
 
 

 
Discriminating Among Correlated Aspects of Exposure 

 
 

Robert P Hirsch1 
1Stat-Aid Consulting, 6100 W 99th Terrace, Overland Park, KS 66207 

 
 
Abstract 
In epidemiologic research, exposures often have several aspects among which we wish to 
discriminate. For instance, many environmental exposures can be separated into years of 
exposure, maximum intensity of exposure, cumulative exposure, and age at first exposure, 
to name a few.  One characteristic of these aspects is they are usually correlated.  This 
characteristic makes it difficult to evaluate the independent contributions of the individual 
aspects.  To draw distinctions among these aspects it is necessary to control for the others, 
as completely as possible, while evaluating one. This often results in conflict between 
control of individual characteristics and interpretation of their relationship to the risk of 
disease.  A hybrid method that provides both interpretability and discrimination is 
described.  This method is evaluated using a simulation. As an example of its use, the 
relationship between aspects of cigarette smoking and lung cancer is investigated. 
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1. Introduction 
 
Once it has been established that a characteristic is a risk factor for a particular disease it 
is often of interest to determine the aspects of that characteristic that independently 
contribute to development of the disease. This is often the case when characterizing 
behavioral exposures (Al Kazzi, et al 2015, Chivese et al 2015, Mohammed et al 2016), 
for example smoking behavior. It is also commonly encountered when interested in 
occupational exposures (Attfield et al 2012, Mattioli et al 2012, Schramm et al 2015) or 
environmental exposures (Lee et al 2015, Turner et al 2014, Vicedo-Cabera et al 2015). In 
these studies, exposure can often be expressed as duration of exposure, maximum 
exposure, mean exposure, and cumulative exposure, for example. It is important to be able 
to distinguish among these aspects, for the independent contributions of the aspects have 
etiologic and health policy implications (Turner et al 2014). For example, if duration of 
exposure has the greatest independent contribution to the risk of disease, then interventions 
that change the duration of exposure are most likely to have the greatest impact on disease 
occurrence.  
 
There have been attempts to distinguish among quantitative representations of exposure 
using either continuous independent variables or categories of those continuous values 
(Turner et al 2010). Each has its advantages and disadvantages. The use of continuous 
independent variables in linear representations has the advantage of providing the potential 
to describe dose-response relationships, but this can be realized only if the relationship 
between the aspect of exposure and the occurrence of disease is linear, at least on some 
scale. This is often not the case (Greenland 1995). A common remedy is categorizing the 
continuous variables. This has the advantage of, not only releasing the requirement for 
linearity, but also makes interpretation more straightforward. Categorization has two 
disadvantages as well. First, one needs to decide how to define categories. Most often this 
is done by using quantiles, which are unlikely to have particular biologic correlates (Taylor 
and Yu 2002). In addition, categories do not account for all the variation in a quantitative 
representation of exposure (Taylor and Yu 2002). This is an important disadvantage. Since 
the purpose in interpreting aspects of exposure is to determine the independent 
contributions of the various aspects, all of the variation for each of the other aspects must 
be accounted for when examining a particular aspect. If this is not accomplished, aspects 
that have little or no independent contribution will appear to have a contribution due to the 
correlation among aspects of exposure (Mohammed et al 2016). 
 
There is another approach that has been suggested for the control of confounding (a related 
concept). That is the use of polynomial functions (Greenland 1995, Williams 2001, Brenner 
and Blettner 1997). Polynomial functions have the advantage of allowing complete control, 
but they have a disadvantage in that they are difficult to interpret from a biologic point of 
view. This article describes a hybrid method that provides complete control and 
interpretability at the same time. 
 

2. Proposed Method 
 
I propose a hybrid approach combining categories and polynomial functions. In this 
method, separate analyses are done for each of the aspects of exposure. In the analysis for 
a particular aspect of exposure, that aspect is represented by categories (maximizing 
interpretability), while all of the other aspects are represented by polynomial functions 
(maximizing control). This analysis only provides information about the particular aspect 
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of exposure. The polynomial functions are not interpreted. They are included only to 
provide nearly complete control for other aspects of exposure when examining one aspect. 
 
Then, the next aspect is represented by categories while all other aspects (including the 
first aspect) are represented by polynomial functions. This is repeated until all aspects of 
exposure have been represented by categories. Since this analysis is designed to examine 
aspects of exposure and not exposure itself, only exposed persons are included in these 
analysis (Robertson et al 1994). 

 
3. Simulation 

 
To evaluate the proposed method, a computer simulation created in Excel using visual 
basic, is used. In this simulation, a population is considered to have a continuous exposure 
with three aspects: age at initiation of exposure, maximum exposure, and cumulative 
exposure. Each aspect is assigned four categories defined by quartiles. Built into the 
simulation is an algorithm that allows only cumulative exposure to influence the 
probability of developing the disease as the members of the population are followed over 
time although all of the aspects are highly correlated with each other (Table 1). If the 
proposed method works, we should see the influence of cumulative exposure without 
suggestions of influence of age or maximum exposure. 
 
Table 1. Correlations among aspects of exposure in simulation. 
 

 Age at Initiation Maximum Exposure Cumulative Exposure 
Age at Initiation  1.000 -0.873 -0.990 
Maximum Exposure -0.873  1.000  0.886 
Cumulative Exposure -0.990  0.886  1.000 

 
The data from exposed individuals from this simulation are analyzed using logistic 
regression analyses (SPSS 24). The results are expressed as the etiologic fraction among 
the exposed (Klienbaum et al 1982), since this more relevant to evaluation of aspects of 
exposure to the development of disease. The etiologic fraction among the exposed (EFe) is 
calculated from odds ratios (OR) estimated from the results of logistic regression analysis.  
For odds ratios from one to positive infinity, it is calculated as follows (Cole and 
MacMahon 1971): 
 

 
 
 
For odds ratios less than one, the negative etiologic fraction (or negative “preventive” 
fraction) is calculated as follows (Miettinen 1974): 
 

   

 
 
 
The etiologic fraction is interpreted as the proportion of exposed persons who develop the 
disease due to that aspect of exposure. Negative etiologic fractions indicate a protective 
relationship with the aspect. 
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For each aspect of exposure, results for three models are examined.  These include crude 
analysis (Crude) not controlling for other aspects, categorical analysis (Categorical) 
controlling for other aspects of exposure by using all of the aspects represented by 
categories, and hybrid analysis (Polynomial) using polynomial functions to control for the 
other aspects. Typical results from the simulation are summarized in Table 2 and Figures 
1-3. 

 
Table 2. Typical results of simulation. Etiologic fraction among exposed and 95% 
confidence interval. 

  Level of Exposure* 
Aspect Method 2 3 4 

Age at 
Initiation 

Crude -0.90 -0.91, -0.90 -0.94 -0.95,  0.93 -0.95 -0.96, -0.94 
Categorical -0.53 -0.62, -0.42 -0.47 -0.64, -0.23 -0.58 -0.75, -0.28 
Polynomial  0.04 -0.17,  0.24  0.25 -0.14,  0.52 -0.17 -0.55,  0.36 

        

Maximum 
Exposure 

Crude  0.58  0.50, 0.65  0.72  0.66, 0.76  0.82  0.78, 0.85 
Categorical -0.02 -0.22, 0.19  0.04 -0.18, 0.24  0.23  0.02, 0.39 
Polynomial  0.01 -0.20, 0.22 -0.03 -0.25, 0.20 -0.03 -0.26, 0.21 

        

Cumulative 
Exposure 

Crude  0.03 -0.17, 0.22  0.08 -0.12, 0.26  0.95  0.96, 0.97 
Categorical -0.18 -0.46, 0.19 -0.23 -0.54, 0.23  0.92  0.86, 0.95 
Polynomial -0.25 -0.50, 0.11 -0.19 -0.54, 0.30  0.89  0.80, 0.94 

*Lowest level of exposure is the index level  
 

 
Figure 1.  Age at initiation of exposure from simulation. 
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Figure 2.  Maximum Exposure from simulation. 

 
 
Figure 3.  Cumulative Exposure from simulation. 

 
 
There are two important features of the relationship between method and etiologic fraction. 
First, the degree of bias is always greatest for the crude analysis and least for the 
polynomial analysis. This reflects the degree of control for other aspects of exposure 
provided by each method. Second, the only the hybrid method with polynomial control 
shows a statistically significant relationship with the cumulative exposure aspect to the 
exclusion of other aspects. Thus, the proposed method correctly represents the “biologic” 
relationship built into the simulation. 

 
4. Smoking and Lung Cancer 

 
To demonstrate the use of the proposed method on an actual data set, data were obtained 
from a large European case-control study of smoking and lung cancer (Phillip Morris 
International). These data include information from 6,674 smokers.  For these data, five 
aspects of smoking behavior were assessed: age at initiation, duration of smoking, mean 
annual packs smoked, mean annual tar yield of cigarettes smoked, and maximum annual 
tar yield of cigarettes smoked. Correlations among those aspects are in Table 3.  
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Table 3. Correlations among aspects of exposure in case-control study. 
 Age at 

Initiation 
Duration of 
Exposure 

Mean 
Annual 
Packs 

Mean 
Annual 
Tar 

Maximum 
Annual Tar 

Age at 
Initiation  1.000 0.459 0.248 -0.086 0.219 

Duration of 
Exposure  0.459 1.000 0.228  0.019 0.443 

Mean Annual 
Packs  0.248 0.228 1.000  0.486 0.575 

Mean Annual 
Tar -0.086 0.019 0.486  1.000 0.825 

Maximum 
Annual Tar  0.219 0.443 0.575  0.825 1.000 

 
Four categories of each aspect were defined by quartiles. The results of these analyses are 
summarized in Table 4 and Figures 4-8. 
Table 4. Results of analyzing case-control data. Etiologic fraction among exposed and 95% 
confidence interval. 

  Exposure Level* 
Aspect Method 2 3 4 

Age at 
Initiation 

Crude -0.21 -0.34, -0.05 -0.22 -0.34, -0.08 -0.39 -0.50, -0.26 
Categorical -0.07 -0.23,  0.11  0.04 -0.13,  0.20  0.03 -0.17,  0.22 
Polynomial -0.05 -0.22,  0.14  0.07 -0.10,  0.23  0.17 -0.04,  0.33 

        

Duration 
Crude  0.60  0.53, 0.66  0.71  0.65, 0.76  0.75  0.70, 0.79 
Categorical  0.58  0.50, 0.64  0.69  0.63, 0.75  0.76  0.71, 0.80 
Polynomial  0.57  0.49, 0.64  0.68  0.62, 0.74  0.76  0.70, 0.80 

        
Mean 
Annual 
Packs 

Crude  0.48   0.39, 0.56  0.52  0.43, 0.59  0.61  0.54, 0.68 
Categorical  0.36   0.24, 0.46  0.38  0.25, 0.49  0.48  0.36, 0.59 
Polynomial  0.08  -0.15, 0.27 -0.12 -0.38, 0.20 -0.33 -0.62, 0.17 

        
Mean 
Annual 
Tar 

Crude  0.28   0.15, 0.40  0.41  0.29, 0.50  0.38  0.27, 0.48 
Categorical  0.12  -0.06, 0.28  0.25  0.06, 0.39  0.24  0.03, 0.41 
Polynomial  0.17  -0.01, 0.32  0.29  0.12, 0.43  0.33  0.10, 0.46 

        
Maximum 
Annual 
Tar 

Crude  0.41  0.30, 0.50  0.52   0.43, 0.59  0.57  0.49, 0.64 
Categorical  0.27  0.11, 0.40  0.27   0.08, 0.43  0.23 -0.02, 0.42 
Polynomial  0.16 -0.05, 0.35  0.17  -0.08, 0.36  0.11 -0.18, 0.35 

*Lowest level of exposure is the index level 
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Figure 4.  Age at initiation of cigarette smoking from case-control study. 

 
 

Figure 5.  Duration of cigarette smoking from case-control study. 

 
 

Figure 6.  Mean annual packs of cigarettes smoked from case-control study. 
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Figure 7.  Mean annual tar yield of cigarettes smoked from case-control study. 

 

 

Figure 8.  Maximum annual tar yield of cigarettes smoked from case-control study. 

 

 
Two of the five aspects of cigarette smoking behavior are statistically significant when 
using the hybrid method with polynomial control. They are the duration of smoking and 
mean annual tar yield of cigarettes smoked. The other three aspects are not statistically 
significant for the hybrid method. For the categorization method, we observe that mean 
annual packs and maximum annual tar yield also are statistically significant. For the crude 
method, in which there is no control for correlations among the aspect of exposure, all five 
aspects of exposure are statistically significant. 

 
5. Discussion 

 
For the simulation, we know that the cumulative duration of exposure is the only aspect of 
exposure that determines the occurrence of disease. Thus, we know that the hybrid method 
got the right answer. The commonly used categorical method incorrectly indicates that 
maximum exposure and age at initiation are also associated with occurrence of the disease. 
These are incorrect conclusions created by the poorly controlled correlations between these 
aspects and cumulative exposure. This demonstrates the utility of the hybrid approach with 
polynomial control. 
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For the case-control data, we do not know the truth of which of the aspects of exposure are 
independently associated with the occurrence of disease, but we can see a difference in the 
impressions left by the various methods. All three methods agree that duration of exposure 
and mean annual tar yield of the cigarettes smoked contribute of the occurrence of disease. 
The hybrid method limits the independent aspects of exposure to these two. The categorical 
method includes mean annual packs and maximum annual tar yield as additional, 
apparently independent aspect of cigarette smoking behavior. This inclusion is likely to be 
due to incomplete control of the correlation between packs smoked and mean annual tar 
yield (r=0.486) and between maximum annual tar yield and mean annual tar yield (0.825). 
 

The proposed hybrid method using polynomials to control for the correlation among 
aspects of exposure works well. This suggests it could be used when evaluating exposures 
with quantitative representations of aspects of exposure. 
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