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Using reference values to define disease based on the lower limit of normal biased the population attributable fraction, but not the population excess risk: the example of chronic airflow obstruction
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Abstract
Background: The impact of disease on population health is most commonly estimated by the population attributable fraction (PAF), or less commonly by the excess risk, an alternative measure that estimates the absolute risk of disease in the population that can be ascribed to the exposure. Using chronic airflow obstruction as an example, we examined the impact on these estimates of defining disease based on different “normal” values.
Method: We estimated PAF and the excess risk in scenarios in which the true rate of disease was 10% in the exposed and 5% in the unexposed, and where either 50% or 20% of the population was exposed. Disease definition was based on a “lower limit of normal”, using the 5th, 1st and 0.2nd centile of values in a “normal” population as thresholds to define normality. 
Results: Where normality is defined by centiles of values in a “normal” population, PAF is strongly influenced by which centile is selected to define normality. This is not true for the population excess risk. 
Conclusion: Care should be taken when interpreting estimates of PAF when disease is defined from a centile of a normal population.


What is new?
Key findings
Selecting alternative normal values to define disease changed the estimated population attributable risk, but not the estimated excess risk.

What this adds to what is known
The estimate of the excess risk is not affected by changing the threshold at which a disease is defined from a normal range, but the estimate of the population attributable risk is.

What is the implication, what should change now?
When diseases are defined from “normal” values the population excess risk is generally preferable to the population attributable fraction as a measure of disease impact. Estimates of the population attributable fraction should be interpreted with care under these circumstances.


Measuring the population impact of risk factors
Studies of the causes of disease focus largely on the strength of the association between the disease and the risk factors. The relative risk represents how many times more common the disease is in exposed compared with unexposed populations. However, it is equally important to consider the impact of the risk factor on the health of the population, since this can directly inform public health decision making.1 This depends not only on the strength of the association between risk factor and disease, but also on the prevalence of exposure to the risk factor.  A relatively weak association and a common exposure may have more impact than a strong association with a risk factor that is rare. Measures of population impact are generally referred to as attributable risks and these have been calculated in different ways depending on the objective of the analysis and the availability of the data.2
The attributable fraction in the exposed population is easiest to calculate because it is a simple function of the relative risk that does not require any information on the prevalence of exposure in the general population. It estimates the proportion of cases among an exposed population whose disease can be attributed to the exposure. With additional information on the prevalence of exposure in the population, the population attributable fraction (PAF) can also be calculated. This is the proportion of all cases in the entire population that can be attributed to the exposure. 
An alternative to these relative measures of population impact is the absolute difference in the occurrence of a disease that is attributable to the exposure. This is the difference in risk between the exposed and the unexposed – also described as the excess risk in the exposed - and can be estimated without knowing the prevalence of exposure in the population. With information on the exposure of the population, an excess risk in the population can also be calculated. This estimates the amount of disease that would be avoided in the population if the exposure could be entirely removed. Although rarely used, this is in many ways the most relevant public health measure, particularly when prioritising interventions or research programmes. 
Defining diseases and conditions
Defining medical conditions is often difficult and Scadding pointed out over 50 years ago that many “definitions” proposed for diseases contained no clear-cut criteria for judging whether an individual had the condition. Without such criteria, he argued, these were not true definitions but descriptions.3 This is true of many conditions including asthma and chronic obstructive pulmonary disease (COPD), and even definitions given in international guidelines remain imprecise.4,5 Scadding suggested that we should only research conditions that we could define precisely, dropping imprecise diagnostic terminology and investigating instead physiological proxies, such as arterial blood pressure (hypertension), fasting blood sugar (diabetes), airway hyper-responsiveness (asthma) or persistent airflow obstruction following use of a bronchodilator (COPD).5
An important problem that arises from defining a disease state using such continuous measures is the need for a threshold value to define disease. Broadly speaking there are two common methods for setting such thresholds. The first is to define what is “normal” by taking measurements in a representative sample of the “normal” population and defining an arbitrary threshold based on the distribution of these normal values, often the bottom 5th centile of the distribution. This has been done for instance to identify hypertension6 and insulin resistance7 in childhood, and lung disease in all ages.8,9 However, this convention also defines an arbitrary proportion of the” normal” population (5%) as being diseased, and this has important consequences when interpreting the findings. In recognition of this problem, an alternative case has been made for a 99 or a 99.8 rather than a 95 centile cut-off. This reduces the number of “false positives” created by the definition, but, also leads to a reduction in the sensitivity of the definition and to more false negative findings.10  The second method used to define a threshold is to identify a value that poses a particular level of health risk, as has been done for serum cholesterol levels in adults.11 There will still be false positive and false negative results, but the overall prevalence of disease that is defined by this method is based on a known level of disadvantage. It does not define an arbitrary proportion of the normal population as being abnormal.
The implication of using reference values for lung function when measuring the population impact of risk factors
The population attributable fraction (PAF) of lung disease for a given risk factor is commonly estimated from spirometric data that are collected in surveys, with subjects divided into diseased and non-diseased using reference values. These reference values have by convention been agreed as the lower 5th centile of the values in the “normal” population of non-smokers without respiratory symptoms or diagnoses, adjusted for age, sex and height and provided separately for different ethnic groups. In the case of COPD, for instance, chronic airflow obstruction (CAO) has been used as a proxy measure based on the ratio of the forced expiratory volume in the first second to the forced vital capacity (FEV1/FVC ratio), with values that are above those of the lowest 5% of the “normal” population defined as “normal”.8,9 Using this definition of CAO, estimates of PAF for smoking commonly suggest that only around 50% of CAO cases can be attributed to smoking, which in turn has led to a major effort to identify the causes of the other 50%.12 The interpretation of this figure is not, however, so straightforward. 
We illustrate this in the Table by considering a hypothetical example with a rate of disease (as a proportion of the population) of 0.10 in an exposed population and 0.05 in an unexposed population, giving a true relative risk of 2. 
In Scenario 1 we assume that half of the population is exposed. This leads to a population prevalence of disease of 0.075, a PAF of 0.33, a true excess risk in the exposed of 0.05, and a true excess risk in the population of 0.025. In the Table, the reference value defining disease corresponds to either the 5th, the 1st or the 0.2nd centile of the distribution of values in the normal population (i.e. 0.05, 0.01 or 0.002 when expressed as fractiles). When using the 5th centile, the measured rate of disease is 0.05 higher than the true rate in both the exposed (0.15 vs. 0.10) and unexposed (0.10 vs. 0.05) populations. The estimated relative risk falls from the true value of 2 to the estimated value of 1.5, and the PAF from 0.33 to 0.20. On the contrary, both the excess risk in the exposed and the excess risk in the population remain the same as the true values of 0.05 and 0.025 respectively. As the proportion of the “normal” population that is defined as diseased is reduced by using the 1st and then the 0.2nd centile, the estimate of PAF becomes closer to the true value. The estimates of the excess risks remain the same as the true value. 
In Scenario 2 in the Table, the proportion of the population exposed is reduced from 0. 50 to 0. 20, and both the true PAF and the true excess risk in the population are consequently lower than in Scenario 1. The bias due to the use of centile points to define “normal” remains for the estimate of PAF, the true value of 0.17 being estimated at 0.09 if the 5th centile is used to define normal, while the excess risks in the exposed and in the population remain unbiased at 0.05 and 0.01, respectively. 
Estimates of PAF that are based on the lower limit of normal and derived from “normal” populations will always underestimate the true proportion of the disease that is attributable to the risk factor. The excess risk in the population provides an estimate of the absolute proportion of the population that would avoid disease if the risk factor were to be eliminated. This is arguably more valuable for a health impact assessment than the more commonly used PAF. It has the additional advantage of providing unbiased results when the presence of disease is defined from reference values derived from the centiles of a normal population. In the two scenarios in the Table, 0.025 or 0.01 of the general population is estimated to have the condition as a consequence of the exposure, whichever centile of the values in the “normal” population is used to define “normal”.
In conclusion, when using reference values derived from the distribution of measurements in a “normal population” to define disease, the population attributable fraction will be strongly dependent on the decision of where to define the threshold of normality. The population excess risk, however, is independent of this decision.
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TABLE. The values in the table refer to the case where: True rate in exposed (A)=0.10; True rate in unexposed (B)=0.05; and hence, True relative risk (C)=2. In scenarios 1 and 2 the centile definition of normal varies from 5% to 0.2%. All rates are given as proportions. Assumptions made in each scenario are in bold.

	PARAMETER
	DERIVATION
	SCENARIO 1
	SCENARIO 2

	Percentage of population exposed (D)
	/
	0.50
	0.20

	True rate in the total population (E)
	(A*D)+[B*(1-D)]
	0.075
	0.06

	True PAF (F)
	[D*(C-1)]/{1+[D*(C-1)]}
	0.33
	0.17

	True excess risk in exposed (G)
	(A-B)
	0.05
	0.05

	True excess risk in population (H)
	(E-B)
	0.025
	0.01

	Reference fractile$ defining disease (I)
	/
	0.05
	0.01
	0.002
	.05
	.01
	0.002

	Measured Rate in exposed (J)
	(A+I)$$
	0.15
	0.11
	0.102
	0.15
	0.11
	0.102

	Measured Rate in unexposed (K)
	(B+I)$$
	0.10
	0.06
	0.052
	0.10
	0.06
	0.052

	Estimated Relative risk  (L)
	(J/K)
	1.50
	1.83
	1.96
	1.50
	1.83
	1.96

	Measured rate in the total population (M)
	(J*D)+[K*(1-D)]
	0.125
	0.085
	0.077
	0.11
	0.07
	0.062

	Estimated PAF (N)
	 [D*(L-1)]/{1+[D*(L-1)]}
	0.20
	0.29
	0.32
	0.09
	0.14
	0.16

	Estimated excess risk in exposed (O)
	(J-K)
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05

	Estimated excess risk in population (P)
	(M-K)
	0.025
	0.025
	0.025
	0.01
	0.01
	0.01



$ The reference centiles (5%, 1%, 0.2%) are expressed here as fractiles (0.05, 0.01 and 0.002).
$$ The true rate of disease in exposed or unexposed (A or B) is inflated by the fractile of the “normal population” that is defined as diseased by the “normal value” (I).

