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EPIDEMIOLOGICAL APPROACH TO EVALUATICN
OF TOXIC EFFECTS

by
T. Fartanen

This paper is a short survey on epidemiological strategies
and techniques in ths evaluation of toxic effects.
Emphasis is put on cutcome and exposure indicators, as
well as evaluation of effects, with the understanding that
epidemiological tvesearch should be added to knowledge from
experimental and other scismtific acrivitias in the

field (1).

Qutcome Indicatars

Epidemiology often deals with binary types of variables,
e.g. cancer/no cancer, exposure to agent X/no such
exposure. In this case, the outcome indicators refer to
what Miettinen {umpublished document, 1979) calls
"measures of occurrence’ {of disease, sign, symptom,
etc.): that is, outcomes in the health-disease system.

The basic epidemivlogical cutcome indicators are
prevalence and incidence rates. Prevalence rate is the
proportion of fubjecfas with am cutcome condition

{digease, etc.) out of the barget group o populatiem ac
issue. For example, in a greup of 343 rayon viscose
workers exposed to carbon disulfide (CSp), 16.8%

reported angina pectoris (4P) in a standardized interview
done in 1967 {1). This percentage is the prevalence rate
of AP in thig proup at cthat time. Whether or not this
finding indicates scwething of the effect of C37 is
obscured until answers have been given to such questiouns
as: What would the prevalance have been without

auxposure? Have some of ehe workers stopped working in the
Plant because of diseane? What are the decerminants ocher
than C5, exposure that may affect the rare? Answers to

these questions were attempted in the study by Hernberg
et al. (2),

Incidence rate s either directly related to persen—time
space {incidence density or force of morbidity) or is
cumulative (Miettinen, unpublished document, 1979). The
incidence rates are based onm new ("incident") cases (of
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disease, etc.) occurring in a population during
follow-up. The follow-up may be retrospective,
prospective or both. The incidence density iz the number
of new cases per population and time (i.e. person-years}.
The follow-up usually concerns groups (cohorts) without
the condition at the beginning of the follow-up. For
example, the incidence of mortality from malignant
neoplasms in Finmish lucomotive engineers {drivers)
between 45 ana 34 years of age was estimated to be
1.76/C1000 y) in 1967 (3.

Cumulative incidence rate is the proportion of a
population which has concregced the disease {etc.) during
a selected time period. For axample, the cumulative
coronary mortality In a group of CSy exposed workers in

a 5.5-year period was 4.7%, whereas the same figure for a
comparable, nonexpased group was 0.9% (4).

Certain relaticons exist between prevalence and incidence
rates, dependent on certain assumptions concerning, for
example, average duration ¢f the disease. A number of
outcome indicators ave inferred from the basic rates.
Thua, rate ratio (relative risk® or risk ratio) or RR 1s
the ratio of two lncidence {0Y prevalence) rates. For
example, Hernberg et al. (&) estimated that tha RR for
coronary heart disease (CHD) death for the CS; exposea
and nonexposed was 5.6, that is, the mortality of the
exposed was 5.6 times rthat in the nonexposed. The RR may
be estimaced in different ways; in additiom, it can
usually be estimaked in a case control design even when
the risk components {disease incidence rates) are unknown.

Risk difference {attributable risk) or RD 1s the
difference berwesn two risks or rates. For example, the
cumulative RD estimate in che example above was

3.8/(1000 x 5.5 ¥]3 that is, in 5.5 years, 3.8 additional
CHD deaths per lO0 persons occurred over the reference, or
nenexposure, rate.

4 sk refers here strictly to the probability of
contracring 4 disease for a person with fixed
characteristics {e.g. agel during a fixed time period.
Risk may also loosely refer to prevalence or incidence
rates. Hence, epidemiologists speak of "risk ratios".
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4 frequentiy encountered indicator is the gdds ratio
(OR}. 1t 1s the cross-product ratio ad/be af che
frequencies (numbers of persons) im the double-binary
sat=up below.

Diaeased Non—diseased
Exposed a b
Nonexposed c d

The OR is usually an estimate of the RR regardless of
whether the design 1s a conorr {follow-up) or case control
type. For example, from z rcazse control study of childhood
cancer according to marernal occupactiom, the OR far
cancer/no cancer versus maternal occupatiomal branch of
the food industry/other was estimsted to be 4.01, an
agtimate of RR {5).

The riak difference {attributable risk} can be expressed
ralative to the raference risk {incidence), to the
incidence in the nonexposed or to the incidence in the
population in general (exposed ana aonexposed combineal.
The first of these alternatives is the atrributable risk
per cent or etiological fracrion (for the exposed]:

Rg = Ry
(1) age =—-R— x 100 = (100).(RR-1)/RR
2

where R, = visk (incidence) in the exposea;
8 = risk (incidence) in the nonexposed.

The difference By ~ R, (incidence in the tatalk

population minus that in the nonexposed) can be expressed
as the proportion of the (weighed) population incidence
Ry le=xposed and nenexposed combined). This proportion

is the populatiom attribuctable risk PARP = {100)

(Ry - Rp}/R;. For example, Lhe recent controversial
statemeat that 20%-40% of all cancers are attribuctable ro
occupational factors (6} is in essence an estimate of
PARP. (ole & Merletti (7) point to seme difficulties in
the interpretation of PARP in general anmd, specificslly,
in the case of Bridbord et al. (6)., PARP can also be
estimated in a case controel study (8).
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Finally, the standard(ized) merbidity (or mortality} racio
(5MR) is the actual number of deachs {or "igeident cases™)
in the exposed divided by the "expected" number of deaths,
the latter being calculated as the product of the death
rate 1n the reference populatien ami the aumber of the
exposed {i.e. bypothetical oumber of deaths in the exposed
1f the referent rate were operating). Usually, the SMR 13
calculated over strats of a factor that has a different
digtribution in the exposed and the nonexposed, or
reference, population. The set—up is as follows.

Mortality
Factor level Number of desrhs Humber of rate in the
{stratum) in the exposed exposed reference
(e.g. age group)} (DL (Wg) population
(Ry)
1
2
k
G, LNga
i i
Here, SMR = [observed)/(expectad) = ZCq
i
IR N
1

It i3 usually multiplied by 100. For example, ip a recent
atudy (9}, the following results (Table 1) emerged from a
l9-year period of rerrospactive follow=-up of 1413 menq
exposed to fibrous glass. The authors state that
"digestive and urinary cancers are e¢levated, although
differences between observed amd eXpected are noc
statistically significant™,
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Table 1. Results from 19%-year period of retrospective
follow-up of 1413 men exposed to fibrouws

glass (9)
Cause of death b5 erved Expected® SMR
(7eh rev.)
411 cancer 40 &5.1 g8.7
(lad-205)
Digestive 13 13.8 132.9
{150-15%)
Respiratory g 13.7 65.8
(160-164)
Ganltal 1 2.9 34,7
C177-179)
Urinary 5 2.4 FA L
(180-131)
Leukemia, 2 2.0 100.0
aleukemia
{204)
Lymphomas 3 2.9 101.8
{200=-203, 203)
ALl other 2 7.5 26,0
Cancer

2 Based on United 5tdtes expertience,

The RR, RD, ARP, PARP and the SMR are the most irequently
used outcome 1ndicators in apidemiology®. They are
often adjusted for factors that are correlated with either

2 The proportional morbidity {murtality} ratie (PHR)
should perhaps be added. It is usually the ratio of a
disease-specific incidence and anocher {or "all causes')
1n¢idence.
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eéxposure Or outcome so as to ensure or at lLeasC increase
comparability between series (e.g. of the exposed and the
nonexposed) in these factors (e.g. age). When the basic
outcome variate is continuous - as, for example, with a
change 1n systolic blood pressure in mmHg ~ other
indicators are usually used.

Selection and self-selection are often operating in
industrial populations in the meaning that workers
entering industry are healthier on the average than those
not entering; a turnover of nonhealthy workers to lighter
jobs or out of working life also occurs. Thus, mortality
rates of industrial groups are usually between 60% and 90%
of those in the population at large (10) - the so-called
"healthy worker effect', which is the most marked at the
beginning of exposure (if coincident with the beginning of
the employment)3.

latency periods, or induction times, pose some problems in
obtaining delayed effect indicators, as, for example, 1n
the case of cancer. To quote Saracci (1):

"By the time of the response, say a cancer
excess, becomes known, the stimulus to be
controlled, say a chemical carcinogen, may
already have been removed and substituted by
other substances whose effect will only show up
in a further twenty or thirty years."

Cancer cases (partly) due to exposure may be expected
earlier 1f one accepts that exposure sometimes acts as
a 'promoting agent" so thac "fruits of prevention
efforts do not have to wait through the 20-year
latency period" (11). All in all, a tendency exists
to search for early precursors or other indicators of
early effects. Thus, subclinical indicators are often
considered. Also, birth defects are under study
because the latency periocds may be relatively short
(e.g. if exposure has taken place during pregnancy)
and because some relation appears between
teratogenesis (and mutagenesis) and carcinogenesis.

# Hernberg, S. Sixth internmational advanced course
on epidemiologic methods, 1979: lecture materials,
Helsinki, Institute of Occupational Health
(mimeographed documents).
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Relatively hign speciiicity as to exposure is a "good”
quality for an ocutcome indicator because the control for
sther covariates ("confounding factors") i simpler.

Exposure Indicators

& serious problem in "industrial epidemiology' is the
difficulcy in obtaining weasures of exposure. This
difficulty is & reason for the high prevalence of "binary"
epidemioclogy: measure of exposure is gfcen on the
nominal, crude yesfmo levsl, Exposures to "new"
substances also pose problems, mainly due te the induction
periods. Ideally, guantitated dose or exposure indicators
would be needed for estimating the exposure-responze
relaticnships and for finding "safe" doses when such
exigt, Important dimensicns are "final tocal dose"

{e.g. ilo concentration and time), "final highesC exposure
intensity™, maybe also “final duration of exposure", age
at onset of exposure and transient expasure levels (10).

Hernberg {(see fovtnote on page 94) has ligted dimensioms

af measures of exposure and measurement methods. Hig list
is duplicated in Table 2.

Assessment and Eveluation of Effects

Epidemiological affect evaluation may be thought as taking
place at three levels: data screming {for asseciatioms,
alarms, and hypothesis generation), agssssment of
exiastance of causality and quantificatiom of

@XpOSUT e~T eIpoRs 2 relatienships. Data screening may
ubllize registers of the diseased and regiasters of
exposurea, including linkage berween the two. The farmer
Tegisters include registers of cause-oi—death and death
certificates, hospitalization and hospital discharge
registers, primary care vecords, disability registers,
sickaess benefit and other compensation regisrters, cadcer
tegisters, registers of other diseases, mass screening
registers, industrial health records, injury registers and
registerg of special surveys. The exposure regiscers
generatad within the amenitoring of exposures are
relatively rare. MHere, the main scurces of information
are measurements made inh industry as well a3 a few
registers or workers axposed, far example, Lo carcinogenic
agents. Most often, however, registers of the diseasead,

95



SECTION II

Table 2. Dimensions of measures of exposure and
meagurement methads?

Dimensions of exposure;

- Biolagical monitoring

- Air samples from breathing zoune

- "Background” samples (static prederermined sites)
Clagsificarion by work area, type of work, occupation
- Exposed/nonexposed

Measzures of exposure:

- Tuality

- Incensicy

- Duration

- Fluctuations

- Calendar time

- Concurrent other exposure

Methods of measurement;

- Duration

Meagurement ; retrospective, carrent, prospective
Comparison of present situatipn by rating known
changes amd interviews with hygienists, faremen,
wortkers

- Reconstruction

2 For reference see footnote on p. 94.

or outcome reglsters, are used for case-finding;
envirgmmental data is added ad hoc, usually
rerrospectively.

An example of data screemning is the Fianish study on
childhood camncer and parental occupatiom {3). It is a
case contrel study, with childhood cancer cases reported
to the Finnish Cancer Register between 1959 and 1975 and
controls drawn from meternity weifare centre files.
Parental occuparionz were mamially recorded at the
maternal welfare centres for both cases and controls:
cases were identified by name and person ID number. The
matern2l occupations which occurred more fraquently among
the cases than the controls included farmers' wives (only
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during 1969-1975), pharmacists, saleswomen, bakers and
unspecified factory workers. 'The apparent paternal risk
occupations were farmers, motor vehlcle drivers, machine
Tepair men and painters. Also at risk were men who
reported an icademic degree instead of an occupation. 1In
gome of Chese occupations, exposures to harmiul chemigals
are possible, bub chance correlations cannot be excluded,

Within one study, dewonatration of causality is, striccly
speaking, very difficult in the nonexperimental set-up
which is usuyal in epidemiology. Statements of probabitity
can be done, but they are not sufficient. Statistical
inference is usually done with relatively powerful
statistical tests of null hypotheses, such as RR = 1 or

BO = O or by calenlating coufidence limits for outcome
parameters of interest (Miettinen, unpublished document,
1979). Susser (1Z) points to "biras toward scepticism in
conventional procedures of iaferemce™: '"Much staristical
strafegy aims tao avoid false positives, infereaces that
give credence to causality where none exists". He calls
statisticlans and epidemiologists “properly professiomal
sceptics”. Indeed, avoidance of false negatives has been
a largely neglected matter; however, 1t iz in che
interests pf thege directly involved - the workers. In
addition, statistical criteria for "significance™ might be
velaxed 1n medium-—sized studies, especially when desling
with a severe outcome, a$, for example, mortality.

Strength of statistical associaztion should be considered
separately from atatistical testing and calgulation of
confidence intervals because sample sizes affect the
latter. Thus, a practically insigmificant assgeiation may
become significant when using stacistical inference
Lechniques merely because sgmple sizes are very large.
The matter of cleaning up the agsociation from effects of
other confounding factors 1s an important issue in
nonexperimental resesrch, especially when the response
under consideration is relatively nounspecific with
reference t¢ its determinants.

Consisrenty of a finding through inaependent scudies (also
experimental) is becoming a standard criteriom, as, for
example, in the evaluation of carcinogenicity of chemical
agents. Consistency of associatiom through different
arrata of the target population also increases the
credibility of the inference. Inconsistencies, however,
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49 not necessarily negate the inference because the sffece
of an agent may be modified by othar factors. In this
context, the statement is often made chat demonstration of
an exposure-response relacionship, 1f nat due to

confounding factors, contributes to the credibilicy of
causality.

The biological reasonableness of the association
{criterion of coherence (12)) is usually considered a
qualicy that increases one's belief in ~ausation. Tt is,
however, not a univerzally applicable criterion since,
strictly takea, it has an empirical flavour of slowing
down development af theoretical inventions that are
necessary for the progreas of science. Keeping the pature
of this criterion 1n mind, it is probably in most
instances, however, a sound measure in the evaluation of
cauaality. Causality being demonstrated as obvious, the
interest is uswally turned to the form of
exposure-respounse relations, interactions

(synergisms/antagoniems} and effect-modifying external ar
host factors.

A simple example of an atrempt towards empirical
demonstration af an exposure-response relarionship will ha
illustrated with the relatiomship between industrial
atyrene exposure and i1ts effeccs on CHN5 functions. The
current exposure was measured with urinsry mandelic acid
concentrations 1u workers by means of five determinations
per vorker during five weeks., Prevalence of EEG
abnormalities, as specified in the study protocol, was
used ar one of the CNS indicators (13). Results are seen
i1n Table 3. The "validity" index is the sum of the
sensitivity and specifieity in the fourfold rables
generated for EEG abnormality and mandelic acid
concentration in urine, using different cut-off points for
the latter. The authors state that the validity index and
the x2 had their maximal values at mandelic acid

(2 x2]}
concentrations belaw 699 mg/l and that, at 800 mg/l, the
prevalence of abnormal EEGs probably reaches a plateau,

Examples of resulcs from some psychological Cests

measuring CNS functions, as related to exposure, are glven
it Table 4,
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Table 4. Distribution of subjects into categories

acecording to their psychological test reaults

and urinary mandelic acid concentrations

The statistical tesf results ana wvalidity
calculations are derived from fourfold tables
with cut-oEl points at the lower limit of the
mandelic acid concentration category (13),

Mandellc acxd

PerlocEknce oo
psychalagical rest

Predicrisn of
povchnlogioal
Performacda by
mandelis ge=ld

coneantration  BAETAC  Ppores e ® zoncentration
(mg/l) |3 L1 S
equai 0 aoporr Tacal
cut=afs walud Sansi~ Speci~ Vali-
wablue eivicy figygy aaey
Symumskry Jravaing
- 399 20 1 2 - . . . .
400- 199 19 4 4 1,19 Ngs 2.92 0.23 1.20
8001199 15 1 13 4.34 <¢0.05 0.72 6. 55 1-27
1200=-157% 9 k] 12 9.26 «<0.0L 0.60 Q.76 1.36
L&00-~1999 3 2 ] 12.98 =«<0.00L Q.48 o.2% 1.57
nng- 5 10 15 12.84 <Q.C01 0.40 .32 1.33
Total m 25 ELY
Bogrdoo=¥iarsmy Tigilance Test
=1199 ) 8 &6 - . . . '
L200=1599 10 2 L2 1.6 AER 2.50 Q.71 1,21
1600-1999 5 - 3 L.30 Wi q.38 0.83 1.21
2000~ ] b 15 3.36 <0,05 0.38 0.8% 1.27
“obal a2 16 98
Mirz Tesc
=1139 54 1x L1 B . - . .
1200+159% k] k| ix 4.59 <0.05 0.52 0.74 1.26
1600=-15399 3 2 3 6.39 <0.05 0.40 Q.38 1.26
- 7 8 i5 5.59 «<0.05 0.32 4,60 1.3z
Toral ) 15 98

4 Nonsigoificane

1aa



EPIDEMIOLOGICAL DATA

Theoretical work has been done in the modelling of
exposure-response relationships and the 2ffects of
meitiple exposures. Linearity of the response to
low-level sxpogsure to carcinogens 1s under discussion bur
is hard to demonserate with epidemiological data.
Multivariare models for caregorical and conrinuous data
have been developed, also with prowvision for

interactions (14~16). Multivariate models of linear and
logistic type have been fitted to spidemiclogical data.
The latter takes the form:

(D nipp/il-ppi} = biX;

p M=

1 1

wnere py probability of developing disease in a

period;

J-hl} = lineatr set of cpefficients in functien
. E b Xj, estimdted, Eor example, as
coefficients of the discriminant function:

{X1 } = set of expesure indicatora, confounding
factors and/or effect modifiers
(Miettinen, 1979).

From (2}, it follows that:

Pp = I S
1+ g EbgHy

which gives the probability of D as a weighted muitiple
logistice function of the k "predictors’. If the Xs are
binary, the estimated aPics give the estimates of the
RRs for the ¥j:3, and testing for by = 0 equals

testing of RR; = 1.
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