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Recent advances in statistical methods have opened
up new possibilities with respect to the design and
analysis of epidemiologic studies. In particular, the
past decade has witnessed a virtual revolution in
the methods which can now be used by epidemio-
logists and biostatisticians to wring interesting fea-
tures, and conclusions, from well-defined and well-
executed study designs. At the same time, advances
in study design have progressed to such a degree in
recent years that practitioners are hard pressed to
keep abreast of recent developments. Matthews
and Farewell! provide a qualitative summary of
some of these possibilities. For a comprehensive
survey reviewing developments in the 1980s, see
Gail.?

In 1986, Prentice * described a major improvement
in epidemiologic study methodology which he
called the Case-Cohort design. The essence of this
approach lies in the use of a random sample of
cohort subjects to furnish vital covariate informa-
tion which is used in the subsequent analysis and
evaluation of relative risk differences between the
population represented by the cases, and the cor-
responding cohort. The primary purpose of this
paper is to describe the case-cohort design, and to
discuss the merits of this relatively new method for
analyzing cohort data. Kupper, McMichael and
Spirtas* previously suggested an approach, called
the hybrid retrospective design, which is similar to
the case-cohort design. However, the estimation
procedures which they describe do not apply to
inference on population parameters, since the only
variation which they considered is that attributable
to sampling from the cohort. Likewise, the case-
base design proposed by Miettinen * is not applica-
ble because the focus of estimation is the popu-
lation risk ratio, i.e., the ratio of disease probabili-
ties at different values of some binary covariate z,
say.

To illustrate the use of the case-cohort method-
ology, we describe a Swiss example of a case-cohort
study, and discuss the findings of a multivariate
case-cohort analysis of the study data. These data
were derived from the 1979-81 birth cohort
for Switzerland, which has been investigated from
various perspectives by a number of authors.®~°
In paragraph 2 we describe the data set which was
originally compiled, and indicate how it was sub-

sequently organized to facilitate analysis according
to the methodology for case-cohort designs . The
results or our analysis form the basis of para-
graph 3. The paper concludes with a discussion of
the study findings, and some summary remarks
concerning the case-cohort methodology.

Methods

The data on which this study is based consist of a
linked file of all Swiss births and neonatal deaths
during the years 1979-81. During that time, a total
of 220540 births were recorded. From the linked
file, a case-file consisting of all deaths and a simple
random sample from the cohort of survivors was
prepared, using a fixed sampling rate of three survi-
vors to each neonatal death. One of the principal
advantages of the case-cohort design ? is the reduc-
tion in overall study cost which results because
covariate information only needs to be obtained,
entered and stored for the cases and for the random
sample from the cohort. In the present instance, the
cost savings are realized, primarily, in the ease with
which the data can be manipulated, and analyzed.
Use of the case-cohort design in this study resulted
in at least a 50-fold reduction of the data. In other
situations, significant savings could be achieved
when use of the case-cohort design eliminates the
necessity to obtain expensive laboratory test results
or sample survey responses on all but the cases and
a random sample of the noncases.

Minder et al.® indicates that a case-file was pre-
pared based on the number of deaths (cases) ob-
served, during the three-year study period, within
four hours of birth. A total of 335 infants died
during this time-frame, and with a sampling rate of
3:1 this collection of cases generated a case-file
containing information on 1340 infants, the 335
deaths and a simple random sample of 1005 infants
who survived for at least four hours following
birth. In addition to this case-file, several others
were also assembled, based on neonatal deaths
occurring after the initial four hours had elapsed.
The majority of deaths observed in neonatal infants
during 197981 occurred between four and twenty-
four hours following birth, and the corresponding
case-file contains 5688 records, consisting of 1422
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deaths and a random sample of 4266 infants from
the cohort of twenty-four hour survivors. A third
case-file corresponds to all neonatal deaths occur-
ring within the first week of life among infants who
survived for at least 24 hours and contains a total
of 1580 records, consisting of 395 deaths and a
random sample of 1185 one-week survivors. The
final case-file is defined by the occurrence of death
within the first month of life, among all infants who
survived for at least one week. Since an analysis of
the first case-file provides ample illustration of the
various features of the case-cohort methodology,
we have chosen not to report any findings from our
analysis of the latter three sets of data.

The case-files which we used were those prepared
by Minder et al.,” who provide a complete list of
the explanatory variables which were available for
analysis. We included in our multivariate analyses
those variables on the original case-files which were
individually associated with neonatal mortality
during the time period in question or which, from
the literature, have previously been shown to be
associated with neonatal mortality. These include
birthweight,'® ! maternal age,'? the sex of the
child,!? *3 marital status of the mother,'? 4 body
length, ! birth order,'? the urban or rural nature of
the mother’s residence ' 2 and the type of birth. '® A
list of the variables studied, and the corresponding
coded values used in our analyses, may be found in
Table 1.

In describing the case-cohort design, Prentice ® dis-
cussed two separate cases. The first of these con-
cerns a binary response variable, such as the occur-
rence of death within a fixed number of hours
following birth. The second case involves time to
response data, and is not applicable in this particu-
lar study of the cohort of all Swiss births in the
years 1979-81. Prentice® demonstrated that in

Tab. 1. Variable names and the corresponding coded values
used in the case-cohort analysis of Swiss neonatal mortality,
1979-81.

Variable name Coding
Weight at birth In grams
Sex 0 = Female
1 = Male
Mother’s marital status 0 = Married

1 = Otherwise

Birth rank 0 = Number of siblings <2
1 = Number of siblings >2
Urban 0 = City
1 = Otherwise
Birth place 0 = Hospital

1 = Otherwise

Birth type 0 = Singleton
1 = Multiple

Body length Incm

Maternal age Years —28
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analysing a case-cohort study design involving all
observed cases and a random sample of noncases
from the cohort, i.e., neonatal survivors, asymp-
totic inference on the odds ratio can be carried out
by fitting the binary logistic failure probability
model directly to the subjects for whom covariate
data has been assembled. Since the case-files
previously described contain a binary response,
namely neonatal death, and various explanatory
variables (those listed in Table 1), the results of
Prentice ® ensure that an analysis of the relationship
between neonatal death and the explanatory vari-
ables can be based on a binary logistic regression
model such as the one that can be fitted using the
software package GLIM.!” For a description of
the binary logistic probability model and the
corresponding regression model, see chapter 11 of
Matthews and Farewell.l

Because of missing values for various covariates
in some of the records on the case-file, the actual
sample sizes for the cases and noncases used in the
binary logistic regression models that were fitted
were less than the nominal sizes described above.
Records with missing values were excluded from
analysis only for models involving the explanatory
variables whose values had not been recorded. In
view of the known importance of birth weight as
a predictor of neonatal mortality!°, all analyses
described in paragraph 3 included weight at birth
(in g.) as an explanatory variable. Thus, the es-
timated odds ratios, and corresponding 95% con-
fidence intervals, are adjusted for the predictive
effect of birth weight.

Results

The results of our analysis of the four-hour neonatal
mortality case-file described in paragraph 2 is pre-
sented in Table 2. Since birth weight was the single
most important predictor of neonatal mortality in
all of the time periods which we investigated,we first
display a preliminary model involving only birth
weight in order to provide a basis against which to
compare the results of the final multivariate logistic
regression model obtained. For each model fitted
we show the variables included in the model, the
sample sizes for cases (deaths) and noncases (survi-
vors), the estimated regression coefficients and
their standard errors, the estimated odds ratio of
neonatal death and the corresponding 95% con-
fidence interval. The approximate significance level
of a test that the adjusted regression coefficient is
zero, i.e., that the corresponding explanatory vari-
able is not associated with neonatal mortality dur-
ing the first four hours of life, is indicated in the
final column of the table. Since birth weight, body
length and the interaction of birth weight and birth
type were modelled as continuous covariates, the
corresponding estimated odds ratios and 95%
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Tab. 2. Results of the case-cohort analysis of neonatal mortality during the first four hours of life.

Explanatory Sample sizes Estimated regression Estimated Significance
variable (cases, noncases) coefficient odds ratio level
(standard error) (95% CI)
Birth weight 325,1003 —0.0027 0.762 < 0.00001
only (0.00015) (0.74, 0.79)
Birth weight —0.0022 0.80* < 0.0001
(0.00032) (0.75, 0.86)
Birth rank 1.522 4.58 0.0001
(0.464) (1.84, 11.4)
Birth type 279,943 —3.70 0.02 0.003
(1.231) (0.002, 0.28)
Birth type x 0.0016 117 0.004
Birth weight (0.0005) (1.05, 1.30)
Body length —0.179 0.84° 0.0007
(0.053) (0.75,0.93)

* Change in the estimated odds ratio of neonatal death per 100 g. increase in birth weight.
® Reduction in the estimated odds ratio of neonatal death per 1 cm. increase in body length.

confidence intervals indicate the change in the
odds ratio which results from a 100 g. increase in
birth weight or a one cm. increase in an infant’s
length.

In our investigations of the data represented by
these 1340 births, we considered all the variables
specified in Table 1 and various interactions, as well
as higher powers of birth weight, maternal age and
body length. A quadratic function of the mother’s
age would be one way in which to model the un-
adjusted relationship between maternal age and
neonatal mortality which has been reported else-
where.!? However, as Table 2 indicates, after ad-
justing for the predictive effect of weight at birth,
we found that only the individual regression coeffi-
cients corresponding to birth rank, birth type, the
interaction between birth weight and birth type and
body length were significantly different from zero.
After adjusting for the predictive effect of these
variables, the regression coefficients corresponding
to sex, birth place, urban or rural residence and
maternal age were all not significantly different
from zero.

Minder et al.® noted that information on the birth
rank of a child was only available if the mother was
married. Consequently, in the reduced case-file
which resulted when records for which the birth
rank information was missing were eliminated, the
strength of the associations between neonatal mor-
tality and each of the explanatory variables was
reduced. This is not surprising since investigation
of the 93 records for which the birth rank informa-
tion was missing showed that more than one-third
were cases (35) and the remaining 58 were non-
cases. Relative to the fixed sampling rate of three
survivors for each case, this constitutes a dis-
proportionate representation for the cases. How-
ever, after adjusting for the predictive effect of
the variables specified in the model summarized

in Table 2 (excluding birth rank), the regression
coefficient corresponding to the marital status of
the mother was not significantly different from
zero.

Discussion

A careful scrutiny of the results described in the
previous section, and summarized in Table 2,
shows that the explanatory variable weight at birth
is the single best predictor of neonatal mortality.
Moreover, the inverse nature of this relationship is
one which has been documented repeatedly in
many different settings.1® 111> Based on the final
model summarized in Table 2, the ratio of the odds
of neonatal death per 100 g. of weight at birth is
estimated to be 0.80 (95% confidence interval
(0.75, 0.86)) during the first four hours of an
infant’s life. This estimated odds ratio indicates
that for two infants resulting from singleton
births which differ only with respect to their weight
at birth, i.e., all other influential factors are identi-
cal, the ratio of the odds of neonatal death for
the heavier infant relative to the lighter child is
approximately exp (—0.0022 Aw), where Aw repre-
sents the difference in the weights of the two infants
at birth. Thus, if the heavier child weighs 3500 g.
and the lighter child weighs only 2500 g. at birth,
the ratio of the odds of neonatal death for the
heavier infant, relative to the lighter child, is
approximately exp (—2.18) = 0.11. Because of the
significant interaction between birth weight and
birth type identified in Table 2, a more extensive
calculation, which is described below, is required to
evaluate the effect of birth weight on the odds of
neonatal mortality in the case of an infant resulting
from a multiple pregnancy.

Although the regression coefficient associated with
the marital status of the mother was significantly
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different from zero in a univariate analysis of
neonatal mortality, this effect did not persist in the
multivariate model summarized in Table 2. Minder
et al.? reported that marital status of the mother
was associated with birth weight, but only weakly
related to death during the first four hours of life.
The disappearance, in the multivariate model, of
the univariate association between neonatal mor-
tality and marital status of the mother suggests that
the effects related to being unmarried are mediated
through a change in the distribution of birth
weight. Similar findings have been reported in
Canada.'?

Table 2 indicates that during the first four hours of
life, the risk of death may be similar for single and
multiple births. To evaluate the ratio of the odds of
neonatal death for a multiple pregnancy we need to
multiply the estimated odds ratio for a multiple
birth and the corresponding estimated odds ratio
based on the birth weight of the child concerned
(birth type x birth weight interaction; the esti-
mated odds ratio of neonatal death for a multiple
pregnancy is approximately 1.17 per 100 g. of
weight at birth). If the birth weight is 2500 g., the
estimated odds ratio for a multiple birth is only
1.19, and the corresponding 95% confidence inter-
val, which is (0.04, 33.3), includes 1. In other
studies reported in the literature, it has been re-
ported that the excess mortality in twins is due
almost entirely to a higher incidence of low birth
weight in twin pregnancies.!® The inclusion of the
covariates birth type and the interaction between
birth type and weight at birth suggests that a simi-
lar effect may be evident in the 197981 Swiss birth
cohort as well.

The fitted logistic regression model also reveals that
the odds of neonatal death are inversely related to
the infant’s body length; the estimated ratio is
0.84 per cm., with a corresponding 95 % confidence
interval of (0.75, 0.93). A similar linear dependence
between the odds of neonatal mortality and body
length, after adjustment for the predictive effect of
weight at birth, was also reported by Herman and
Hastie.'®

A natural question that arises with respect to the
case-cohort analysis discussed above concerns the
relationship between case-cohort estimation of an
odds ratio, and estimation of the same odds ratio
using the full cohort information. In the case of a
binary response, such as neonatal mortality, and a
binary covariate such as sex, it can be shown that
the estimated variance of an odds ratio estimate
based on the full cohort, and on the case-cohort
sample, should be virtually identical when the num-
bers of noncases, i.e., survivors, is large relative to
the smaller number of cases in the two categories
defined by the levels of the covariate. It follows
that, in these circumstances, the case-cohort odds
ratio estimator will have good efficiency properties
with high probability 3, and confidence intervals for
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odds ratios based on a case-cohort analysis would
be very similar to corresponding confidence inter-
vals derived from the full cohort since the dominant
terms in the estimated variance of the log odds ratio
are the same in both analyses. In comparable cir-
cumstances, similar results would also be expected
to hold in the case of a multivariate vector of co-
variates, e.g. sex, birth weight, maternal age, etc.
However, detailed comparisons for the case of odds
ratio estimation do not seem to have appeared in the
statistical literature. Instead, attention has focussed
on analysis of the efficiency and power of the case-
cohort design for time to response data. In this
situation, the comparisons are invariably compli-
cated by the necessity to adopt various assumptions
concerning the underlying failure time distribution,
accrual rates, censoring mechanisms, etc. Although
definitive conclusions with regard to statistical effi-
ciency and power in the case-cohort design for time
to response data have not yet been reached, the
results published to date seem to indicate that the
asymptotic relative efficiency improves as the num-
ber of noncases increases, and also as the relative
risk increases.’® '° Irrespective of the final out-
come of statistical research concerning efficiency
and power considerations, the case-cohort sam-
pling design for time to response data facilitates
estimation of (possibly stratified) cumulative base-
line failure rates; such estimation appears to be
unavailable in the alternative approach known as
the synthetic case-control design.2?

A vparticular feature of the regression-based ap-
proach which is worth noting is the fact that logistic
regression models of the type used in the example
discussed above are readily generalized to stratified
versions. Thus, the epidemiologist or biostatistician
is offered a choice for the control of confounding
factors — stratification, regression modelling or
both. An example of the use of stratification, in the
context of a logistic regression model, to control for
confounding is discussed in chapter 11 of Matthews
and Farewell.!

Epidemiologic cohort studies frequently involve
the periodic acquisition of raw data which are used
to construct individual covariate histories. Such
data may include the results of biochemical analysis
of blood samples or cells, detailed occupational ex-
posure records or dietary intake records to name
only a few possibilities. In these circumstances, the
cost of full cohort analysis can easily be dominated
by the expense of acquiring covariate information,
and may seriously jeopardize the initiation, or suc-
cessful completion, of an otherwise well-designed
study. The use of case-cohort sampling, which re-
quires the assembling of covariate information only
for cases and a random sample of noncases, may
enable researchers to effectively bridge the gap
between what is desirable and what is practical due
to study resource limitations.
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In conclusion, the case-cohort design for an epide-
miologic study represents a notable advance in epi-
demiologic methodology. In the particular example
which we have described, namely neonatal mortal-
ity during the first four hours of life in the 197981
birth cohort in Switzerland, we have shown that
case-cohort methods can be used to estimate, effi-
ciently, the association between various explana-
tory variables such as weight at birth, sex, body
length, etc. and the odds of neonatal death. Use of
this design offers researchers the potential for a
significant reduction in study costs while preserving
all the best features of more traditional epidemio-
logic methods, such as the cohort study.

Summary

A study of all births in Switzerland during the years
1979-81 is used to illustrate the advantages of the
case-cohort design for this epidemiologic analysis
of neonatal mortality. The example shows that
familiar associations between infant mortality and
explanatory variables such as sex and weight at
birth can be precisely estimated using only a sample
from the full cohort.

Résumé

Un exemple d’analyse multivariée cas-témoin: La
mortalité néonatale en Suisse de 1979 a 1981

Une analyse épidémiologique de la mortalité néo-
natale utilise toutes les naissances en Suisse au cours
des années 1979 4 1981 pour illustrer les avantages
d’une analyse cas-témoin. L’exemple montre que les
relations connues entre mortalité infantile et les
variables explicatives telles le sexe et le poids de
naissance peuvent &tre précisément estimées en uti-
lisant seulement un échantillon de la cohorte
compléte.

Zusammenfassung

Ein mehrdimensionales Beispiel einer Fall-Kohorten-
Analyse: Sterblichkeitsziffer Neugeborener in der
Schweiz, 1979—1981

Eine Studie aller Geburten in der Schweiz in den
Jahren 1979-1981 wird benutzt, um die Vorteile
des Fall-Kohorten-Plans fiir diese epidemiologische
Analyse der Sterblichkeitsziffer Neugeborener zu
demonstrieren. Das Beispiel zeigt, da3 eine Stich-
probe aus der Kohorte ausreicht, um bekannte
Zusammenhinge zwischen Kindersterblichkeit und
abhingigen Kovariablen, wie z. B. Geschlecht und
Geburtsgewicht, prizise zu schitzen.
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