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Abstract

This paper reviews explanatory studies in the veterinary epidemiology literature, in which clusters
(herds) were sampled and individual responses were measured. The studies were taken from the first
ten volumes of Preventive Veterinary Medicine. The objectives of the review were: (1) to describe the
statistical methods used to adjust for cluster effects; (2) to provide estimates of intracluster correla-
tions for various health and production outcomes; and (3) for studies ignoring cluster effects, to
estimate the proportion of significant inferences that would be rejected if cluster effects were included.

Of the 67 papers reviewed, 36 (54%) used some form of adjustment for clustering. Using a fixed
effect for herd was employed most frequently (27 papers). Four of the 67 papers used a matched
design, two used a weighted analysis, and three papers included a random herd effect.

An estimate of the intracluster correlation () was calculated when sufficient data were present.
This estimate ranged from 0.0017 (lamb mortality data), to 0.46 (prevalence of brucellosis positive
serotiter ). Most intracluster correlations ranged from 0.01 to 0.15. In the papers where p was esti-
mated from the data, the variance inflation factor ranged from 1.1 to 13. In 36 of the 67 (54%) papers
reviewed, all inferences were accepted. In 30 of these 36, the authors correctly accounted for cluster-
ing, and in the other six the inference would not have changed after adjustment for clustering. In the
remaining 31 (46%) papers, changes in inference were predicted. The proportion of incorrect infer-
ences could be estimated in 20 of these 31 papers.

Introduction

Livestock populations are commonly clustered into herds, flocks or other
groups. The importance of considering herd factors as well as the individual
animal factors that influence the health and production indices of livestock
has long been appreciated. Herd health programmes (developed from the
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1950s) have been a practical response to addressing production and health at
both the individual animal and herd levels. The relative importance of herd
vs. individual animal effects can be of great practical importance in targeting
animal health and production interventions more effectively (Dohoo et al.,
1984b).

In recent years, veterinary epidemiologists have undertaken many explan-
atory studies to investigate factors influencing health and production in live-
stock populations. Given the structure of livestock populations, herds are
usually the sampling units. The unit of interest may be the individual animal,
the herd, or both (McDermott and Shoukri, 1991).

The statistical models used to analyze such studies often assume that the
outcomes are independent. The most obvious violation of the independence
assumption occurs when herds are sampled and individual animal responses
are assessed. Less obviously, independence of individual animal responses is
also assumed when herd proportions or counts (number of animals in a de-
fined risk category) are the outcomes of interest (Haseman and Kupper,
1979). If the responses of herd mates are correlated, statistical tests based on
an assumption of independence will be incorrect and the estimated variance
will be too low. The degree by which the variance will need to be inflated will
be related to the degree of intraherd correlation and the herd size.

A wide variety of methods can be used to adjust for herd effects. Tradition-
ally, ANOVA methods which estimate herd effects as either fixed or random
have been used (Shoukri et al., 1991). For non-normally distributed (binom-
ial or Poisson) outcomes, herd effects (either random or fixed) have been
estimated using mixture distributions (likelihood) (Curtis et al., 1988b) or
overdispersion parameters (quasi-likelihood) (McDermott et al., 1988 ).

In this paper, explanatory studies in which herds were sampled and indi-
vidual responses were measured are reviewed. The studies were taken from
the first ten volumes of Preventive Veterinary Medicine. The objectives of the
review are: (1) to describe the statistical methods used to adjust for cluster
effects; (2) to provide estimates of intracluster correlations for various health
and production outcomes; and (3) for studies ignoring cluster effects, to es-
timate the proportion of significant inferences that would be rejected if clus-
ter effects were included.

Materials and methods
Criteria for inclusion of papers

All papers in Volumes 1-10 of Preventive Veterinary Medicine with the ex-
ceptions of two special conference proceeding issues (Volume 2, Numbers 1~

4 and Volume 8, Numbers 2-3) were eligible for inclusion. Initially, papers
chosen as eligible were explanatory (as opposed to purely descriptive ) studies
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in which more than one cluster of animals was investigated. From these pa-
pers, the subset in which either individual animal responses (continuous and
categorical ) or herd proportions or counts were the outcomes of interest were
chosen for detailed review. Papers in which herds were classified as high/low
or in which herd scores were assigned were not included, since the herd was
the unit of analysis and individual animal independence was not a necessary
assumption.

Classification of papers

Each of the chosen papers was reviewed by both authors independently.
Each paper was described when possible under the following headings: major
outcome (s); animal unit of interest; method of cluster adjustment; number
of clusters; average cluster size; presumed or estimated intraherd correlation;
variance inflation from independence; and the proportion of inferences pre-
sented in the paper that would be rejected if the variance inflation estimate
was utilized. After the initial review phase the authors compared their find-
ings until a consensus was reached.

Estimation of intraherd correlation and variance inflation

For each paper in which sufficient data were presented (i.e. herd propor-
tions or counts given or individual animal responses classified by herd), the
intraherd correlation or variance inflation factor was estimated. For papers
in which sufficient data were not presented, a range of presumed intraherd
correlations based on literature estimates or our best guesses were provided.
In general, three ranges of intraherd correlations were used: low (<0.05),
medium (0.05-0.10) and high (0.10-0.20). When possible, intraherd corre-
lations were estimated using a one-way ANOVA method (Snedecor and
Cochran, 1980; Fleiss, 1981). The intracluster correlation coefficient (5 ) was
estimated as:

p=(MSW_MSB)/(MSW+ (n—1)*MSB)

where: MSW is the within cluster mean square; MSB is the between cluster
mean square; and # is the mean cluster size (Donald and Donner, 1988).

For papers in which the intraherd correlation was estimated, the variance
was multiplied by a factor (¢), estimated as:

c=1+(n—1)xp

(Brier (1980) for multinomial data; Donald and Donner (1988) for binom-
ial data; Snedecor and Cochran (1980) for continuous data). This method
assumes that all cluster sizes were equal. For papers in which the intraherd
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correlation was presumed, the same formula was used to calculate a range for
the variance inflation.

For papers in which herd proportions or counts were the outcome and in-
dividual herd proportions or counts were not provided, the variance inflation
was estimated as the ratio of the observed variance to the expected variance.
For proportions, the expected variance was calculated from the binomial dis-
tribution as p*4/n (Mood et al., 1974). For counts, the expected variance
was equated to the mean response, assuming a Poisson variate (Mood et al.,
1974).

Results

The ten issues of Preventive Veterinary Medicineyielded 67 papers that met
the eligibility criteria. The results of our review on each paper are listed in
Table 1. Dairy cows or calves were studied most frequently. Outcome vari-
ables were either mortality, disease, or production. Most frequently, the in-
dividual animal was the unit of interest.

Of the 67 papers in the sample, 36 (54%) used some form of adjustment
for clustering. Including a fixed effect for herd (or other cluster) was em-
ployed most frequently (27). This was performed by including dummy vari-
ables in linear models, using Mantel-Haenszel statistics, or by adjusting for
mean herd production. Four of the 67 papers used a matched (by herd) de-

Variance it latian footi

100 ===

Armals per o st

(" Rro 025 Fane 0S5 ®ona - 1 ® fARe

Fig. 1. The effect of intracluster correlation () and cluster size on the variance inflation factor
(c=1+(n=1)(p)).
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67 papers

|

31
no adjustment?

|

5 26

no change change in

36
some adjustment

30 6

no change in change in

in inference inference inference inference
expected possible possible
19 1 5
estimated® expected® no change
change change change (1 estimated®
and

4 expected’)

* includes 4 papers that weighted by size.

" see Table 1 for estimates of the proportion of inferences
rejected.

¢ changes in inference expected but the effect of clustering could
not be estimated from the data presented.

Fig. 2. Classification of 67 reviewed papers by adjustment for clustering and correctness of
inference.

sign, two used a weighted analysis, and three papers included a random herd
effect.

When the data were available, an estimate of the intracluster correlation
was calculated. This estimate ranged from 0.0017 (lamb mortality data), to
0.46 (prevalence of brucellosis positive serotiter). Most intracluster correla-
tions ranged from 0.01 to 0.15. The effect of this correlation on the variance
inflation depended strongly on cluster size. The relation between intracluster
correlation (p), cluster size and variance inflation is shown in Fig. 1. In the
papers where p was estimated from the data, the variance inflation factor
ranged from 1.1 to 13.

The expected change in inference was the most important issue examined
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(Fig. 2). In 36 of the 67 (54%) papers, all inferences would be accepted. In
30 of these 36, no change was expected as the authors had correctly adjusted
for clustering, and in six no change of inference was noted after our post-hoc
adjustment for clustering. In the remaining 31 (46%) papers, some change in
inference was predicted. In 20 of these 31, the proportion of incorrect infer-
ences could be estimated from the data provided.

Discussion

We suspected that a common source of mistaken inference in veterinary
observational studies was that statistical analyses were conducted under the
assumption that individual animals sampled in herds were independent. As
Preventive Veterinary Medicine is a journal devoted to publishing (observa-
tional) studies in veterinary epidemiology, we reviewed the first ten volumes
of this journal for observational studies conducted in more than one herd.

Our suspicion was confirmed by this review. Thirty-one of the 67 papers
(46%) in which non-independence of herdmates could not be assumed, ig-
nored the possibility. In 26 of these, we predict that changes in inference would
result, based on the variance adjustment method we used. In addition, of the
remaining 36 (54%) papers that made some adjustment for within-herd cor-
relation, we conclude that five papers contained incorrect inferences. Thus,
in our judgement, almost half of the papers reviewed contained incorrect in-
ferences because of too small variance estimates.

The degree with which non-independence of herdmates affects variance es-
timates and leads to incorrect inference increases with the mean herd size and
the level of within-herd correlation (Fig. 1). For subjective outcomes (e.g.
farmer diagnosis of morbidity), the level of within-herd correlation may be
affected by both biological factors and variations in diagnostic criteria be-
tween farms. Thus, much higher within-herd correlations were expected and
usually found for subjective vs. objective outcome measures.

The similarity of individual animals within herds can be accounted for cor-
rectly by various study design and analytic methods. These are reviewed in a
companion paper (McDermott et al., 1994). The method chosen should de-
pend on the study objectives. Bendixen (1989) suggested that study design
by either herd matching or exclusion was preferable to analytic control. Only
one of the reviewed studies used herd matching (Dohoo and Martin, 1984a);
in this study, only individual cow factors were of interest. However, if the
study objectives include the investigation of both individual animal and herd
factors for disease, matching on herd will preclude herd-level analyses. Exclu-
sion has the same limitation; it also limits the extent to which study results
can be generalized.

For studies in which the objective is to identify herd factors for disease,
individual animal data are often aggregated into an overall herd score. In these
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studies, herd disease status is classified as high/low or present/absent and the
herd is the unit of interest and analysis. Herds and not individual animals are
the units assumed independent. As there was no possibility of mistaken infer-
ence due to the correlation of individual animals within herds, these studies
were not formally reviewed. However, this method was commonly used in
the volumes of Preventive Veterinary Medicine reviewed (Elder et al., 1986;
Waltner-Toews et al., 1986a,b; Faye and Lescourret, 1989; Cowen et al., 1989;
D’Allaire et al., 1989; Barnouin, 1991). While the aggregation of individual
data into herd scores prevents mistaken inference, much information may be
lost, particularly when herd status is dichotomized. For example, if a present
or absent classification is used, herds with a 1% prevalence are classified with
herds having 100% prevalence. Obviously, herd prevalences would be more
informative. Invariably, the aggregation of individual animal data into an
overall herd score leads to a loss of statistical power.

The additional information provided by using either herd proportions or
counts has a cost, however. The assumption underlying the use of herd pro-
portions or counts is that each contributing individual is independent (Hase-
man and Kupper, 1979). Thus, while the herd is the unit of interest, the in-
dependence of individuals is required and mistaken inference can result if
this independence assumption is violated. If individual animal responses are
correlated within herds, statistical methods to adjust for within-herd correla-
tion are necessary, just as if individual animals were the units of interest.

In the studies formally reviewed, most of those that controlled for within-
herd correlation did so using statistical methods. Statistical methods for herd
effects are relatively well developed for normally distributed outcomes but
are an active area of research for counts and proportions (McCullagh and
Nelder, 1989). In fact, of the 58 papers with counts or proportions as out-
comes, only two (Martin et al., 1988; Schukken et al., 1991) adjusted for herd
effects using models that relied on non-normal distributional assumptions.
We could not judge whether such methods would have improved other papers.

Statistical control is not a panacea. An important problem in veterinary
epidemiologic studies is that for fixed-effect models (the most common sta-
tistical method used) a large number of parameters have to be estimated,
often over sparse data. For example, individual animal characteristics of in-
terest (such as the previous occurrence of a particular disease) may not be
present in all herds. This can lead to unstable parameter estimates and faulty
inference. This is a particular problem when a large number of herds is stud-
ied. Bendixen et al. (1986a) explicitly recognized this problem. Their sensi-
ble approach was to reduce their significance level to 1%. As seen in Table 1,
this led to relatively few mistaken inferences as judged by our variance infla-
tion adjustment.

Other studies with large numbers of herds implicitly noted this problem as
well, either by adjusting for larger aggregates such as regions (Grohn et al.,
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1990a,b), by analyzing a subset of the data to estimate the effect of within-
herd clustering (Mousing et al., 1990) or by using random-effect models
(Slettbakk et al., 1990). Both the first and second approaches omit poten-
tially useful information. The first method would be appropriate, however, if
supporting information indicated that diseases or other outcomes clustered
more by regions than by herds. The second method could be used to estimate
the intracluster correlation by taking the ratio of the estimated coefficient
variances with and without herd as a fixed effect. The third method, which
unlike the second uses data from all herds, is to model herd effects with a
single random effect parameter estimated across all herds (Schukken et al.,
1991).

Given the potential importance of intracluster correlation, it is essential
that authors consider and provide estimates of its possible impact. As a first
step, the assumption of independence should be tested. For binomial data,
the Pearson y? can be compared with the residual degrees of freedom (Mc-
Cullagh and Nelder, 1989) or the more formal method of Tarone (1979) can
be used. For count data, the mean and variance can be compared (McCullagh
and Nelder, 1989) or the method of Collings and Margolin (1985) used. If
independence cannot be assumed, then the median (or mean) cluster size
and the total number of clusters should be reported, /#, and the variance infla-
tion should be estimated (or guessed), and significance tests for each out-
come of interest should be adjusted post-hoc to account for clustering.

This method (while often adequate) may have important limitations un-
der some circumstances. The two main assumptions required when inflating
the variance by estimating a common correlation coefficient are that each
herd is a homogenous unit and that within-herd correlations are equal for all
herds. These assumptions are not always realistic and if violated can result in
incorrect estimation of the relative contribution of herd vs. individual animal
variability. For example, important heterogenous subgroups may be present
in herds or marked differences in management or farmer behaviour may exist
between herds. In a study of culling in beef breeding herds, McDermott et al.
(1992) found that adjusting for p inadequately described the herd-to-herd
variability in culling behaviour. Average culling policies were predictable, but
cows were not culled consistently for these reasons on all farms. Thus, when
statistical methods to adjust for clustering are used, potential violations of
the assumptions underlying these models should be explored. We recommend
that the equality of intracluster correlation estimates for the main subtypes of
farms and for the main subgroups of animals within farms (e.g. heifers vs.
cows) be compared using the methods of Donner (1986) or of Dunn and
Clark (1974).

While we have focused on the importance of adjusting for herd effects in
epidemiologic studies, production and disease outcomes may aggregate also
in other naturally occurring units (e.g. farmer associations and ecological
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zones). Under most circumstances, relatively simple adjustment methods
(such as those used in this paper) are likely to be helpful in exploring initial
hypotheses. As with techniques for estimating herd effects, further experience
is needed to learn under what circumstances disease clustering at these levels
might be important and when improved techniques are required to overcome
too simplistic assumptions.
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