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Methods for Investigating Age Differences
in the Effects of Prolonged Exposures

David B. Richardson, phD,* and Steve Wing, PhD

People experience physiological changes with age which may lead to changes in sensitivity to
many kinds of exposure. In situations of prolonged, low level exposure, differences in the
effects of exposures received at different ages may be difficult to evaluate, since study
members receive low level exposures over a range of ages. Such investigations require
examination of the effects of different age-patterns of exposure. Three approaches to
investigating age-related variability in the effects of prolonged exposures are described:
subcohort analyses; the use of smooth weighting functions; and, the evaluation of separate
effects of cumulative exposures received at different age ranges. Each method can contribute
to the overall evaluation of age-specific exposure effects. These methods are illustrated with
occupational cohort data for employees of Oak Ridge National Laboratory. The methods
presented in this paper should facilitate examination of the effects of aging on sensitivity to
prolonged exposuresm. J. Ind. Med. 33:123-130, 1998.© 1998 Wiley-Liss, Inc.
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INTRODUCTION A simple sum of time-specific exposures may be
appropriate if separate exposures act independently and their
Epidemiologists often investigate the effects of reeffect is cumulative. However, for many types of exposure,
peated, or prolonged, low-level exposures. Examples wfe physiological changes that accompany aging might be
prolonged exposures include chemical, dust, repetitive mexpected to lead to changes in exposure effects (on either an
tion, and radiation exposures at work, psychological stresghsolute or a relative scale) [Curtis and Thomas, 1992;
ors, environmental exposures, and dietary factors. Acumulgrrvhom, 1992; Kirkwood, 1996]. As adults age, they
tive measure of exposure is commonly used in epidemiologigperience declines in lung function [Knudson et al., 1983;
studies to evaluate the effects of long-term exposures. Sirggerrill, Lebowitz et al., 1992], as well as reduced efficiency
larger cumulative exposures are often associated with larggrine immune system [Narayanan, 1996; Pahlavani and
observed effects, a measure of cumulative exposure offerg@hardson, 1996], decreased physical and cellular repair
way to simplify a potentially complicated exposure historyocesses [National Research Council and Committee on the
[Checkoway et al., 1989; Checkoway and Rice, 1992].  gjp|ogical Effects of lonizing Radiation (BEIR III), 1980;
Charlton, 1996], and changes in cognitive function and
reaction time [Fraser et al., 1996; Kluger et al., 1997].
Consequently, aging may be an important modifier of the
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are needed. Outside of laboratory settings, individuals
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ent durations of time. In the best of situations, exposure dataposure rates vary over time (or if exposures are of the
might provide time-specific, quantitative exposure estimateame rate, but of varying duration), age at first exposure
for each person in a study, more commonly howevegyovides only limited information about the distribution of
estimates are based on the length of time a person is exposegosures by age. One can identify groups presumed to have
(e.g., duration of employment in a job, or residence in am exposure before a specified age, but it is not possible to
area), or the length of exposure time-weighted by arompare the effects of exposures received only at older ages
estimate of exposure rate (e.g., working-level-months of 4o the effects of exposures received only at younger ages,
occupational exposure, or pack-years of cigarette smokingince people first exposed at younger ages will often
Regardless of the refinement of exposure measuremecastinue to receive exposure at older ages.
however, when there is variation among study members in An alternative is to define subcohorts by using informa-
exposure levels, and in the ages at which exposures wéom about the age at first exposure and the age at last
received, analyses may investigate differences with agedrposure. With this method, the effects of cumulative
exposure effects. Such analyses may not only elucidaeposure among study members who only received expo-
etiologic processes, but also may increase the ability sores during one specified range of age can be compared to
detect exposure-response associations. If sensitivity to the effects of cumulative exposure among study members
effects of an exposure varies with age, then exposumo only received exposures during a different range of age.
misclassification can be reduced by identifying differencésowever, limiting analyses to people who only received
in the etiological relevance of periods of exposure. Thexposures at particular ages severely reduces the statistical
paper discusses methods for the examination of variatippwer of a study by excluding those exposed both at older
with age in the effects of prolonged exposures, and illusnd younger ages, which may constitute a large proportion
trates these methods with data from follow-up of workersf the study population.
employed at Oak Ridge National Laboratory (ORNL) [Rich-

ardson, 1997]. Exposure Weighting

METHODS A cohort does not have to be restricted to examine the
effects of age at exposure. If exposures received at a specific
Methods in this paper are discussed in terms of analys@wge of age are hypothesized to be most relevant to the
of grouped cohort data in which tables of person-time arghset of disease, this hypothesis can be empirically evalu-
events are examined; analyses based on risk sets @Egsq.
example, proportional hazards methods) could be discussed |n studies of low level chemical and radiation expo-
in similar terms, and the same types of methods could Bgres, researchers often discount exposures which were
applied. Analyses of cohort data may examine the assodjaceived during a period immediately preceding detection of
tion between death or disease rates and exposure. Usingisease in order to investigate latency assumptions [Roth-
lifetable methods, these analyses can be conducted f¥n, 1981]. Using an analogous approach, a researcher can
tabulating person-time and events by strata of exposyffestigate age-effects. For example, if exposures received
[Wood, et al., 1997]. When categorizing person-time angt younger ages are hypothesized to be etiologically irrel-
events by cumulative exposure, the level of exposure @ant (or less relevant) to subsequent disease, then the
which person-time and events are allocated may change o¥gange in fit of an exposure-response association can be
time, reflecting the progressive accumulation of exposurgyaluated after excluding exposures received at younger
Such a tabulation of person-time and events by cumulatigges [Salvan et al., 1995]. Similar to an evaluation of
exposure, however, typically obscures information about thgency, by using this method, different assumptions about

ages at which exposures occurred. age-effects can be evaluated.
When lagging exposures, it is common to entirely
Subcohort Analyses disregard exposures received immediately prior to detection

of disease. This can be described mathematically as weight-
One way to examine differences with age in the effecisg exposures received during the lag period by zero, while
of exposures is to distinguish between individuals whoseeighting other exposures by unity [Hornung and Mein-
exposure histories began at different ages. In an occupardt, 1987]. An investigation of age-effects can be con-
tional setting, age at first exposure often is considered as thected similarly; for each time interval for which exposure
age at hire; in other settings, age at first exposure may refldeta are available, a subject's age is calculated at the
an environmental release, or the start of a habit such m&point of the period, and this age is used to derive a
cigarette smoking. weight for that period of exposure.
Such an approach is of limited use, however, when The following equation describes a weighting function
exposures are accrued over a prolonged period of time.inf which exposures received before a critical age ‘c’ are
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FIGURE 1. Functions to weight annual exposures by age at exposure.

disregarded, while exposures received after that age &wmaction. With increasing values of k, the sigmoid curve
weighted by unity (Equation 1) (Fig. 1). The cumulativeapproaches the step weighting function described by Equa-
exposure at any age is the sum of the weighted exposuties 1 (Fig. 2).

received up to that age.

Step function for discounting exposures received at younggvaluating the Separate Effects
ages: of Age-Specific Exposures
Weight= 0 if age< c;

. . When using an exposure-weighting function, exposures
Weight=1 ifage>=c¢ Q) g P gring P

hypothesized to be etiologically irrelevant do not have to be
Under an exposure-weighting scheme, those exposuegluded from an analysis. Instead, these exposures can be
hypothesized to be etiologically relevant are weighted masbunted separately, and their association with the outcome
heavily [Checkoway et al., 1990]. If entirely discountingcan be evaluated by including an additional term in the
exposures seems biologically less plausible than graduatiydel describing exposure effects. To conduct analyses that
discounting exposures, other weighting functions could lexamine the separate effect of exposures received at separate
investigated. Examples of other weighting functions amanges of age, person-time and events must be cross-
shown in Equations 2—4, and in Figures 1 and 2. Weights asassified by the level of cumulative exposure accrued at
based on the individual's age at exposure A; again, differegifferent ages. In terms of the weighting functions discussed

critical ages of exposure, ¢, might be considered. above, cumulative exposure received at older ages would be

Linear weighting function: the time—d_ependent sum of exposures weighted using.one of

) the equations above; and, cumulative exposure received at

Weight= Alc; bounded by 0, 1. (2) younger ages would be the time-dependent sum of the
Quadratic weighting function: exposures weighted by the complement of the weight

_ derived from the equation (the complement would be
Weight= A%c*  bounded by 0, 1. (3) 1 — weight). Person-time and events would be cross-
Sigmoid weighting function: classified, at each interval of follow-up, according to the
. levels of weighted cumulative exposures. In an evaluation of
Weight= (A/c)/[(Alc)* + (A/c)] ) the separategeffects of cumulativrc)a exposures received at two
Equation 4 is a sigmoid function, under which thalifferent age ranges, the trend in disease rates with increas-
parameter k affects the shape of the hypothesized weighting exposure received at one age period can be examined,
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FIGURE 2. Sigmoid function to weight annual exposures by age at exposure.

after adjusting for exposures received in the other ag#nse-old’, may be examined. The regression model

period. In (rate)= ZB, + Byunddose-young) Bq(dose-old)

Tests of Heterogeneity in Effect could be compared to the nested model, with one less

With Age at Exposure parameter, which describes the association between disease
rates and total cumulative exposures,

In regression analyses of grouped data, it is often
desirable to associate quantitative values with exposure
categories. This allows estimation of the percent change in The first model includes a vector of covariates as
death or disease rates per unit exposure. One method ifarluded in all models (Z) and their associated parameter
assigning values to exposure categories is to calculate tstimates (B, as well as separate parameter estimates
person-time weighted mean cumulative exposure for ea@y...q and B,y) for cumulative exposure received before
cell of the lifetable [National Research Council and Commitnd after some specified age. The second model includes the
tee on the Biological Effects of lonizing Radiation (BEIRsame covariates, and a single parameter estimggg¢Bq)

IV), 1988]. As tables become increasingly stratified, celfor the sum of the age-specific cumulative exposures. The
specific mean exposures reflect smaller intervals of persatifference in the residual deviances between the models
time. One advantage of this method is that regressiogpresents the improvementin fit of a regression model after
estimates are less influenced by decisions about the numipetuding an additional term to describe the separate effects
of exposure categories and their boundaries. of exposures received in separate age periods (interpretable

Another advantage of using cell-specific mean valuesusing a chi-square test with one degree of freedom).
that these values can be summed to derive the total This approach does not have to be limited to two age
cumulative exposure. This allows a test of differences in tloategories. Person-time and events can be cross-classified by
effects of cumulative exposures received at different agategories of cumulative exposure received at several differ-
intervals using nested regression models. For example, #ré age ranges (e.g., cross-classifying person-time and
separate effects of cumulative exposures accrued beferents by the levels of cumulative exposure received at ages
some critical age, referred to as ‘dose-young’, and cumuld5-25, 25-35, 35-45, 45-55, b5 Typically, if exposure
tive exposures accrued after that critical age, referred torates are low, the cumulative exposure accrued within a

In (rate)= ZB, + Byoung+oa(d0SE-youngt+ dose-old)
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small age range may be too low to allow meaningfUlABLE I. Percentage Increase in All Cancer Mortality per 10 mSv Dose
exposure-response analyses. However, by summing #n@ng ORNL Workers Who Received No Exposure at Ages 45 and
cell-specific mean exposures received in different age categbeve and Among Workers Who Received No Exposure Before Age 45
ries, tests of heterogeneity can be used to compare different

categorizations of age-specific cumulative exposures. For Workers who Workers who
example, one could examine a model that partitions cumula- received doses only received doses only
tive exposure at age 35. The cumulative exposure accrued at ages less at ages greater
before age 35 would be the sum of the cell-specific mean than 45 years than 45 years
exposures received at ages 15-25 and 25-35; and the

cumulative exposure accrued after age 35 would be the surof cancer deaths 329 188

of the cell-specific mean exposures received at ages 35—¥bof workers 6,316 2,657
45-55 and 5% . Using the same data, the magnitude and fi§ increase per 10 mSv? 3.02 8.55

of the dose-response association for cumulative exposurese) (3.08) (4.20)
partitioned at age 45 could be compared to a model in whiClange in deviance (1 df) 0.85 3.38

cumulative exposure was partitioned at age 35. The cumuta=

tive exposure received before age 45 would be the sum@sfusted for age, birth cohort, employment status, paycode, internal radionuclide monitoring,

the ceII-specific mean exposures received at ages 15_%$the interactions between paycode and birthcohort, and employment status and age;
. . 105ykar lag assumption.

25-35, and 35-45; and, the cumulative exposure received

after age 45 would be the sum of the cell-specific mean

exposures received at ages 45-55 and.55 underlying causes of death, and cancer contributory causes,

were coded to the eighth revision of the International
Examination of Lag Assumptions and Classification of Diseases adapted for the United States
Time Windows (ICDA8) [Watkins et al., 1993]. All cancer mortality was
defined as any death for which an ICDA8 code of 140-209

In studies of low-level chemical and radiation expoappeared as an underlying or contributory cause. Exposure
sures, effects may be presumed to appear only after somexternal penetrating radiation was measured using indi-
minimal latency period. Extending the methods describeddual dosimeters [Parrish, 1982; Watkins et al., 1993; Kerr,
above, lag assumptions and time windows may be evaluate@b4; Wing et al., 1994]. Poisson regression analyses
simultaneously with the effects of age-specific exposurasntrolled for age at risk, year of birth, paycode, employ-
Again, person-time and events are allocated by level afent status, and monitoring for internal radionuclide contami-
time-specific accrued exposure. To examine lag assumptigrgion [Frome, 1983; Preston et al., 1993]. Radiation doses
or time windows, however, person-time and events avgere lagged 10 years in all analyses.
cross-classified by age-specific exposures, and by periods of
time-since-exposure. RESULTS

Since cell-specific mean values may be summed to-
gether, multiple narrow categories of age at exposure and One way to assess differences in the effects of exposures
time windows of exposure might be used, and the evaluaticeceived at different ages is to consider subcohorts. Table |
of age effects and time windows is done by comparingresents an analysis in which age at first exposure and age at
nested regression models. Person-time and events mayast exposure were used to define subcohorts. The associa-
cross-classified by the level of cumulative dose accruedtion between cumulative exposure to low level external
each period of age at exposure and time since exposure; togaliation and all cancer mortality was examined separately
(lifetime) cumulative exposure would be the sum of thamong those who received no exposure after age 45 and
cell-specific mean exposures received in these periods. Tdmong those who received no exposure before age 45;
goodness of fit of regression models partitioning cumulatitberefore, both groups include, among the unexposed, 2193
exposure by age, or age and lag periods, can be examinedvaykers who had no recorded external radiation exposure.
different summations of these cell-specific mean exposurdssociations between radiation and cancer mortality were of

Example: Workers Employed at ORNIhe cohort used larger magnitude for workers only exposed after age 45. Of
to illustrate these analyses includes white males hired frailmee 8,307 workers in the study cohort, 1,527 workers
1943 and 1972 who worked at least 30 days at ORNL aiftl8.4%) were excluded because they received external
who had not worked at another Department of Energgdiation dose at ages above and below 45 years.
(DOE) facility prior to 1978 [Wing, 1993; Richardson, Table Il presents an example of cross-classifying person-
1997]. Vital status was ascertained through 1990 primarityme and events by cumulative dose received at two ranges
by using Social Security Administration records and thef age. Separate dose categories are used to allocate
National Death Index; death certificates were retrieved, apdrson-time and events according to the level of cumulative
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TABLE Il. Estimated Rate Ratios (RR) and Number of Cancer Deaths mSyv external radiation dose was estimated; the goodness of
Among ORNL Workers by Age-Specific Cumulative Doses* fit of the dose-response model to the observed data is
indicated by the change in deviance (13.09, 1 df). These
Age =45 Age =45 Age =45 Age =45 examples serve to illustrate some approaches to evaluating
0 mSv 0-60mSv  60-120mSv  =120mSv changes with age in sensitivity to a low-level exposure; a
RR RR RR RR more extensive evaluation of these effects among ORNL
(deaths) (deaths) (deaths) (deaths)  workers is presented elsewhere [Richardson, 1997].
Age <45 1 1.01 0.99 5.56 DISCUSSION
0 mSv (136) (221) (5) 4
Age <45 1.21 1.18 1.90 4.32

For some types of exposure (e.g., radiation), cumulative

0-60mSv (65) (%2) ®) ® exposure may reflect a probabilistic situation, in which
Age <45 1.20 116 482 - incremental periods of low level exposure are associated
60-120 mSv ©) ©) @ © with a small incremental increase in the likelihood of the
Age <45 113 L15 136 32 exposure leading to an event; and, with increasing cumula-
=120 mSv ) ) @ )

tive exposure, the likelihood of an event increases. For other
] . . o o types of exposure (e.g., a repetitive motion or a low level
*Adjusted for age, birth cohort, employment status, paycode, internal radionuclide monitoring, . .
and the interactions between paycode and birthcohort, and employment status and age; chemical exposure)’ cumulative exposure may reflect the
10-year lag assumption. accumulation of damage or bioaccumulation of an agent. In
all of these cases, however, identification of a particular
instance of exposure which initiated the disease may be
dose received after age 45 and the level of cumulative dallegical and impossible.
received before age 45. In this table, columns represent the The methods we present may allow a researcher,
categories for exposures received after age 45, and romanetheless, to investigate whether the effects associated
represent the categories for exposures received before agh low-level exposures change with the age at which
45. The pattern of radiation risk moving down a column isxposures occurred. The progressive decline in the vitality
the dose-response pattern for exposures received before @igbe human body with adult age is widely recognized. With
45 for workers, all of whom were in the same category ajlder age, susceptibility to most causes of death and disease
exposure received after age 45. Relative risks tended torbay change. Furthermore, for some diseases, such as cancer,
larger for the highest categories of exposure received aftvelopment is likely to be mediated by many exposures
age 45, while there was little evidence of associatioturing an individual’s life [Trosko, 1996]. At older ages, a
between relative risk and exposure received before age pBrson may be more likely to have received previous
Cumulative dose received after age 45 was associated witbvg@osures which initiate carcinogenic processes [Cookfair,
5.46% increase in all cancer mortality per 10 mSv (change1982]. The belief that cancer development is a multistage
deviance 9.85, 1 df); cumulative dose received before age@®cess is supported by the evidence of long latency periods
was associated with a 0.69% increase in all cancer moraliigtween exposures and subsequent cancer, the effects of age
per 10 mSv dose (change in deviance 0.39, 1 df). Subsequentcancer incidence, and evidence that different exposures
adjustment for cumulative exposure received before age Afay act as initiators or promoters of cancer [Pearce, 1988].
had little effect on the association between cancer mortalifheoretical models of such multistage processes suggest that
and cumulative exposure received after age 45 [Richardstime effect of an exposure depends on the age at which
1997]. exposure occurs [Thomas, 1990]. Under a multistage model
Both the subcohort analysis and the cross-classificatioh cancer, in order for cancer to occur a cell must pass
of doses above and below a critical age suggest that effetttough several sequential changes [Brown and Chu, 1987].
of exposure differ for doses received at older age. Both carcinogen may act as an initiator, at an early stage of
approaches, however, correspond to a model in which tbarcinogenesis, and/or act as a promoter, at a later stage in
exposure effect is assumed to change abruptly at age 45. e development of cancer [Crump et al., 1987]. Since the
next evaluated several smooth weighting functions thage at which an exposure occurs is related to the probability
describe the change in the exposure-disease association wfth cell having undergone the necessary transitions preced-
increasing age at exposure. Table Il presents the resultsrg the stage upon which the exposure acts, age may modify
applying different exposure weighting functions. The lineaan exposure’s effect [Chu, 1987]. Since the process of aging
and quadratic functions did not fit the data as well as the stayay be mediated by life experience of different exposures
function evaluated previously. The fit of the sigmoid weightand experiences, discussions of aging bring to the fore the
ing function improved as the weights approached a stepmplexities of human social and historical processes in
function. For the steepest function (when the parametehich any investigation of exposure—disease association is
k = 100), a 6.49% increase in all cancer mortality per 1€ituated [Charlton, 1996].
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TABLE Ill. Estimated Percentage Increase in Cancer Mortality per 10 mSv Dose Weighted by Age at Exposure

Among ORNL Workers
Equation4  Equation4  Equation4  Equation 4
Equation2  Equation 3 exponent exponent exponent exponent
age/45 age?/2025 k =10 k =30 k =50 k =100
% increase? 2.28 251 5.65 6.01 6.29 6.49
standard error 0.97 1.07 1.72 1.64 1.59 1.60
Change in deviance with dose term 4.95 4.92 8.79 10.79 12.39 13.09

aAdjusted for age, birth cohort, employment status, paycode, internal radionuclide monitoring, and the interactions between paycode and birthcohort,
and employment status and age; 10-year lag assumption.

By partitioning cumulative exposures, a researcher canovide a rich source of information for developing and
separately assess the effects of exposures received at ofgigalying these methods, since individual records are avail-
ages and exposures received at younger ages. The compadie on time-specific quantitative measures of exposure for a
sons we discussed were with reference to estimates of thgye number of workers [Wilkinson, 1991; Geiger et al.,
effect of lifetime (total) cumulative exposure; a model fo.992; International Agency for Research on Cancer, 1994].
lifetime cumulative exposure presumes that the effect wfhile detailed quantitative exposure data are often not
exposure is uniform at all ages. A model that allows effectg/ailable in occupational settings, the process of aging
to vary with age allows a simple statistical test of heteroggemains a powerful effect that may modify sensitivity to
neity of the effects of exposures received at different agesexposures. Consequently, even with less precise measures of

The accrual of exposure over time leads to correlatiaskposure, investigation of age-related differences in expo-
of cumulative dose with the passage of time. Consequentdyjre effects may prove valuable.
historical, social, and biological changes over time create @ Stewart and Kneale have stressed the importance of
subtext to the record of cumulative exposure in the Stu%)halyses that examine the effects of age at exposure in
population; and their separate effects may be difficult t§ccupational studies of low-level ionizing radiation [Kneale
disentangle. These methods allow investigation of thog@q Stewart, 1995; Stewart and Kneale, 1996]. The results of
processes related to aging. analyses of cohort data for workers employed at ORNL

The methods presented in this paper may also Bgpport their contention, demonstrating substantial increases
extended to examine latency assumptions and time-windows 5 giation-cancer associations for doses received at older
of exposure. Simple evaluations of latency are eagi(%es [Richardson and Wing, 1997]. Aging undoubtedly

accommodated; lagging the cumulative dose received ingiects a complicated biological and social process which,

specified age range is done in the same fashion as 1ag9if)ije experienced differently among individuals, appears to

total cumulative dose. Time window analyses allow investiy, e the general characteristic of senescence of most bodily

gation of the etiologic relevance of exposures to cancer risksqems “"However, there is clearly substantial variability
n dlff_erent periods of follow-up af_ter the exposure. Agyimin 5 population in the course of aging processes, and
d_escnbed under Met_h_ods, person-time and events ma%’_lgb‘?ential variability of these effects on exposure-disease
S|_multaneously stratn‘led_by age at exposure apd UINRsociations. Consequently crude boundaries (e.g., a step
windows of exposure; this allows evaluation of dn‘ferenﬁJ ction) used to distinguish the ranges of age at which

time windows a_nd the effects of age at EXpOsUre as a serex ol ssures occurred may be sufficient analytically to investi-
nested models in one table of person-time. When examinin te changes in sensitivity to an exposure with age. These

situations of low level exposures, doses accrued in periods . e .
o . . methods should allow further investigation of such effects in
stratified by age at exposure and time-windows may allow . .
. a wide range of study populations and for many types of
accrual of only low level cumulative exposures. However
- . érfposure.
the use of cell-specific means allows the summation of sma
time-windows. In this way, person-time and events can be
tabulated within small windows of exposure, and these c&hCKNOWLEDGMENTS
be combined in different groups in order to investigate
hypotheses about latency and time-since-exposure as differ- Thanks are due to Dr. Edward Frome for discussions
ent models evaluated within the same table of person-timeand advice about this subject. This project was supported by
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