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1. Introduction
Estimates of the burden of disease attributable to selected individual 
risk factors were presented in chapter 26. Diseases and injuries are,
however, almost always caused by multiple risk factors (Rothman 
1976; Walter 1980), motivating analysis of the health benefits of simul-
taneous reductions in multiple risks. Estimating the joint effects of 
multiple distal and proximal risks is particularly important because many
factors act through other, intermediate, factors (Murray and Lopez 1999;
Yerushalmy and Palmer 1959), or in combination with other factors, as
we described in chapter 1 of this book. For example, education, occu-
pation and income may affect smoking, physical activity and diet, which
are risk factors for cardiovascular diseases, both directly and through
further layers of intermediate factors such as body mass index (BMI),
blood pressure and cholesterol. Multi-causality also means that a range
of interventions can be used for disease prevention, with the specific
choice determined by factors such as cost, technology availability, infra-
structure and preferences.

A number of works have estimated the joint effects of two or more
risk factors in specific cohorts (Hirayama 1990; Neaton and Wentworth
1992; Rothman and Keller 1972; Stampfer et al. 2000; Willet 2002), 
or for specific groups of diseases and risks (Doll and Peto 1981; Smith
et al. 1999). Innovative models and methods have also been developed
to quantify the complexity of multiple risk factor effects, especially as
they interact over time (Manton et al. 1993; Robins 1999). Estimating
joint risk factor effects beyond specific diseases or cohorts, however,
remains relatively unexplored in epidemiology and population health.
Using comprehensive reviews of data on selected major risk factors in
various levels of causality, this chapter is an attempt to do so.



We further used the joint effects of multiple risk factors to estimate
the potential gain in healthy life expectancy (HALE) from reducing these
risks. Analysis of multiple risk factors, with heterogeneous contributions
to disease burden in different populations, would also allow estimating
how much of the cross-population health differentials (e.g. differences in
HALE) are due to the selected risk factors. By estimating gains in HALE
based on causes of disease, this work also contributes in a systematic
way to the continued debate on the potential limits to life expectancy
(Oeppen and Vaupel 2002; Riley 2001).

2. Methods

2.1 Estimating joint population attributable fractions

Methods and data sources for estimating the burden of disease attribut-
able to individual risk factors were described in chapter 25. The contri-
bution of a risk factor to disease or mortality relative to some alternative
exposure scenario (i.e. population attributable fraction, PAF, defined as
the proportional reduction in population disease or mortality that would
occur if exposure to the risk factor were reduced to an alternative expo-
sure scenario [Eide and Heuch 2001; Miettinen 1974]) is given by the
generalized “potential impact fraction” in Equation 1.

(1)

where

RR(x): relative risk at exposure level x

P(x): population distribution of exposure

P¢(x): alternative or counterfactual distribution of exposure, and

m: maximum exposure level

In equation 1, RR, P, and P¢ may represent joint relative risks and
exposure distributions for multiple risk factors (i.e. x may be a vector of
risk factors), with RR for each risk factor estimated at the appropriate
level of the remaining ones (Eide and Heuch 2001). Alternatively, for 
n biologically independent and uncorrelated risk factors, the joint PAF
is given by equation 2 (Miettinen 1974; Walter 1976). If risk factors are
independent and uncorrelated, the proportion of the remaining disease
which is attributed to the ith additional risk factor equals PAFi (and
hence 1 – PAFi not attributable to this factor). Therefore, the second 
term in the right hand side of equation 2 (i.e. the product of all 
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[1 – PAFi] terms) is the fraction of disease not attributable to any of the
n risk factors. One minus this term is the fraction attributable to the
combined effects of the n risk factors:

(2)

where PAFi is the PAF of individual risk factors
Estimating the joint effects of multiple risk factors is in practice

complex for several reasons. First, some of the effects of the more distal
factors (e.g. physical inactivity) are mediated through intermediate
factors (e.g. high BMI itself through blood pressure) (Figure 27.1). Esti-
mating the joint effects of distal and intermediate factors requires knowl-
edge of independent hazards of the distal ones (vs individual risk factor
effects, which are based on total hazard) (Figure 27.1). Second, the
hazard due to a risk factor may depend on the presence of other risk
factors (effect modification) (Koopman 1981; Rothman and Greenland
1998). Third, there may be correlation between exposure to various risk
factors, because they are affected by the same distal factors and policies.
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Figure 27.1 Mediated and direct effects

Factor 1 
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(e.g. blood 
pressure)

Outcome 
(e.g. IHD)

Direct

effect

Factor 1B 
(e.g. diet)

Mediated
effect

Mediated
effect

Note: Some of the effects of a risk factor (e.g. BMI) may be mediated through other factors (e.g. blood
pressure). When estimating the total effects of individual distal factor on disease, both mediated
and direct effects should be considered. This is because in the presence of mediated effects,
controlling for the intermediated factor would attenuate the effects of the more distal one
(Greenland 1987). When estimating the joint effects of the more distal factor (e.g. BMI) and the
intermediate one (e.g. blood pressure), the direct and mediated effects must be separated,
especially if the intermediate factor is affected by other distal factors (e.g. diet).



For example, undernutrition, poor water and sanitation and the use of
solid fuels are more common among poor rural households in develop-
ing countries, or smokers generally have higher and more harmful 
patterns of alcohol consumption and worse diet than non-smokers. 

While the current literature refers to scenarios 1 and 2 as biological
interaction and to scenario 3 as statistical interaction (Miettinen 1974;
Rothman and Greenland 1998; Rothman et al. 1980), this distinction is
somewhat arbitrary and the three scenarios may occur simultaneously.
For example, zinc deficiency affects mortality from diarrhoea directly as
well as through lowering growth (weight-for-age) (scenario 1) (Brown 
et al. 2002; Zinc Investigators’ Collaborative Group 1999), and may also
be correlated with underweight, other micronutrient deficiencies, and
poor water and sanitation (scenario 3). Similarly alcohol and smoking
may not only be correlated (scenario 3), but also affect each other’s
hazard for some diseases (scenario 2) (Rothman and Keller 1972).
Although the epidemiological literature has placed much emphasis on
removing or minimizing the effects of confounding covariates, mediated
and stratified hazards have received disproportionately little empirical
attention. Therefore, we used reviews of extant literature and re-analysed
existing cohort data to strengthen the empirical basis for considering
interactions in sensitivity analyses.

In one set of estimates (referred to as the unadjusted scenario), we
assumed no mediated effects or interactions among risk factors. We then
included the mediated effects and interactions described above in a
second scenario (referred to as the adjusted scenario).

JOINT EFFECTS OF CARDIOVASCULAR DISEASE RISK FACTORS

Epidemiological studies on the effects of high BMI, physical inactivity,
and low fruit and vegetable intake on cardiovascular disease risk have
illustrated some attenuation of the effects after adjustment for interme-
diate factors (e.g. blood pressure or cholesterol) (Berlin and Colditz
1990; Blair et al. 2001; Eaton 1992; Gaziano et al. 1995; Jarrett et al.
1982; Jousilahti et al. 1999; Khaw and Barrett-Connor 1987; Liu et al.
2001, 2000; Manson et al. 1990, 2002; Rosengren et al. 1999; Tate 
et al. 1998). This attenuation confirms that some of the hazard of the
more distal factors is mediated through the intermediate ones (Figure
27.1). The attenuation has varied among studies but has consistently
been less that one half of the excess risk of the distal factors. We used
an upper bound of 50% as the proportion of the excess risk from these
risk factors mediated through intermediate factors that are themselves
among the selected risks. 

To include effect modification, deviations from the multiplicative
model of 10% for ischaemic heart disease (IHD) and 30% for ischaemic
stroke were used based on existing studies (both sub-multiplicative)
(Eastern Stroke and Coronary Heart Disease Collaborative Research
Group 1998; Neaton and Wentworth 1992).
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JOINT EFFECTS OF SMOKING AND OTHER RISK FACTORS

Liu et al. (1998) found that in China, the relative risks for mortality from
lung and other cancers, respiratory diseases and cardiovascular diseases
were approximately constant in different cities whose non-smoker mor-
tality rates from these diseases varied by a factor of 4–10 (see Figures 4
and 6 in Liu et al. 1998). This finding has also been confirmed in studies
which stratified hazards for serum cholesterol (Jee et al. 1999).

JOINT EFFECTS OF CHILDHOOD UNDERNUTRITION FOR INFECTIOUS DISEASES

Zinc affects child growth (Brown et al. 2002) and some of its effects on
infectious diseases may be mediated through growth (e.g. underweight).
As no published source for these mediated effects existed, data from
some of the available zinc trials (Zinc Investigators’ Collaborative Group
1999) were re-analysed and an upper bound of 50% on the proportion
of zinc deficiency risk mediated through underweight was used. Vitamin
A deficiency, which affects some of the same diseases as underweight and
zinc deficiency, has been found not to change the hazard size for the other
two risk factors based on stratified results from clinical trials and recent
reviews of micronutrient deficiency literature (Christian and West Jr.
1998; Ramakrishnan and Martorell 1998; Ramakrishnan et al. 1995;
West et al. 1991).

JOINT EFFECTS OF UNDERNUTRITION AND ENVIRONMENTAL RISK FACTORS IN

CHILDHOOD DISEASES

Anthropometric (growth) indicators of childhood nutrition (e.g. weight-
for-age) are aggregate measures of multiple factors which include nutri-
tion (e.g. protein-energy intake) and previous infection (Pelletier et al.
1993; Scrimshaw et al. 1968; UNICEF 1990). Therefore, some of the
risks for indoor smoke from solid fuels and poor water, sanitation and
hygiene (which result in acute lower respiratory infections [ALRI] and
diarrhoea, respectively) may be mediated through underweight. In a
review of existing literature, Briend (1990) concluded that attempts to
disentangle direct and mediated contributions, especially over long time
periods needed to affect population-level anthropometry, have not estab-
lished diarrhoea as a significant cause of underweight. Other works,
however, have found evidence that infection (especially diarrhoea) could
result in reduced growth and increased the prevalence of underweight
(Black 1991; Guerrant et al. 1992; Lutter et al. 1989, 1992; Martorell
et al. 1975a, 1975b; Stephensen 1999). To account for potential medi-
ated effects, we chose an upper bound of 50% for the proportion of 
the excess risks for indoor smoke from solid fuels and for poor water,
sanitation and hygiene mediated through underweight in subregions1

where underweight was a cause of disease burden.
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RISK FACTOR CORRELATION

To estimate the joint effects of risk factors with a continuous exposure
variable (e.g. blood pressure and cholesterol), each integral in the PIF re-

lationship may be replaced with

where subscripts 1 and 2 denote the two risk factors and P is the joint
distribution of the two exposures. If the joint RR were a linear function
of exposure levels (x1 and x2), then correlation between the two risk
factors would not affect total hazard. Because individual RRs are non-
linear functions of exposure (e.g. in a logistic or Cox proportional hazard
model) and joint RRs are the product of such terms, positive correlation
between risk factors would, in general, imply a larger PAF than zero cor-
relation, which in turn would be larger than negative correlation (sub-
multiplicative effect modification could result in smaller PAF even with
positive correlation for some RR values). Similarly, for categorical risk
factors, positive correlation would in general result in larger PAF (see
also Greenland 1984).

For the range of exposures and relative risks observed here, this 
secondary effect of risk factor correlation would be considerably smaller
than the joint attributable fraction, which may be confirmed by micro-
simulation of exposure distributions and relative risks. This is because
the PAF relationship is an increasing concave function of individual or
joint RR (i.e. rate of increase declines with increasing RR or prevalence)
(Figure 27.2). Because the risk factors considered in this analysis indi-
vidually accounted for large fractions of the diseases affected by them in
populations where these diseases are important components of disease
burden, the joint effects approached 100% asymptotically, limiting 
the overestimation potential (e.g. individually, underweight accounted 
for 60–70% of under-five diarrhoea in AFR-D, AFR-E and SEAR-D;
poor water, sanitation and hygiene for approximately 90%; vitamin 
A deficiency for 20%-30%; and zinc deficiency for 10–17%; similarly,
in various developed subregions, individually, high blood pressure
accounted for 44–64% of IHD; high cholesterol for 51–68%; high BMI
for 17–36%; low fruit and vegetable intake for 19–35%; and physical
inactivity for 15–16%).

2.2 Gains in healthy life expectancy (HALE)

The incidence of many conditions (e.g. neuropsychiatric conditions or
long-term effects of injuries) may cause ill health but not death. It is
therefore important to capture both fatal and non-fatal health outcomes
in describing population health. Healthy life expectancy or health-
adjusted life expectancy (HALE) reduces total life expectancy into equiv-
alent years of “full health” by taking into account the distribution and
severity of health states in the population (Mathers 2002). Inputs to the 
calculation of HALE include the period life table (or age-sex-specific
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mortality rates) and prevalences of health states (resulting from diseases,
their sequelae, and their combinations) for each country. Methods for
estimating HALE have been described in detail elsewhere (Mathers et al.
2001). Unlike estimates of the burden of disease which compare current
mortality and disability to a normative survivorship function (Murray
and Lopez 1996), estimates of the gain in HALE account for competing
risks.

The estimates in this chapter show the improvements in HALE for the
year 2000, that would have been observed if exposure to the selected
risk factors had been reduced to the theoretical-minimum-risk counter-
factual distribution, as described in each of the risk factor chapters. In
each of the 14 subregions, joint disease-specific PAFs were estimated for
all diseases affected by the 20 leading global risk factors (chapter 26; see
also individual risk factor chapters), for all age and sex groups.

Mortality and incidence in the counterfactual scenario are (1 – PAFM)
and (1 – PAFI) times their original values where PAFM and PAFI are the
PAF of mortality and incidence attributable to the joint effects of the risk

Majid Ezzati et al. 2173

Figure 27.2 PAF relationship as a function of prevalence and relative risk
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Note: PAF relationship is an increasing concave function of both prevalence (seen in the shape of each
curve) and RR (seen in the declining distance between each adjacent pair of curves). As a result, for
joint risk factor PAF, errors due to deviations from a simple uncorrelated multiplicative model (due
to risk factor correlation or effect modification) are secondary to the joint PAF. For example, for
two risk factors with RR = 2 and RR = 3, a multiplicative model would result in a joint RR of 6.
The PAF would be approximately correct even if the true joint RR were 5 or 7, as the PAF curves
are close for these RR values. This phenomenon becomes increasingly dominant with increasing
number of risk factors (i.e. the curves for RR = 11, 12, and 13 are even closer than those for RR =
5, 6 and 7). Further, the flattening of PAF curves at high exposures limits the error due to risk
factor correlation.



factors. The age-sex-specific mortality and age-sex-cause-specific preva-
lence of diseases and their sequelae were adjusted to these levels to esti-
mate the HALE gain as a result of multiple risk factor removal.
Reduction in prevalence was obtained from reduction in incidence under
equilibrium conditions (Kruijshaar et al. 2002). Cause-specific estimates
were necessary for non-fatal conditions because of different disability
weights (Murray and Lopez 1996) but not for fatal conditions.

3. Results
Table 27.1 shows the individual and joint contributions of the 20 selected
risk factors for the 10 leading diseases in the world and in three broad
combinations of subregions—high-mortality developing (38% of global
population), lower-mortality developing (40% of global population) and
demographically and economically developed (22% of global popula-
tion).2 For most diseases, the joint effects of these risk factors were sub-
stantially less than the crude sum of the individual effects (e.g. globally
four separate risk factors were each responsible for 10%, 18%, 45%
and 88% of diarrhoeal disease, but with a joint PAF of 92–94%), con-
firming that a large number of cases are caused by the joint actions of
more than one of these risk factors acting as sufficient causes (Rothman
1976), or through other factors.

Globally, large fractions of diarrhoea (92–94%), ALRI (55–62%),
lung cancer (72%), upper aerodigestive cancer (60%), chronic obstruc-
tive pulmonary disease (COPD) (60%), IHD (83–89%) and stroke
(70–76%) were attributable to the joint effects of the risk factors con-
sidered here (see Willet 2002 and Stampfer et al. 2000 for consistent vas-
cular disease examples from specific cohorts). The joint PAFs for cancers
other than lung and upper aerodigestive (23%), perinatal conditions
(23%), maternal conditions (42%), and intentional (29%) and uninten-
tional (20%) injuries, which have more diverse risk factors, were smaller
but non-negligible. Although the fraction of total malaria burden attrib-
utable to childhood undernutrition was relatively large (56–59%), this
was because of the contribution of mortality at younger ages to disease
burden. No adult malaria was attributed to the above risk factors
because the epidemiological literature has focused on quantifying
increased risk of malaria as a result of childhood undernutrition only.
Finally, with the exception of alcohol and drug dependence, which were
fully attributable to their specific risk factors, very small fractions or
none of neuropsychiatric conditions, tuberculosis, congenital anomalies,
and a number of other diseases were attributed to the risk factors con-
sidered in this book.

Figure 27.3 shows the individual and joint contributions (including
overlap) of selected major risk factors to each of the following 
disease categories in the three subregional groups described above: 
I. communicable, maternal, perinatal and nutritional conditions; 
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Figure 27.3 Individual and joint contributions (adjusted scenario as
described in methods) of selected risk factors to different
disease groups

(a) High-mortality developing subregions (38% of global population)

(b) Low-mortality developing subregions (40% of global population)

(c) Developed subregions (22% of global population)

Total group I 490M DALYs
Unsafe sex 17%
Underweight 25%
Unsafe WSH 9%
Indoor smoke 6%

Joint PAF 48%

Total group II 254M DALYs
High BP 8%
High cholesterol 6%
Tobacco 5%
Alcohol non-vascular 2%

Joint PAF 17%

Total group III 89M DALYs
Occupational injury risks 8%
Alcohol 8%
Illicit drugs 1%

Joint PAF 16%

Total group I 102M DALYs
Unsafe sex 5%
Underweight 12%
Unsafe WSH 7%
Indoor smoke 3%

Joint PAF 23%

Total group II 244M DALYs
High BP 8%
High cholesterol 4%
Tobacco 6%
Alcohol non-vascular 6%

Joint PAF 20%

Total group III 62M DALYs
Occupational injury risks 8%
Alcohol 14%
Illicit drugs 1%

Joint PAF 23%

Total group I 19M DALYs
Unsafe sex 6%
Underweight 4%
Unsafe WSH 4%
Indoor smoke 2%

Joint PAF 14%

Total group II 168M DALYs
High BP 14%
High cholesterol 10%
Tobacco 15%
Alcohol non-vascular 7%

Joint PAF 34%

Total group III 27M DALYs
Occupational injury risks 4%
Alcohol 29%
Illicit drugs 3%

Joint PAF 36%

continued
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II. noncommunicable diseases; III. injuries. Communicable, maternal,
perinatal and nutritional conditions, and their underlying risk factors, in
high-mortality developing subregions contributed disproportionately to
global loss of healthy life (i.e. large Group I disease burden and large
fraction (54–56%) attributable to the selected risk factors). Noncom-
municable diseases and their risk factors (54–57% attributable to the
selected risk factors) dominated the burden of disease in developed sub-
regions, although, by comparison, this was considerably smaller than
total disease burden in high-mortality developing subregions. Both
disease groups and their risk factors, with intermediate levels, affected
low-mortality developing subregions.

Table 27.1 and Figure 27.3 also show that the selected risk factors for
each disease group exhibited heterogeneous contributions to disease
burden across clusters of countries and subregions. For Group I diseases,
unsafe sex had the lowest proportional contribution in low-mortality
developing countries but made a very large contribution in high-
mortality developing countries. For Group II diseases, the relative con-
tributions of high cholesterol and tobacco varied across the three subre-
gional groupings, with their relative contributions reversing from one to
another. Similarly, for Group III, the relative contributions of alcohol and
occupational factors showed considerable heterogeneity across subre-
gional groups.

Gains in HALE from removing these 20 selected risk factors are
shown in Figure 27.4. Globally, in the year 2000, an estimated 47% of
mortality and 39% of disease burden were attributable to the joint effects
of 20 selected risk factors. Global HALE would increase from 56.2 to
65.5 years in the absence of these risks (adjusted scenario). The corre-
sponding results for the unadjusted scenario were nearly identical with
HALE increasing to 66.0 years.

Figure 27.4 shows that the removal of major risk factors would not
only have resulted in improvements in each subregion, but also, in
general, reduced the health differentials across subregions (i.e. larger
gains in subregions with lower HALE) with the largest gain in health in

Key: High-mortality developing subregions: AFR, AMR-D, EMR-D and SEAR-D. Low-mortality developing
subregions: AMR-B, EMR-B, SEAR-B and WPR-B. Developed subregions: AMR-A, EUR and 
WPR-A. Group I: communicable, maternal, perinatal and nutritional conditions; Group II:
noncommunicable diseases; Group III: injuries; WSH, water, sanitation and hygiene; BP, blood
pressure.

Note: The size of each circle shows the absolute size of the burden (in millions of DALYs). Numbers for
individual risk factors show the total burden including those overlapping with the remaining factors
shown in lined pattern. Note that each risk factor may also have contributions to other disease
groups (e.g. indoor smoke also causes COPD, which is in Group II and alcohol also causes injuries,
which are in Group III). In reality, there is a small overlap between underweight and unsafe sex
since underweight children with HIV/AIDS are likely to survive for a shorter period (not estimated
in this work).

Notes for Figure 27.3
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AFR-E (16.1 years) and the smallest in WPR-A (4.4 years). Important
exceptions to the monotonic decreasing relationship between HALE gain
and initial HALE were EUR-C and EUR-B (mainly consisting of the
countries of eastern and central Europe and the former Soviet Union).
In these subregions, the leading global risk factors jointly account for a
disproportionately larger share of disease burden (49% in EUR-C and
37% in EUR-B) and led to substantial loss of healthy life years (10.7 in
EUR-C and 8.3 in EUR-B), emphasizing the concentration of disease
burden among a few important risk factors (alcohol, tobacco, high blood
pressure and high cholesterol) in these two subregions.

4. Discussion
The estimates of the joint contributions of 20 selected leading global risk
factors showed that these risks together were responsible for a consid-
erable loss of healthy life in different regions of the world. In particular,
for some of the leading global diseases (e.g. ALRI, diarrhoea, lung cancer,
IHD and stroke), substantial proportions were attributable to these
selected risk factors. Removing these 20 risk factors would not only have
resulted in a 9.3-year (17%) gain in global HALE, but also would have

Figure 27.4 The joint effects of leading 20 global risk factors on HALE
in year 2000, by subregion (adjusted scenario)
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accounted for some of the interregional HALE differences. In fact, the
analysis showed that even populations with currently high HALE (e.g.
developed regions of the western Pacific and Europe) could further
benefit from risk reduction. These results provide a guide to the poten-
tial gains in (healthy) life expectancy (estimated statistically from past
trends [Oeppen and Vaupel 2002; Riley 2001]) through disease preven-
tion by reducing known risks. Similar analyses for the leading 10 selected
global risks suggest a gain of 8.1 years in HALE (vs 9.3 years for the
leading 20). This concentration of disease burden further emphasizes the
contribution of leading risks such as undernutrition, unsafe sex, high
blood pressure, tobacco and alcohol to global loss of healthy life.

At the same time, the estimated joint contributions of these risk factors
left an important part of the global disease burden unexplained and did
not fully explain interregional HALE differentials. This was because only
a small fraction of some important diseases was attributable to the
selected risk factors considered here. These include diseases whose deter-
minants: i) are diffuse among environmental and behavioural factors
(e.g. some cancers, perinatal conditions, and neuropsychiatric diseases)
(see Doll and Peto 1981 for examples from cancers); ii) have more
complex, multi-factor etiology and often heterogeneous determinants in
different populations and therefore difficult to quantify without data at
very small scale (e.g. tuberculosis and injuries); iii) involve long delays;
or iv) have limited quantitative research at the population level (e.g. neu-
ropsychiatric diseases), often as a result of the above three factors as well
as difficulties in measuring exposure or outcome (Evans 1978). Mitiga-
tion of many such diseases (e.g. malaria, tuberculosis or injuries) may 
be better guided by analyses of the effects of interventions tailored to
individual settings than by risk factor analysis.

The results of this analysis changed little with plausible assumptions
about mediated risks or effect modification among risk factors. An
important reason for this is the concave shape of the PAF relationship
(Figure 27.2). Because risk factors considered in the analysis individu-
ally accounted for large fractions of the diseases affected by them (e.g.
diarrhoea and IHD), the joint affects approached 100% asymptotically
limiting the sensitivity of results to assumptions about interaction. We
emphasize that this does not include the considerably larger uncertainty
in each of the individual PAF estimates discussed in detail in chapters 1
and 26 of this book. At the same time, since for many of the important
causes of global disease burden (e.g. childhood infectious and vascular
diseases), multiple important risk factors were included, the joint effects
would likely remain large regardless of uncertainties in the individual
PAF.

An additional important source of uncertainty, affecting both indi-
vidual and joint risk factor estimates, is the concentration of both risks
and diseases in specific subgroups (vs correlations of risks alone, dis-
cussed above). For many risk factors and diseases, exposure and outcome
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are simultaneously higher in some groups (e.g. higher malnutrition,
unsafe water, sanitation and hygiene, and indoor smoke in poor rural
households in developing countries; unhealthy diet, and higher smoking
and BMI in some groups in developed countries). In these circumstances,
PAFs based on population averages would in general underestimate the
effects compared to group-specific analysis, even if the relative risks are
constant across groups (Greenland 1984) (also confirmed by micro-
simulation). Higher concentration of disease and mortality (e.g. 
childhood mortality and vascular diseases) in the same groups due to
factors such as limited access to health services would magnify this effect,
becoming an important contributor to underestimation of the benefits of
risk reduction when population level exposure and mortality data are
used. In addition to risk factor analysis, estimates of HALE include large
uncertainty, especially in countries with poor mortality and disease 
registration systems as estimated and discussed elsewhere (Mathers et al.
2001). Further implications of these findings for research, and for poli-
cies and programmes aimed at improving population health, are dis-
cussed in chapter 29.

Acknowledgements
We thank T. Armstrong, R.E. Black, F. Bull, G. Colditz (with E. Rimm
and M. Stampfer), C. Lawes, K. Lock, V. Parag, J. Powles, A.J. Rice, K.P.
West Jr., G. Whitlock, W. Willet and M. Woodward for discussion and
references on independent and mediated effects.

Notes
1 See preface for an explanation of this term.

2 High-mortality developing subregions: AFR, AMR-D, EMR-D and SEAR-D.
Low-mortality developing subregions: AMR-B, EMR-B, SEAR-B and WPR-
B. Developed subregions: AMR-A, EUR and WPR-A.

References
Berlin JA, Colditz GA (1990) A meta-analysis of physical activity in the 

prevention of coronary heart disease. American Journal of Epidemiology,
132:612–628.

Black RE (1991) Would control of childhood infectious diseases reduce malnu-
trition? Acta Paediatrica Scandinavica Supplement, 374:133–140.

Blair SN, Cheng Y, Holder JS (2001) Is physical activity or physical fitness more
important in defining health benefits? Medicine and Science in Sports and
Exercise, 33:S379–399.

Briend A (1990) Is diarrhoea a major cause of malnutrition among the under-
fives in developing countries? A review of available evidence. European
Journal of Clinical Nutrition, 44:611–628.



Majid Ezzati et al. 2187

Brown KH, Peerson JM, Rivera J, Allen LH (2002) Effect of supplemental 
zinc on the growth and serum zinc concentrations of prepubertal children: a
meta-analysis of randomized controlled trials. American Journal of Clinical
Nutrition, 75:1062–1071.

Christian P, West Jr KP (1998) Interactions between zinc and vitamin A: an
update. American Journal of Clinical Nutrition, 68:S435–441.

Doll R, Peto R (1981) The causes of cancer: quantitative estimates of avoidable
risks of cancer in the United States today. Journal of the National Cancer
Institute, 66:191–308.

Eastern Stroke and Coronary Heart Disease Collaborative Research Group
(1998) Blood pressure, cholesterol, and stroke in Eastern Asia. The Lancet,
352:1801–1807.

Eaton CB (1992) Relation of physical activity and cardiovascular fitness to coro-
nary heart disease, Part I: a meta-analysis of the independent relation of phys-
ical activity and coronary heart disease. Journal of the American Board of
Family Practice, 5:31–42.

Eide GE, Heuch I (2001) Attributable fractions: fundamental concepts and their
visualization. Statistical Methods in Medical Research, 10:159–193.

Evans AS (1978) Causation and disease: a chronological journey. American
Journal of Epidemiology, 108:249–258.

Gaziano JM, Manson JE, Branch LG, Colditz GA, Willett WC, Buring JE (1995)
A prospective study of consumption of carotenoids in fruits and vegetables
and decreased cardiovascular mortality in the elderly. Annals of Epidemiol-
ogy, 5:255–260.

Greenland S (1984) Bias in methods for deriving standardized morbidity ratio
and attributable fraction estimates. Statistics in Medicine, 3:131–141.

Greenland S (1987) Quantitative methods in the review of epidemiologic litera-
ture. Epidemiologic Reviews, 9:1–30.

Guerrant RL, Schorling JB, McAuliffe JF, de Souza MA (1992) Diarrhea as a
cause and an effect of malnutrition: diarrhea prevents catch-up growth and
malnutrition increases diarrhea frequency and duration. American Journal of
Tropical Medicine and Hygiene, 47:28–35.

Hirayama T (1990) Life-style and mortality: a large-scale census-based cohort
study in Japan. Karger, Tokyo.

Jarrett RJ, Shipley MJ, Rose G (1982) Weight and mortality in the Whitehall
study. British Medical Journal, 285:535–537.

Jee SH, Suh I, Kim IS, Appel LJ (1999) Smoking and atherosclerotic cardiovas-
cular disease in men with low levels of serum cholesterol: the Korea Medical
Insurance Corporation study. Journal of the American Medical Association,
282:2149–2155.

Jousilahti P, Vartiainen E, Tuomilehto J, Puska P (1999) Sex, age, cardiovascu-
lar risk factors, and coronary heart disease: a prospective follow-up study of
14 786 middle-aged men and women in Finland. Circulation, 99:1165–1172.



2188 Comparative Quantification of Health Risks

Khaw KT, Barrett-Connor E (1987) Dietary fiber and reduced ischemic 
heart disease mortality rates in men and women: a 12-year prospective study.
American Journal of Epidemiology, 126:1093–1102.

Koopman JS (1981) Interaction between discrete causes. American Journal of
Epidemiology 113:716–724.

Kruijshaar ME, Barendregt JJ, Hoeymans N (2002) The use of models in the
estimation of disease epidemiology. Bulletin of the World Health Organiza-
tion, 80:622–628.

Liu BQ, Peto R, Chen ZM et al. (1998) Emerging tobacco hazards in China: 1.
Retrospective proportional mortality study of one million deaths. British
Medical Journal, 317:1411–1422.

Liu S, Lee IM, Ajani U, Cole SR, Buring JE, Manson JE (2001) Intake of 
vegetables rich in carotenoids and risk of coronary heart disease in men: 
the Physicians’ Health Study. International Journal of Epidemiology, 30:
130–135.

Liu S, Manson JE, Lee IM, Cole SR, Hennekens CH, Willett WC, Buring JE
(2000) Fruit and vegetable intake and risk of cardiovascular disease: 
the Women’s Health Study. American Journal of Clinical Nutrition, 72:
922–928.

Lutter CK, Habicht JP, Rivera JA, Martorell R (1992) The relationship between
energy intake and diarrhoeal disease in their effects on child growth: biolog-
ical model, evidence, and implications for public health policy. Food and
Nutrition Bulletin, 14:36–42.

Lutter CK, Mora JO, Habicht JP et al. (1989) Nutritional supplementation:
effects on child stunting because of diarrhea. American Journal of Clinical
Nutrition, 50:1–8.

Manson JE, Colditz GA, Stampfer MJ et al. (1990) A prospective study of obesity
and risk of coronary heart disease in women. New England Journal of 
Medicine, 322:882–889.

Manson JE, Greenland P, LaCroix AZ et al. (2002) Walking compared with 
vigorous exercise for the prevention of cardiovascular events in women. New
England Journal of Medicine, 347:755–756.

Manton KG, Singer BH, Suzman RM (1993) Forecasting the health of elderly
populations. Springer-Verlag, New York.

Martorell R, Habicht JP, Yarbrough C, Lechtig A, Klein RE, Western KA (1975a)
Acute morbidity and physical growth in rural Guatemalan children. Ameri-
can Journal of Diseases of Children, 129:1296–1301.

Martorell R, Yarbrough C, Lechtig A, Habicht JP, Klein RE (1975b) Diarrheal
diseases and growth retardation in preschool Guatemalan children. American
Journal of Physical Anthropology, 43:341–346.

Mathers CD (2002) Health expectancies: an overview and critical appraisal. In:
Summary measures of population health: concepts, ethics, measurement and
applications. Murray CJL, Salomon JA, Mathers CD, Lopez AD, eds. World
Health Organization, Geneva.



Majid Ezzati et al. 2189

Mathers CD, Sadana R, Salomon JA, Murray CJL, Lopez AD (2001) Healthy
life expectancy in 191 countries, 1999. The Lancet, 357:1685–1691.

Miettinen OS (1974) Proportion of disease caused or prevented by a given expo-
sure, trait or intervention. American Journal of Epidemiology, 99:325–332.

Murray CJL, Lopez AD, eds. (1996) The global burden of disease: a compre-
hensive assessment of mortality and disability from diseases, injuries and risk
factors in 1990. The Global Burden of Disease and Injury, Vol. 1. Harvard
School of Public Health on behalf of WHO, Cambridge, MA.

Murray CJL, Lopez AD (1999) On the comparable quantification of health risks:
lessons from the Global Burden of Disease. Epidemiology, 10:594–605.

Neaton JD, Wentworth D (1992) Serum cholesterol, blood pressure, cigarette
smoking, and death from coronary heart disease. Overall findings and dif-
ferences by age for 316099 white men. Multiple risk factor intervention Trial
Research Group. Archives of Internal Medicine, 152:56–64.

Oeppen J, Vaupel JW (2002) Broken limits to life expectancy. Science, 296:
1029–1030.

Pelletier DL, Frongillo EA Jr, Habicht JP (1993) Epidemiologic evidence for a
potentiating effect of malnutrition on child mortality. American Journal of
Public Health, 83:1130–1133.

Peto R, Lopez AD, Boreham J, Thun M, Heath Jr C (1992) Mortality from
tobacco in developed countries. The Lancet, 339:1268–1278.

Ramakrishnan U, Latham MC, Abel R (1995) Vitamin A supplementation does
not improve growth of preschool children: a randomized, double-blind field
trial in South India. Journal of Nutrition, 125:202–211.

Ramakrishnan U, Martorell R (1998) The role of vitamin A in reducing child
mortality and morbidity and improving growth. Salud Publica de Mexico,
40:189–198.

Riley JC (2001) Rising life expectancy: a global history. Cambridge University
Press, Cambridge.

Robins JM (1999) Marginal structural models versus structural nested models
as tools for causal inference. In: Statistical models in epidemiology. Halloran
E, ed. Springer Verlag, New York.

Rosengren A, Wedel H, Wilhelmsen L (1999) Body weight and weight gain
during adult life in men in relation to coronary heart disease and mortality:
a prospective population. European Health Journal, 20:269–277.

Rothman KJ (1976) Causes. American Journal of Epidemiology, 104:587–592.

Rothman KJ, Greenland S (1998) Modern epidemiology. Lippincott-Raven,
Philadelphia, PA.

Rothman KJ, Greenland S, Walker AM (1980) Concepts of interaction. Ameri-
can Journal of Epidemiology, 112:467–470.

Rothman KJ, Keller A (1972) The effect of joint exposure to alcohol and tobacco
on the risk of cancer of the mouth and pharynx. Journal of Chronic Disease,
25:711–716.



2190 Comparative Quantification of Health Risks

Scrimshaw NS, Taylor CE, Gordon JE (1968) Interactions of nutrition and infec-
tion. (WHO Monograph Series No. 57.) World Health Organization, Geneva.

Smith KR, Corvalan CF, Kjellstrom T (1999) How much global ill health is
attributable to environmental factors. Epidemiology, 10:573–584.

Stampfer MJ, Hu FB, Manson JE, Rimm EB, Willett WC (2000) Primary pre-
vention of coronary heart disease in women through diet and lifestyle. New
England Journal of Medicine, 343:16–22.

Stephensen CB (1999) Burden of infection on growth failure. Journal of Nutri-
tion, 129:S534–538.

Tate RB, Manfreda J, Cuddy TE (1998) The effect of age on risk factors for
ischemic heart disease: the Manitoba Follow-up Study, 1948–1993. Annals
of Epidemiology, 8:415–421.

UNICEF (1990) Strategy to improve nutrition of children and women in devel-
oping countries: a UNICEF policy review. United Nations Children’s Fund,
New York.

Walter SD (1976) The estimation and interpretation of attributable risk in health
research. Biometrics, 32:829–849.

Walter SD (1980) Prevention for multifactorial diseases. American Journal of
Epidemiology, 112:409–416.

West KP Jr, Pokhrel RP, Katz J et al. (1991) Efficacy of vitamin A in reducing
preschool child mortality in Nepal. The Lancet, 338:67–71.

Willet WC (2002) Balancing life-style and genomics research for disease pre-
vention. Science, 296:695–698.

Yerushalmy J, Palmer CE (1959) On the methodology of investigations of etio-
logic factors in chronic diseases. Journal of Chronic Disease, 108:27–40.

Zinc Investigators’ Collaborative Group (1999) Prevention of diarrhea and pneu-
monia by zinc supplementation in children in developing countries: pooled
analysis of randomized controlled trials. Journal of Pediatrics, 135:689–697.


