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Abstract

Random effects regression models are routinely used for clustered data in etiological and
intervention research. However, in prediction models, the random effects are either
neglected or conventionally substituted with zero for new clusters after model development.
In this study, we applied a Bayesian prediction modelling method to the subclinical ketosis
data previously collected by Van der Drift et al. (2012). Using a dataset of 118 randomly
selected Dutch dairy farms participating in a regular milk recording system, the authors pro-
posed a prediction model with milk measures as well as available test-day information as pre-
dictors for the diagnosis of subclinical ketosis in dairy cows. While their original model
included random effects to correct for the clustering, the random effect term was removed for
their final prediction model. With the Bayesian prediction modelling approach, we first used
non-informative priors for the random effects for model development as well as for prediction.
This approach was evaluated by comparing it to the original frequentist model. In addition,
herd level expert opinion was elicited from a bovine health specialist using three different
scales of precision and incorporated in the prediction as informative priors for the random
effects, resulting in three more Bayesian prediction models. Results showed that the Bayes-
ian approach could naturally take the clustering structure of clusters into account by keeping
the random effects in the prediction model. Expert opinion could be explicitly combined with
individual level data for prediction. However in this dataset, when elicited expert opinion was
incorporated, little improvement was seen at the individual level as well as at the herd level.
When the prediction models were applied to the 118 herds, at the individual cow level, with
the original frequentist approach we obtained a sensitivity of 82.4% and a specificity of 83.8%
at the optimal cutoff, while with the three Bayesian models with elicited expert opinion, we
obtained sensitivities ranged from 78.7% to 84.6% and specificities ranged from 75.0% to
83.6%. At the herd level, 30 out of 118 within herd prevalences were correctly predicted by
the original frequentist approach, and 31 to 44 herds were correctly predicted by the three
Bayesian models with elicited expert opinion. Further investigation in expert opinion and
distributional assumption for the random effects was carried out and discussed.
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Introduction

Random effects regression models are routinely used in etiological and intervention research.
By including the random effect coefficient in the model, variance between clusters can be
taken into account. However, this approach is hardly seen in prediction for clustered data. In
traditional prediction models, the random effects are either neglected or conventionally substi-
tuted with zero for all new clusters after model development [1].

In a recent simulation study from Ni et al. [2], the authors discussed this neglection in tradi-
tional prediction models and developed a Bayesian approach where the random effects could
remain in the model for development as well as for prediction. Within the Bayesian framework, a
prior distribution for the model parameters reflects the knowledge or uncertainty about the
parameters before observing the data. By updating the prior distributions with data, posterior dis-
tributions are obtained. One of the advantages of using Bayesian modelling, therefore, is that it
can naturally combine multiple sources of evidence [3]. In the study from Ni et al. [2] for instance,
(simulated) cluster level expert opinion was used as informative priors for the random effects of
new clusters. The simulations showed that the Bayesian models incorporating cluster level expert
opinion outperformed the traditional frequentist model, under the assumption that the expert
was able to correctly predict in which part of the random effects distribution each cluster was
located. A more detailed explanation of this approach will be provided in the methods section.

Prediction modelling is an explicit and empirical approach to estimate disease risk in medi-
cine and veterinary medicine. It follows the evidence based (veterinary) medicine discipline
and aims at using the current best evidence in diagnosis and making decisions for the care of
individual subjects [4]. In dairy science for instance, attempts have been made to develop diag-
nostic methods to detect subclinical ketosis (SCK) in dairy cows based on routine milk record-
ing data [e.g., 5,6]. SCK is considered one of the main metabolic disorders in early lactation
dairy cows, which is defined by an increased concentration of ketone bodies in body fluids in
absence of clinical signs [7]. Analysis of the concentration of acetone and p-hydroxybutyrate
(BHBA) in blood is considered the reference test (e.g., [8]). A recent example was published by
Van der Drift et al. [9], who proposed a prediction model consisting of routine milk measures
as well as available test-day information as predictors. The between herd variance was
accounted for by random herd effects when selecting the predictors. The current SCK monitor
system in the Netherlands is based on this developed prediction model. While their original
model included random herd effects to correct for the clustering of cows, the random effect
term was removed for their final prediction model.

In this study, we applied a Bayesian approach to the SCK data collected by Van der Drift
et al. [9]. Four Bayesian prediction models were investigated. First, a Bayesian prediction
model with non-informative priors for the random effects were evaluated by comparing it to
the original model. Three more Bayesian models were explored with herd level expert opinion
elicited from a bovine health specialist incorporated in the prediction through informative pri-
ors for the random herd effects. The main aim of this study is to explore whether the proposed
Bayesian prediction modelling approach is feasible for empirical data, and whether in this
dataset, it would outperform the original prediction model without random effects and
improve the diagnostic accuracy for SCK.

Materials and methods
Data

Van der Drift et al. collected both blood and milk samples at the individual cow level for the
development of the prediction model. Throughout the paper, this model will be labeled as the
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2012SCK model. In short, a total of 123 Dutch farms were randomly selected from the milk
recording organization the Dutch-Flemish Cattle Improvement Cooperative (CRV), which
includes 83.8% of all Dutch dairy farmers. The 123 farms were visited on a planned milk
recording test day between November 2009 and November 2010 for data collection. On each
farm, all cows between 5 and 60 days in milk (DIM) were blood sampled, which is the risk
group for SCK. As a consequence, there were not many eligible cows present on smaller farms.
Five farms were excluded due to incompleteness of cow level measures. The final dataset con-
sisted of 1,678 cows from 118 farms (see S1 Appendix). On average, 14 cows per farm were
sampled, varying from 3 to 47 with a median of 13. The overall animal prevalence of SCK for
the 1,678 cows was 11.2% based on the reference test results in the blood samples. Within herd
animal prevalences ranged from 0% to 80% and was not symmetric with a peak at zero (39
herds).

Additional herd information was collected during the farm visit at the test day, including
feeding management. Information on milk production for each herd was provided by CRV.
Characterization of the feeding management for each herd was collected by means of standard
questionnaire for the farmer.

The 2012SCK model

The cow level measures milk acetone, milk BHBA, milk fat-to-protein ratio, parity as well as the
herd level measure season were selected as predictors in the 2012SCK logistic regression ran-
dom effects model. Milk acetone (97.41£116.76 pmol/L) and milk BHBA (74.95+77.82 umol/
L) measures at individual cow level were obtained from routine milk analysis by Fourier trans-
form infrared (FTIR) spectroscopy. Milk fat-to-protein ratio (1.33+0.23), parity of each animal
and season during the farm visit at the test day were included as well. Observed binary out-
comes were obtained by applying the plasma BHBA threshold of 1,200 pmol/L, above which
an animal was considered SCK positive. The random herd effects were assumed to be normally
distributed with mean 0 and variance ¢°.

Parameters of the diagnostic model were estimated with maximum likelihood. Prediction
of the presence of SCK in cows from new herds was based on point estimates for the regression
parameters of the model where the random effect term was removed. All 118 herds were used
for model development as well for model prediction. For proper comparisons, the Bayesian
prediction models took the same approach.

Bayesian approach

To obtain Bayesian estimates, we used non-informative priors for all the regression parameters
of the predictors (normal distributions with mean 0 and variance 10,000) and for the variance
of the random herd effects (inverse gamma distribution with both hyperparameters equivalent
t0 0.001). Three Markov chain Monte Carlo (MCMC) posterior chains were sampled. Within
each chain, the first 5,000 iterations were discarded as the burn-in phase. The convergence was
visually inspected using trace plots. Proper convergence was observed for all chains and the
subsequent 20,000 iterations were used for parameter estimates. For the purpose of reducing
computational effort in the prediction phase, the 20,000 iterations were thinned by 100, result-
ing in 200 per chain and 600 in total. Each of the 600 iterations consisted of a sampled value
for the regression coefficients and the variance of the random effects respectively.

For the prediction without incorporation of expert knowledge, in each iteration and for
each cluster a value was drawn from the random effects normal distribution with mean zero
and the sampled variance. For each cow within each iteration, a predicted risk on SCK was
computed by the prediction model. As a result, a distribution of predicted risk was available
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Fig 1. The random effects distribution divided into multiple parts of equal proportions in three different scales. Per part contains either half, or one third, or one fifth

of the distribution.

https://doi.org/10.1371/journal.pone.0244752.9001

based on all iterations for each individual. In this study, in order to compare the results
between the Bayesian models and the 2012SCK model, the median of the predicted risk distri-
bution was used as the summarized predicted risk, resulting in a single estimate per individual
cow. The R code for the Bayesian prediction model without the incorporation of expert prior
knowledge can be found in S2 Appendix.

Herd level prior information could be incorporated by sampling the random effects from a
specific part of the random effects normal distribution. For instance, when the prior informa-
tion would indicate a herd to have a below average risk for SCK, the random effect for this
herd would be sampled from the lower half of the distribution as it is displayed in Fig 1A. By
incorporating herd level prior information, we could thus restrict the parameter space for each
random herd effect hence resulting in more precise estimation for the random effects.

Expert opinion

An experienced ruminant health specialist (GH, dipl. ECBHM, i.e., European College of
Bovine Health Management) was asked to give his personal opinion for each herd on the SCK
risk in early lactation cows in relation to the total Dutch dairy population.

As previous research indicated that the risk for SCK is related to routine feeding practices
(e.g., [10]) and herd level milk yield (e.g., [11]), herd level feeding management and herd level
milk production documents that were collected during the farm visit [9] were provided to the
expert as a proxy for a farm visit. This herd level information on feeding and milk production
was hence incorporated in the prediction model through elicited expert opinion.

We adopted the three scales specified for the expert elicitation from the simulation study
[2]. The 2-level scale divided the Dutch dairy population into two groups: the lower 50% risk
group and the upper 50% risk group. The 3-level scale divided the population into three equal
probability groups, and the 5-level scale divided the population into five groups (see Fig 1). As
all herd level information was available for the 5 herds that were not included in the analysis,
these herds were used as test herds to pilot and evaluate the instruction and the scoring form
for the expert elicitation. The original instruction provided for the expert can be found in
S3 Appendix.

Optimal expert opinion and distributional assumption

Optimal expert opinion. In order to provide a benchmark for the best possible results
using the proposed approach for this particular dataset, we also explored the predictive perfor-
mance in case the elicited expert opinion would always be correct. This from here on called
’optimal expert opinion’ was defined as placing all clusters in the correct part of the random
effects distribution. Determination of the correct part was based on the percentile/ranking of
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each herd among all 118 observed within herd animal prevalences which were computed using
the true disease status of the cows determined by plasma BHBA values. Values for the random
intercepts were still randomly drawn from the assigned part of the random effects distribution.
Predictions were subsequently made in the same way as for the real expert model.

Distributional assumption. The assumed distribution for random cluster effects is almost
always the normal distribution and it is usually chosen for computational convenience [12].
Some researchers argued that misspecification of the random effects distribution had little
impact on parameter estimates [13,14], while others pointed out that regression parameter
estimates were very sensitive to the random effects distribution and suggested more flexible
distributional assumptions [15,16]. Given the asymmetric nature of the SCK within herd prev-
alences, we also investigated the skew-normal distribution with optimal expert opinion for all
Bayesian models [17]. The random effects under the skew-normal assumption were sampled
from the asymmetric distribution with mean zero, variance oﬁ, and skewness @,,. For parame-
ter estimation, the same non-informative priors were specified as for the normal random
effects models. A normal prior distribution with mean zero and standard deviation one was
specified for the skewness parameter a,,.

Model notations and computation

We denote our reproduced 2012SCK model as FREQ (i.e., the frequentist model). Further,
four Bayesian models were specified. We denote the Bayesian prediction model without herd
specific information as Bayes0. The Bayesian models with herd level prior information are
denoted as Bayes2 (2-level scale), Bayes3 (3-level scale), Bayes5 (5-level scale) respectively. The
model assessment measures used were the same as in the simulation study [2], that is the area
under the curve (AUC), Brier score (i.e., mean squared error), calibration slope, sensitivity and
specificity at the optimal cutoff, sensitivity at 95% and 90% specificity cutoff. All analyses were
carried out in R [18]. The frequentist parameter estimates were obtained by using the package
‘lme4’ [19] and the Bayesian results were obtained by calling Stan from R using the package
‘rstan’ [20].

Results
Estimation

The 2012SCK model was reproduced using the generalized linear model function in Ime4’.
After adjusting the optimizer to ‘bobyqa’, parameter estimates from our analysis were identical
to the originally reported results in Van der Drift et al. [9] up to the third decimal, but the stan-
dard errors differed slightly. The estimated intraclass correlation coefficient (ICC) was 0.35,
and the Nagelkerke’s R* was 41.2%.

Parameters were further estimated in a Bayesian approach using non-informative priors.
The point estimates for the regression coefficients from the posterior were similar to the results
from the reproduced 2012SCK model (see S4 Appendix).

Prediction and model comparisons

Animal level. The reproduced 2012SCK model (FREQ) showed identical diagnostic accu-
racy as the originally reported results. Table 1 presents the diagnostic performance of the mod-
els at the individual cow level. The effects of including the elicited expert opinion, as well as the
simulated optimal expert opinion were assessed within the Bayesian approach. As can be seen,
the Bayesian model without herd level information (Bayes0) performed approximately the
same as the frequentist model. The Bayesian models with elicited expert opinion showed no
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Table 1. Animal level measures (n = 1,678) area under the curve (AUC), Brier score, calibration slope, sensitivity (Se), specificity (Sp) using the optimal cutoff, sen-
sitivity using the 95% and 90% specificity cutoffs for the predicted outcomes.

AUC (%)
Brier score
Calibration slope

Se (optimal cutoff)
(%)
Sp (optimal cutoff)
(%)
Se (95% Sp cutoff)
(%)
Se (90% Sp cutoff)
(%)

https://doi.org/10.1371/journal.pone.0244752.t001

Elicited expert opinion Optimal expert opinion
Optimal Value | FREQ | Bayes0 Bayes2 (2 Bayes3 (3 Bayes5 (5 Bayes2 (2 Bayes3 (3 Bayes5 (5
levels) levels) levels) levels) levels) levels)
100 88.5 88.3 88.2 87.5 88.5 91.1 92.4 92.5
0| 0.069| 0.069 0.071 0.077 0.084 0.062 0.059 0.058
1| 0.809| 0.787 0.674 0.605 0.784 0.796 0.832 0.821
100 82.4 81.4 84.6 78.7 80.9 81.4 81.4 88.3
100 83.8 83.5 75.0 82.8 83.6 85.8 86.7 80.3
100 51.1 51.6 49.5 44.7 52.1 56.9 63.3 64.4
100 69.7 69.1 66.0 61.7 70.2 74.5 76.1 75.0

improvement in comparison to the frequentist model. However, the Bayesian models with
optimal expert opinion slightly outperformed the frequentist model, with Bayes5 showing the
best prediction.

Herd level. Predicted within herd animal prevalences were compared to the observed
prevalences based on the reference test results in blood samples. The predicted prevalence of
each herd was calculated from the predicted binary outcome (with disease probability >0.50
as positive) from each cow within the herd using the optimal cutoff (defined as maximum sum
of sensitivity and specificity). As expected, the frequentist model and the Bayesian model with-
out herd specific information resulted in similar predictive accuracy. The Bayesian models
with elicited expert opinion from the 2-level and 3-level scales had more herds correctly esti-
mated (44 and 43 respectively) compared to the frequentist model (30), and less false positives
(19 and 20 respectively) compared to the frequentist model (33). Further, Bayesian models
with optimal expert opinion outperformed the Bayesian models with elicited expert opinion
regarding the number of false positives (see S4 Appendix).

Expert opinion

Table 2 presents a summary of the number of herds assigned to each risk group within each
scale by the expert (see S5 Appendix). More herds were assigned to the lower risk group(s) by
the expert than to the higher risk group(s) in all three scales. When the number of risk groups
increased (i.e., from 2 to 5 levels), the frequency of disagreement between the elicited expert
opinion and the observed within herd animal prevalences increased accordingly. This can also
be seen in the three plots (S4 Appendix). It should be noted that in the 5-level scale, as 39 out
of 118 herds have zero diseased cows which exceeds 20% that cannot be ranked, the lowest
40% herds are combined into one risk group.

Results also reveal that the degree of agreement between the elicited expert opinion and the
observed within herd animal prevalence is affected by the herd sample sizes. Table 3 shows
that for herds with at least 12 sampled cows, there is more agreement between expert opinion
and observed within herd prevalence than herds with less than 12 sampled cows.

Distributional assumption

At the individual cow level, the four Bayesian models with a skew-normal distribution for the
random effects performed similar to the Bayesian models with the normal distribution. At the
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Table 2. Summary of the elicited expert opinion on 118 herds. Each column presents the number of herds assigned
to each risk group within each scale (from the lowest risk to the highest risk).

2-level scale 3-level scale 5-level scale

Low risk 72 51 33

! 33
48 26

18

High risk 46 19 8
Total 118 118 118

https://doi.org/10.1371/journal.pone.0244752.t1002

herd level, the skew-normal models had more herds correctly estimated and less false positives
at the alarm level of 10% (see S4 Appendix).

Splitting data into a training and a test set

In order to compare objectively between results from the frequentist model in the original
study Van der Drift et al. (2012) and the Bayesian prediction models in this study, we used the
same dataset for model development as well as for model prediction as it was done in the origi-
nal study. However, we additionally performed model comparisons based on a 80/20 training/
test set approach as follows. About 80% of the 118 herds were randomly selected for model
development, resulting in 94 herds with 1,331 cows. The number of cows per herd was approx-
imately 14 on average and 32 out of the 94 herds had zero diseased animals. The parameter
estimates from the frequentist as well as the Bayesian approach of the training set are shown in
Table 5S of S4 Appendix, while the prediction results on the test set are found in Table 6S of 54
Appendix.

Discussion

This study demonstrates an application of a Bayesian prediction modelling approach [2] that
incorporates the clustering structure by keeping the random effects in the prediction model.
In addition, this approach provides a natural framework to combine evidence from various
sources, such as expert in the field in our SCK example. Herd level expert opinion provided by
the bovine health specialist enabled us to combine herd specific information with individual
level milk measures and available test-day data in the prediction. However in this dataset, little
improvement was seen in prediction resulting from the Bayesian models with elicited expert
opinion incorporated in comparison to the prediction from the original frequentist model.
The predictive performance from the three Bayesian models with different levels of precision
in expert opinion remained poor at the individual cow level. At the herd level, the Bayesian
prediction models showed slightly higher diagnostic accuracy, with more within herd preva-
lences being correctly estimated and less false positives at the alarm level of 10%. We therefore

Table 3. The number of herds agreed between the elicited expert opinion and the observed within herd animal
prevalence on the relative position of each herd among the 118 herds.

Agreement (%)

Herd sample size <12 (n = 48) Herd sample size >12 (n = 70)
2-level scale 30 (62.5) 45 (64.3)
3-level scale 18 (37.5) 38 (54.3)
5-level scale 19 (39.6) 31 (44.3)

https://doi.org/10.1371/journal.pone.0244752.1003
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conclude in agreement with Van der Drift et al. [9] that this prediction models, both without
and with the addition of herd level information, are not suited for the cow level SCK diagnosis.

A reason to include the simulated optimal expert was to rule out the possibility that predic-
tive performance did not improve because the elicited expert opinion was of suboptimal qual-
ity. In the current study, we observed that the expert tended to underestimate the herd risk for
SCK, as more herds were assigned to the lower risk group(s). In practice, one could try to
improve the quality of the expert knowledge by eliciting multiple experts and the application
of approved methods to reach agreement between the experts [21]. In this study, we decided to
simulate expert information under the assumption that the expert was always correct. Note
that this was a methodological exercise to further investigate the potential of the proposed
approach for this particular dataset, and not an approach that should be applied in practice to
reach better predictive performance. Although the simulation study from Ni et al. [2] demon-
strated that the Bayesian models including correct cluster level expert opinion was able to pro-
vide better predictions, the improvement in predictive performance in this study was limited.
Therefore, we investigated several other possible explanations for lack of (substantial)
improvement as well.

Another explanation for little improvement in prediction both at the individual cow level
and at the herd level might be the small sample sized herds in this study. In herds that con-
sisted of at least 12 sampled cows, the degree of agreement was higher between the observed
within herd prevalences resulted from the reference test with blood samples and the elicited
expert opinion than in herds with less than 12 sampled cows in all three scales. As Oetzel [8]
concluded in his study, the minimum sample size for herd-based tests that gave moderate con-
fidence (75% or more) was 12. In our dataset, the observed within herd prevalences from the
small sample sized herds (1<12) may therefore not represent the true prevalence for these
herds. However, a sensitivity analysis in including only the 70 herds that had at least 12 cows
(n>12) showed similar results compared to 118 herds (results not shown).

Also, the relatively low ICC in this dataset may limit the benefit of incorporating cluster
level prior information. Using the data from all 118 herds, the ICC was 0.35. However, 39 out
of 118 herds had zero SCK animals which influenced the ICC and the subsequent random
effects estimation. The estimated variance of the random effects was 1.792 when all 118 herds
were included, but reduced to 0.539 when 39 herds with zero diseased cows were removed.
This removal also reduced the ICC substantially, to the value 0.14. A lower ICC leaves less
potential influence of the clustering effect, hence less benefit from adding herd level prior
information to a prediction model.

Finally, the distributional assumption for the random effects may have influenced the esti-
mation as well. The normal distribution was examined by comparing it with skew-normal dis-
tribution within the Bayesian models using the optimal expert opinion. The model with
random herd effects under skew-normal distributional assumption did not show better predic-
tion at the individual cow level than the model with random effects under normality assump-
tion. However, the skew-normal random effects Bayesian models provided better predictions
at the herd level than the respective Bayesian models with normal random effects, which indi-
cated that the skew-normal random effects distribution may be better suited for zero-inflated
data.

The regression models based on the training set showed very similar parameter estimates to
the full dataset, albeit with larger standard errors for the regression coefficients and lower vari-
ance for the random effects. The model assessments on the test set showed less favorable pre-
diction results for all methods, as was to be expected, but did not alter our conclusions about
the comparisons between the methods.
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Conclusions

This study illustrates how the Bayesian prediction modelling approach can take the clustering
effect into account and how cluster level expert opinion can be combined with individual level
data. However in this dataset, incorporation of elicited expert opinion did not improve predic-
tion at the individual level nor at the herd level. Therefore, further investigation of the potential
gain of using this approach requires applications in studies where the between cluster variance
is relatively large and where all clusters harbor individuals with the outcome under study.
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