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Abstract

To estimate accurately the parameters of a regression model, the sample size must be large enough relative to
the number of possible predictors for the model. In practice, sufficient data is often lacking, which can lead to
overfitting of the model and, as a consequence, unreliable predictions of the outcome of new patients. Pooling data
from different data sets collected in different (medical) centers would alleviate this problem, but is often not feasible
due to privacy regulation or logistic problems. An alternative route would be to analyze the local data in the centers
separately and combine the statistical inference results with the Bayesian Federated Inference (BFI) methodology.
The aim of this approach is to compute from the inference results in separate centers what would have been found if
the statistical analysis was performed on the combined data. We explain the methodology under homogeneity and
heterogeneity across the populations in the separate centers, and give real life examples for better understanding.
Excellent performance of the proposed methodology is shown. An R-package to do all the calculations has been
developed and is illustrated in this article. The mathematical details are given in the Appendix.

Highlights
What is already known

e Statistical models that are estimated based on small data sets, are very likely to suffer from overfitting.
e [f multiple data sets cannot be combined into one data set, the statistical analysis could be performed in a
federated manner.

What is new

e This article describes a method for performing Bayesian federated inference (BFI) for homogeneous and
heterogeneous multicenter data. In each center, the data is analyzed only once. The local inference results
are centrally combined to obtain the parameter estimates without any need for repeated “cycling” across
centers.

e An R software package implementing the proposed methodology is available and a manual is described in
the article.

O This article was awarded Open Data badge for transparent practices. See the Data availability statement for details.

*The article has been updated since original publication. A notice detailing the change has also been published.
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Potential impact for RSM readers outside the authors’ field

e The proposed methodology can be applied if data sets cannot be combined, also if the data are not of a
medical nature.
e The BFI estimates are more accurate than the estimates obtained from a single center analysis.

1. Introduction

Prediction models aim to predict the outcome of interest for individuals (or subjects), based on their
values of the covariates in the model. To build a prediction model by selecting covariates and estimating
the corresponding regression parameters, the sample size should be sufficiently large. If too many
variables (possible covariates) relative to the number of events or observations are included, the model
may become overly flexible and erroneously ‘explain’ noise or random variations in the data, rather than
estimating meaningful relationships between the covariates and the outcome. This is called overfitting
and may lead to unreliable predictions of the outcome for new individuals." To overcome overfitting a
minimum of 10 observations or events per variable (EPV) is often advised.”’ Based on this criterion,
data sets are often too small to take all available variables in consideration. Merging different data
sets from different (medical) centers could in principle alleviate the problem, but is often difficult for
regulatory and logistic reasons. An alternative route would be to analyse the local data in the centers
and combine the obtained inference results intelligently. With this approach the (individual) data do
not need to be shared across centers. In this article, we focus on methodology to combine the local
inference results for estimating parametric regression models for a general population of interest. The
data sets in the centers are considered as samples from this population.

In literature, several methods have been described. Probably the best-known strategy to obtain
effect estimates from different inference results, is meta-analysis.” In a meta-analysis, relevant, already
published results are combined. Here we consider the situation where the local analyses have yet to
be performed. This means that the collaborating centers discuss in advance which local analyses will
be performed and what inference results should be shared to build the final combined model. It also
means that more information can be shared than is usually available in publications, like the estimated
covariance matrix of the estimators of the model parameters.

Federated Learning (FL) is a machine learning approach that was developed several years ago,
mainly for analyzing data from different mobile devices.’ It aims to construct from the inference results
obtained in the separate centers, what would have been found if the analysis was performed on the
combined data set. With this approach, the local data stay at their owners’ centers, only parameter
estimates are cycled around and updated based on the local data until a convergence criterion is met.
In recent years the FL approach has improved quite a bit (e.g., on optimization in the local centers and
the aggregation of the local results, dealing with heterogeneity and client-drift,’-* methodology for
causality related research questions'’'"). Also FL in a Bayesian setting for deep learning models has
been proposed.'>!%!%!° The posterior distributions are estimated in the local centers and communicated
to the central server for aggregation. However, practically this Bayesian procedure is challenging,
especially for deep learning models due to the high dimensionality of the parameters. An overview
of the most important recent developments and a list of references is given in Liu et al.'® FL
performs excellently in e.g., image analysis'>'®'? or for data from mobile devices, but has clearly
some drawbacks in other applications. For instance, apart from obvious ones such as data security
and convergence problems, if one aims to estimate statistical models based on inference results from
different medical centers, one needs to handle challenges like heterogeneity of the populations across
centers, clustering of centers, center-specific covariates (like location), missing covariates in the data,
and the fact that data may be stored in different ways (covariates are named differently or are even
defined differently). Furthermore, most FL strategies require many iterative inference cycles across
the local centers. In case the centers are hospitals (the situation we are considering here), a cycling
mechanism is complex and may lead to considerable extra work; a one-shot approach is preferred.
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Also in the field of distributed statistical inference, multiple strategies have been proposed to
combine inference results from different computers (centers).”’ To cope with massive data sets which
can not be analyzed on a single computer, a data set is divided into smaller data sets, which are
analyzed separately and the results are combined afterwards. An interesting one-shot algorithm has been
proposed by Jordan et al.”' They proposed a communication-efficient surrogate likelihood framework
for distributed statistical inference for homogeneous data. Instead of maximizing the full likelihood
for regular parametric models or the penalized likelihood in high-dimensional models, this surrogate
likelihood is maximized. The surrogate likelihood expression was determined so that only a minimum
amount of information is transferred from the local machines to the central server (of the order O(d)
bits where d is the dimension of the parameter space). Later, the method was generalized to be able to
deal with certain forms of heterogeneity.””

In this article we describe the BFI framework for parametric regression models. This methodology
was developed especially for combining inference results from different centers to estimate statistical
(regression) models without the need for repeated communication rounds with the local centers.
In every center the data are analysed only once and the inference results (parameter and accuracy
estimates) are sent to a central server, where the local inference results are combined. Explicit
expressions for the combined (BFI) estimators in terms of the local inference results have been derived.
Via these expressions the BFI estimates can be easily updated at a later moment if the data collection
or the analysis in several centers are delayed, without contacting all other centers again (this would not
be possible when using an iterative updating mechanism). The fact that only one communication round
is sufficient is important in our (medical) setting, since assistance from the local medical and technical
staff are needed every time local analyses are performed.

The BFI estimates are defined as the maximizers of a surrogate expression of the full log posterior
density. This expression depends on the local estimates and is different from the one proposed by
Jordan (2018).>' In the BFI framework more information (of the order O(d?)) is shared with the
central server than would normally be acceptable in a FL or distributed statistical inference setting. This
additional information improves the accuracy of the estimator. The BFI methodology was developed for
estimating (low-dimensional) GLMs. High dimensional models (with large d), typically the models of
interest in FL and distributed statistical inference, are not the focus of the BFI methodology; estimation
accuracy is more important than communication efficiency.

The mathematical theory of the BFI methodology for parameteric models, like GLMs, was published
by the authors in Jonker et al.”® In this article, we extend the theory further to allow for different
kinds of heterogeneity between the centers. Among others, we consider the situation in which there
is heterogeneity in the population characteristics, there is clustering, the distribution of the outcome
variable is shifted, and the regression or nuisance parameters differ between the centers. The asymptotic
distributions of the BFI estimators are derived and it is proven that the estimators are asymptotically
efficient. Asymptotically, no information is lost if the data from the centers cannot be combined. These
asymptotic distributions of the estimators are used for the construction of credible intervals. For finite
samples (by means of simulation studies) and asymptotically, the BFI estimators are compared to the
estimators that are obtained by averaging the local estimators (weighted for local sample size). In this
article, we also focus on applications: a data example is given and the R code (from our R package
BFI**) for analyzing the data with the BFI methodology is explained.

This article is organized as follows. In Section 2 the BFI framework for generalized linear models
for homogeneous sub-populations in the local centers is explained. In Section 3 different types of
heterogeneity across these sub-populations and data sets are described and, moreover, it is explained
how the BFI methodology can be adjusted to takes these into account. To study the performance of
the BFI method in different settings, the results of simulation studies are described in Section 4. In the
same section also the analysis of a heterogeneous data set using the BFI methodology is described. A
discussion is given in Section 5. The article ends with three appendices. In the first appendix we explain
how to do the analysis with our R package, the second appendix contains the mathematical details of
the derivation of the estimators and in the third appendix the asymptotic distributions of the BFI and
the weighted average estimators are derived and compared.

https://doi.org/10.1017/rsm.2025.6 Published online by Cambridge University Press


https://doi.org/10.1017/rsm.2025.6

386 Jonker et al.

2. The Bayesian Federated Inference (BFI) framework

Suppose that data of L medical centers are locally available, but these data sets cannot be merged to a
single integrated data set for statistical analysis. The data for individual i from center £ is denoted as
the pair (X¢;, y¢i) With Xg; a vector of covariates and y,; the outcome of interest. Let D, denote the data
subset in center ¢:

Df = {(Xfl’yfl)’ R (X(’n[’y[ng)}’

where ny denotes the number of individuals in subset £, £ = 1, .. ., L, and let D be the fictive combined
data set (the union of the subsets Dy, ...,Dyp).

The data pair (xg;, y¢;) is the realisation of the stochastic pair (X¢;, Y¢;). Suppose that the variables
X¢irYei),i=1,...,np, = 1,..., L are independent and identically distributed, and that X;; and Yy;
are linked via a generalized linear model (GLM) with link function 4:

h(E(Y¢ilXeinm. B)) = B Xei,

where 3 is a vector of unknown regression parameters and 77 a vector of unknown nuisance parameters.
If the first element in the covariate vector X¢; equals one for all individuals, the model includes an
intercept.

For 6, := (1, B), the conditional density of Y,;|(X¢; = X, 81) is given by y|x, 0; — p(y|x, 81) and for
the vector of covariates Xy; |6, this is x|8; — p(x|65), for 6, a parameter vector.”" Then, for 6 := (61, 65)
it follows that the density of y, x|6 can be written as y,x|60 — p(y,x|0) = p(y|x,0;)p(x|62). We
work in a Bayesian setting; 6 is stochastic as well. For mathematical simplicity, we assume statistical
independence between 8 and 6,. Thus, p(6;,62) = p(6;)p(62) in the combined data set D and
pe(01,02) = pe(01)pe(62) in center £, for all € (the “€” in the subscript refers to the center). We
choose the prior parameter distributions for 8, and 8, to be Gaussian with mean zero and inverse
covariance matrices A; and Ay, respectively, in the combined data set, and A; » and Ay ¢ in center £,
¢ =1,..., L. For parameters that are positive by definition, like the variance of the error term in the
linear regression model, a mean zero Gaussian prior is assumed for a transformation (e.g., the logarithm)
of the parameter.

The maximum a posteriori (MAP) estimate of § = (6, 6,) maximizes the a posteriori density of the
data with respect to 6, by definition. For the combined data set D, this estimate is denoted as 0 = (5 1 52)
and, for the local data set D, the notation 55 = (51,{;, 52’[) is used. If the prior density is chosen to be
non-informative (large prior variances), the MAP estimates will be close to the maximum likelihood
estimates. The estimator 8 is fictive as the data set D can not be created. In the following we derive
expressions for 6 in terms of the MAP estimators based on the local data sets D,. Once the estimates
in the separate centers have been found, these expressions tell us how to combine them to obtain (an
approximation of) 0.

For the fictive combined data set D the log posterior density can be written as

p(D|9)p(6)
log{ p(D) }

log{p(8)} + log{p(D|0)} —log{p(D)}

log {p(6ID)}

L ng
log {p(8)} + > > log {p(yei xeil6)} - log {p(D)}

=1 i=1

L

log {p(61)} + log{p(82)} + > > log{p(veilxer. 01)}

t=1 i=1

L ny
+;;mmmm%mmwn (1)
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by Bayes’ rule (first equality), independence between the observations (third equality), and, among
others, independence between 6; and 6, (fourth equality). Similarly, the logarithm of the posterior
density in center £ can be written as

log {pc(8D,)} = log {ps(61)} + log{pc(62)} + Zlog {peilxei, 01)}
im1

+ Zlog {p(x[i|02)} — log {pg(D[)}. (2)

i=1

The log posterior densities log{p(8|D)} and log{p,(0|D¢)} are decomposed into terms that depend on
either 6; or on 6, but never on both. As a consequence, maximization with respect to 8, and 6, to
obtain their MAP estimators can be performed independently. By reordering the terms in expression
(2), we find

ne ne
Z log {p(yeilxci, 01)} + Z log {p(x¢:162)}
i=1 i=1

= log {pe(0ID)} — log{pe(61)} — log{pc(2)} + log{pe(D¢)}.

The right hand side of this expression can be inserted into expression (1). Then, the log posterior density
for the full data set log{p(6|D)} is written as a sum of the local log posterior densities in the centers
and the log prior densities (more details are given in Appendix [1.A). For deriving the BFI estimators
of the parameters, the local log posterior densities are approximated by second order Taylor expansions
around the local MAP estimates. Instead of maximizing the full log posterior density for the combined
data, the quadratic approximation is maximized with respect to the parameters. The parameter value
where the maximum is attained is defined as the BFI estimate. For A; , and A, ¢ the second derivatives
of —log{p¢(0|D¢)} with respect to 8; and 6, and evaluated in the local MAP estimators 51,17 and 52,5,
in center £, the BFI estimators equal

L
01,851 := (A1BR1) ZA 010, Aipr = ZA1 e+ A - ZA1 5 3)
= = =

—_ — L — —
0>.8r1 == (AzBr1) Z Asc0re,  Asprr = Z Arr+ Ay - Z As g, 4
= = =

see Appendix I A for the derivation. With these expressions we can compute approximations of 6 and
0, a posteriori from the inference results on the subsets and there is no need to do inference on the
(fictive) combined data set D to find the BFI estimates. In the calculations of the BFI estimators, we
assume independence between the parameters 61 and ;. This assumption was made for mathematical
convenience, as the log posterior density splits into terms that are a function of 61 or of 8,, but never
of both, and as a consequence, separate expressions for 51,31:1 and gz,BFI are found. This independence
assumption is not essential. If the parameters are dependent, the calculations can be performed in a
similar way and a single expression for the BFI estimator for (6, 65) is found.

In Appendix III.B we prove that under the assumption of no model misspecification (including
homogeneity between the centers), the BFI estimators '0\1,BF1 and 52,BF1 are asymptotically Gaussian
and efficient (minimum asymptotic variance). For ny,£ = 1,..., L the local sample sizes and n =
ny + ...+ ng the total sample size, it is proven that

NGRS MN(O,(iW[I]f)_I), with we= lim =L
=1
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and /; ¢ the Fisher information matrix in center ¢ (the notation ‘~»’ means convergence in distribution).
The matrix 25:1 wely ¢ equals the Fisher information matrix for estimating 6, in the combined data
set (see Appendix III.A). The BFI estimator asymptotically follows the same distribution as the MAP
and the Maximum Likelihood estimators on the combined data. Apparently, no information is lost as a
consequence of the fact that the data sets cannot be shared. In the homogeneous setting 11, = I;,{ =
1,..., L, independent of ¢, and Z%:l weli ¢ = I;. Further, since n‘1K1,BF1 converges in probability to
Z§=1 wely ¢ (see Appendix I11.B), the asymptotic covariance matrix can be estimated by the inverse of
n‘IKI,BFI. Similar results hold for the BFI estimator 52,BF1.

It follows that for a sufficiently large total sample size, the BFI estimators 0, 1,BF1 and 52 BFI are
approx1mate1y Gaussian with mean 6, and 6, and with covariance matrices that can be estimated by

A1 lBFl and A2 pry- From this, credible intervals for 6, and 6, can be constructed. Let 6y (x) be the kth

element of ;. This parameter is estimated by 91,BFI(k), the k' element of 91,BFI and its approximate

(1 = 2a)100% credible interval equals 61 gri(x) *+ £q (AI BFI)}(/ i, for &, the upper a-quantile of the

standard Gaussian distribution and ( k/ i equal to the square root of the (k, k)" element of the

1, BFI)
inverse of the estimator A, Br1- Hypothesis testing is also straightforward by the asymptotic normality.

3. Heterogeneity across centers

In the derivation of the estimators for the aggregated BFI model in (3) and (4), homogeneity of the
populations across the different centers is assumed. This assumption means that the parameters 6; and
0, are the same in every center. This assumption may not be true, and the BFI approach has to be
adjusted to take this heterogeneity into account. This is the topic of the present section.

In order to explain different types of heterogeneity, a specific example is used throughout the article.
This example is also used in Section 4 and Appendix I to illustrate the BFI methodology and to study its
performance. Here we give only a brief description, a more extensive description is given in Section 4.2.
The example data come from a hypothetical study on stress among nurses on different wards in different
hospitals.”® The data were simulated from a linear mixed effects model. The outcome of interest is
job-related stress. For every nurse, information on stress, age, experience (in years), gender, wardtype
(general, special care), hospital, and hospital size (small, medium, large) is available.

Heterogeneity in the populations across multiple centers may occur if, for instance, some medical
centers are located in large cities and others in more rural areas. It might also be that in some hospitals
the stress level among nurses is significantly higher than in others due to factors that are not nurse
specific, like the size of the hospital or management decisions within a hospital (which are not in the
data). In this section the following types of heterogeneity are considered:

1. Heterogeneity of population characteristics in the centers, e.g., the age distributions of the nurses
differ. Then, the values of the parameter 6, differ across centers. This is considered in Section 3.1.

2. Heterogeneity across centers in outcome mean. This may happen if the mean stress-level of the
nurses vary across the centers due to factors that have not been measured (e.g., type of management).
This is considered in Section 3.2.

3. Heterogeneity across centers due to interaction effects; the effect of a covariate varies across the
centers. For instance, it might be that the effect of the wardtype on the outcome differs across medical
centers. This means that the regression coefficient for wardtype is center-specific. This situation is
considered in Section 3.3.

4. Heterogeneity across centers due to center-specific nuisance parameters; e.g., the variance of the
error term in a linear regression model. See Section 3.4.

5. Heterogeneity across centers due to clustering; e.g., clustering by the location of the hospitals. This
situation is considered in Section 3.5.
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6. Heterogeneity across centers due to center-specific covariates. An example of such a covariate is
hospital size, which is the same for every nurse in a hospital, but may vary across hospitals. See
Section 3.6

These types of between-center heterogeneity are due to center-specific parameters (types 1-4), due
to clustering (type 5) and due to missing covariates (type 6). There may be more forms of heterogeneity
that can be taken into account with the BFI methodology. The aim of the BFI approach is to increase
the sample size relative to the parameter dimension to overcome overfitting. By significantly increasing
the number of parameters in the BFI model, to account for heterogeneity, the very objective of the BFI
approach would thereby be undermined.

3.1. Heterogeneity of population characteristics

Characteristics of the populations who visit the L centers may differ, for instance because the centers
are located in different countries or regions. In the example, the fractions of female nurses differ across
the centers.

The parameter § was decomposed in 6; and ;. The parameter 6, describes the distribution of
the covariates X, whereas the parameter 6, describes the relationship between the covariates and the
outcome (so the regression coefficients and the nuisance model parameters). Under the assumption that
0, and 6, are independent, the local log posterior densities were decomposed into terms that depend
on either 6; or 6,, but never on both (see expression (2)). As a consequence, when calculating the
MAP estimates of 6; and 6,, separate functions have to be maximized. Therefore, even if we would
take into account that the populations vary across the centers, the expressions of the BFI estimators
01 Br1 and A gry in (3) would not change and 6; g is still asymptotically unbiased. However, because
the estimators depend on (summary statistics) of the covariates, the estimates f‘)\l’BFl and in particularly
its accuracy, which is represented by KLBFI, may and often do change. This is investigated in the
next section using simulation studies. For 52,}31:1 in (4) new expressions can be derived that take the
heterogeneity into account. The exact expressions depend on the simultaneous distributions of the
covariates and the type of heterogeneity that is assumed. Therefore, it is not possible to provide new,
explicit expressions that are universally valid. In the simplest case, the covariates are assumed to be
independent (which is usually not the case in practice). Then, if it is also assumed that the priors
of the coordinates of 6, are independent, the part of the log-likelihood function that is related to
the parameter 6, can be written as a sum of terms, where the distribution parameters corresponding
to the covariates are present in distinct terms. Now new expressions for the BFI estimators of the
coordinates of 6, and therefore also for the vector 6, can be calculated along the same lines as in the
Appendices II.B and II.C.

3.2. Heterogeneity across outcome means

If the combined data would be available for analysis, a multi-level model that includes a random center
effect for possible unmeasured heterogeneity across centers would be considered. As an alternative one
could include a fixed effect for the different centers. In both cases, this means that every center has its
own center-specific intercept. At a local level, so within a center, it is not possible to estimate a center-
effect. When combining the MAP estimators from the different centers into a BFI estimator for the
combined model, different intercepts across the centers can be allowed in the model. This is explained
below and the mathematical derivation can be found in Appendix II.B.

Suppose a regression model is fitted in every center based on the local data only. The BFI
strategy as explained before, combines the fitted models to a model with a single general intercept. In
Appendix 11.B the BFI calculations are given for combining the local models in the situation that one or
multiple regression parameters may vary across the centers and center-specific parameters are adopted
in the aggregated BFI model. By taking this “varying regression parameter” to be the intercept in the
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resulting combined BFI model, every center has its own estimated intercept (and there is no general
intercept). To be more specific, an estimate of the following aggregated BFI generalized linear model
is obtained for an individual in center £

L
h(E(Yzi|Xei = Xeinn, B, Y)) = Zﬁjl{fzj}‘F'ytxt’i = Be+v' X, )
-

J

where the indicator function 1,—;, equals 1 if £ = j and 0 if £ # j. The parameters i, ..., are
the center-specific intercepts and vy is the vector of regression parameters. The vector of covariates xg;
does not include a 1 for the intercept. So, the aggregated BFI model for a nurse from center ¢ has
an intercept B¢, which is specific for that center. The model can be easily rewritten into a form with
a general intercept and parameters for the effect relative to the reference center which is taken to be
center 1:

L
h(E(Yzi|Xei = Xeisn, B, y)) = Bi+ Zﬁ;l{t’:]’} +¥'Xe = B+ Br + 7 X,
=

where g7 = B¢ — B, for £ = 2,..., L, with B, as in model (5). So, by allowing different intercepts
when combining the fitted local models, the BFI model accounts for a “center-effect”.

3.3. Heterogeneity due to center interaction effects

Next suppose that the effect of a covariate (a regression parameter) may vary across the centers. For
instance, suppose that the effect of wardtype on job related stress may differ across the centers. In
the regression model for the combined data, an interaction between the covariate wardtype and the
hospital would be included. To obtain these estimates with the BFI approach, the calculations from
Appendix 11.B can be followed again, but this time for a regression parameter instead of the intercept.
That gives an aggregated BFI model of the form:

L
h(E(Y¢i1Xei = Xeis zeio 1 B Y)) = Yo + Zﬁj zeil (e=jy + ¥ Xei,
=

where g is the intercept, B; the wardtype effect on stress in center j, z¢; the indicator function that
indicates whether nurse i from hospital £ is from a special care ward (0 general, 1 special care), y the
remaining regression parameters and x;; the vector of covariates (so without wardtype).

3.4. Heterogeneity due to having distinct nuisance parameters

The nuisance parameter of the statistical model, for example the variance of the error term in a linear
regression model, may differ between the medical centers. Here too, the calculations for the BFI
estimator in Appendix II.B can be applied. This yields an estimated aggregated BFI model with a
specific nuisance parameter for each center.

3.5. Heterogeneity due to center-clustering

Local centers can be clustered based on, for example, geospatial regions, type of center (e.g.,
academic/non-academic hospital) or its size (small/medium/large). If the data can be combined,
clustering can be taken into account by including a categorical variable in the model that represents
this clustering. Within a center, this is not possible, because all persons in the center are in the same
cluster and thus have the same variable value (which would lead to collinearity with the intercept);
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the regression model must be fitted without the corresponding variable. In this local model, the
estimated intercept includes the clustering effect. When combining the models with the BFI approach,
we must take this clustering into account. New expressions for the BFI estimators have been derived
(Appendix I1.C). For K giving the number of clusters, the resulting BFI model has categorical specific
intercepts:

K
h(E(Y¢i|Xei = Xeinze, 1, B, Y)) = Zﬂkl{zg:k} +¥'Xzi,
=1

with 8, the intercept for the k’" cluster, z, represents the cluster of center £, and 1{z,=k} is an indicator
function that equals 1 if z, = k and 0 if z, # k. As before, this model can be easily reformulated to a
model with an intercept and a reference group.

3.6. Heterogeneity due to center-specific covariates

Covariates that are included in the local models are also included in the aggregated BFI model. If a
variable does not vary within a center (e.g., the size of the medical staff or the percentage of female
patients) it can not be included in the regression model for the center and is, therefore, not automatically
included in the BFI model. The effect of such a variable is then hidden in the intercepts of the local
models. In this subsection we explain how the BFI approach can be adjusted to estimate a (combined)
BFI model that includes this center-specific covariate. Although the problem is the same for categorical
and continuous variables, the statistical solutions are not. This has to do with the way the variable
is included in the aggregated BFI model. If the variable is categorical, one or more binary dummy
variables need to be included in the model to represent every category (minus 1). If the variable is
included in the model as a continuous variable, only one variable needs to be included (under the
assumption of linearity) that holds for all centers.

If the variable is categorical and every center has its own specific category, we are in the situation
as described in Section 3.2, where the aggregated model has a center-specific intercept. If the number
of categories is lower than the number of centers and multiple centers are in the same category, we
actually have to deal with clustering as described in Section 3.5.

If the center-specific variable is continuous, for example the number of patients that is yearly treated
in the corresponding center or the percentage of female patients, we actually want to fit a BFI model
(based on all data) of the form:

h(E(Yei|Xei = Xeis 2e.1. V0, V1, 7)) = vo + vize + ¥ Xei, (6)

where vy is the intercept, z, is the continuous center-specific variable, and v; its corresponding
unknown regression coefficient. The question is how to estimate the model parameters, and especially
v and vy. This is explained below.

First all local models without this variable are fitted as described before. Next, the models are
combined with the BFI methodology under the assumption that all intercepts may be different (the
calculations are given in Appendix II.B and is also explained in Section 3.2). This yields an estimate of
the model with a center-specific intercept:

h(E(Yzi|Xei = Xeinn, B, ¥)) = Be+ ¥ xei,

for center £. The effect of the continuous variable is hidden in this intercept: S, = vo+v;z¢. To estimate
vo and v; based on the estimated intercepts B},f =1,...,Land z¢,,¢ = 1,...,L, one could make
a scatter plot of the points (z1, ,El), oo (ze, ,EL). Next, after fitting the least squares line through the
points, the parameter v( can be estimated by the intercept of the least square line and v; by its slope.
This approach ignores differences in the precision of the estimates of the hospital-specific intercepts.
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This precision can be taken into account as follows. For sufficiently large samples, the (local) MAP
estimators are approximately normally distributed, with a mean and a variance that can be estimated as
described in the article. For each center, a value is randomly drawn from this distribution and based on
the obtained values, v and v are estimated as described above. This procedure is repeated many times
(B), yielding B estimates of vy and v;. Final estimates for v and v can be computed by taking their
averages.

3.7. Asymptotic performance of the BFI estimator under heterogeneity

For both the homogeneous and the heterogeneous settings, the asymptotic distributions of the BFI
estimators are derived in Appendix III. In the homogeneous setting, it turns out that the BFI estimator
is asymptotically zero-mean Gaussian with covariance matrix equal to the inverse of the Fisher
information matrix; the BFI estimator is asymptotically efficient. This distribution is equal to the
asymptotic distribution of the MAP and maximum likelihood estimators that would have been based
on the combined data; hence asymptotically no information is lost if the data cannot be merged.

In the heterogeneous setting with center-specific parameters, the parameters of interest can be
split into those that are the same between the centers and that are center-specific. Expressions of the
corresponding BFI estimators are given in (A.9) and (A.10) in Appendix II.B. In Appendix III.C it
is proven that both BFI estimators are asymptotically Gaussian with covariance matrices that equal
those for the MAP estimators and MLEs that would have been based on the combined data. Also
in the heterogenous setting the BFI estimators are asymptotically efficient. Again asymptotically no
information is lost if the data sets cannot be combined. In Appendix III.C it is proved that the BFI
estimator for the center-specific parameter is asymptotically more accurate than the MAP estimator
based on the local data of the center only. This is because the BFI estimator uses information from all
centers to estimate the parameters that are the same across centers, while the MAP estimator uses local
data only. A more accurate estimate of the shared parameters leads to a more accurate estimate of the
non-shared parameters.

Expressions of the BFI estimators for the setting in which the centers can be clustered are given
in Appendix II.C. These expressions are complicated. Therefore, the derivation of the asymptotic
distribution is not given here, but can be derived in the same way as for the setting with center-specific
parameters.

Since the BFI estimator of 6, is asymptotically Gaussian and the asymptotic covariance matrix can
be estimated by the inverse of A gri, credible intervals can be easily constructed, as explained for the
homogeneous setting. Hypotheses can be tested using the Wald test.

3.8. Methods for checking heterogeneity

In this article we extend the BFI methodology to account for heterogeneity between centers. Before
combining the local estimates, we should verify whether this heterogeneity is actually present and
whether it is necessary to account for it.

Suppose we want to investigate whether it is necessary to take into account the heterogeneity of
the intercepts. Then, first the MAP estimates of the local intercepts, say B}, ¢ =1,...,L, should be
compared. However, there will always be differences between the estimates. The question is whether the
observed differences are due to randomness or whether the true values of the intercepts are sufficiently
different to take this into account in the modelling. The latter can be verified by constructing credible
intervals. In order to compare the parameter estimates between two centers, say centers k£ and ¢, a
credible interval for the difference of the two intercepts can be constructed. Such a calculation is based
on the statistical independence of the estimators ,Bk and ﬁ( (since the data from the different centers are
assumed to be independent) and the fact that ﬁk and ,3[ are approximately Gaussian with mean Sy and

Be and standard deviations (Kflk)i/ % and (A L 5)1/ 2

11> respectively, (if the first element of the parameter
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vectors 6 x and 6; ¢ correspond to the intercept). Then, the (1 — 2a)100% credible interval for the
difference B8y — B¢ equals

Ek —,Ef + &a \/(Kl_}k)l,l + (Kl_,lf)l,l’

for £, equal to the upper a-quantile of the standard Gaussian distribution. With the latter interval we
can verify whether the parameters in the centers & and ¢ are different. If the sample sizes in the centers
are small, the credible intervals may be wide and it may be difficult to conclude on hetereogeneity.

Similarly, the (1 — 2a@)100% credible intervals for the difference between the true B-value in all
centers except £ and the true parameter value in center ¢ equals:

Boepei—Br * éa \/(AI_,IBFI,—{’)I,I + (Al_,lf)l,l’

where subscript —¢ means that the BFI estimator was computed not including the estimator from center
¢. With this interval we can verify whether the intercept in center £ differs from the intercepts in the
other centers assuming that these intercepts equal.

In the same way, one can check whether it is necessary to take into account any of the other types of
heterogeneity.

4. Performance of BFI methodology

The BFI methodology for GLMs was introduced in Jonker et al”* and extended to survival models for
homogeneous populations in Pazira et al.”> Simulation studies in those papers show good performance
of the methodology in the homogeneous setting. In this article we focus on different types of
heterogeneity. The results of simulation studies (Section 4.1) and data analyses (Section 4.2) are
described below.

4.1. Simulation studies

4.1.1. One-shot estimators for comparison

As explained in the introduction, we are only interested in one-shot estimators, i.e., estimators that
can be calculated after a single communication with the centers, like the BFI estimator. To enable
performance comparison for the BFI estimator, we consider two one-shot estimators. The most
interesting one is the weighted average estimator (WAV) which is defined as the weighted average
of the local MAP estimators with the weights equal to n,/n (where n = Z?:l ne); estimates based on
larger data-sets are given larger weights. The weighted average estimator for 6 is defined as:

L

P ne ~
Oway = Z o 0.
=1

In case of clustering, the WAV estimator for the parameter that is specific for a particular cluster is
defined as the weighted average of the local MAP estimators of the centers in that cluster. If a parameter
may vary between all centers, the corresponding WAV estimator is defined as the MAP estimator in the
local center. The second one-shot estimator for 6 is the single center estimator gsingle’ defined as the
MAP estimator in the center with the largest local sample size. The single center estimator cannot be
defined in case of center or cluster specific parameters.

In Appendix 111 the asymptotic distributions of the weighted average and the single center estimators
are derived. As expected, the asymptotic variance of the single center estimator is larger than the one
of the BFI estimator, because it is based on fewer data points. In the homogeneous setting, the WAV

https://doi.org/10.1017/rsm.2025.6 Published online by Cambridge University Press


https://doi.org/10.1017/rsm.2025.6

394 Jonker et al.

estimator turns out to be asymptotically efficient (minimum variance) and it follows asymptotically the
same distribution as the BFI estimator. In the heterogeneous setting, the WAV estimator of the parameter
that differs between the centers is defined as the (corresponding) single center estimator. As explained
in Section 3.7, the BFI estimator has a smaller asymptotic variance than this estimator. In this section
the finite sample behaviour of the estimators are compared by means of simulation studies.

4.1.2. Performance measures for finite samples

Since the BFI methodology tries to reconstruct from local inferences what would have been obtained
if the data sets had been merged, the BFI estimators by definition cannot do better than the MAP
estimators based on the combined data. Therefore, the parameter estimates and outcome predictions
obtained by the BFI approach are compared to those found after combining the data. For completeness,
we also compare the estimates with the true parameter values.

In the next subsection, the simulation procedure is explained. In brief, B times data sets are simulated
from a chosen model, for every center separately. In every cycle the parameters are estimated with the
three one-shot estimators, and also by the MAP estimator based on the combined data. Performance is
measured with the MSEg, pry defined as

B
1 ~(b) "(b) 2
MSEg, .Br1 = Z Opr1k — Ocomi) >
B {4

where 6 ,\g;)[ K is the BFI estimated value of the kth coordinate of @ in the bth iteration, and 6 Aéf)’rzq . the
estimate using all data. The MSE’s for the other estimators are defined similarly:
3 2 S G S 2
"(b) ) _ " a9
MSEg, wav = WAV X com k) » MSEg, single = Z single,k — com k) :
B i B

If the MSE is small, the estimates based on the local inference results are similar to the estimates based
on the combined data, and thus only little information is lost. For the BFI estimator we also computed
the MSE compared to the true parameter value; denoted as MSET, gr1 (Where the T stands for “true
value”).

4.1.3. Simulation settings and results
We assume that there are four centers with data of ny, ny, n3, and ny4 individuals. For each individual,
data of three independent covariates are simulated: two from a Gaussian distribution and one from a
binomial distribution. The outcome variables given the covariates are assumed to be independent and
are simulated from a logistic regression model. We consider the following situations: 1) the populations
are homogeneous, 2) the distributions of the covariates differ across the centers, 3) the intercepts
(prevalence) differ across the centers, and 4) centers are clustered. For the sample sizes we consider
two settings: small sample sizes (n; = ny = 50, n3 = ng = 100) and large sample sizes (n; = np = 100,
n3 = ng = 200) and we set the covariance matrices of the Gaussian prior equal to diagonal matrices
with 4 = 0.001 or 4 = 0.01 (or a mix) on the diagonal. This corresponds to variances that equal 1, 000
and 100 respectively; the prior distributions are almost non-informative. The first covariate is sampled
from a Gaussian distribution with mean zero and standard deviation equal to 1. The second covariate is
Gaussian as well, but with mean 2 and standard deviation 5. The third covariate comes from a binomial
distribution with probability 0.25. In the setting with heterogeneous populations, different covariate
distributions have been used across the centers. In all cases the regression parameters equal 1.0 for the
intercept and 2.0, —1.0, and 0.5 for the three covariates.

For every setting, we simulate B = 1, 000 data sets, compute the BFI, weighted average and single
center estimates (the latter one only if relevant), and compute the MSEs. The simulation results in the

https://doi.org/10.1017/rsm.2025.6 Published online by Cambridge University Press


https://doi.org/10.1017/rsm.2025.6

ssaud Aisianun abpliquied Aq auluo paysiignd 9°5z0z Wi/ 101 0L/Bio10p//:sdny

Table 1. Homogeneous setting.

102 X MSEﬁ,BF[

10% x MSEg wav

102 X MSEB,single

102 X MSETﬁ’BFI

(n1,n2,n3,n4) (412, 434) Bt B Bs P B B B3 Pa B B2 B Ba Bt B B P
(25,25,50,50) (0.001, 0.001) 14.42 41.14 9.81 24.52 496.6 1322 387.6 3254 997.9 2495 636.5 1069 21.36 35.42 6.81 59.52
(0.01, 0.01) 10.83 32.6 &8.11 1492 79.93 198.8 6592 64.8 229.5 4322 103.4 387.2 21.03 36.28 6.62 64.46

(0.01,0.001) 12.76 36.91 9.36 17.37 271.7 760.1 219.9 224.8 1234 2485 686.2 1136 20.60 34.99 6.66 62.83
(50,50,100,100) (0.001,0.001) 3.54 11.47 2.74 3.73 74.45 225.8 63.5 77.21 6293 279.17 51.37 196.6 8.38 14.58 2.72 24.62
(0.01, 0.01) 3.51 991 2.55 273 18.50 45.73 12.43 18.67 44.10 81.51 15.89 9496 8.56 14.02 2.62 24.50

(0.01, 0.001) 3.60 10.89 2.74 3.33 19.72 57.89 15.27 20.66 50.25 119.2 25.19 1059 9.14 14.22 2.54 26.64

(100,100,200,200) (0.001,0.001) 0.77 2.49 0.61 0.54 325 1049 225 287 10.80 16.10 3.05 31.73 439 6.32 1.11 11.72
(0.01, 0.01) 0.80 2.64 0.64 0.60 221 694 1.64 276 1092 19.25 3.08 3488 421 630 1.07 11.92

(0.01, 0.001) 0.82 2.72 0.66 0.60 212 660 1.52 222 1278 21.11 3.87 34.10 443 6.25 1.08 13.02

(200,200,400,400) (0.001,0.001) 0.17 0.60 0.14 0.12 0.27 0.88 0.21 0.39 472 7.16 1.08 1448 216 3.02 049 6.21
(0.01, 0.01) 0.18 0.59 0.14 0.11 029 0.87 0.21 0.35 516 726 121 1496 2.04 293 048 691

(0.01, 0.001) 020 0.65 0.16 0.14 030 094 0.23 0.39 530 7.31 122 1631 2.00 287 0.50 6.53

Note: The MSE:s for the BFI, weighted average and the single center estimators, and MSET for the BFI estimator. The prior inverse covariance matrices are diagonal with the diagonal element equal to 2, in centers 1
and 2, and the value A34 in centers 3 and 4. The single center estimates are based on data from center 4 only.
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Table 2. Heterogeneous setting.

10? x MSEg gri 10? x MSEg wav 10? X MSEg single 10? x MSETg gri

(n1,n2,n3,n4) (12, A34) B B B3 P Bt B B Pa B B B Ba B B B3 Pa

(50,50,100,100) (0.001,0.001) 3.22 8.96 2.28 3.27 133.8 1699 38.34 1003 1093 1245 2722 879.9 1433 993 2.76 19.63
(0.01, 0.01) 331 855 227 2.89 64.24 4638 1043 3590 5345 2429 53.92 340.5 1471 9.35 2.75 20.03
(0.01,0.001) 3.01 820 2.09 2.65 107.7 128.2 27.23 73.06 9555 923.5 192.5 6684 14.62 9.84 2.59 18.75
(100,100,200,200) (0.001,0.001) 0.64 1.82 0.49 0.53 1499 6.15 1.10 9.42 1255 3834 643 1154 830 4.09 1.21 10.13
(0.01, 0.01) 0.66 1.84 0.50 0.51 16.26 7.50 1.37 821 148.7 4935 9.34 100.80 7.48 4.03 1.16 9.74
(0.01,0.001) 0.60 1.87 0.49 0.63 17.03 7.15 135 11.62 149.1 50.89 9.37 13470 7.86 4.20 1.28 9.81

Note: The MSEs for the BFI, weighted average and the single center estimators, and MSET for the BFI estimator. The distributions of the covariates differ across the centers. The first covariate is Gaussian with mean
0, 1, 2, and 3 in the four centers, and standard deviation 1. The second covariate is Gaussian as well with mean 2, but now the standard deviation varies: 1, 2, 3, and 4 in the four centers. The third covariate comes from a
binomial distribution with probability 0.35, 0.30, 0.25, and 0.20 in the four centers. In all cases the prior inverse covariance matrix equals diagonal matrices with the diagonal element equal to ;5 in the centers 1 and 2,
and the value A34 in the centers 3 and 4. The single center estimates are based on data from center 4 only.
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four different settings are given in Table | (homogeneity between centers), Table 2 (different covariate
distributions), Table 3 (different intercepts between centers) and Table 4 (clustering).

From the results in the tables it can be seen that for all estimators the MSEs decrease for increasing
sample size. For the BFI estimator the decrease is stronger for the MSEs than for the MSETs. A decrease
is as expected as a larger sample size yields more accurate estimates.

Further, the results show that the MSEs for the BFI estimates are smaller than those for the weighted
average and the single-center estimates. This also holds MSET (the MSETg wav and MSETg gingle
are left out from the tables, due to a lack of space.) The relative differences between MSEg gr and
MSEg wav decrease with increasing sample size. This was expected, as (in the homogeneous setting)
the asymptotic distributions of the BFI and the WAV estimators are identical. For finite sample sizes
the differences in MSE are still considerable.

In all settings the MSEg grr is smaller than the MSETg 1. This is as expected, as the randomness in
the observations is reflected in the estimate based on the combined data, but not in the actual parameter
values. An important observation is that within every setting and for all combinations of sample sizes,
the MSETjg gry is rather stable for the different combinations of A-values. Since the actual parameter
values are independent of the choice of A, we can conclude that the BFI estimates are not very sensitive
to the values of A (considered here). However, the MSE for the three estimators decreases (slightly) for
increasing A (a smaller prior variance), especially when the sample size is small. For larger values of
A, the MAP estimates have shrunk further to zero, leading to smaller MSEs. The latter does not imply
that the estimates are more similar to the actual values.

When comparing the MSEs of the different regression parameters (within the same setting and set of
sample sizes), it is clear that some regression parameters can be estimated more accurately than others.
For example, comparing the MSEs for the regression coefficients of the first and the second covariate
(i.e., for B, and B3 in Table 2) it can be seen that the MSEs for the coefficients for the second covariate
are smaller, probably because the variation in this covariate is larger than in the first one. This applies
to all estimators. When comparing the values of MSET gry in Tables 1 and 2, we see that the estimates
of the regression parameters (except the intercept) are more accurate in the heterogeneous setting
with different covariate distributions across the centers. Again, this is probably due to the increased
variation in the covariate values. An opposite effect is seen for the WAV estimator; more variability in
the covariates leads to larger MSE.

Also in settings with center-specific intercepts (different prevalence in the centers) and clustering,
the BFI estimators clearly perform better than the weighted average estimators, this is especially true
for the center-specific and the cluster specific intercepts. Within the BFI methodology, these estimates
use information from all centers for estimation. This is not the case for the weighted average estimator.

4.2. Data analysis

4.2.1. Description of the data

The data come from a hypothetical study on stress among nurses in hospitals.”® The data set consists of
simulated data of 1,000 nurses working on different wards in 25 hospitals.’" The outcome of interest is
job-related stress among nurses. Additionally, for every nurse the following variables are available: age
(years), experience (years), gender (0 = male, 1 = female), the type of ward in which the nurse works (0
= general care, 1 = special care), hospital (1, 2, . . ., 25), and hospital size (small, medium, large). In the
data, the number of nurses per hospital runs from 36 to 52. Further, for the covariates, the averages of
the ages of the nurses in the different hospitals run from 39.2 to 46.3 years, the fraction of female nurses
from 0.61 to 0.85, the number of years of experience from 14.9 to 18.5, and the fraction of nurses on
a special care ward runs from 0.48 to 0.51. For some of these variables there is hardly any variation
across the hospitals, whereas for other variables the variation is much larger, like the fraction of female
nurses. So, there seems to be some heterogeneity of the population characteristics across the centers (see
Section 3.1). Further, there are nine small hospitals, 12 medium sized hospitals, and four large hospitals.
The stress level in hospitals seems to increase with the size of the hospital; there is heterogeneity due to
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Table 3. Heterogeneous setting.

102 X MSEﬁ,BFI 102 X MSE[,),WAV 102 X MSETB,BF[

(A2, A4)  B1 B B3 Bs Bs Bs B B B2 B3 B Bs Bs B B B2 B3 PBa Bs  PBs PBr

(0.001,0.001) 7.45 10.29 2.41 4.21 1433 3.60 590 703.17 1193.88 24.94 163.43 352.73 94.05 103.72 4235 4494 19.27 2294 1247 3.04 32.63
(0.01,0.01) 4.00 6.66 196 3.39 12.41 3.08 4.10 120.80 266.14 21.43 4634 73.79 19.59 25.15 41.36 4299 20.09 2096 11.7 2.82 34.23
(0.01,0.001) 4.77 7.76 249 4.63 14.04 3.48 529 13048 2412 51.51 230.56 186.45 50.05 71.33 36.99 40.48 19.13 23.19 1147 271 33.52

(0.001,0.001) 0.72 136 0.44 0.76 3.19 0.80 0.82 37.03 80.79 482 834 1985 5.08 732 18.80 19.56 9.64 992 524 127 15.63
(0.01,0.01) 044 120 036 0.75 3.02 0.75 0.96 19.57 4691 493 726 8.88 226 427 17.85 19.10 9.79 10.87 549 130 16.05
(0.01,0.001) 045 130 041 0.79 3.14 0.78 0091 25.72  47.00 571 838 1127 281 4.72 17.35 1937 951 11.59 526 1.19 15.77

Note: The MSEs for the BFI and weighted average estimators, and MSET for the BFI estimator. The intercepts differ across the centers. The parameters S, . . ., s are the center-specific intercepts for the four centers
(with true values 0.0, 1.0, 0.5, and —1.0). The parameters Ss, ..., B7 are the regression coefficients for the three covariates. For the upper three lines in the table, the local sample sizes equal (n, ny, n3, ng) =
(50, 50, 100, 100), and for the lower three lines they equal (ny, na, n3, ns) = (100, 100, 200, 200). The MSE for the single center estimator has been left out, because this estimator can estimate one intercept only.
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Table 4. Heterogeneous setting.

10? x MSEg gri

10? x MSEg wav

10? x MSETg grr

(n1,n2,n3,n4) (12, A34) B B B3 PBa PBs B B B3 Ba Bs Bi B By B Bs
(50,50,100,100) (0.001,0.001) 8.17 14.82 13.69 3.38 5.45 814.44 151.48 333.89 86.33 114.08 24.23 20.82 11.71 2.97 30.59
(0.01, 0.01) 524 1291 12.21 3.03 424 12642 4430 62.15 1621 26.07 23.92 21.60 12.55 2.94 32.55
(0.01, 0.001) 5.55 13.08 12.35 3.14 4.35 13691 105.72 92.36 24.71 31.79 23.71 22.37 12.45 3.06 34.42
(100,100,200,200) (0.001,0.001) 1.22 3.34 3.19 0.78 0.90 44.17 6.49 15.55 3.79 741 959 954 489 1.11 14.02
(0.01, 0.01) 1.19 3.07 297 0.73 0.72 2454 649 854 212 3.79 10.06 9.56 5.16 125 144
(0.01, 0.001) 1.30 3.38 3.21 0.79 0.75 2625 7.23 938 224 365 10.54 10.28 5.45 1.31 15.02

Note: The MSEs for the BFI and weighted average estimators, and MSET for the BFI estimator. The centers 1 and 2 and the centers 3 and 4 are clustered. The parameter 8; and 3, are the cluster specific intercepts
(true values 1.0 and 2.0). The parameters 33, 84 and Bs are the regression parameters of the three covariates. The MSE for the single center estimator has been left out, because the intercept for a single cluster can be

estimated.
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a hospital size clustering effect (see Section 3.5). The variation of the stress levels of nurses in the data
across the centers (the averages vary between 3.6 and 5.8) may also be due to non-measured hospital
effects like location and patient population (see Sections 3.2 and 3.6). In every hospital we fitted a
linear regression model and estimated the variance of the error term. The estimated variances vary from
0.17 to 1.16. It seems that there may be heterogeneity in this variance parameter (see Section 3.4). In
Section 4.2 we estimate linear regression models with the BFI methodology, adjusted for these types of
heterogeneity.

For better comparison and interpretation of the estimates of the regression parameters, we standard-
ized the continuous variables age, experience and stress: from each observed value we subtracted the
full sample mean and divided the result by its full sample standard deviation. This is not required for
the BFI method. However, note that this can be easily done without combining all data, since the full
sample mean and standard deviation can be easily reconstructed from the local sample means and local
standard deviations (and thus only these values need to be shared with the central server).

4.2.2. Model estimation under heterogeneity
In this subsection we analyse the data from the 25 centers with the BFI methodology and we compare
the estimated aggregated BFI model to the model that would have been found if the data had been
combined before fitting the model. As described in the previous subsection we have different types of
heterogeneity. We start with a relatively simple linear regression model and combine the local MAP
estimates with the BFI methodology under the assumption of homogeneity across the centers. In a
second analysis we also include a clustering effect for the variable hospital size, in the third analysis we
allow a center-specific intercept, and in the last step we also allow for difference variances of the error
term. In Appendix I it is explained how these analyses can be performed in R with our R-package BFI.
In the first analysis we only include nurse-specific variables: age, gender, experience (exp), and
wardtype. We fit a linear regression model of the form:

stressg; = PBo + P1age,; + PBo gender,; + Bz exp, + B4 wardtype,; + €4,

where the subscript “£i” refers to the i person in center £. The last term, &¢;, is the measurement
error in the outcome variable, which is assumed to be Gaussian with mean zero and variance o2. In
the analyses based on the combined data and in the centers we take Gaussian priors with a diagonal
inverse covariance matrix A with either 4 = 0.001 or 4 = 0.1 on the diagonal. For these values of A
the corresponding variances of the parameter priors are equal to 1, 000 and 10, respectively. For a prior
variance equal to 1,000, the MAP estimates are close to the maximum likelihood estimates, since the
prior density is almost flat.

The results are given in Table 5. It can be seen that the value of A hardly effects the estimates of
the parameters; possibly because the total sample size is high. The BFI estimates for the regression
parameters for the covariates age, gender and experience are similar to those obtained based on the
combined data. For wardtype the estimates are close in absolute sense, but from the estimates and
the relative large standard deviations it is clear that the contribution of this covariate to the model
is minimal. The estimates of the intercept and the variance of the error term, o2, seem to differ
substantially. This is possibly caused by the presence of heterogeneity across centers (e.g., varying
hospital size and variances) for which is not corrected in the models (but will be in the next analysis).
In the centers, the hospital size is taken into account via the intercept. This leads to different estimates
of these intercepts across the centers and small variances of the error term. The BFI methodology
combines the local estimates to a single estimate under the incorrect assumption of homogeneity, which
leads to the differences of EBFI and Ecom. In the next analysis, heterogeneity due to varying hospital
sizes is taken into account and we will see that the differences between the estimates obtained with the
two procedures will (almost) disappear. For the BFI methodology, but also if pooled data is available, it
is important to correct for possible heterogeneity. We moreover leave out the covariate wardtype from
the model.
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Table 5. The BFI estimates of the parameters in the linear regression model, EBFI, and the MAP estimates obtained from the analysis after combining
the data, Beom.

A intercept age gender experience wardtype o?
4=0.001 B (sd) 0.522 (0.043) 0.263 (0.034) —0.502 (0.044) —0.386 (0.034) —0.011 (0.039) 0.539
Beom (sd) 0.332 (0.066) 0.233 (0.052) —0.503 (0.068) —0.352 (0.052) 0.075 (0.060) 0.907
1=0.1 Barr (sd) 0.523 (0.043) 0.264 (0.034) —0.503 (0.044) —0.386 (0.034) —0.011 (0.039) 0.537
Beom (sd) 0.332 (0.066) 0.233 (0.052) —0.503 (0.068) —-0.352 (0.052) 0.075 (0.060) 0.907

Note: The corresponding estimated standard deviations (sd) are given within the brackets. The prior inverse covariance matrices are diagonal with the diagonal elements equal to either 2 = 0.001 or 2 = 0.1. In the
last column the estimates of -2, the variance of the error term, are given.
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Because the size of the hospital is predictive for the stress level, we want to add this variable to
the model as well. This variable is a categorical variable with three categories (small, medium, large).
For the combined data, the linear regression model that includes the variable hospital size via category
specific intercepts, is given by:

stressei = 11, _ gmally + B2l(;, - mediumy + B3y, - large} * Ba agey;

+ Bs gender,; + B¢ expy; + i,

with z, the category of the hospital size in hospital £ (so small, medium or large) and 1 (2 = small} is
defined as 1 if hospital ¢ is small and zero otherwise. The functions 1 (z¢ = medium} and 1 (z = large}
are defined in a similar way. There is no general intercept in the model; this is hidden in the three
intercepts. The model can be reformulated in a model that includes a general intercept (as was explained
in Section 3). To obtain a BFI aggregated model with category specific intercepts, we apply the BFI
approach as described in Section 3.5. The estimates are given in Table 6. From the results we see that
the estimates of the regression parameters obtained with the BFI methodology are very similar to those
obtained based on the combined data; also for the three intercepts 31, 82, and 83. However, there are still
some differences between the estimates for o, but these are smaller than in the first analysis. Possibly
more (unknown) variables need to be included in the model or there is heterogeneity in the variances
across the centers. From the estimates of the intercepts, it is clear that there is a positive relationship
between stress and the size of the hospital (adjusted for the other variables in the model): nurses in large
hospitals seem to experience more stress than nurses in small hospitals.

In a third analysis we include a hospital specific intercept in the model. Now, the variable hospital
size is redundant as this effect is included in the hospital effect. The model for the combined data is
given by:

25

stressy; = Z,le{g:j} + Bos age,; + Po7 gender,; + PBag expy; + i,
J=1

with 1(,-; an indicator function defined as 1 if hospital ¢ is the j’ " hospital and zero otherwise. That
means that for hospital ¢, Z?i 1 Bjlie=jy = Be. So, every hospital has its own specific intercept and
there is no general intercept. We fit the model after merging the data and by combining the estimates in
the different hospitals with the BFI methodology, as described in Section 3.2. The results are given in
Table 7. Since the number of intercepts is large (for each hospital one intercept), we decided to leave out
these estimates from the table, but made a scatter plot instead for comparison (not presented). The plot
shows almost perfect agreement between the estimated intercepts based on the BFI methodology and
the estimates found after combining the data. The estimates of the remaining parameters obtained with
the two estimation procedures, shown in Table 7, show nice agreement as well; also for the variance .

Next, we consider the situation with heterogeneity in the variance of the error term in the linear
regression model. We allow center-specific intercepts and center-specific variances of the error term in
the model. The estimates of the regression parameters hardly change (data not presented here). Taking
into account heterogeneity across the centers can improve the results, but increases the number of model
parameters that need to be estimated.

4.2.3. Prediction

In the previous subsection we studied the performance of the BFI methodology for estimating the model
parameters. In this subsection we focus on prediction.

4.2.3.1. Heterogenous populations. To study the performance of a prediction model that has been
estimated with the BFI strategy, we follow the steps:
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Table 6. The BFI estimates of the parameters in the linear regression model with a cluster effect for hospital size, EBFI, and the MAP estimates
obtained from the analysis after combining the data, Bcom.

A I(small) I(medium) I(large) age gender experience o?

A=0.001  Bge(sd)  0.004(0.058)  0.497 (0.043)  0.958 (0.061)  0.270 (0.035)  —0.478 (0.046)  —0.381 (0.036)  0.581
Beom (sd)  —0.024 (0.066)  0.490 (0.063)  0.917 (0.086)  0.237 (0.049)  —0.493 (0.064)  —0.352 (0.049)  0.799

A=0.1  Bgr(sd)  0.004(0.057) 0497 (0.043)  0.958 (0.061)  0.270(0.035)  —0.478 (0.046)  —0.381(0.035)  0.580
Beom (sd)  —0.024 (0.066)  0.490 (0.063)  0.916 (0.086)  0.237 (0.049)  —0.492 (0.064)  —0.352 (0.049)  0.799

Note: The estimated standard deviations (sd) are given within the brackets. The prior inverse covariance matrices are diagonal with the diagonal elements equal to either 2 = 0.001 or 2 = 0.1. The abbreviations
“I(small)”, “I(medium)” and “I(large)” stand for the three intercepts for the categories small, medium, large. In the last column the estimates of o2, the variance of the error term, are given.
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Table 7. The BFI estimates of the parameters in the linear regression model with hospital
specific intercepts, Bgr1, and the MAP estimates obtained from the analysis after combining
the data, Beom.

A age gender experience o?

1=0.001  Bgr(sd) 0268 (0.036) —0.452(0.047) —0.364(0.036)  0.581
Boom (sd) 0247 (0.043)  —0.474 (0.057)  —0.357 (0.044)  0.614

A=0.1 PBgp(sd)  0.268(0.036) —0.452(0.047) —0.364(0.036)  0.580
Beom (sd) 0247 (0.043)  —0.471 (0.057)  —0.357 (0.044)  0.614

Note: The corresponding estimated standard deviations (sd) are given within the brackets. The 25 estimated intercepts are not
presented in the table. The prior inverse covariance matrices are diagonal with the diagonal elements equal to either 2 = 0.001 or
A =0.1. In the last column the estimates of -2, the variance of the error term, are given.

1. In every hospital we randomly select the data of approximately 10% of the nurses for the test-set.
The remaining data form the training-set. The data of the nurses in this set will be used to estimate
the BFI prediction model. The data in the test-set will be used to test the performance of the model.

2. In every hospital we compute the MAP estimates of the model parameters based on the local data
from the training sets only.

3. Based on the inference results from the hospitals, we compute the BFI estimates of the model
parameters with the BFI methodology.

4. Based on this estimated BFI model we predict the outcome (stress level) of the nurses in the test
sets based on their covariate values. The prediction for the ith nurse in the th hospital is denoted as
YBFL,¢i-

5. Parallel to this, we merge all data from the training sets and fit the regression model by MAP
estimation.

6. With this model we predict the outcomes of the nurses in the combined test data set based on their
covariate values. The predicted outcome for the ith nurse from hospital £ is denoted as ?com’[i.

7. We plot the points (Zom,gi, ?BFL&) in a scatter plot.

The steps above are repeated 50 times and all points are plotted in the same figure, see Figure 1 for
three different settings. The predictions in the plot on the left were found based on the fitted model with
the covariates age, gender, and experience. For the plot in the middle the covariate hospital size was
included as well (as described in Section 3.5). In both cases 4 = 0.1. From the left plot we see that
for the model that does not include the covariate hospital size, the BFI predictions are slightly higher
than those found with the prediction model estimated based on the combined data. This is caused by
the estimates of the intercept; in Table 5 we already had seen that the intercept in the model fitted with
the BFI method is higher than the estimated intercept in the model based on all data. This difference
is due to heterogeneity of the data that is not taken into account in the model (see Section 4.2 for a
discussion). After adding the variable hospital size to the model this discrepancy disappears and there
is a very strong agreement between the predictions obtained with the two methods. The variation in the
predictions has increased which indicates a higher explained variance by the inclusion of the variable
hospital size.

4.2.3.2. Homogeneous populations. In the previous subsection we considered prediction accuracy of
the BFI prediction model based on the data of nurses from the 25 hospitals. As mentioned before the
nurses in the different hospitals may come from different populations. In this subsection we aim to
study the performance of the BFI prediction model for homogeneous (nurse) populations. To be sure
that the populations are homogeneous we randomize all nurses over the hospitals, keeping the sample
sizes in the hospitals fixed. Now, the populations in the different hospitals can be seen as samples
from the same population. Next, we follow the steps given in the previous subsection. This, including

https://doi.org/10.1017/rsm.2025.6 Published online by Cambridge University Press


https://doi.org/10.1017/rsm.2025.6

Research Synthesis Methods 405

v v v
o | o | o |
To] To] wn
_ o] _ o] _ o
@ 2 @ 2 a5 <
o o o
S L o o s
T T T
T T T T T T T T T T T T T T T T T T
-1.0 0.0 0.5 1.0 15 -1.0 0.0 0.5 1.0 15 -1.0 0.0 0.5 1.0 15
Com Com Com

Figure 1. Outcome predictions based on the BFI strategy (vertical axis) versus those based on the
MAP estimates from the analysis obtained after combining the training data sets (horizontal axis).
Left: Heterogeneous populations. Predictions are based on the model that includes the covariates
age, gender, experience. Middle: Heterogeneous populations. Predictions are based on the model
that includes the covariates hospital size, age, gender, experience. Right: Homogeneous populations.
Predictions are based on the model that includes the covariates age, gender, experience. Perfect
agreement corresponds to all points on the diagonal (yellow line). Here, A = 0.1. The plots look similar
for other values of A.

the randomization, is repeated 50 times. The variables we included in the model are age, gender, and
experience. It can be seen that the agreement between the predictions is very strong. The scatter plot
on the left in Figure 1 was obtained for the same model, but for the heterogeneous setting. In that
case we saw some discrepancy between the predictions from the two models. Since this is not seen in
the homogeneous setting and also not in the scatter plot for the models that take the hospital size into
account, we conclude that the discrepancy was due to the heterogeneity that was not taken into account
in the first simulation.

5. Discussion

In this article, we have extended the BFI methodology for homogeneous to heterogeneous populations.
The aim of the BFI methodology is to construct from the inference results obtained in multiple separate
centers, what would have been found if the analysis had been performed on the combined data set. The
key merit is that no individual data need to be transferred from the local centers to a central server. As
a consequence, Data Transfer Agreement (DTA) for data sharing, can be simplified significantly. This
may improve collaboration between researchers from different institutes and accelerate research.

In the BFI framework, statistical models are fitted in the separate centers based on local data only.
So, in every center someone with sufficient knowledge of statistics and R needs to be available to do
the analysis. Of course, the statistician who is concerned with combining the separate inference results
can assist and can even provide code to be sure that the analyses in the separate centers are consistent.
It is therefore important that a single communication with the local centers is sufficient to calculate the
BFI estimators.

For different types of heterogeneity, new expressions of the BFI estimators have been derived.
Asymptotically, the BFI estimators have been proven to be efficient (minimum variance) and we show
that no information is lost as a consequence of the fact that the data cannot be combined. Simulation
studies have shown that the performance of the BFI estimator is also good for finite samples, and
better than that of the weighted average estimator. Furthermore, in this article it is explained how to do
the analyses in R with the software package BFI that we developed to make the methodology easily
accessible for the user. The mathematical details are given in two appendices, and can be ignored if
one’s interest is solely in the application of BFI.
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It may happen that communication between the central server and some data centers is intermittent
or delayed. In that case, the BFI estimators can be calculated based on the estimation results available so
far. As soon as more centers have sent their results, the BFI estimators can be recalculated, including the
results from the delayed centers. This can be easily done by using the expression of the BFI estimators
and will result in exactly the same final estimate compared to the estimate that would have been found
if all centers had sent their local estimates at the same time. Also, if a center wishes to participate in
the study at a later date, the BFI estimate can be easily updated, as just described. Ideally, however, it
would be decided in advance which centers will participate in the study, to avoid researchers selecting
centers based on local estimates. In many other federated analysis methods, in contrast, estimates are
found by cycling around the centers and updating parameter estimates based on the local data. Then,
if one or more centers are included in the estimation process at a later moment, the entire optimization
process needs to be repeated, which can be a rather time-consuming process.

The prior of the parameters is taken equal to a zero-mean Gaussian distribution. This assumption
allows the derivation of explicit expressions for the BFI estimators. For other prior distributions this
may not be the case. If a Gaussian prior is not suitable for a parameter, for example because it is positive
by definition, it can be transformed (e.g., via a log transformation). For example, for the variance of the
error term in a linear regression model, the Gaussian prior for the log transformation of the parameter
is used and implemented in the R package. The Gaussian prior corresponds to a ridge penalty, which
is often used in practice to reduce overfitting. If one also wants to do selection, a lasso penalty is more
common and a different prior distribution must be assumed. Then the BFI estimates must be found by
numerical optimization.

For the centers different covariance matrices for the Gaussian prior may be chosen. One reason to
do this could be the local sample size. The smaller the variance of the Gaussian prior, the more the
estimates are shrunken to zero. Also if there is a difference in reliability of the data across the centers
(data in some centers are “cleaner” than in others), different prior covariances can be used. It is up to
the user to decide whether to assume equal priors or not.

The sets of variables available for fitting a regression model may differ across the centers. This
happens, for instance, if some patients’ or individuals’ characteristics are measured and documented
in most centers, but not in all. If a missing variable may be predictive for the outcome, a single or
multiple regression method can be applied to impute the missing values.”” Then, a regression model
with this missing variable as an outcome and the original outcome variable and the remaining variables
as covariates is fitted, by applying the BFI approach in the centers in which this “missing variable” has
been measured. Next, this estimated regression model is used to predict the variable values in the center
in which the variable was not measured. After a single or a multiple imputation, the BFI strategy as
described before can be used.

The BFI estimators are defined as the maximizers of an approximation of the log posterior
density (second order Taylor expansions) for the merged data set. In the homogeneous case, these
approximations are known to be accurate if the total sample size is sufficiently large (compared to the
dimension of parameter space). However, if parameters are assumed to be distinct across centers, the
local sample sizes need to be sufficiently large as well. If the total or local sample sizes are small or if
the dimension of the parameter space is large, a higher order approximation (third or higher order of
the Taylor expansion) may yield more accurate results. This and regularization methods to overcome
overfitting will be studied in a new project. The same holds for the BFI estimates of the asymptotic
covariance matrix and, thus, for the standard deviations.

The theory for the BFI approach has been developed for parametric models, including generalized
linear models (GLMs) and survival models,” and has been tested for multiple data sets. In case of
possible (unmeasured) heterogeneity between centers, a multilevel model including random center
effects and random slopes could be considered if the data from the different centers can be combined.
The BFI methodology also applies to these types of models, but the corresponding BFI software has
not yet been developed. Heterogeneity can be taken into account, as described in this article. The R
package BFI will be continuously developed and will include multilevel models in the near future.”*
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The BFI methodology makes it possible to obtain the statistical power of the combined data set
without actually combining the data. DTA’s can hence be simplified and collaboration between centers
may increase.
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Notes

i. The theory in this article holds for any parametric regression model, but for simplicity of notation we focus on GLMs only.
ii. we use the letter p for any density. From the arguments it is clear which density is actually meant.
iii. The data are available in the software package BFI in R.
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Appendix I. Bayesian Federated Inference in R

We have written the software package BFI in R for doing the BFI calculations.”* Here we explain how
to do BFI analyses.

MAP estimation

To compute the MAP estimates of the parameters in a regression model, the command MAP . estimation
can be used. To apply this command, the data has to be in a specific form and the inverse covariance

matrix of the Gaussian prior needs to be chosen. The analysis below is for the combined data set Nurse.

The estimates in the separate hospitals can be obtained with the same commands, but with the local

data sets instead.

library(BFI)

M <- data.frame(age=Nurses$age,gender=Nurses$gender, exp=Nurses$experien,
wardtype=Nurses$wardtype)

Lambda <- inv.prior.cov(M,lambda=0.01,family="gaussian")

fit <- MAP.estimation(Nurses$stress,X=M,family="gaussian",Lambda)

The command inv.prior.cov creates a diagonal inverse covariance matrix for the prior distribu-
tion of the correct dimension. Based on the characteristics of the covariates (continuous or categorical)
in M and the number of nuisance parameters, the number of model parameters is computed (the number
of regression parameters for a categorical variable equals the number of levels minus one and a linear
model (family="gaussian") has one nuisance parameter, the variance of the measurement error).
The argument lambda=0.01 means that all elements on the diagonal of A equal 0.01. The arguments
of MAP.estimation are the outcome variable Nurses$stress, the covariate data in M, the type of
the model (family="gaussian") and the matrix Lambda. The inference results are stored in the list
fit. A summary of it can be found with summary (fit).

When applying the BFI approach, the analyses are performed in every hospital and the results in
fit are sent to the central server. There, the results from the different hospitals are combined. This is
explained below.
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BFI for homogeneous populations

Suppose that all hospitals have sent their output to the central server. For ease of notation, we assume
these outputs are stored in fitl, fit2, ..., £it25. From every output the relevant elements need
to be selected and combined. If the number of hospitals is high, it is easier to work with a for-loop.
With the following code, all relevant elements of 25 local centers are created and combined by the
main function bfi () :

Ms <- fits <- thetahats <- Ahats <- priors <- Lambdas <- 1list()
for (1 in 1:25) {
Ms[[1]] <- data.frame(age = Nurses$age [Nurses$hospital==1],
gender = Nurses$gender [Nurses$hospital==1],
exp = Nurses$experien[Nurses$hospital==1],
wardtype = Nurses$wardtype [Nurses$hospital==1])
Lambdas[[1]] <- inv.prior.cov(Ms[[1]], lambda=0.01, family="gaussian")
fits[[1]] <- MAP.estimation(y=Nurses$stress[Nurses$hospital==1], X=Ms[[1]],
family="gaussian", Lambda=Lambdas[[1]])
thetahats[[1]1] <- fits[[1]]1$theta_hat
Ahats[[1]] <- fits[[1]]1$A_hat
priors[[1]] <- fits[[1]]$Lambda
}
priors_all <- append(priors,list(Lambda))
fitbfi_homo <- bfi(theta_hats=thetahats, A_hats=Ahats, Lambda=priors_all)
summary (fitbfi_homo)

Here Lambda is the inverse covariance matrix of the prior for the (fictive) combined data. The
command bfi combines the estimates from the different hospitals into the BFI estimates. The outcome
fitbfi_homo is a list with the BFI estimates HBFI and ABFI The command summary (fitbfi_homo)
gives the BFI estimates (and more information).

BFI for heterogeneous populations

Different types of heterogeneity have been discussed in Section 3. Below we will explain how to do the
analyses in R.

Heterogeneity of population characteristics

Heterogeneity across population characteristics in the centers implies that the value of the parameter 6,
differs across centers. Because the bfi-command estimates the parameter ¢, (and its curvature matrix
A)), and these estimates are not affected by 6, the R-code explained in the previous subsection can
still be applied.

Heterogeneity across outcome means

Suppose the intercepts differ across hospitals. To take this variation into account we allow a hospital
specific intercept in the regression model. Instead of one general intercept there are L = 25 intercepts;
an increase of L — 1 parameters. The dimension of the inverse covariance matrix Lambda for the fictive
combined data set changes as well. For a diagonal matrix with 0.01 at the diagonal, this matrix can be
obtained by

Lambda <- inv.prior.cov(M,lambda=0.01,stratified=TRUE,strat_par=1,L=25)
priors_all <- append(priors,list(Lambda))

These commands replace the two corresponding commands above. The argument L=25 has to be
added to indicate the number of centers, and thus the number of location specific intercepts. This matrix
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should be appended to the list priors instead. The MAP estimates can be obtained with the command
bfi, but it needs to be made explicit that the hospitals may have different intercepts:

fitbfi_hetero <- bfi(thetahats,Ahats,priors_all,stratified=TRUE,strat_par=1)

For this stratified analysis extra arguments have been added: stratified=TRUE and strat_par=1.
The first argument indicates that the full model stratifies with respect to the different hospitals. The
default is stratified=FALSE. If strat_par=1 there is stratification with respect to the intercept and
if strat_par=2 this is the case for the variance of the measurement error in a linear regression model.
A summary of the results can be obtained by |summary(fitbfi_hetero)|.This gives a list with
estimates, starting with the hospital specific intercepts.

Heterogeneity due to clustering

An example of a cluster variable is hospital size. For all nurses in a hospital this covariate is constant
and, as a consequence, the effect of hospital size on stress cannot be estimated within a hospital.
However, the model for the (fictive) combined data could include this covariate if there is variation
across the hospitals (Section 3.5). Here we explain how to do the analyses in R. In practice, every
local hospital sends its size (small, medium, large) to the central server. Then, a vector with all sizes is
defined in R. Suppose this vector is named Hsize. After fitting the local models (like explained before),
the estimated model for the (fictive) combined data can be obtained with:

Hsize <- c(Q)
for (i in 1:25)
Hsize[i] <- Nurses[Nurses$hospital==i,]$hospsize[1]
LambdaCom <- inv.prior.cov(Mi,lambda=0.01,stratified=TRUE,
center_spec=Hsize,L=25)
priors_all <- append(priors,list(LambdaCom))
fitbfi_hetero <- bfi(thetahats,Ahats,priors_all,stratified=TRUE,
center_spec=Hsize)
summary (fitbfi_hetero)

The commands return a list with categorical specific intercepts and the estimates of the remaining
parameters.

Appendix II. Mathematical derivations of the BFI estimators

In this appendix the mathematical derivations of the BFI estimators are given for three settings:

Appendix [I.A: Homogeneity across centers.
Appendix [1.B: Heterogeneity across centers, center-specific parameter, e.g., the intercept.
Appendix I1.C: Heterogeneity across centers, due to clustering, e.g., geospatial regions.

Appendix I1.A. Homogeneity across centers

In this appendix we derive expressions of the BFI estimators under the assumption that the variables
(Xe¢in Yei),i =1,...,np,€ =1,..., L are independent and identically distributed. In equations (1) and
(2) in Section 2 we have seen that the log posterior densities for the (fictive) combined data set D and
for the subset D, equal

L ne
log {p(0ID)} = log {p(81)} + log {p(62)} + > > log {p(yeilxei. 01)}

=1 i=1

L ny
+;;m@mmn4%mw (A.1)
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log {pe(0ID;)} = log {pc(81)} + log{pe(62)} + Zlog {peilxei, 01)}
p

+ > log {p(x¢il62)} — log{pc(Dy)}. (A2)
i=1

By reordering the terms in equation (A.2), it follows that for every center £

ne ne
Zlog {pGeilxei 01} + Zlog {p(x¢i162)}
in1 im1

= log {pe(0ID,)} —log {pe(81)} — log{pe(62)} +log {pe(De)}.

Next, summing over all centers yields

L ne

L ng
Z log {p(veilxei.01)} + Zzlog {p(x¢162)}
T

=1 i= =1 i=l

L L L L
= > log{pc(®ID)} ~tog {[ | pe®n)} = tog{[ [pe(6)] + 1og{[ [pe@o)f. (a3)
t=1 =1 =1

=1

By inserting the right hand side of equation (A.3) into the right hand side of equation (A.1) this yields

15, pe(81)

| &}_1 {&} ad
+Og{r[§_1pf(92) o 1., pe(De) AH

We expressed the log posterior densities of the combined data, log{p(8|D)}, in terms of the log
posterior densities of the local data sets, log{p,(6|D,)}. However, the final aim is to express the MAP
estimator 6 based on the (fictive) combined data set D in terms of the MAP estimators based on the
local data sets D,. This will be done next. We approximate the log posterior densities for the data set
D, by a Taylor expansion up to the quadratic order in 6 around the MAP estimator O

L
log {p(6ID)} = > log {p:(6D,)} +log{&}
=1

log {pe(0ID¢)} = log{pe(@e/De)} —1(0 - 80) Ac(8-8c) +0,(116, - 611),

with A, equal to minus the second derivative of log{p,(6|D,)} with respect to 8, evaluated at 0;. The
linear term in the Taylor expansion is equal to zero and therefore missing in the expansion; the MAP
estimator maximizes the log posterior density and the first derivative evaluated at 8, is therefore equal
to zero. The last term in the Taylor expansion is equal to 0,,(||§[ -9)P) = ||§g - 0||30],(1), where
O, (1) represents a term that is bounded in probability for the sample size going to infinity.”® For # in a
small neighborhood of 0y, the term ||§g — 6> will be close to zero (in probability), and the remainder
term O p, ( ||§g —6])3) is small compared to the other terms in the Taylor expansion which are of an order
of at most ||§[ - 0.

Since the log posterior density in equation (A.2) is decomposed in terms that depend on either 6, or
6, but never on both, the matrices Ay, £ = 1, ..., L are diagonal block matrices:

Kf = Al’[ AO ’
0 Az‘[
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with the blocks Kl,g and Kz’[ equal to minus the second derivative matrices for 6; and 6,, respectively,
and the log posterior densities can be approximated by

log {p¢(0ID¢)} = log {p[(alef )} - 1(6: -6, (’)t;&l (61 —51,(?)
- 1(62 -6, t’)t 20(02—02.¢) +0, (116, - 6]1%).

By substituting this expansion for log{p,(8|D¢)},€ =1, ..., L, into the relation (A.4), we obtain:

L L
log {p(6|D)} = —%Z ~01.0)'A1c(61-81c) - %Z 0> —02¢) Ar e (6> - 02)
=1 =1
p(9) p(6>) NI
slog | 200 U el P2 Lm0 (N8, -0lP).
{1‘[5_1 mol)} {Hﬁ_l pe(82) ”(; )

(A.5)

where B is a term that depends on the data, but is not a function of 8 = (8, 6,). Now choose the prior
densities §; — p(6;) and 8, — p(6,) in the combined data set and 8; — p(6;) and 8, — py(62)
in center ¢ to be Gaussian with mean zero and inverse covariance matrices A; and A, in the combined
data set, and A ¢ and Ay ¢ in center £: e.g., p(61) = (detA;/(2m)?)!/2 exp(-36 A,6)). Inserting the
expressions of the densities into (A.5) yields

L L
log {p(6|D)} = -3 Z 0 -6, o) A (01— 0, ) - %Z (62 _52,€)t1§2,€(02 —52,5)
=1 =1
L L L
—%0 (A1 ZAI 5) %03(1\2—2/\2,[)02 + B + 0,,(2”55—0”3)
=1 =1 =1
L
= Quri(6) + 0p( ) 18- 61). (A.6)

t=1

for B’ a term that depends on the data, but not of 6; and 6,. The function 6 — Qgp((6) in equation
(A.6) is quadratic function of 6, and 6,. Maximizing 8 — Qgp;(0) with respect to 0 = (61, 6) yields
the BFI estimators

L
01 pr1 = (A1,Br1)” ZA Oie, Avpr = ZAI e+A— ZAI 2
= =1 =1

M=

L L
02 8r1 = (Azpr)” Z A2 0>, Arpp = Arp+ Ay - Z Ao e,
=1 £=1 =1

where KLBFI and KZ,BFI equal minus the second derivative of Qgp; with respect to 6, and 6,. In
Appendix I11.B the asymptotic distribution of the BFI estimators are derived.

Appendix I1.B. Heterogeneity across centers, center-specific parameter

Suppose that the vector of regression parameters can be subdivided into two parts. One part is equal
across the centers and the other part may vary. A special case is the situation in which the intercepts
vary. In the calculations of the BFI estimator, we assume that the covariates are statistically independent
between the individuals within and across the centers. We, moreover, assume that the outcome variables
given the covariates and the center are independent.
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Suppose that the vector 6 can be decomposed as 6 = (61, 62) = (014, 01p, 92), Where, as before, 6, is
the vector of parameters that specifies the distribution of the covariates. The parameter 6, = (014, 615)
is decomposed so that 6y, is the vector of (regression) parameters that is assumed to be equal across
the centers, and 61, is the vector of (regression) parameters that may vary. In this appendix we consider
the situation in which every center has its own specific vector of parameters: 611, .. ., 01p,1, for the L
centers. The vector of parameters in the combined data set is equal to 8 = (614,601p.15---,01b.1,02),
where 61, ¢ is the parameter vector in center £. If only the intercepts vary across the centers, 815 ¢ is
one-dimensional, but for now we allow 6, ¢ to be a vector.

For simplicity of notation we assume that 6, 6, and 6, are independent: p(6) = p(61,)p(62) Ht@:l
p(61p,¢) for the combined data set, and in center £: p¢(014,01p.¢,02) = pe(01a)Pe(016.0)pe(02). As
before, the log posterior densities can be written as

RMMM}RMMM}ZM@%MHWW@}ZZM@%MMWMM

(=1 i=

+ZZmme}mmm

=1 i=

and
log {p¢(01a.015.0,02ID¢)} = log {pe(61a)} +1og {pe(811.0)} +log {pe(62)}

ne ne
+ Zl log {p(yeilO1a, 0150, %ei) } + Zl log {p(x¢il02)} —log {pe(De)}.

Previously, and in the formulas above, we see that the log posterior density is decomposed into terms
that depend on 6; or 6,, but never on both. That means that the BFI estimator for 8, is not affected
by the estimator ¢, and vice versa. Therefore, in this setting, the BFI estimator 6, can be expressed in
terms of the local MAP estimators 52,5 and A ¢ as in (4). In the remainder of the derivation we focus
on 6 only and leave out the terms with 6, from the expressions.

Like in the homogeneous setting, the log posterior density in the full data set can be written in terms
of the local log posterior densities:

L L
p(014) [T,z P(B1p,0)
I oD); = I 01.,0 Dy I _ I _— B
og {p(8D)} ;:1 og {pe(01a,01p,c/De)} + Og{l—[g;lpf(ala)} + Og{l—lﬁ=1p£(01b,5)}+

(A7)

with B a term that depends on the data and on 6,, but is not a function of ;.

Let Gla ¢ and 01b ¢ be the MAP estimators of 01, and 05 ¢ based on the data set D,. Moreover,
let Ala ¢ and Alh ¢ be minus the second derivative of log{p,(6|D,)} with respect to 8;, and 61 ¢
respectively, and let Alab,g be minus the second derivative with respect to both 6;, and 6 ¢ all
evaluated at 51,[ = (é\la,t’, é\lb,[)-

The Taylor expansions up to the quadratic term of log{p¢(614,015.¢|D¢)} around 51’[ is given by

log {pe(01a.015.cID¢)} = log {Pf(ala,f,alb,eﬂ)f)} iy —01a.0) Arac (014 — O10.r)

- %(alb,t’ - 5117,5)%11;,5(0117,5 - 511;,5)
- (014 - ala,l’)t;&lab,t’(glb,l’ - 5119,5) + 0p(||51,e - 61]P).

Next, we insert the Taylor expressions into (A.7). For the combined data D we assume a Gaussian prior
with mean zero and inverse covariance matrix A, for 6;,, and a zero mean Gaussian prior with inverse
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covariance matrix Ajpp for 01 ¢,£ = 1,. .., L. For center £, also zero mean Gaussian priors are chosen,
but with inverse covariance matrices A1, ¢ and Ajp ¢. The dimension of Ajpr and Ajp o depends on
the number of parameters that may vary across the centers. If only the intercepts vary, the matrices are
scalars. After inserting these densities in expression (A.7) as well, we obtain

L L
10g {p(0|D)} = _% Z (01a _’élu,f)tAla,[(ola - Bla,l’) - %thu(Alu - ZAIa,L’)ela
=1 =1
L — — —
- % Z (@10 — 01h,€)1A1h,£’(01b,€ —61p¢)
=1
L L R R R
- %Z 01y (Abe = Aip.c)01pc — Z (010 = O1a.c) Arab.c(016.0 — O1b.0)
= =1
L —_
+ B+ 0,( Y 181 -61IP)
=
L —
= Qeri(61) + 0, ( Y 1810~ 6111 (A8)
=

with B’ representing a term that does not depend on 6. The function §; — Qgpi(6)) is a quadratic
function of #;. Maximization of this function with respect to 8, by setting its derivative equal to zero,
yields the BFI estimators

L
-1
a5 (% n " 1% '
014.BF1 = (Ala,BFl_ZAlab,f(Alb,f,BFl) (Alab,€,BFI)) X
=

Z [(Kla,f —Avave(Arp.r.prr) " (Klab,[)t)ala,f + Klab,f(l - (Klb,Z,BFI)_lKlb,t)alb,f] (A9)

L
t=1

with 1 the unit matrix and the matrices Kla,BFI and Kl b.¢.BF1 as given in (A.11) below and

O1p.rpr1 = (Klb,t’,BFI)_l [Klb,t’alb,l’ + (Arape) (Brae - ala,BFI)] (A.10)

with

L L
Al4BFI = Z Atgr+Aig - Z Ataes  Aipeprl = Alpe +Ape — Ao, Atab,e,BFI = Alab,e,
=1 =1

(A.11)

where Aj, Br1, Alp,e.BF1 and Ajgp ¢ gr1 €qual minus the second derivatives of Qpp; with respect to
014, 01p and the mix 6, and 0.

Appendix I1.C. Heterogeneity across centers due to clustering

In this appendix we consider the situation in which the centers are clustered by, for example, due to
location or type (academic / non-academic medical center). Another example is the covariate hospital
size in the nurse-data set, where the clusters are: small, medium, large. Within a hospital/center, all
nurses are in the same cluster and have the same covariate value, so that the covariate can not be
included in the local regression model as it is collinear with the intercept.

In the calculations of the BFI estimators, we assume that the covariates are independent between
the individuals within and across the centers. We, moreover, assume that the outcome variables given
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the covariates and the cluster level are independent. Suppose that the vector of model parameters in
center ¢ is equal to 6y = (014, 601p.¢,62), Where, as before, 8, is the parameter vector that specifies
the distribution of the covariates. The parameter 6, is the vector of regression parameters which are
assumed to be equal in all centers, but excluding the intercept which may vary across the centers. The
parameter 015 ¢ € {01p1,...,01px} for £ =1,..., L and with K < L is the intercept of the model in
center . So, 61, ¢ (with a comma in the subscript) is the parameter in center £, whereas 6}, (Without a
comma in the subscript) is the parameter for the kth category of the center-specific covariate. If K = L,
O1p.¢ * 61p,¢ for £ # ¢’ and we are in the situation of Appendix I1.B, where every center has its own
specific intercept value. If K < L, there are centers £ and ¢’ with ¢ # ¢’ with 015 ¢ = 01p ¢ . In the
example, the covariate “hospital size” has three levels (small, medium, large). That means that K = 3
and the three parameters represent the three intercepts for the three classes of centers. The parameter
vector in the (fictive) combined data set D is defined as 6 = (014, 011, - - ., O1pK» 02).

For simplicity of notation we assume (again) that 01,,0;;, and 6, are independent: p(6)
p(014)p(62) Hszlp(Hlbk) for the combined data set, and locally ps(614,601p6.¢,62) = pe(014)pe
(81p.¢) pe(62) in data subset €. For the combined data D we assume a Gaussian prior with mean zero and
inverse covariance matrices A, for 61,, and a zero mean Gaussian prior with inverse variance Ay for
Ok, k =1,...,K. Also for center £ zero mean Gaussian priors are chosen, but with inverse covariance
matrix A, ¢ and inverse variance Ajp . Similar notation and calculations as in Appendix I1.B lead to
the equation below, instead of the equation (A.8):

L
log{p(6/D)} = -1 Z 010~ 01a,c) Arae (010 — O1ae) — %Otla(l\m - ZAla,t’)ala

L
£=1 =1

L
- %Z 016 = O16.0) A1p.r (0160 — Ot

L
1

1ok NibkO1bk + 3 Z 016,eM1b,c010,¢

1 =

EEINg

1
2

>~
I

L L
- Z (010 = O1a.0) Arab.c (0160 — O1p0) + B’ + Op(z 161, - 01||3)
= =1

L
= Qpri(61) + OP(Z||01,(’_01”3)
=

with B’ representing a term that does not depend on 6. Let z, denote the category of center ¢ for the
center-specific covariate. So z¢ € {1,. .., K}. Differentiating Qgpj(6;) with respect to 81, and 1 and
setting the derivatives equal to zero, yields the BFI estimators:

K

-1
_ = - _ o~ .
014.8F1 = (Alu,BFI _ZAlabk,BFI(Albk,BFI) (A1abk,BF1) )
=1

L L
Z Arg, 014, + Z Atap,cO1p,¢
- =1

L L
| S ~ _
Atavk e (Api.sr) [ Z Alp,e01p,e + Z (Alab,f)tgla,t’])

k=1 5=IZZ{=k f=l:zp=k

Mw

with XIQ,BFI) glbk,BFI and X]abk,BFI as given in (A.12) below and the estimator glbk,BFI, k=1,...,K
is given by
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01pk,BFI =
L L
~ » - ~ = ~ =
(A1pk,BFI) [ Z ApcOipe + Z (Arab,e) O1a,c — (Arapk,BF1) 014,BF1|-
(=1:z,=k C=1:zp=k

with minus the second derivatives of Qgpy equal to

L L
Ajg BRI = ZAla,f + Ag — ZAla,t’,
=1 =1

L L
Alpk,BFI = Z Aipe + Aipre — Z Aipe, (A.12)
l=1:z¢,=k t=1:z¢p=k
L
Alabk,BFI = Z Ajap,e,

and 0 for the remaining terms.

Appendix ITI. Asymptotic theory of the BFI and WAV estimators

In this appendix we compute the asymptotic distribution of the BFI and WAV estimators under the
assumption of homogeneity and heterogeneity. In the calculations we assume that the number of clusters
L is fixed, but the sample sizes within the clusters, ny, ..., ny, increase to infinity such that, for n =
ni+...+ng, the fraction ng/n — we, with0 < wy < 1,€=1,..., L. In all cases we assume no model-
misspecification and the independence assumptions stated in Appendix II. This Appendix consists of

Appendix III.A: Asymptotic distribution of the MAP estimator based on the combined data.
Appendix [11.B: Asymptotic distribution of the BFT and WAV estimators in a homogeneous setting.
Appendix [1I.C: Asymptotic distribution of the BFT and WAV estimators in a heterogeneous setting.

Appendix II1.A. Asymptotic distribution of the MAP estimator based on the combined data

In this section we study the asymptotic distribution of the MAP estimator 51 = (gla, 51 p) for 6; =
(014,01p) in the combined data set. The asymptotic distribution for the MAP estimator for 8, can be
derived similarly.

From literature (Bernstein—Von Mises Theorem”®) it is known that the MAP estimator is asymptoti-

cally Gaussian: R
01q 014 -1
~ 4= N(0,J77),
\/ﬁ((alb) (alh)) ~ NI

where “~»” means convergence in distribution for the sample size to infinity. Further, 0 is a vector of
zeroes, and J 1’1 is the inverse Fisher information matrix for the combined populations from all centers.
The Fisher information matrix and its inverse have the form

7= Jia Jiap
(J1ap)" J1b
) = H — HJyap(J1p) ™!
i) Nap)'H i)™+ 1p) T (iap) H1ap (J1p) ™!

with H = (J1a = J1ap (J15) " (J1ap)?) ™" and where J;, and J;, equal the expectation of the second
derivatives of —log{p(D|6)} with respect to 81, and 6,5, evaluated at the true value of 6;. The matrix
J1ap equals the expectation of the derivative of —log{p(D|8)} with respect to 61, and 6}, evaluated
at the true value of ;.
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In the following we rewrite the four submatrices of (J;)~! in terms of the Fisher information matrices
in the local centers. In the next appendices it will be proven that the asymptotic covariance matrices of
the BFI-estimators equal these expressions and the BFI estimators are therefore asymptotically efficient.

The data from the different centers are independent. Therefore, the Fisher information matrix can
be written as a weighted sum of the Fisher information matrices in the different centers. By the law of
large numbers

L

. (92 1 . 62 1
I =n1,,},‘,‘,‘2%6—0%(— ~log {p(D|6)}) =nl,,}},‘}2%6—0%(— ; ~log {p(Dc[61)})
L 2
_ : ne 0 1
_nl,..!,l}’erlaoo Z 7(3_0%(_ n_glog {p(Dt’lal)})

=1
L

= Z wedie
=1

with J; ¢ the Fisher information matrix for 6; in center £ and ny/n — we if ng,n — oo. So J; =
Sk wedie.

In the homogeneous setting all parameters are included in 6}, (there is no parameter 6 ). Then, for
I ¢ the Fisher information matrix for 61, in center ¢, it follows that J; , =11 o =11, = 1,2, ..., L and

L L L
-1
Ji = ;WZJI,K = ;Wﬂu =0, ()= (;wﬂu) = ()" (A.13)

The heterogeneous setting is more complex. Suppose the parameter 61, is assumed to be same across
all centers, but 615 = (15,1, - - -,01p,1.) is a vector with center-specific parameters (the index refers to
the center). The log likelihood function for center ¢ is a function of 815 ¢, but not of 61,  with k # €.
Therefore, for the Fisher information matrix J; ¢ for (614,015) = (614,6015.1,--.,01p.1) in center £,
the columns and rows that are related to 65 x, k # € contain zeroes only. The matrix ; ¢ is the Fisher
information matrix for (614, 015,¢) in center € (so not of (614, 615) like J1 ¢), with the blocks I14,¢, I1p.¢
and /j4p ¢, defined in a similar way as in J;. Since 6y, is the same across the centers, Ji5¢ = l14.¢-
However, Jip¢ # Lip¢, since Jip ¢ is the Fisher information matrix for 615 = (61p.1,...,01p.1) In
center ¢, whereas I}, ¢ is the Fisher information matrix for 6, ¢ in center ¢; the dimensions of the
matrices are different.

Since the parameter 6}, is a vector with center-specific parameters, the matrix Jj, has a block
diagonal matrix with center-specific blocks. Because of this form, it follows that

L
Tap(J1p) " (N1ap)' = Z weliab,e(Ip,e) ™ (lab.e)" -
=1
Since Ji, = 257:1 wedlae = Zle weliq,¢ (the parameter vector 6, is shared across all centers),
L
Jia = J1ab(J1p) " (J1ap)' = Z we(hae = Tap.e(Tip.e) ™ (Hab.e)")
=1

and the asymptotic covariance matrix for 014 is equal to

L

-1 -1
(Jla _Jlab(Jlb)_l(Jlab)t) = (ZW[(Ila,f_Ilab,f(llb,f)_l(Ilab,é’)l)) . (A.14)
=1
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The asymptotic covariance matrix for the MAP estimator 015 equals:

J1p) ™+ J16) " (N1ap) (J1a — Jlab(-]lb)_l(Jlab)t)_l-llab(Jlb)_l- (A.15)

For parameter 61, ¢ the asymptotic covariance matrix equals the {th diagonal block of this matrix. The
corresponding block of the matrix Ji, equals welip ¢. By the structure of J;; and the equation (A.14)
it follows that £/ diagonal block of the matrix in (A.15) is given by

L
(Wfllb,é’)_l + (Ilb,f)_l(llab,f)t(Zwk(lla,k _Ilab,k(llb,k)_l(Ilab,k))[) Ilab,(’(llb,f)_l' (A.16)
=1

Appendix II1.B. Asymptotic distribution in homogeneous setting

Asymptotic distribution BFI estimator

In Appendix [I.A we have derived an expression for the BFI estimator in the homogeneous setting. In
this setting, all parameters are included in the vector 6;,; there is no vector 6;;. The BFI estimator
EI,BFI is defined as

L
01,BF1 = (AI,BFI)_I Z 1001c with Ay = ZAI c+ A - ZAI ‘-
— =1 =1

Below, we derive the asymptotic distribution of v/n (élBFI —-6):

Vn (01 Br1 01)—W{(ZL:KM+A1—EL:AM)_I(EKMEM)—&}
=1 =1 =1
N PO | -1 & ~
=W{(Z;A1€+;A1—Z—Alf) ( —A1691€)—01}
=1 =1 =1
Because the term
L 1 L1 S PO 1
( —A15+—A1—Z—A15) (Z;Au’) +0p(_)’
=1 =1 =1
it holds that
~ S P R 1
W(GlBFI—ol)—\/ﬁ{(;;Alf) (;;All’ol[)_ol}"'op(%)
S VR N 1
(280 (5 R 000

zL: n_fnifgl’[)—l(i Ve nigl p \/_(01 ¢ —01)) (%)

Asymptotically, the MAP estimator and the maximum likelihood estimator are equivalent. It
follows that the MAP estimator in center ¢, 6 ¢, is asymptotically normal’>>’: \fnz (610 — 61.¢) ~>

N(O, (1 1,5)") for I ¢ the Fisher information matrix in center . Remember that K]y[ is defined as the
second derivative of —log{p(D¢|6:)} evaluated at 8, ¢. If this second derivative is sufficiently smooth
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near 6; ¢, it follow by the law of large numbers, that nglxl,g converges in probability to I; ».>%*’ By
Slutsky’s lemma, it follows that, for every center £

1 ~ -~ ~
n—gAl,f Ve (01,0 —61) = I ¢ \ne (01,0 —61) +op(1) ~ N(0,11¢).

Since the data across the L centers are assumed to be independent, it follows that

L L
Z Alt’\/ (610 -61) = Z\/Wl’ Iie g (01— 01) +op(1) ~ N(O,Zwﬂl,f)-
= =

Further, the term
L ne 1 ~ 1
e I ) 1.
(;nn ) (ZWM + op(1)

Combining the results, yields

‘/ﬁ(al,BFI -6) ~ N(O, (ZL:WNL(?)_I)~
=1

The asymptotic covariance matrix equals J; I as defined in (A.13), which equals the asymptotic covari-
ance matrix of the MAP estimator based on the combined data. The BFI estimator is asymptotically
efficient; no information is lost if the data from the centers can not be combined. Under homogeneity
the matrices I, = I} = J1,{ =1,..., L, and because Zé‘zl we =1,

V(@151 - 01) ~ N0, (1) ).

Further, we have seen that the BFI estimator
L L
1~ 1 - 1 1
-A - E Ajg+—-A— - E A
SALBRL= 4 Let A= 4 1.
L e 1~ L
= — —A + O ( ) Ly + 1
;: . 1,0 ;:1 weli e + 0p(1),

converges in probability to Z?Zl weli ¢

If the number of centers L increases to infinity as well, but L = 0,,(n) (i.e., the number of centers is
smaller in rate than the total sample size), the asymptotic results remain valid, but the derivation needs
to be adjusted slightly.

Asymptotic distribution of the WAV and Single center estimators
Suppose the MAP estimator 6; , in center ¢ is used for estimating the parameter 6;, then we obtain

\/5(51,6—01) = \/% nf(al,f_ol)MN(O» (Wﬂl,t’)_l),

if we > 0. That means that the single-center estimator is not optimal for estimating 6; unless wy = 1
(there is only one center).
For the weighted average estimator Zfﬁzl %01,[ for estimating 6, we find

Lo Lo R L \/— L
\/E(Z £ 01,5—01) = Z ‘ V(01 -61) = Z 015—01)MN(O’ZW(IM)_I)’
=1 =1

ﬂ\
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with, in the homogeneous setting /1 , = 1, {=1,...,L

L
wa(ll,e)fl =) =)

=1

as defined in (A.13). In the homogeneous setting, the weighted average estimator is asymptotically
efficient as well.

Appendix II1.C. Asymptotic distribution of the BFI estimator in heterogeneous setting

Asymptotic distribution BFI estimator

Let A, ¢ and Ajp, be the second derivatives of —log{p,(6:1|D¢)} with respect to 6, and 6,
respectively, and let X]ab’(’ be the second derivative with respect to both 6, and 6, all evaluated
at the MAP estimator 51’[. If these second derivatives are sufficiently smooth in the neighborhood of
01, it follows by the law of large numbers that

1~ 1~ 1 ~
—Ajge = hae —Awe—Lipe —Arabe = labe,
ne ne ne

with the matrices 114.¢, I1p.¢, and I14p,¢ for center £.

Asymptotic behaviour of the BFI estimator for 61,
In Appendix II.B we computed that, under the assumption that A, = Ay ¢, the BFI estimator for 61,
is equal to:

L

_ ~ ~ _ _ -1

014.BF1 = (Z (Ala,f - Alab,(’(Alb,(’)_l(Alab,f)l) +Ala - ZAla,Z) X
= =

L
Z (Ala,f - Alab,é’(Alb,é’)_l(Alab,f)t)ola,é’- (A.17)
=

T, — -1 A 1A T\ “1(,—1%
Define F[ =n, A]a’[ —n, A]ab’[(n[ A]b’[) (ng A]ab,()t.Then,

L L L

—~ ng ~ 1 1 -1 nge =~ =~

014,871 = ( E L+ =A- E - Ala,f) E -~ O1a,c. (A.18)
=" n =" ="

If the derivatives are sufficiently smooth, it follows by the law of large numbers, continu-
ous mapping theorem, and Slutsky’s lemma,”® that F;l converges in probability to (I14,¢ —

Lab.e(1 lb,[)‘l (Iab.e)' )71, which equals the left-upper block of the inverse of the Fisher information
matrix I ¢ in center £. Now, based on similar calculations as in the homogeneous setting

L _
Vi (614,81 - 01a) ~> N(O, (Z we(liae — Ilab,f(llb,t’)_l(Ilab,f)t)) 1),
=

with the asymptotic covariance matrix equal to the asymptotic covariance matrix of the MAP estimator
based on all data, given in Equation (A.14). The BFI estimator §1u,BFI is asymptotically efficient for
estimating 61,.

If Iia.e, ib.e and I14p ¢ equal across the centers:

L

-1 -1
(Z wellia,e - Ilab,f(llb,f)_l(Ilab,z)t}) = (Ila,€ - Ilab,f(llb,f)_l(Ilab,f)t) .
=1
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Asymptotic behaviour of the BFI estimator of 01p.¢
Under the assumption that Ajps = A1p, ¢ and we > 0, the BFI estimator for 61, ¢ is given by

Elb,f,BFl = (11117,5)71 [Klb,fglb,f + (Klab,ﬁ)t(gla,[ - 51a,BF1)]

Oy + (Klb,t’)_l (Atab.e) (O1a.c — O1a.8r1).

Then,

\/ﬁ(alb,f —01pr) + (th,f)_l(Klab,f)t‘/ﬁ(ala,f _ala,BFI)

= Vn(@1pe — O1p0) + (th,[)_l (Klab,f)t‘/ﬁ(gla,f -014)
+ (Klb,f)_l (Atab.e) V(014 — O14.851). (A.19)

‘/ﬁ(alb,f,BFl - 61p0)

We first leave out the last term and consider the asymptotic behaviour of

‘/Z(alb,f —Oipe) + (Klb,[)_l (Klab,[)t‘/ﬁ(ala,f - 014).

As explained before, this term equals

‘/ﬁ(alb,l’ —01ps) + (Ilb,l’)_] (Ilab,f)t\/ﬁ(am,f —014) + 0p(1)

= w2V (B15.0 = 010) + W;l/z(hb,f)f] (Liab.e) Nz (@106 = 014) + 0,(1).

In center £ the MAP estimator 51,5 is asymptotically normal (Bernstein—Von Mises Theorem’®):

o {f)-(42) < oo

01b,g 0119,5

Define the function g(614,61p.¢) = O1p.c + (Ilb’g)_l(llab’[)tgla. Then, by the continuous mapping
theorem

iz @1p,c — O1p.0) + (Ilb,f)_l(Ilab,f)t\/n_f(ala,f - 014) = Vng (g (gm’F) -8 ( f1a ))

O1p.¢ O1p.c

~ N(0,8"(B1a,015.0) (11.0) " &' (014, 015.0))

with g’(014,01p,¢) the derivative of the function g in (614, 015,¢). Straightforward calculations show
that

€ (010:015.0) (1) "¢ (810, 01.0) = (I1p,0) ",

which equals the asymptotic covariance matrix of the Gaussian limit distribution for 0, p,e if the
parameter 0, is known. Apparently, leaving out the last term in equation (A.19), means that we assume
that the BFI estimator for 6, is (almost) equal to the true value 8, and thus that 6, is (almost) known.
The result is interesting; the asymptotic accuracy of the BFI estimator for 6}, ¢ is increased, because
the parameter 6}, can be estimated more accurately with the BFI estimator (and thus using information
from the other centers) compared to the situation in which 6, is estimated based on data from center ¢
only.
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We go back to the expression in (A.19):
Vi(@1pepr1 — O1pe) = Vn(@1pe —O1p0) + (Klb,f)_l (Xlab,f)t\/ﬁ(ala,f - ala,BFI)

= n(@1pe —O1pr) - (Ilb,é’)_l(llab,é’)tx

L 4L
((Z % l:k) IZ %k Tk \/ﬁ(ala,k _ala,[)) +op(1)

= =i
= Vn(@ip.r - O1p.0) - (Ilb,(’)_l(llab,é’)tx

L _ L N _
((Zwk Fk) 1 Z wi T (\/ﬁ(ola,k_ola)_\/z(ela,é’_ela)))+0P(1)
=1

k=1,k#l

~ _ ~ L a &
= V(01,0 — 01p,0) + V(0140 — 014) (L1b¢) l(Ilab,l’)t(z Wk Fk) Z wi Tk

k=1 k=1,k#l

~ L a & .
— (L) l(llab,f)t(z Wik Fk) Z wi Tk V(0146 — 01a) +o0p(1).
=1

k=1,k#l

The asymptotic distribution can be obtained with the continuous mapping theorem and Slutky’s lemma
again. The third and last term depends on data from all centers except from center ¢. Since the data
from the different centers are assumed to be independent, it is sufficient to show that the asymptotic
distributions of the sum of the first and second terms and of the third term are asymptotically normal
and next add the asymptotic mean (which are zero) and the variances. The asymptotic distribution of
the sum of the first and second term can obtained with the continuous mapping theorem, like before.
The third term is asymptotically normal:

L L L _
(Ilb,f)_l(llab,é’)t(zwk Fk) Z VWi Tk Vg (014, — 014) ~> N(0,X)
=1

k=1,k#l

with

X = (Ilb,(’)_l (Ilab,(’)t( i Wka)_1 ( Z Wkrk)(ZL: Wkrk)_lllab,t’(llb,t’)_l

k%l k=1
L L L 1
= (hpe)” (Ilab ¢ t(Z Wkrk) (Z wilg — WZ’FZ’)(Z Wkrk) Lab,e(Iip,e)”
= = =1
L L . 1
= (Ilb,t’) (Iiab.c t(l (Zwkrk) Wfrf)(zwkrk) Dav,e(Iip.e)”
k=1 k=1
1 = -1 1
= (hpe)” (Ilab,é’)l(zwkrk) Lab,e(Iip,e)”
k=1

-1 L -1 ~
W[F[(Zwkrk) Liab,e(Ip.e) !
k=1

- (Ilb,(,’)il (Ilab,t’)[ ( i kak)

If we sum up the variances of the asymptotic zero mean Gaussian distributions of all terms, we obtain

L -1
(Ilb,f)_l (Iab.c)' ( Z Wkrk) Ilub,é’(llb,f)_l + (Wfllb,l’)_l
=1
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So,

\/E(alb,a}m —01p,0) ~

L -1
N(O, (Wfllb,f)il + (hb,[)il (hab.c)' ( Z wi(lak = Tapx (TIp) ™" (Ilab,k)[)) Ilab,f(llb,€)71)~
=1

The BFI estimator follows, asymptotically, the same distribution as the MAP estimator based on the
combined data, see Equation (A.16), and is asymptotically efficient. If Ajp, # Ajp ¢ the asymptotic
distribution of glb,[’BFI will not change, because n~'Ajpe and }’l_lAlb,[ converge to zero.

Like in the homogeneous setting, it can be directly seen that the BFI estimator l’l_lgla’BF] converges
in probability to Z?:l weliq,¢. Similarly, the BFI estimator n‘1K1 b.¢,BFI converges in probability to
weliper and ™' Ayap. .51 10 weliap e

Asymptotic distribution of the WAV and single center estimators
If the parameter 6}, is estimated by the MAP estimator from center ¢, 61, ¢, the asymptotic distribution
equals

R -
B -1 : - :
a, f 5 B s B
V(0140 — 01a) ~ N(O,Wp (11a€ Dab,e(T1p,e) (Ilabt’)) )

If the weighted average estimator Z?:l ';igla,g is used, the asymptotic distribution equals, like before

\/E(ZL: %} O1a.0 - 01a) ~ N(O, iwf(lla,f - Ilab,é(llbfyl(]lab’[)t)_l)'

(=1 =1

Asymptotically, both estimators are not efficient, unless /; , = I1,£ = 1, ..., L. In that case the weighted
average estimator is asymptotically efficient as well.

If we estimate 6}, ¢ by its MAP estimator in the corresponding center, the asymptotic distribution
equals:

Vﬁ(glb,f —01p0) ~

- . _ -1 _
N(O,ng(llbl,["'(llb,f) (labe) (hae = Tabe (Tip.e) ™ (Nabe)') ™ Tiav,e(Iib,e) 1))

Since 6;p,¢ is center-specific, the WAV estimator equals the single center estimator. The estimator
(gla,g, 51 p.¢) is based on data from center ¢ only, and does not use any information from the other
centers for estimating the parameter 6;,. Using information from the other centers, 6, is estimated
more accurately and improves the estimation of ;. That is why the BFI estimator 51;,,5,3“ 1S more
accurate than the weighted average estimator.

The asymptotic distribution of the BFI estimators for clustered data (Appendix I1.C) can be derived
in a similar way, but this is more complicated due to the complex expressions of these estimators.
However, since the BFI estimators in the homogeneous and the heterogeneous case with center-specific
parameters have shown to be asymptotically efficient and these settings are special cases of the one with
clustered data, it is expected that the BFI estimators for the clustered data are asymptotically efficient
as well.
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