
1. Estimating population attributable
fractions

As described in earlier chapters, the contribution of a risk factor to
disease burden (expressed as the fraction of disease or death attributable
to the risk factor in a population) is given by the generalized “potential
impact fraction” (PIF) in Equation 1a (Drescher and Becher 1997; Eide
and Heuch 2001; Walter 1980).

(1a)

RR(x): relative risk at exposure level x

P(x): population distribution of exposure

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

m: maximum exposure level

The first and second terms in the numerator of Equation 1a represent
the total exposure-weighted risk of disease or mortality in the popula-
tion under current and counterfactual exposure distributions. The cor-
responding relationship when exposure is described as a discrete variable
with n levels is given by:
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(1b)

The PIF equation can be used to estimate the population attributable
fraction (PAF), defined as the proportional reduction in disease or death
that would occur if exposure to the risk factor were reduced to the coun-
terfactual exposure distribution. The remainder of this chapter outlines
how data on exposure, hazard and disease burden were combined to
derive estimates of attributable disease burden, with estimation of the
population attributable fraction as the intermediate step. The applica-
tion of Equations 1a and 1b in the context of the comparative risk 
assessment (CRA) project is discussed and several issues regarding its
implementation are detailed.

2. Estimating attributable mortality and
burden of disease

For each risk factor–disease outcome pair, PAFs for each of the 224 age,
sex, subregion1 groups were calculated using the relationships in Equa-
tion 1, separately for mortality (PAFM) and incidence (PAFI) when the
relative risks for mortality and incidence were different. For each of 
these 224 groups, the estimates of mortality (AMij) and burden of disease
(ABij) from disease j attributable to risk factor i were calculated as 
below. Burden of disease, reported annually in the annexes of the 
World Health Report, was expressed in disability-adjusted life years
(DALYs), with methods and assumptions described elsewhere (Murray
and Lopez 1996). Specifically:

AMij = PAFM–ij ¥ Mj

AYLLij = PAFM–ij ¥ YLLj

AYLDij = PAFI–ij ¥ YLDj

ABij = AYLLij + AYLDij

Where “A” indicates “attributable” and 

YLL: years of life lost to premature mortality

YLD: years of life lived with disability due to disease incidence

For those risk factors with insufficient data to estimate a relative risk
model (e.g. occupational or alcohol-caused injuries or the effects of lead
exposure on blood pressure), disease burden or mortality was estimated
using existing registers or corresponding hazard relationships. Estimates
were then aggregated across age groups to obtain subregional estimates,
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and across subregions to obtain global estimates. The details of this ag-
gregation are described later in this chapter.

3. Counterfactual exposure distribution
The estimates of burden of disease and injuries due to risk factors in the
CRA project are based on a counterfactual of theoretical-minimum-risk
exposure distribution, defined in chapter 1 and described in individual
risk factor chapters. By using the theoretical-minimum-risk exposure 
distribution, which by definition has a relative risk of 1.0, as the 
counterfactual exposure distribution or level, Equations 1a and 1b are
reduced to:

(2a)

and

(2b)

3.1 Theoretical-minimum-risk exposure distribution for
continuous exposure variables

The theoretical-minimum-risk exposure distribution for continuous risk
factors is itself often a distribution of exposure levels, vs a constant base-
line. Figure 25.1, for example, illustrates a scenario for systolic blood
pressure (SBP) with typical exposure levels in an older population (mean:
150mmHg; SD: 9mmHg) compared with the theoretical-minimum-risk
exposure distribution (mean: 115mmHg; SD: 6mmHg). The non-zero
standard deviation of the theoretical-minimum-risk distribution reflects
the reality that there always is some inter-person variability within any
given population, even after hypothetical reductions such as that shown
in Figure 25.1.

The optimal exposure distribution for a population would overlap 
precisely with the theoretical-minimum-risk exposure distribution. By
definition of theoretical-minimum risk, such a population would be col-
lectively without any increased risk and therefore with zero attributable
burden due to the risk factor of interest. Any population containing indi-
viduals outside this distribution will then have a population attributable
fraction greater than zero and exposure distributions converging on the
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theoretical minimum will have attributable burden tending towards zero.
The risk for any individual (or groups of individuals in a narrow range
of exposure) in the population would be determined by the difference
between her/his current exposure (SBP level) and the SBP level that s/he
would have when the population distribution overlaps with the theoret-
ical-minimum-risk exposure distribution.

Estimating the total hazard at the population level can be achieved
using a micro-simulation approach in which individuals are drawn 
randomly from current and theoretical-minimum-risk exposure distribu-
tions. For most risk factors, however, individual exposures “track” over
relatively long periods of time (Lauer and Clarke 1988; Voors et al. 1979;
Wilsgaard et al. 2001). In other words, those with higher/lower expo-
sure levels of a particular risk factor are expected to have higher/lower
exposure levels within the theoretical-minimum-risk exposure distribu-
tion (see the hypothetical individuals in Figure 25.1). Random (uncor-
related) draws of individuals from current and theoretical-minimum-risk
exposure distributions would be inconsistent with the empirical evidence
on tracking. Consistent with this evidence, we assumed that the order-
ing of individuals in the exposure distribution remains unchanged (i.e.
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Figure 25.1 Theoretical-minimum-risk exposure distribution for
continuous risk factors using systolic blood pressure (SBP)
as an example

Usual SBP (mmHg)
100 115 150 180 

1.0

2.0

4.0

8.0

0
 

2.5  

5  

7.5  

10  

P
ro

p
o

rtio
n

 o
f p

o
p

u
latio

n
 (%

) 

Current distribution

Theoretical-minimum-risk
distribution

R
el

at
iv

e 
ri

sk
 f

o
r 

is
ch

ae
m

ic
 

h
ea

rt
 d

is
ea

se
 

Note: Each point represents a hypothetical individual or small group of individuals in the population. The
solid straight lines represent the increasing relative risk, on a log scale, for ischaemic heart disease
with increasing SBP.



the rank-order correlation of individual exposures equals 1) in the tran-
sition to the theoretical-minimum-risk distribution in estimating the PAF.

With correlated rank-ordering of individuals in current and 
theoretical-minimum-risk exposure distributions, if hazards were a linear 
function of exposure, then for those risks with symmetric distributions,
shifting the population to the theoretical minimum distribution would
be computationally equivalent to shifting everyone to the mean exposure
of the theoretical-minimum-risk exposure distribution (i.e. the standard
deviation of the theoretical-minimum-risk exposure distribution would
not change the total hazard). This is because, with a linear hazard 
function, the changes in hazards for individuals above and below the
mean, as a result of changing the standard deviation of the theoretical-
minimum-risk exposure distribution, would fully compensate each 
other.

Risk is, however, an exponential function of exposure in most epi-
demiological models. With an exponential hazard function, when the
baseline is the mean of theoretical-minimum-risk exposure distribution,
the integrated risk is larger for those above the mean than those below
the mean (Figure 25.2), compared to the case of treating theoretical-
minimum-risk exposure as a distribution with non-zero standard devia-
tion. The net difference would depend on both the steepness of the risk
curve (i.e. increased risk per unit increase in exposure) and the standard
deviations of the current and theoretical-minimum-risk exposure 
distributions.

For computational reasons, we estimated PAFs for continuous risk
factors relative to the mean of the theoretical-minimum-risk exposure
distribution. In these calculations, the relative risk for any individual in
the population with an exposure below the mean of the theoretical-
minimum-risk exposure distribution was set to 1.0 (e.g. in Figures 25.1
and 25.2, the lower tail of current blood pressure distribution is inside
the theoretical minimum distribution with some individuals already at a
level below 115mmHg. These individuals were assigned a relative risk
of 1.0). Sensitivity analysis showed that in the scenarios analysed in the
CRA project, global PAFs estimated by integrating risk relative to the
mean of the theoretical-minimum-risk exposure distribution were up to
2% larger than those estimated by integrating risk relative to the full dis-
tribution. As described above, this is because of the non-linear shape of
most hazard functions.

4. Aggregation of attributable burden
across age, sex and subregion

Within each of the 14 subregions, all-age-sex population attributable
fractions (PAFsubregion) were calculated by aggregating attributable burden
estimates across the 16 age-sex-specific estimates within the subregion
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and then dividing by the total subregional disease burden using the rela-
tionship in Equation 3 (the estimates could similarly be aggregated across
ages separately for males and females).

(3)

Similarly, for each age-sex group, world attributable fractions
(PAFage,sex) were calculated by aggregating attributable burden estimates
across all the 14 subregion-specific estimates and then dividing by the
disease burden for that age-sex group using the relationship in 
Equation 4.
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Figure 25.2 Effect of a non-linear hazard function and choice of baseline
on total population risk

Note: With an exponential hazard function, when theoretical-minimum-risk exposure is a distribution
with a non-zero standard deviation, those falling above the mean of the current distribution (e.g.
155 mmHg for SBP) contribute more to total population hazard than those below it, relative to the
case when the baseline is a constant level (115 mmHg for SBP). In the figure, the solid lines
represent the hazard when the theoretical-minimum-risk exposure is a distribution, and the dotted
line when a constant baseline is considered. The difference between the two relative risks on the
right (RR2) is larger than those on the left (RR1). As a result of this imbalanced contribution to
hazard, using the mean of theoretical-minimum-risk exposure distribution as baseline in estimating
total population hazard would result in slightly larger PAFs than using the complete theoretical
minimum distribution.
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(4)

This is shown in Tables 25.1–25.3 for the case of SBP and ischaemic
heart disease (IHD). The non-italic numbers in Table 25.1 are the sub-
region-age-sex specific PAFs estimated using Equation 2. Next, these
fractions were applied to the Global Burden of Disease (GBD) 2000 esti-
mates of disease burden for IHD, shown in Table 25.2, producing the
estimates of IHD disease burden attributable to SBP in Table 25.3
(similar estimates could be made for mortality or YLL). Dividing the
total attributable burden in any subregion (e.g. 1.548 million DALYs for
AMR-A in the highlighted cell) by the total IHD burden for the subre-
gion in the GBD database (3.506 million DALYs for AMR-A in the high-
lighted cell) gives the all-age-sex subregional PAFs (44% for AMR-A in
the highlighted cell, obtained by dividing 1.548 by 3.506).

The all-age-sex PAF estimates for the remaining 13 subregions are also
shown in Table 25.1 in italics. Similarly, world PAFs were calculated
within each age and sex group, as well as overall, using Equation 4, and
are shown in the bottom row of Table 25.1. For example, the world PAF
for 60–69 years old males was obtained by dividing the total attribut-
able burden in that age-sex group (4.71 million DALYs) by the total
world IHD burden in the GBD database (9.015 million DALYs), giving
a PAF of 52%.

Computationally, aggregate PAFs (whether aggregated across age-sex
groups or subregions) are equivalent to weighted averages of the subre-
gion-age-sex specific estimates, with weights being the same as the total
number of events (i.e. deaths, YLL, or DALYs) for each subregion-age-
sex group. In the above example, total subregion-age-sex specific DALYs
are the weighting factor. As a result, subregion and world PAFs are
weighted more towards the ages and/or subregions that have higher
DALYs (rather than those with larger populations). For each risk factor,
these separate aggregate PAFs were estimated for deaths, YLL, and
DALYs with the corresponding GBD estimates used as the denominator
(or weighting factor). As a result, even when the age-sex-subregion-
specific PAFs are the same for the three measures, the aggregate ones
may differ.

For example, although the subregion-age-sex-specific PAFs are the
same for deaths and DALYs in the case of elevated SBP and IHD, divid-
ing the IHD deaths attributable to this risk factor in AMR-A (203000)
by the total IHD deaths in this region (618000), gives a regional PAF
for mortality of 33% in AMR-A. In fact, the smaller subregional PAF
for mortality compared to that of DALYs highlights the higher weight-
ing towards the older age PAFs (which are smaller) in the case of 
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mortality, because greater numbers of IHD deaths occur in these age
groups. On the other hand, because deaths at younger ages contribute
to larger loss of life (YLL), when DALYs are considered, the contribu-
tion of PAFs at younger ages to the all-age-sex PAF becomes greater.

5. Exceptions to the general 
estimation procedure

The following list briefly describes the major departures from the stan-
dard analysis framework which were required so that all risk factors
could be adequately assessed within the project. Further details are pro-
vided in the individual risk factor chapters.

• Theoretical minima varied by age, sex and subregion for iron defi-
ciency, since this was the haemoglobin distribution that would be
observed if iron deficiency were eliminated from each population.

• Theoretical minima varied by age, sex and subregion for lack of con-
traception as a risk factor to reflect different fertility preferences
across populations.

• Fruit and vegetable intakes in any population were truncated at zero.
In other words, all individuals falling below zero in the distribution
were allocated a value of zero. Sensitivity analyses were also per-
formed to assess the effects of possible skewness in the distribution of
fruit and vegetable intake.

• The burden of cardiovascular diseases attributable to lead exposure
was estimated by assessing different scenarios of elevated blood pres-
sure due to lead and then estimating the total mediated effect through
blood pressure.

6. Other methodological issues
It has been shown that the attributable fraction estimates using the PIF
relationship in Equation 1 lead to biased estimates when the relative 
risk has been adjusted for confounding (Greenland 1984; Greenland and
Robins 1988). This bias is in fact a result of the correlation among mul-
tiple risks (the risk factor of interest and other risk factors that act as
confounders), as well as the diseases affected by them (Ezzati et al. 2003).
Accounting for this correlation in the estimation of attributable burden,
however, would require the availability of exposure and disease data
stratified by the confounding variable(s). In general, such stratified data
are not available and therefore reliance on the formula with direct use
of the adjusted relative risk estimates was necessary. In the case of pos-
itive correlation among risk factors, this would generally result in an
underestimation of population attributable fraction.
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Note
1 See preface for an explanation of this term.
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