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In 1997, my colleagues and I estimated the fraction of new
cases of diabetes in the United States population attributable
to a 10-year weight gain of =5 kg (1). To estimate this
population attributable fraction (PAF), we used a formula
that multiplied just two quantities: (i) diabetes ‘relative risk’
(RR) — the probability of developing diabetes in those who
gained =5 kg divided by the probability in those who
gained < 5 kg and (ii) the proportion that gained > 5 kg.
We estimated that 27% of new cases of diabetes in the
United States were attributable to gaining = 5 kg.

Unfortunately, we got the wrong answer. The correct
answer is 21%; we over-estimated the PAF by nearly
30%. What did we do wrong? We followed a well-
established, but incorrect, tradition of putting
adjusted RRs in the crude (unadjusted) PAF formula.
The crude formula is only appropriate when the
impact of exposure (i.e. =5kg gain) on the
development of disease (i.e. diabetes) is not con-
founded by other factors, i.e. the crude RR accurately
estimates the exposure—disease relationship. We
ignored the fact that our RR was adjusted for con-
founders, i.e. factors correlated with weight gain and
associated with developing diabetes independent of
weight gain.

We adjusted for age, gender, race, education,
smoking status, cholesterol, blood pressure, antihy-
pertensive medication, body mass index and alcohol
consumption. Our error attributed too many cases of
diabetes to weight gain, when some of these cases
were attributable to factors we had adjusted for. We
could have used an alternative PAF formula that
fully adjusts for confounding factors by using propor-
tion of cases exposed to = 5 kg gain, instead of pro-
portion of total sample exposed (cases + non-cases).
Ironically, we reported all information needed to
estimate correctly the PAF in the study itself (1,
tables 2 and 4) (see Appendix).

Our error in putting adjusted RRs in the crude
formula has been referred to as ‘Probably the most

common error...” associated with PAF (2, p. 16).

One review estimated that at least
one in four published studies make
this mistake (3). A simulation study
putting adjusted RR in the crude
PAF formula yielded results that
‘...were severely biased in most situ-
ations’ (4, p. 2087). In a recent anal-
ysis, this error was shown to over-

estimate Unites States mortality
attributable to obesity by > 100,000
deaths (5).

Although this error has been dis-
cussed in technical literature, it is
not easily accessible to clinicians. In
this commentary, I try to provide a relatively non-
technical understanding of the issue. Probably, if epi-
demiologists continue to make this error, journal
readers will at least be alert to the error and its
implications.

Concepts

The definition of PAF and its fundamental formula
are deceptively simple: ‘... the fraction of all disease
cases in a population that are attributable to (caused

by) the risk factor under study’ (6, p. 131):
PAF = (A — E)/(A + B)

where A is the expected number of cases among
those exposed to the factor, B is the expected number
of cases among those not exposed to the factor, E is
the expected number of exposed cases that are not
caused by the factor, A — E is the excepted number
of cases caused by the factor (6, pp. 131-132).

A, E and B represent unknown population values
that can only be estimated from a sample. E and B
warrant further discussion.

The language now becomes a bit awkward because
we are discussing things that can only occur in the
imagination rather than in fact. Among persons
exposed to a risk factor, E represents the number of
cases of disease that would hypothetically occur if
they had never been exposed. Diseases often have
more than one cause, and removing a risk factor
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might not prevent all cases of the disease; a person
with hypertension who smoked might still get a heart
attack even if they had hypothetically been normo-
tensive but still smoked. Therefore, A — E represents
the counterfactual estimate of the number of cases of
disease that would occur if we could compare people
to themselves, changing only their exposure.

As we never observe the counterfactual quantity
A — E, we use B — cases that occurred among those
that were unexposed — as a surrogate for E. If the
sub-populations that give rise to E and B are of the
same size and do not differ in prevalence of other
risk factors for the disease, A — B provides an unbi-
ased (i.e. unconfounded) estimate of number of cases
of disease attributable to the risk factor under study.
Although the common computing formulae below
account for differences in the size of the E and B
sub-populations, the crude PAF formula is only
appropriate when the sub-populations do not differ
in prevalence of other risk factors for the disease.

Common PAF computing formulae

When there are no factors that confound the rela-
tionship between the risk factor and the disease, PAF
is estimated from a population sample using the
computing formula: (7, formula 5, p. 57]

Crude PAF = P1(RR¢ — 1)/(1 + Pr(RR¢ — 1))

where Pr is the prevalence of the risk factor in the
total sample, RR¢ is the crude RR.

My colleagues and I used a version of this crude
PAF formula appropriate for multiple categories of

exposure (8, formula 4, p. 906), but we mistakenly
used the RR adjusted for confounders mentioned
earlier, rather than the crude RR.

When the relationship between the risk factor and
the disease is confounded, the correct PAF comput-
ing formula is: (7, formula 7, p. 58)

Adjusted PAF = P ((RRy — 1)/RR,)

where Pp, is the prevalence of exposure among cases of
disease, RR, is the RR adjusted for confounding factors.

My colleagues and I should have used the version
of this formula appropriate for multiple exposure
categories (8, formula 9, p. 907).

Directions of bias

Bias that occurs when adjusted RRs are used in the
crude PAF formula can be mathematically defined,
but its form is somewhat complex (6, p. 133). One
can, however, predict the direction of bias for a sin-
gle dichotomous exposure and single dichotomous
confounder. When the crude RR is greater than the
adjusted RR the incorrect PAF formula will under-
estimate the true PAF. When the crude RR is less
than the adjusted RR the incorrect PAF formula will
over-estimate the true PAF. Table 1 shows two hypo-
thetical scenarios in which the confounder is associ-
ated with increased incidence of disease (When the
confounder is associated with decreased incidence of
disease, the directions of bias will be reversed).

In the first scenario, the confounder (age) is posi-
tively correlated with exposure (obesity) — of 250
old, 200 are obese; of 750 young, only 100 are obese

Table 1 Hypothetical examples of bias in estimates of population attributable fraction (PAF) when there is confounding and adjusted relative risk
(RR) used in the crude formula for PAF (inspired by ref. 17, figure 3)*
Probability Proportion  Proportion
No. cases of developing Crude Adjusted of total N of cases Incorrect PAF  Correct PAF
Confounder  Exposure N of disease disease RR (RRc) RR (RRa) exposed (P;) exposed (Pp) for obesityt  for obesityi Bias
Scenario with age as confounder
Young Obese 100 9 0.09
Not obese 650 39 0.06 —10 ppts
Old Obese 200 120 0.600 5.10 1.50 0.30 0.69 13% 23%
Not obese 50 20 0.400 —43%
Total 1000 188 0.188
Scenario with smoking as confounder
Non-smoker  Obese 450 90 0.200
Not obese 300 40 0.133 +5 ppts
Smoker Obese 50 47 0.940 0.83 1.50 0.50 0.45 20% 15%
Not obese 200 125 0.625 +33%
Total 1000 302 0.302
*In both scenarios, the adjusted RR (RR,) is constant across the confounder strata indicating no effect modification. fIncorrect PAF formula = Py (RRy — 1)/(1 + Py
(RRy = 1)). £Correct PAF formula = Pp ((RRy — 1)/RRa).
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— and age is also positively correlated with disease —
of 250 old, 140 cases occurred; of 750 young, only
48 cases occurred. If we do not adjust for this con-
founding by age, we mistakenly conclude that the
obese are 5.1 times more likely (crude RR) to
develop disease than the non-obese; they are actually
only 1.5 times more likely (adjusted RR) to develop
disease. Therefore, to correctly estimate the PAF for
obesity, the adjusted RR should be used in the
adjusted PAF formula to estimate that 23% of cases
of disease are attributable to obesity. However, if we
put the adjusted RR in the crude PAF formula, we
incorrectly estimate that 13% of cases are attributable
to obesity. We did not fully account for the fact that
older people — in whom most cases of disease occur
— are also more likely to be obese. Too few cases of
disease were attributed to obesity by mistakenly
attributing them to older age.

In the second scenario, the confounder (smok-
ing) is negatively correlated with exposure (obesity)
— of 250 smokers, only 50 are obese; of 750 non-
smokers, 450 are obese — and smoking is also pos-
itively correlated with disease — of 250 smokers,
172 cases occurred; of 750 non-smokers, only 130
cases occurred. If we do not adjust for this con-
founding by smoking, we mistakenly conclude that
the obese are only 0.83 times as likely (crude RR)
to develop disease as the non-obese. They are actu-
ally 1.5 times more likely (adjusted RR) to develop
disease. To correctly estimate the PAF for obesity,
the adjusted RR should be used in the adjusted
PAF formula to estimate that 15% of cases of dis-
ease are attributable to obesity. However, if we put
the adjusted RR in the crude PAF formula, we
incorrectly estimate that 20% of cases are attribut-
able to obesity. We did not fully account for the
fact that smokers — in whom most cases of disease
occur — are less likely to be obese than non-smok-
ers. Too many cases of disease were attributed to
obesity when they were actually attributable to
smoking.

A variation on incorrect adjustment of PAF for
confounding is the practice of excluding persons
with the confounding factor from the analysis, prior
to estimating the PAF. For example, one study
excluded smokers before estimating the obesity RR
for cancer mortality (9). This RR for non-smokers
was then used in the PAF formula to estimate the
fraction of all cancer deaths caused by obesity that
occur in the total population (smokers + non-smok-
ers). This practice inflates the PAF because it mis-
classifies the many cancer deaths that occur in
smokers as deaths because of obesity.

Another way to think about PAF estimation is to
remember that adjusting the RR for a confounder
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stratifies the data by levels of the confounder, each
level having its own attributable fraction (see
Table 1). The incorrect approach, however, assumes
that there is only one attributable fraction in the
data. For example, in the scenario where smoking is
the confounder, there is a fraction of disease attrib-
utable to obesity among smokers and a fraction
among non-smokers. The attributable fraction in
smokers is 9% and in non-smokers 23%. These two
attributable fractions can be added together after
weighting them by the proportion of cases that are in
each of the two smoking strata (0.57 for smokers,
0.43 for non-smokers). The result is the correct PAF
of 15%.

Pointers for readers

When reading a study that reports PAF, assess the
following:

e Determine if the RR (aka, odds ratio, hazard ratio,
rate ratio, risk ratio) was adjusted for any other vari-
ables.

e Determine if the crude or adjusted PAF formula
was used. Sometimes authors will report that ‘a stan-
dard formula was used” and give the crude PAF for-
mula. The reader should not be deceived by this
practice; there is nothing ‘standard’ about putting an
adjusted RR in the crude PAF formula — it is simply
the wrong formula.

e Determine if the proportion of cases of disease that
were exposed to the risk factor is reported. If authors
report only the proportion of the total sample
exposed, then they probably used the wrong PAF
formula.

e Readers should be able to hand-calculate the PAF
if they know the RR, the PAF formula used and the
proportion of cases exposed to the risk factor.

Closing thoughts

When confounding is present, putting the adjusted
RR in the crude PAF formula causes bias because
this only partially adjusts for confounding (through
use of adjusted RR). This practice, however, gener-
ally gives a less biased estimate of PAF than if
confounding is completely ignored (use of crude
RR in crude formula). Perhaps the wrong approach
is used because it is thought to be ‘better than
nothing’.

This commentary has emphasised the use (and
misuse) of common computing formulae to estimate
PAF. These formulae can be completely avoided,
however, through use of statistical models that
directly estimate the quantities A, E and B in the
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fundamental formula for PAF. For examples see ref-
erences (10 and 11).

There are other important issues that are beyond
the scope of this commentary. PAF should reflect the
importance of risk factors that are true causes of dis-
ease, rather than just correlates of disease; otherwise
no insight is gained about the impact of policies to
remove risk factors from the population (12). PAF
estimates have statistical variability that should be
reported with the point estimate (e.g. confidence
intervals). I have focused on confounding and PAF,
but an equally serious bias arises if the impact of the
risk factor on disease is dependent on other factors
not accounted for (‘effect modifiers’), even if the
correct PAF formula is used (13). Reference 14 pro-
vides a thorough review of PAF, as well as many
other key epidemiological concepts.

Finally, the motivation for this commentary was a
letter I published about the incorrect PAF formula
used in a recent paper (15). Although the authors
acknowledged their error, their revised formula still
included the wrong measure of proportion exposed
(16).
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Appendix Recalculation of the fraction of new cases of diabetes in the United States population attributable to weight gain > 5 kg originally
reported in ref. (1, tables 2 and 4).

Weight gain No.

exposure diabetes Adjusted Proportion Proportion

categories (kg) N cases RR (RR,p) of total N (Py) of cases (Pp) Incorrect PAF} Correct PAFi Bias
<5('unexposed’)* 5720 271 1 0.67 0.59

5to<8 1240 81 2.11 0.15 0.18 +6 ppts
8to< 11 701 31 1.19 0.08 0.07 27% 21%

11 t0 < 20 706 50 2.66 0.08 0.11 +29%
> 20 148 24 3.84 0.02 0.05

Total 8515 457 1 1

*The unexposed category was originally defined as a loss of <5 to a gain of <5 kg. Two additional exposure categories, loss of > 11 and loss of 5 to <11 kg,
were also defined. When these two additional exposure categories were combined, their adjusted RR for diabetes was statically indistinguishable from 1.0. Hence, all
three categories were combined and assigned the referent category RR = 1. fFor exposures with multiple categories, the crude formula for PAF = 1 — (1/(2P;
RRe)); (8, formula 4, p. 906), where RR¢ is the crude RR and the ¥ indicates summation across all categories of the exposure. We did not report the crude RR in
our study. We mistakenly put the adjusted RR (RRa) in the above formula resulting in a PAF estimate of 27% that we originally reported. £The analogous formula
that should be used with the adjusted RR is PAF = 1 — = (Pp/RR,); (8, formula 9, p. 907). Using this formula, the correct PAF estimate is 21%.
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