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I felt embarassed about the prospect of
giving a “lecture” to such a learned audi-
ence, especially an “honorary” lecture. I
had to find something beyond the ordinary,
and I entertained very seriously some topi-
cal problem areas in methodology, cir-
cumscribed and somewhat esoteric. At
the same time, I continued to be very pre-
occupied with something more funda-
mental, the options in epidemiologic study
design, which is an aspect of my current
research interest. I had an urge to talk
about this latter topic but felt insecure of
my mastery of the issues. I finally felt
confident enough to dare attempt an
update — and indeed a revision — of my
previous teachings in this area. Not only
is the topic important in its own right, but
its review gains added urgency from the
fact that so many of you are familiar with
my past approach in the International
Advanced Course in Epidemiology that the
Institute of Occupational Health in Hel-
sinki has sponsored over the years.

Preliminaries

Given the meaning of “design” in general,
“study design” may be taken to mean a
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vision of the end-product of a study on
one hand and a scheme for carrying out a
study on the other.

In epidemiologic research the concern is
with the occurrence of events and states
of illness and health in man. The magni-
tude of any parameter of such occurrence
generally depends on various particulars
of people’s constitutions, behaviors, and/or
environments. Therefore the quantifica-
tion of any given occurrence parameter is,
in general, a matter of relating its magni-
tude to the various determinants on which
it depends. Such relationships, or occur-
rence functions, thus constitute the general
formal object of epidemiologic research.

The function of concern in any given
study may be abstract-general (divorced
from time and place) or particularistic.
Either way, the direct yield of the study is a
particularistic function, one that is specific
for the population experience that formed
the base of the study, and thereby is the
direct referent of its results. Such an
empirical occurrence function — or quali-
tative information about it — can be
thought of as the direct result of an epi-
demiologic study.

When the aforegiven general meaning
of “study design” is applied to this formu-
lation of the direct result of an epidemio-
logic study, the broadest aspects of
epidemiologic study design may be said to
include the stipulations of (i) the type of
occurrence function (empirical) to be
derived, (ii) the type (and size) of the popu-
lation experience that is to form the empir-
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ical base — and thereby the direct
referent — of the function, and (iii) the
type of sampling that is to be used in the
ascertainment of the occurrence pattern in
the base. Our concern, then, is with the
options in each of these aspects of design.

Occurrence functions

When the health state or outcome at issue
is viewed as an all-or-none characteristic,
the occurrence or outcome parameter may
be taken as a rate of either prevalence or
incidence as a matter of design options
(rather than as simply different types of
Fragestellung). In the context of a quanti-
tative health characteristic (of individuals)
the equivalent of a prevalence study is the
assessment of (parameters of) the distribu-
tion of the characteristic (mean, etc) among
people. The counterpart of incidence
studies in such a case is the study of the
distribution of changes in the characteris-
tic over a period of time.

Whatever type of outcome parameter (P)
is considered, its relationship to the deter-
minants (D) considered is viewed in either
descriptive or causal terms, and this duali-
ty of interpretation has bearing on the
structure of the function as well. A des-
criptive function is simply of the form

p=f (D)), (eq 1)

where D represents a set of determinants
(Dy, Dy, ...) and f the functional relation-
ship. By contrast, a causal relationship
between the parameter and any given
determinant depends on modifiers (M) of
the effect, and it is expressed conditionally
on confounders (C):

P=75 (D, {M}| {C}. (eq 2)

It may be worthy of emphasis that even
the latter function is a directly empirical
one; the causal-inferential judgement
comes to bear on it in the selection of the
set of confounders on which it is condi-
tioned — a question of study design (and
data analysis).

The realizations of both the outcome and
the determinant(s) tend to be functions of
time (age, duration of follow-up, etc). In
terms of the interrelationship of their
time referents, one may opt for either a
cross-sectional or a longitudinal function.
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In a cross-sectional function these time
referents are the same:

Py = f (Dy), (eq 3)
ie, the value of the outcome parameter at
any given point in time (T = t) is related
to the realization(s) of the determinant(s)
at that same time. In a longitudinal func-
tion the time referent of the determinant
value(s) is previous to that of the para-
meter:

P; = f(Dr<t). (eq 9)

(It should be noted that even though causal
functions are theoretically longitudinal,
consideration of practicalities may lead to
the pursuit of a cross-sectional empirical
function.)

Example 1. In the Collaborative Perinatal
Study (3) the main concern was with potential
teratogenic effects of maternal drug use. Theo-
retically, incidence of malformations over the
period of organogenesis could have been related
to drug exposure at that time, ie, a cross-
sectional incidence function could theoretically
have been taken as the object of the study.
The study actually addressed the prevalence
of malformations (and other anomalies) in the
postnatal period in relation to fetal drug ex-
posure (and other factors), ie, a longitudinal
prevalence function.

Example 2. The Framingham Heart Study (2)
was mainly concerned with the occurrence of
coronary heart disease in terms of both des-
criptive and causal-interpretative functions. It
could, theoretically, have focused on prev-
alence, but it concentrated on incidence/risk.
When, in that study or in any study, the in-
cidence over a particular span of time (5-a in-
cidence, say) is expressed as a function of age
(at the beginning of the risk period) and the
values of other determinants at that age, the
incidence function is totally cross-sectional.
When values before that age are taken into
account, the function is longitudinal in terms
of the given definition.

Base

In a prevalence study the population
experience (that constitutes its base) may
be a cross-section of a population, ie, such
that each member of the population is
considered at one point in time (age, time
since first exposure, ...) only. In such a
study the concern is the health status at
that time and the realization(s) for the
determinant(s) at that time (cross-sectional
function) or at a previous time (longitudi-



nal function). With the subjects distri-
buted over time, a cross-sectional ex-
perience can provide for studying even
time itself as a determinant of the occur-
rence parameter. An alternative is to
consider the experience of a cohort as it
moves over the time span under study.

Example 3. In the Collaborative Perinatal
Study the health outcome was studied from
birth to 7a of age. One option would have
been to study each member of the cohort of
newborns only once in that span of age, with
a suitable scatter of subjects within the range,
ie, to examine only a cross-section (an oblique
one) of the cohort. Actually, the cohort was
followed, by means of periodic examinations,
from birth to 7a of age, ie, the full cohort
experience was observed.

An incidence study cannot be based on
a cross-section of a population; the obser-
vation of transitions (from health to illness,
say) requires longitudinal population ex-
perience, as in the movement of a cohort
over time. An alternative to a cohort base
is the experience of a dynamic population
over time.

Example 4. While, in the Framingham Heart
Study, the base was taken as a cohort of 1948
residents of the town, an alternative would
have been to follow the dynamic population
of Framingham — by repeatedly surveying it
for the determinants under study and maintain-
ing a register of coronary events. (The ex-
perience of the 1948 cohort, now rapidly fading,
would have been subsumed under such a dyna-
mic base, potentially studiable in perpetuity.)

Whatever the dynamics of the base in
the aforegiven terms, its distribution ac-
cording to any given determinant and its
respective modifiers and confounders in
the function, the design matrix, is, in prin-
ciple at least, for the investigator to decide
on. In nonexperimental research the de-
cisions are implemented by selectivity
only, and thus the main options in this
regard are mnonselective and selective
distribution or matrix. For a determinant
under study, selectivity means pursuit of
greater variability. This definition applies
to modifiers as well, given that modifica-
tion is actually studied; if it is not, the
distribution of the modifier may be
constrained to a narrow range. In the
case of a confounder there is no point in
maximizing variability, whereas restricting
range is a means of control.

Example 5. In the Collaborative Perinatal
Study, expectant mothers were enrolled, and
their pregnancies and offspring followed,
regardless of what their drug use was in early
pregnancy. An alternative would have been
to be selective according to drug use — taking,
say, all users of drugs of interest (such that
their use is reasonably common) and only a
sample of those who did not use any drugs.

Example 6. In the Framingham Heart Study,
the screenees were enrolled without any selec-
tivity according to the determinants of interest.
Among the alternatives would have been to
take people in the extremes of each determi-
nant (“two-point design”), possibly supple-
mented by a sample from the middle of the
distribution (“three-point design”). Similarly,
within the broad age range of admissibility,
age being a potential modifier of major interest,
the cohort was totally nonselective. Again, the
alternatives would have included the two-point
design, etc.

In situations in which a single determi-
nant is under study, matching, by modi-
fier(s) and/or confounder(s), represents an
added form of selectivity in the formation
of the study base.

(In nonexperimental research, as in
general, the choice of the design matrix
has to do with study efficiency in the sense
of amount of information per subject.)

The studied occurrence function general-
ly involves but a few of a multitude of
determinants of the parameter at issue.
All the other determinants jointly deter-
mine the “backround” level of the rate or
other parameter, say the “intercept” of a
rate function. It is a question of design
to choose the preferred backround level of
the parameter. For example, in the evalu-
ation of preventives (factors capable of
neutralizing otherwise sufficient causes), it
is commonly preferred to use a base with
a high backround rate for the outcome at
issue.

The placement of the study base in time
involves, in nonexperimental research, the
choice between retrospective and prospec-
tive options — given that the research
problem is scientific (abstract-general). If
it is particularistic, as in the evaluation of
health practices, then the problem itself
determines the time (and place) for the
experience to be studied.

Example 7. The Collaborative Perinatal Study
could not have been based on any cohort ex-
perience (from birth to 7 a of age) in the past
because information about drug exposure in
early pregnancy could not have been obtained.
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Even the use of a prospective cohort (of
newborns) would not have been a solution per
se. A partial solution would have been the use
of a prospective cohort with the mothers
interviewed in an appropriate manner in the
early postpartum period. In point of fact, the
prospective placement of the cohort was ex-
ploited even further; a setting was created in
which newborn babies had recorded histories
of drug exposure in early pregnancy. (Mothers
were enrolled already during pregnancy, and
drug uses were recorded forthwith on entry,
with updates later in pregnancy.)

Example 8. For the Framingham Heart Study,
information on the determinants of interest was
not available retrospectively. It was, therefore,
made available by means of examinations on
the prospective cohort that formed the base of
that study. [The same problem could have been
solved by the use of a prospective dynamic
population (cf example 4).]

As for the place in which the study base
is located, options analogous to the options
in time exist (on the same condition). How-
ever, these options do not reduce to a
single dichotomy analogous to that for
time.

(Evidently, the options in time and place
have implications for quality of informa-
tion and efficiency in the sense of cost per
subject. In addition, selection of time and/
or place can be used as a means of attain-
ing a desired design matrix and/or level
of “backround” rate.)

Representation

The base (including its size) having been
defined, it remains to ascertain what the
empirical occurrence function in it was
(retrospective base) or will turn out to be
(prospective base). To this end, one needs
to learn about numerators and denomina-
tors of rates — how the cases and the base,
respectively, are distributed over the
determinant, modifiers, and confounders.
One way to achieve this information is the
use of a census: each subject in the base
is examined as to all the pertinent facts
— determinant(s), modifiers, confounders
and outcome. An alternative is outcome-
selective sampling, ie, the use of a case-
referent (case-control) approach. (It is to
be noted that sampling according to
the determinant(s)/modifiers/confounders
is not an alternative to the census approach
in the context of abstract objectives; it is
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tantamount to reducing the base of the
sample).

Outcome-selective sampling is custom-
arily thought of in terms of a census (or
possibly sample) of the cases of illness
together with a sample of the noncases
(1, 4, 5, 8). Consider a base experience as
laid out in panel A of table 1, ie, a base
which is either a cross-section of a popula-
tion (prevalence study) or a cohort ex-
perience (incidence study), with a binary
determinant and oufcome. For the base
the rate ratio contrasting the index cate-
gory (D = 1) to the reference category
(D=0) is

RR1 = (C1/B1)/(Co/Bo) (eq 5)
= (C1/Co)/(B1/By).
The ratio C;/C, is estimable from the case
series, and, if the illness is rare, B;/B, can
be estimated from the series of noncases
(1). Thus, using the notation in panel B
of table 1,

RR = (c1/co)/(ny/no). (eq 6)

The aforementioned, customary type of
outcome-selective study (in the case of a
cross-sectional or cohort base) has an
alternative which seems not to have re-
ceived proper attention: replacement of
the sample of noncases by a sample of the
base. In terms of the notation in panel C
of table 1, this design provides the estimate

RR = (c1/co)/(b1/bo). eq )
This estimate, in contrast to the one from
the design with noncases (equation 6) does
not depend on any rare disease assump-
tion. Its statistical treatment is outlined
in appendix 1.

The distinction between the presented
two ways of defining the reference series
in outcome-selective sampling is a nonissue
in the context of incidence studies with a
dynamic base; the noncases are a sample
of the base (of candidates for incident
case), and equation 6 (as well as equation
7) gives an estimate of the incidence-den-
sity ratio without any rare disease as-
sumption (7).

Example 9. In the Collaborative Perinatal
Study the census approach to the experience
of the cohort was employed. All information
on drug exposure, etc, was secured and proc-



essed for each baby in the study, and even a
very detailed editing, referring back to the
original data sheets, employed this census
approach (3). An alternative would have been
simply to file the prenatal records, then
ascertain the health outcome on each baby/
child, and finally process and analyze the data
on all “cases” (representing problems frequent
enough for meaningful study) and on a sample
of the base cohort of newborns.

Example 10. Had the Framingham Heart Study
been carried out in terms of a dynamic base
as outlined in example 4, the register data
would presumably have been processed in
detail, while the survey results would ideally
have been processed routinely to a minimal,
necessary extent only. For example, electro-
cardiograms would have been filed away
without any readings, etc. Any given analysis
would have been based on a case series (census,
from the register) together with a sample of
the (dynamic) base, drawn on the basis of the
rosters of screenees simultaneously with the
appearances of the cases (time-matching).

Outcome-selective series may, of course,
be drawn with or without matching on
modifiers and/or confounders. [However,
matching on factors that are not part of
the occurrence function can be counterpro-

ductive in terms of efficiency in studies of
this type (6)].

With or without matching, which means
selectivity in the sampling of potential
reference subjects only, it may be desirable
to employ selectivity for both series, index
(case) as well as reference (noncase or
base) series, according to the determinant
and/or the modifiers.

Consider first the added selectivity by
the determinant in an already outcome-
selective study. Commonly the interest is
in a rare exposure, so that By is very small
relative to By. In such a case, a two-stage
sampling strategy may be attractive (in
terms of efficiency). The first-stage sam-
pling, nonselective as to the determinant,
could be used to identify the exposure
status (of cases and of reference subjects).
In the second stage, only a sample of the
nonexposed would be selected, randomly,
from the nonexposed in the first stage
sample. If the sampling fractions for the
nonexposed in the case and noncase series
are f, and f,, respectively, with second-
stage sample sizes of ¢y’ = f.cy and ny” =

Table 1. Layout of numbers of subjects of different types in a cross-sectional or cohort base and

also in outcome-selective samples.

A. Base experience

Determinant (D)

D=1 D=0 Other Total
Cases C1 Co c’ c+cC
Noncases Ny No N’ N+ N
Base By By B’ B+ B
B. Samples of cases and noncases
Determinant (D)
D=1 D=0 Other Total
Cases c1 co c’ c+c
Noncases ny no n n+n
Total 131 to t t+t
C. Samples of cases and base
Determinant (D)
D=1 D=0 Other Total
Cases cy Cy c’ c+c
Base b1 bg b’ b+ p
Cases c1* co* c'* c* + ¢c'*
Noncases m ng n’ n+n

11



f,ny, then the estimate in equation 6 is
replaced by

RR = [(c1/c0”)/ (n1/ng™)] (Fe/Fa). (eq 8)

Similarly, if a sample of the base is used
instead of a series of noncases and if the
sampling fractions of the nonexposed index
(case) and reference (base) subjects in the
first-stage sample are f, and f;, respective-
ly, then the estimate in equation 7 is

replaced by
RR = [(c1/co”)/ (b1/b6™)] (fe/f0), (eq 9)

Statistical aspects of
are outlined in

where bo” = fbe'
these two estimators
appendix 2.

(Added selectivity by determinant in an
already outcome-selective study deserves
consideration in situations in which, after
the initial selection and ascertainment of
exposure status, expensive data acquisition
remains to be done. This situation may
concern verification or details of diagnosis,
or it may deal with modifiers and/or con-
founders. Also, if exposure is very com-
mon so that the exposed are sampled, the
data acquisition of concern may deal with
details of the exposure.)

Analogously with determinant selectiv-
ity, selectivity by modifier in an already
outcome selective study is aimed at in-
creasing the variability of the modifier in
the final series so as to increase the amount
of information (about modification) per
subject in those series. Thus, in the modi-
fier domain in which the base is scarce,
all cases are enrolled (in the first stage of
determinant selective sampling), while
elsewhere only a fraction of the available
cases are drawn into the index series. The
size of the reference series in the different
domains of the modifier in such a study
would generally be proportional to that of
the index series (matching).

Example 11. Suppose the Framingham Heart
Study was carried out in terms of a dynamic
base and case-base sampling, as outlined in
examples 4 and 10. Suppose further that people
with a history of coronary heart disease (CHD)
were not excluded from the case register nor
in the periodic surveys of the population.
Somewhere along the way one might have
wished to examine serum cholesterol level as
a determinant of acute coronary events, with
history of CHD as a modifier of interest. The
cases would presumably have been quite nicely
(evenly) distributed between the two categories
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of the modifier (positive and negative history),
so that cases would have been enrolled in the
spirit of a census (without selectivity by his-
tory). On the other hand, the base sample
would have had a very lopsided distribution
by the modifier in the absence of matching by
it. For some other potential modifiers, such as
age, the case series too might have been formed
in a selective fashion.

Epilogue

From the preceding analysis it is evident
that the core issue in epidemiologic study
design is not the choice between cohort
and case-referent studies, contrary to a
prevalent belief. Indeed, cohort and case-
referent studies are not even alternatives
to each other. For a cohort experience,
which is a type of study base, the alter-
natives are a dynamic population experi-
ence or a population cross-section, while
for a case-referent approach to the ascer-
tainment of the base experience the only
alternative is the use of a census.

In the formation of the base, epidemio-
logists still have a lot to learn from labo-
ratory experimenters, especially in the em-
ployment of an efficient design matrix.
Even in clinical trials that are immensely
expensive it is still customary to stipulate
only the ranges of age and other modifiers,
with no selectivity within the range.
(Rarely do laboratory investigators pur-
chase animals from a store simply stipu-
lating a wide range of age or weight and
then accept, within that range, a totally
arbitrary distribution; it would be recog-
nized as obviously inelegant and ineffi-
cient.)

Conversely, experimenters are very com-
mitted to the census approach to the as-
certainment of the experience of any group
of subjects, whether animals or humans,
and they might learn from epidemiologists
the efficient approach of outcome selectiv-
ity.

Even in epidemiology, the use of out-
come-selective studies is still rather primi-
tive. The reference series is routinely taken
as a series of noncases, even when a sam-
ple of the base would be preferable. More-
over, the efficiency potential of further
selectivities according to the determinant
or modifiers under study seem not to have
been realized.

It has been my purpose to draw atten-
tion to the various design alternatives that



are available in epidemiologic research.
Mere awareness of them, I believe, will
lead to more rational choices in study de-
sign — with occasionally very major sav-
ings through enhanced efficiency.
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tween c; and b; conditionally on ¢ and b).
The result is

Vincity) = 1/c1+ 1/co + (1 —2¢*/¢) (1/by + 1/by).
(eq B)

Thus, 100(1 — a) °/0 confidence limits for
RR may be set as

RR, RR = exp [In(RR) * z. (Viucith)*2],
(eq O

where y, is the (positive square root of the
100(1—a) centile of the chi-square dis-
tribution with one degree of freedom.

Alternatively, the limits may be com-
puted by the use of the test-based meth-
od (2):

/X

—_— A
RR, RR = RR'* "¢ (eq D)

where X is the square root of the test sta-
tistic in equation A.

Example. Suppose the final case series, with
some cases found only on the basis of the base
sample, included 10 in the index category
(D =1) of the determinant (D) under study,
and 50 in the reference category (D = 0), ie,
that ¢1 = 10, ¢p = 50, and ¢ = 60. Suppose, too,
that the sample of the base included 10 with
D =1 and 90 with D = 0, ie, that b1 = 10, by =
90, and b = 100. Suppose, finally, that the cor-
responding numbers of cases in the base
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sample were 5 from D =1 and 15 from D = 0,
so that ¢; =5 and cgp = 15, leaving 5 noncases
from D = 1 (ny = 5) and 75 noncases from D =
0 (np = 75, n = 80). Thus, by equation A,

X2 =[10—60 (10 + 5) /(60 + 80)]2/
[60 (80) (10 + 5) (50 + 75)/(60 + 80)3]
= 3.89.

The point estimate of RR is, by equation 7 (p

10), RR = (10/50)/(10/90) = 1.80, so that In(ER)
= 0.588. The variance of this log-metameter is,
by equation B,

A
Vincitk) = 1/10 + 1/50 + [1—2 (20)/60]
(1/10 + 1/90) = 0.157.

Thus, 95 % approximate confidence limits for
RR are (equation C)

Appendix 2

RR, RR = exp [0.588 * 1.96 (0.157) %]
=038, 3.9.

The corresponding test-based limits (equation
D) are

— %
RR, RR = (180)! £ 19/B8N™ —_ 14 39
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Analysis under selectivity by outcome and determinant

When the sampling fractions in the two
series are the same (f, = f, or f, = fp), the
second-stage sampling according to the de-
terminant does not influence the analytic
procedures at all; equation 8 (p 12), be-
comes analogous to equation 6, etc. How-
ever, the general case (f, = f, or f. = f)
involves some subtlety beyond that in the
estimators in equations 8 and 9 (p 12).

In the context of the general case, con-
sider first the estimator in equation 8
(p 12), based on a case-noncase sampling
and valid only if the illness is rare (in ex-
posure as well as in nonexposure). The
underlying data may be laid out in the
form of a 2X2 table with, say, ¢; and ¢;”
constituting the first row and n; and n,”,
respectively, the second row. Suppose this
layout is viewed as an ordinary 2X2 ta-
ble, with 100(1—a) confidence limits for
the odds ratio computed (conditionally on
the marginal frequencies) either exactly
(2) or by the Cornfield asymptotic method
(1). Let these limits be OR”, OR”. Signifi-
cance (two-sided) at the a level corre-
sponds to this interval not covering f,/f,.
Similarly the confidence limits for RR (on
the rare-disease assumption) may be taken
as

RR, RR = OR” (fc/fn), OR” (fo/fn).

With case-base sampling for which the
point estimator is given in equation 9
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(p 12), the significance testing can be
carried out on the basis of cases and non-
cases as already outlined, given that the
proportion of cases which come up only
in the base sample (cf appendix 1) is very
small. (This situation is guaranteed by the
use of a census for the cases.) For use in
obtaining the actual p-value and in the
computation of the test-based limits on this
same condition, the chi-square statistic,
one degree of freedom, may be computed
as

X2 = (c1 — E0)2/Vo,

where E; is the null expectation of ¢; and
V, its null variance, both computed con-
ditionally on the marginal frequencies. E,
is computed on the basis of the property
that its associated odds ratio equals f,/f..
The inverse of V is the sum of the inverse
of E; and the inverses of its associated oth-
er cell frequencies.
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