females 

Age group (years)

15–29 30–44 45–59 60–69 70–79 80–89 All ages

Attributable fractions (%)
Lung cancer 5 5 5 5 4 4 5
Leukaemia 2 3 3 3 3 3 2

Deaths (000s)
Lung cancer 0 1 3 4 4 2 14
Leukaemia 0 0 0 0 1 1 3

DALYs (000s)
Lung cancer 3 19 52 41 25 4 144
Leukaemia 10 8 8 4 3 1 35

Table 21.69 Attributable fractions (%) for mortality from asthma and
COPD caused by workplace exposure

Asthma COPD

Subregion Males Females Total Males Females Total

AFR-D 21 15 18 16 5 11

AFR-E 23 18 20 16 5 11

AMR-A 15 9 11 18 3 11

AMR-B 20 8 13 17 3 11

AMR-D 19 7 13 15 2 9

EMR-B 18 5 12 17 2 11

EMR-D 20 10 16 17 3 11

EUR-A 16 7 11 19 4 13

EUR-B 22 14 18 19 6 14

EUR-C 21 12 18 21 6 16

SEAR-B 23 14 18 18 6 13

SEAR-D 23 14 18 16 5 11

WPR-A 17 9 13 21 5 16

WPR-B 22 16 19 19 7 12

World 21 13 17 18 6 12

It was estimated that 38000 deaths (23000 men and 15000 women)
and 1.6 million DALYs result from occupational asthma each year. 
One quarter to one third of the asthma deaths and DALYs occurred 
in SEAR-D. The attributable fraction for mortality from asthma 
varied between subregions from 11% in AMR-A and EUR-A to 20% 
in AFR-E, with worldwide attributable fractions estimated to be 21%
for men and 13% for women (17% overall). The overall attributable
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Table 21.71 Numbers of deaths (000s) from asthma and COPD caused
by workplace exposure

Asthma COPD

Subregion Males Females Total Males Females Total

AFR-D 1 1 2 4 1 6

AFR-E 2 1 3 5 1 7

AMR-A 0 0 1 12 2 14

AMR-B 1 0 1 8 1 9

AMR-D 0 0 0 0 0 0

EMR-B 0 0 0 1 0 1

EMR-D 2 1 2 7 1 8

EUR-A 1 1 1 16 2 18

EUR-B 1 1 2 5 1 7

EUR-C 2 1 3 12 2 15

SEAR-B 2 2 4 8 1 9

SEAR-D 7 5 12 47 13 60

WPR-A 1 0 1 3 0 4

WPR-B 3 3 6 109 52 161

World 23 15 38 240 78 318

Table 21.70 Attributable fractions (%) for burden of disease (DALYs) for
asthma and COPD caused by workplace exposure

Asthma COPD

Subregion Males Females Total Males Females Total

AFR-D 11 7 10 16 5 11

AFR-E 13 9 11 16 5 12

AMR-A 9 4 7 18 3 11

AMR-B 12 4 8 17 3 10

AMR-D 11 3 7 13 1 7

EMR-B 11 2 7 17 2 12

EMR-D 14 6 10 17 3 11

EUR-A 11 4 8 19 4 12

EUR-B 15 8 12 19 6 13

EUR-C 18 8 14 21 6 14

SEAR-B 16 9 13 18 6 13

SEAR-D 17 10 13 16 5 11

WPR-A 12 5 9 21 5 14

WPR-B 15 9 12 19 7 14

World 14 7 11 18 6 13
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Table 21.72 DALYs (000s) from asthma and COPD caused by workplace
exposure

Asthma COPD

Subregion Males Females Total Males Females Total

AFR-D 63 27 90 43 10 53

AFR-E 84 56 141 57 12 69

AMR-A 37 15 51 147 21 168

AMR-B 98 27 125 115 17 132

AMR-D 16 4 19 6 0 6

EMR-B 18 3 21 20 1 20

EMR-D 74 27 100 75 13 87

EUR-A 41 14 55 176 29 205

EUR-B 30 13 43 75 19 94

EUR-C 32 9 41 135 34 169

SEAR-B 44 26 70 90 21 111

SEAR-D 310 166 476 552 149 701

WPR-A 23 9 33 44 9 53

WPR-B 241 115 356 1485 378 1862

World 1110 511 1621 3020 713 3733

Table 21.73 Age-specific mortality attributable fractions, deaths and
DALYs for asthma and COPD, males 

Age group (years)

15–29 30–44 45–59 60–69 70–79 80–89 All ages

Attributable fractions (%)
Asthma 23 23 23 22 22 21 21
COPD 17 18 18 18 18 19 18

Deaths (000s)
Asthma 3 4 6 4 4 2 23
COPD 0 3 29 56 91 62 240

DALYs (000s)
Asthma 670 228 144 43 20 5 1110
COPD 88 564 992 710 517 149 3020

fraction for asthma morbidity plus mortality was about two thirds 
of that for mortality, reflecting the fact that globally a great deal of
asthma occurs at younger ages and is nonfatal and nonoccupational in
origin. 

For COPD mortality, the attributable fraction varied between subre-
gions from 9% in AMR-D to 16% in EUR-C and WPR-A (Table 21.69).



Worldwide attributable fractions for COPD were estimated to be 18%
for men and 6% for women (12% overall). Overall attributable frac-
tions (based on DALYs and reflecting mortality and morbidity) were very
similar to the mortality-based fractions (see Tables 21.69 and 21.70).
The estimated number of deaths is almost an order of magnitude higher
for COPD than for asthma, with an estimated 318000 deaths (240000
men and 78000 women) and 3.7 million DALYs resulting from occu-
pational COPD each year. Half of the COPD deaths and half of the
DALYs occurred in WPR-B, owing in part to the large population of the
subregion, high background COPD mortality rates and the relatively
high employment in mining.

For both asthma and COPD, males predominated. Compared to
females, males had nearly 50% higher attributable fraction for asthma
mortality and three times that for COPD mortality. The ratio was about
two for disease burden. Similar ratios were seen for the estimated
numbers of deaths and DALYs due to these conditions. Asthma deaths
were fairly evenly spread among all age groups from 30 to 79 years of
age, whereas DALYs predominantly involved persons aged 30–59 years.
For COPD, the majority of deaths occurred in persons aged ≥60 years,
whereas DALYs were more evenly spread among all age groups from 
30 to 79 years of age (see Tables 21.73 and 21.74).

7.3 Noise

Occupational noise-induced hearing loss accounted for more than four
million DALYs, all of them produced by the disability associated with
hearing loss (YLD). Worldwide, the burden of hearing loss attributed to
occupational noise is 16%, ranging between 7% in WPR-A and 21% in
WPR-B. By sex, the effects of exposure to occupational noise are larger
for males than for females in all subregions (Table 21.75). Attributable
fractions are related to age group and sex in all subregions. Males usually
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Table 21.74 Age-specific mortality attributable fractions, deaths and
DALYs for asthma and COPD, females

Age group (years)

15–29 30–44 45–59 60–69 70–79 80–89 All ages

Attributable fractions (%)
Asthma 13 14 14 13 13 12 13
COPD 6 5 5 6 6 6 6

Deaths (000s)
Asthma 2 3 4 2 2 2 15
COPD 0 1 6 13 28 30 78

DALYs (000s)
Asthma 228 95 81 28 15 5 511
COPD 45 133 149 152 166 69 713



experience greater exposure to noise at work than females, owing to dif-
ferences in occupational categories, economic sectors of employment and
working lifetime. In this study, the attributable fraction decreased with
age group after 30–44 years, indicating the heavy impact of occupational
noise on the burden of hearing loss at younger ages (Table 21.76). The
30–44-year age group accounted for the highest number of DALYs and
the 70–79-year age group for the lowest (1673000 vs 32000).

Table 21.77 provides estimates of the number of DALYs (in thou-
sands) produced by occupational noise-induced hearing loss by subre-
gion in the year 2000. Overall, four million DALYs were lost owing to
noise-induced hearing loss. SEAR-D and WPR-B accounted for more
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Table 21.75 Attributable fractions of occupational noise-induced hearing
loss, by sex and subregion

Subregion Males Females All

AFR-D 23 11 17

AFR-E 23 12 18

AMR-A 12 5 9

AMR-B 19 9 15

AMR-D 18 9 14

EMR-B 20 9 15

EMR-D 20 13 16

EUR-A 13 5 9

EUR-B 24 13 19

EUR-C 24 13 18

SEAR-B 23 16 19

SEAR-D 24 9 16

WPR-A 9 6 7

WPR-B 26 15 21

World 22 11 16

Table 21.76 Attributable fractions (%) and DALYs (000s) for occupational noise-
induced hearing loss, by age group

Age group (years)a

15–29 30–44 45–59 60–69 70–79 Total

Males Females Males Females Males Females Males Females Males Females Males Females All

Attributable 29 16 29 16 21 11 13 6 3 1 22 11 16
fraction

DALYs 425 206 1 144 530 925 482 271 136 23 9 2 788 1 362 4 151

a AF was set to zero for ≥80.
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Table 21.78 Attributable fraction and DALYs of low back pain due to
occupational ergonomic stressors, by sex and subregion

AF (%) DALYs (000s)

Subregion Males Females All Males Females All

AFR-D 36 29 33 21 16 37

AFR-E 36 31 33 25 20 45

AMR-A 35 25 30 17 10 27

AMR-B 41 23 33 32 15 47

AMR-D 34 18 27 4 2 6

EMR-B 31 12 22 9 3 12

EMR-D 36 25 31 25 16 41

EUR-A 34 22 29 21 11 32

EUR-B 43 37 40 18 12 30

EUR-C 45 36 41 21 14 34

SEAR-B 43 34 39 26 19 46

SEAR-D 43 34 38 111 78 189

WPR-A 38 27 33 9 5 14

WPR-B 44 38 41 146 110 256

World 41 32 37 485 333 818

Table 21.77 DALYs (000s) due to occupational noise-induced hearing
loss, by sex and subregion

Subregion Males Females All

AFR-D 109 49 157

AFR-E 127 60 186

AMR-A 92 31 123

AMR-B 122 43 165

AMR-D 15 6 20

EMR-B 60 21 81

EMR-D 142 88 230

EUR-A 117 47 164

EUR-B 92 50 142

EUR-C 136 92 228

SEAR-B 219 185 404

SEAR-D 799 303 1101

WPR-A 26 22 48

WPR-B 735 365 1100

World 2788 1362 4151



than half of the years of healthy life lost (1.1 million each in SEAR-D
and WPR-B). Males lost twice the number lost by females (2788000 vs
1362000).

7.4 Ergonomic factors

The attributable fractions for low back pain ranged from 22% to 41%
among the subregions (Table 21.78). Differences by age group were quite
small, and the attributable fractions for the total working population
(ages 15–65 years) were rather consistent. In most geographical regions,
women have a lower attributable burden of low back pain than men,
although the difference is most pronounced in the eastern Mediterranean
region and the less developed countries in the Americas.

Occupational ergonomic stressors caused 818000 DALYs due to low
back pain in 2000 (Table 21.78). Globally, 37% of low back pain was
attributable to occupational causes. The occupational contribution to the
burden of low back pain varied relatively little between subregions, with
22% being the lowest (EMR-B) and 41% the highest (EUR-C and WPR-
B). The attributable fraction in men (41%) was slightly higher than that
in women (32%), which is mainly due to the type of work men perform,
involving more vibration, heavy physical loads or handling of materials.

7.5 Risk factors for injuries

Work-related risk factors for unintentional injuries represent 8% of the
burden of unintentional injuries. In all regions, the highest attributable
fractions were found in males, reflecting the high number of males
exposed to hazardous conditions in the workplace. Overall, the attrib-
utable fraction for males was 12% and for women 2%. Occupational
injuries were responsible for 310000 deaths (291000 males and 19000
females).

In 2000, there were 10496000 years of healthy life (DALYs) lost
among exposed workers (Table 21.79). Overall, males lost about 90%
of healthy life years owing to unintentional injuries at work.

8. Discussion
We have attempted to estimate the burden of disease due to selected
occupational risk factors by considering exposure, rather than the

Marisol Concha-Barrientos et al. 1771

Table 21.79 Summary results describing the global burden of
occupational injuries

Measure Males Females Total

Attributable fraction for disease burden (%) 12 2 8

Deaths (000s) 291 19 310

DALYs (000s) 9779 718 10496



common actuarial approach. In this study, a methodology based on the
EAP, economic sectors and subsectors and occupational categories was
developed to quantify the exposure. Assignment of exposure (low/high)
within these categories allowed us to make estimations about the amount
of exposure to a given risk factor or groups of risk factors causing an
outcome. The dominant source of uncertainty in this analysis was char-
acterizing exposure, which was solely based on economic subsectors
and/or occupations and involved a large number of extrapolations 
and assumptions. High-quality exposure data are lacking, especially in
developing countries, and European and American exposure estimates
were thus applied in many instances in developing regions (B, C, D and
E subregions). This extrapolation could have substantial impact on the
accuracy of analysis for the developing regions if exposures, as usually
occur, vary from place to place and over time. Diseases with long 
latency (e.g. cancers) are those that are more susceptible to the assump-
tions and extrapolations. In addition to problems produced by the 
length of the latency period, the magnitude of the excess risk may vary
depending on the age of the person when exposure began, the duration
and strength of exposure and other concomitant exposures. The turnover
of workers is another problem that affects both exposure and risk 
assessment.

The accuracy of the exposure data is fairly coarse because exposures
vary greatly within an occupation. This indirect estimation of exposure
may cause misclassification of the true exposure situation. The propor-
tions of exposed workers with high exposure in the A and in the B, C,
D and E subregions were less than the published data would indicate.
This may be partly because the published literature often focuses on
industries and/or occupations with high exposure, but may also indicate
an underestimation of true exposure.

Sources of uncertainty in hazard estimates (relative risk and mortal-
ity rates) include variations determined from the literature (once again
caused by the use of different exposure proxies), extrapolations to
regions with different working conditions, the application to females of
risk measures from male cohorts, and the application of the same rela-
tive risk values to all age groups (e.g. carcinogens).

Restricting the analysis to persons aged ≥15 years excludes the quan-
tification of child labour. The exclusion of children in the estimation was
due to the wide variation in the youngest age group for which countries
reported EARs. In addition to inconsistent data on EARs for children,
there was virtually no data available on their exposure to occupational
risk factors or the relative risks of such exposures. Specific, focused
research on children is needed to quantify the global burden of disease
due to child labour and the resulting implications.

Owing to lack of global data, we could not analyse occupational con-
tributions to the global burden of infectious diseases, cardiovascular dis-
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orders, MSDs of the upper extremities, skin disorders and other condi-
tions with recognized occupational etiologies.

8.1 Occupational carcinogens

For each condition, deaths were predominantly in older persons up to
79 years, whereas DALYs tended to be highest in the younger age groups.
The estimated overall attributable fractions for lung cancer of 10% for
men and 5% for women (9% overall) are similar to those from a recent
United States study, based on a review of relevant studies, in which the
attributable fraction for lung cancer was estimated to be between 6%
and 17% for men, and to be about 2% for women (Steenland et al.
2003). A similar Finnish study used estimates of 29% (men) and 5%
(women) but these included a contribution from environmental tobacco
smoke, which the study estimated to be about 2% or 3% (Nurminen
and Karjalainen 2001). (The United States study did not include any con-
tribution from environmental tobacco smoke, but separately estimated
the contribution of workplace environmental tobacco smoke to be 5.7%
[Steenland et al. 2003]).

The estimated 2% attributable fraction for leukaemia compares with
0.8–2.8% for the United States (Steenland et al. 2003) and 18% (men)
and 2% (women) for Finland (Nurminen and Karjalainen 2001). The
higher Finnish estimate seems to arise from the inclusion of occupational
exposure to electromagnetic fields, from the reliance on different studies
for relative risk estimates, and from the exposure patterns in the Finnish
population.

8.2 Nonmalignant respiratory diseases

Many of the issues relevant to a discussion of the results for particulates
are also relevant to carcinogens, and were discussed in detail under that
rubric. The estimated attributable fractions for asthma mortality of 21%
for men and 13% for women (17% overall) are similar to those from
two recent reviews, both of which found an occupational attributable
fraction of 15% (Balmes et al. 2003; Blanc and Toren 1999). The Finnish
study on which most of the occupational relative risk estimates used in
this study were based had higher estimates for men (29%) and women
(17%) (Karjalainen et al. 2002), but these estimates are based on Finnish
workforce patterns, which are likely to differ from those in most other
countries.

Estimates of the attributable fraction for COPD mortality varied
between subregions from 9% to 16%. The overall value of 12% is very
close to the few published estimates of occupational attributable frac-
tion for COPD of 14% in the United States (Steenland et al. 2003, based
on Korn et al. 1987), 14% for men and 5% for women in Finland 
(Nurminen and Karjalainen 2001) and 15% in a recent review by the
American Thoracic Society (Balmes et al. 2003).
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8.3 Noise

Occupational noise-induced hearing loss accounted for more than four
million DALYs, all of them produced by the disability associated with
hearing loss (YLD). Worldwide, the burden attributed to occupational
noise is 16%, ranging between 7% in WPR-A and 21% in WPR-B. By
sex, the effects of exposure to occupational noise are larger for males
than for females in all subregions. The attributable fraction decreased
with age group after 30–44 years, indicating the heavy impact of occu-
pational noise on the burden of hearing loss at younger ages. 

In addition to causing irreversible hearing loss, high noise levels in the
workplace cause elevated blood pressure, sleeping difficulties, annoyance
and stress. Our findings indicate that occupational noise has multiple
consequences, both for the individual and for society, and particularly
for those suffering hearing loss at young ages. Most occupational noise
exposure can be minimized by the use of engineering controls to reduce
the generation of noise at its source, within complete hearing loss pre-
vention programmes that include noise assessment, audiometric moni-
toring of workers’ hearing, appropriate use of hearing protectors and
worker education. 

8.4 Ergonomic factors

Human capacity for work depends on many functions and attributes:
body size, muscle strength, aerobic fitness, sensory perception and cog-
nitive capacity. Features of the work environment that do not accom-
modate these needs may produce physical or psychosocial stressors on
the human system. Work features that have received attention because
of their adverse health effects include heavy manual handling and other
types of strenuous work, and awkward body postures.

For this analysis, the exposure variable was work in an occupational
category with its assigned level of risk (low, medium or high rate of low
back pain). This exposure variable is the “proxy” for the combination
of occupational exposures found in the specified occupation that are
implicated in the etiology of low back pain.

Occupational ergonomic stressors caused 818000 DALYs from low
back pain in 2000. The attributable fractions of low back pain ranged
from 22% to 41% among subregions, with the global fraction amount-
ing to 37%. The African countries had the highest attributable fraction
of low back pain for all age groups analysed. Fractions of 40% or above
were reached in EUR-B and EUR-C and in SEAR-B. The attributable
fraction in men (41%) was slightly higher than that in women (32%),
which is mainly due to the type of work men perform, involving more
vibration, heavy physical load or material handling. Subregional varia-
tions reflect differences in occupational types and exposure. Over half of
the working population in AFR-D and AFR-E was employed in agricul-
ture. In contrast, about one third of the working populations in the AMR
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and EUR subregions were employed in production occupations (“oper-
ators”) and another large fraction (40% or more) in professional, sales
and clerical jobs. In general, males are more exposed than females
because they constitute a higher proportion of the labour force. In the
less developed subregions, males are generally more exposed because of
the higher proportions of workers in formal agriculture than in the devel-
oped subregions. The proportion of females in the labour force was par-
ticularly low in EMR-B and EMR-D.

The available literature demonstrates the feasibility and benefits of
workplace ergonomic interventions (training and engineering controls)
that have been implemented by employers in numerous economic sectors.
Effective abatement measures include redesigning workstations to elim-
inate the need for bending and twisting; installing material or patient
hoists and other lifting devices; a greater variety of work tasks, to avoid
repetitively loading the same body tissues; and improving the mechani-
cal isolation of seating to reduce transmission of whole-body vibration.
Training programmes are most effective when they address job design,
target supervisory and management personnel along with the manual
labour force, and take place in a setting where workers are empowered
to utilize the knowledge imparted. In general, the coordination of mul-
tiple activities—workstation improvements, training, enhanced medical
surveillance and management—within an intervention programme
appears to be the most effective. This is consistent with the conclusions
of Shannon et al. (1996, 1997) that lower injury rates are associated with
workplace characteristics such as general workforce empowerment and
top management’s active leadership, together with delegation of decision-
making authority regarding occupational safety.

8.5 Risk factors for injuries

To our knowledge, this is the first study to estimate attributable fractions
of work-related risk factors for unintentional injuries within the overall
burden of DALYs. Lack of data on exposure did not allow a risk based
approach and the estimates were based on occupational injury registries.
This will limit the applicability of these estimates to preventive purposes
which are based on exposure. Our findings show that the overall attrib-
utable fraction of 9% reported in this study is above the upper range of
values reported by Chen et al. (2001) in the United States. Chen et al.
reported an overall attributable fraction of 3.8%, varying between 1.5%
in Arizona and 9.8% in Alaska. The difference in the findings between
the two studies is explained by the heavy burden of mortality in the
DALY estimation in developing countries, especially when deaths occur
in younger populations.

Our findings understate the importance of the impact of occupational
risk factors leading to injuries in the overall burden of disease due to
injuries. A major factor in the underestimation was our use of data from
an insured population from one country. There is some evidence that 
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mortality can be greater in uninsured populations, but in the absence of 
consistent evidence, a similar mortality in the insured and uninsured
populations was assumed (Dror 2001; Forastieri 1999; Loewenson
1998). Lerer and Myers (1994) found that 28% of occupational fatali-
ties in Cape Town, South Africa, were not reported despite a statutory
requirement to do so. Using this fraction, we may have missed about 
100000 occupational injury deaths due to underreporting. Also, we did
not estimate the injury mortality due to intentional injuries such as homi-
cides in the workplace, owing to the lack of data from developing coun-
tries. However, current evidence shows that intentional injuries must be
present in such countries; thus the lack of an estimation of deaths due to
this cause increases the degree of underestimation of the number of deaths
due to injuries (e.g. by approximately 4% in Australia and New Zealand).

Analysis of the full contribution of injuries at work within the overall
burden of injuries requires indicators that measure not only mortality
but also morbidity. In some countries and regions, with constant or
slightly decreasing mortality patterns, it has been observed that the
decline in mortality is balanced by an increase in the severity of injuries
and morbidity, especially long-lasting or permanent disabilities (CDC
2001; Guerrero et al. 1999). In these cases, evaluation of the effective-
ness of preventive measures is also hampered.

Injuries are largely preventable by improvements to make work safer
and healthier. Engineering controls, administrative policies, health and
safety information and education to promote safety-conscious attitudes
and behaviour are needed. Surveillance data must be developed to
provide the basis for targeting preventive measures towards high-risk
groups of workers. The distribution of burden by type of external cause
of mortality has allowed the developed countries to focus on preventive
actions at work, resulting in a reduction in injury rates over time. Similar
analysis and preventive actions in other countries could greatly reduce
injuries at the workplace.

8.6 Conclusion

The aim of this study was to estimate the attributable fractions of
selected occupational exposures. The risk factors were selected accord-
ing to the availability of data, the strength of evidence linking the occu-
pational exposure and the outcome, and the amount of risk arising from
the exposure. An important feature of these risk factors and the result-
ing disease burden is their concentration among the working population,
especially those in high-risk occupations and sectors. Hazards at work-
places and the resulting illness and injury are understood most accurately
in the formal sector, and even there much undercounting occurs. The
burden in the informal sector in developing countries, where large pro-
portions of the population work, is high and largely lacks description.
Neither household and family agricultural work by women nor child
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labour were addressed in our study. Due primarily to lack of data in
developing countries, we were unable to include important occupational
risks for infectious diseases, dermatitis, reproductive disorders, some
cancers, ischaemic heart disease, musculoskeletal disorders of the upper
extremities, and other conditions such as workplace stress.

The estimated burden of occupational risk factors can be diminished
by improving working conditions, as many examples from different
countries have shown. Work-related diseases are largely preventable. For
example, many dusty activities can be made safer by using wet methods,
thus reducing workers’ exposures to silica. Work surfaces can be adjusted
to a worker’s height, thereby reducing suffering from low back pain. 
Substituting safe chemicals for known carcinogens can prevent many
cancers. A change of process can reduce noise levels, thus protecting
workers’ hearing. Attention to electrical safety or machine guarding can
eliminate tragic injuries at the workplace.

9. Projections of future exposure
In the next 50 years, the population of the developing regions will
steadily rise, whereas that of more developed regions is expected to
change little because fertility levels will remain below replacement level
(UN 2001). There will also be differences in growth rates between the
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Table 21.80 Expected rate of growth of the economically active
population between 2000 and 2010, by sex and subregion

Growth rate

Subregion Males Females

AFR-D 0.33 0.38

AFR-E 0.27 0.25

AMR-A 0.08 0.12

AMR-B 0.17 0.27

AMR-D 0.27 0.45

EMR-B 0.32 0.66

EMR-D 0.31 0.53

EUR-A –0.35 0.03

EUR-B –0.26 0.16

EUR-C 0.00 0.00

SEAR-B 0.17 0.24

SEAR-D 0.21 0.27

WPR-A –0.03 0.04

WPR-B 0.11 0.11

Source: ILO (2002a).



sexes. A negative growth rate among economically active males is
expected to occur between 2000 and 2010 in developed regions such as
Europe, while comparable female rates will continue increasing in 
most of the regions, including the developed ones (ILO 2002a) (Table
21.80).

The expected changes in the world population will affect the EAP as
well as the median age of workers (Fullerton and Toosi 2001). These
changes in the characteristics of the working population will be accom-
panied by a different distribution of employment in the economic sectors
(agriculture, industry and services). Currently, the service sector of many
economies is growing at a fast rate, while the agricultural sector is rapidly
declining in developing countries and remains at a stable low level in
developed countries. It is expected that these different patterns of growth
within the economic sectors will continue in the coming years. More-
over, the expected changes will affect the distribution of occupations
within an economic sector. In developed countries in which a change in
the structure of the economy has been observed, there has been a shift
in the proportion of workers from the “production” category in favour
of professional, managerial, clerical and sales occupations.

9.1 Exposure estimation for the years 2010, 2020 and 2030

As mentioned above, the EAP by economic sector was used to estimate
the working population exposed to some risk factors, including car-
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Table 21.81 Projected EARs for the year 2010
by sex and subregion

Subregion Males Females

AFR-D 0.84 0.55

AFR-E 0.85 0.64

AMR-A 0.7 0.59

AMR-B 0.8 0.45

AMR-D 0.81 0.44

EMR-B 0.78 0.39

EMR-D 0.81 0.42

EUR-A 0.57 0.47

EUR-B 0.69 0.56

EUR-C 0.75 0.59

SEAR-B 0.82 0.62

SEAR-D 0.84 0.48

WPR-A 0.71 0.52

WPR-B 0.81 0.68

Source: ILO (2002a).



cinogens, while occupational category within a sector was used for
others, including noise and ergonomic stressors. Therefore, to project the
exposed population for the years 2010, 2020 and 2030 a three-step pro-
cedure was followed: (i) the EAP was estimated; (ii) the EAP was dis-
tributed among economic sectors; and, where needed, (iii) occupational
categories were distributed within the economic sectors.

EAP ESTIMATION

To obtain the EAP for the year 2010, we multiplied the overall popula-
tion (2010) by the EARs by subregion for the year 2010 as estimated by
ILO (See Table 21.81). Then, in the absence of other data, the same EAR
by subregion was used for the years 2020 and 2030 to generate the EAP
(see Equation 4). Calculations were restricted to persons aged ≥15 years
by sex and subregion, thus allowing regional patterns to be preserved.

(4)

where

EAP15+j = economically active population ≥15 years, j=year (2010,
2020, 2030)

EAP EAR for each age group

Population for each age group

15 j 2010

i

+ = ≥([
¥ ≥( ))]

Â 15

15
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Table 21.82 Projected distribution of EAP by subregion in 2010, 2020
and 2030

2010 2020 2030

Subregion EAP % total EAP % total EAP % total

AFR-D 151300284 4.6 199904691 5.4 260126023 6.3

AFR-E 181011306 5.5 232504879 6.3 300771980 7.3

AMR-A 176129373 5.4 191817362 5.2 201632376 4.9

AMR-B 218574298 6.7 251138963 6.8 278348992 6.8

AMR-D 35233802 1.1 43360108 1.2 51164255 1.2

EMR-B 67730185 2.1 82896189 2.2 98826530 2.4

EMR-D 165776470 5.1 214302617 5.8 269408795 6.5

EUR-A 172528633 5.3 171619225 4.6 165811266 4.0

EUR-B 110565142 3.4 118115432 3.2 123452320 3.0

EUR-C 125923283 3.8 118343637 3.2 112001074 2.7

SEAR-B 173799078 5.3 196214683 5.3 213861114 5.2

SEAR-D 663743911 20.3 784531784 21.1 885891293 21.5

WPR-A 77452109 2.4 76367545 2.1 72515258 1.8

WPR-B 952086321 29.1 1030847264 27.8 1086544112 26.4

Total 3271854196 100.0 3711964378 100.0 4120355388 100.0
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Populationi = population year 2010, 2020, 2030

EAR = economic activity rate, year 2010

The EAP will increase steadily towards 2010, 2020 and 2030, but the
amount of the increase and the patterns are somewhat different between
developed and developing countries, as well as among countries having
a similar degree of development. The percentage distribution of the EAP
by subregion reflects the growth of the overall population, with greater
growth in developing countries. WPR-B and SEAR-D will contribute
49.4% of global EAP in the year 2010, whereas developed subregions
will contribute only 13.1% (Table 21.82).

EAP DISTRIBUTION AMONG ECONOMIC SECTORS FOR 2010, 2020 AND 2030

The basic approach to estimating the EAP among economic sectors was
to use regression analysis to identify the relationship between the distri-
bution of the economic sectors and the projected years of interest. The
dependent variables (proportion of EAP employed in agriculture, indus-
try or services) were separately compared to the independent variable
time,10 using the following model:

(5)

where

PEAPA ln a Y bT= ( ) + ln

Figure 21.3 Projected distribution of the agricultural sector by year and
subregion, 2010, 2020 and 2030
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PEAPA = proportion of EAP in agriculture (similarly, PEAPI and
PEAPS for industry, or service) in Year T

YT = Time (Year T)

The slope factors and intercepts obtained by regression analysis, using
the EAP proportion by economic subsector for the years 1990–2000,
were then used to estimate the proportion of the EAP for the years 2010,
2020 and 2030, separately for each economic subsector. We did not
include economic development (e.g. measured as GDP per capita) as an
additional variable in the analysis, assuming that previous trends capture
the effects of trends in GDP. Given the economic and social factors that
determine occupational distributions, the changes in the EAP in the
future are subject to behavioural decisions by individuals, policy deci-
sions in home countries and abroad, and developments in education. The
project distribution of EAP among economic sectors showed different
patterns among different subregions. As an example, Figure 21.3 pre-
sents the distribution of EAP in agriculture.

OCCUPATIONAL CATEGORIES ADJUSTMENT

No data were available to develop trends for employment in occupa-
tional categories in 2010, 2020 and 2030. Therefore, proportions 
of exposed workers within occupational categories were adjusted 
according to the distribution pattern of the year 2000, adjusted only for
the new proportions employed within economic sectors in the year of
interest.

Notes
1 See preface for an explanation of this term.

2 Dusts are technically defined as dry particle aerosols produced by mechanical
processes such as breaking, grinding and pulverizing (Johnson and Swift
1997). Particle sizes range from less than 1 mm to over 100 mm. The smaller
particles present a greater hazard, as they remain airborne longer and are more
likely to enter the respiratory tract. Dusts may be organic (e.g. grain dust) or
inorganic (e.g. silica, asbestos and coal dust).

3 Economic activities comprise agriculture, mining, manufacturing, utilities,
construction, trade, transport, finance and services.

4 dBA is the unit of sound pressure level in decibels that has been A-weighted,
i.e. measured with an A-weighted sound level meter. Sound levels measured in
dBA have been widely used to evaluate occupational and environmental expo-
sures because of the good correlations between the “A” scale and human
hearing ability at different frequencies, hearing damage and environmental
annoyance.

5 The average of the hearing threshold levels for both ears that exceeds 25dB
at 1000, 2000, 3000 and 4000Hz.
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6 Tinnitus is noise originating in the ear rather than in the environment. The
noise may be a buzzing, ringing, roaring, whistling, humming or hissing in the
ears. Ringing in the ears is an extremely common phenomenon experienced
by up to a third of the adult population at one time or another.

7 A temporary increase in the threshold of hearing for an ear caused by expo-
sure to high-intensity noise.

8 The percentage of workers with a hearing impairment in an occupationally
noise-exposed population, after subtracting the percentage in an unexposed
population who would normally incur such impairment owing to ageing.

9 Year was the predictor of the data.
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