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Abstract
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Chair of the Supervisory Committee:
Ph.D. Kenneth M. Rice

Biostatistics

Meta-analysis, as a pivotal component of systematic reviews, has been used extensively
in recent years to synthesize the increasing amount of evidence produced in medical and
health care research. The two main approaches to meta-analysis are based either on the
assumption that all studies estimate a single common effect or on the assumption that the
effects are sampled from an unknown distribution. In this dissertation, we propose and de-
velop methods for an alternative approach to meta-analysis, based on the assumption that
the effects estimated in the different studies are unknown, but fixed and not necessarily
identical. In Chapter 1 we present a brief introduction and review of current methods for
meta-analysis. In Chapter 2, we provide a novel yet simple justification for the precision
weighted average estimator, commonly used in meta-analysis. Unlike standard arguments
that require a homogeneity assumption on the study effects, our justification is based on
an optimality property of this particular weighted average of the effect-size parameters,
among the class of all affine combinations. We also propose a parameter to quantify the
heterogeneity observed in the studies at hand, as an alternative to the classical between-
studies variance in a random effects approach. We propose frequentist estimators of these
parameters, illustrating their properties through an applied example and evaluating their
performance in a simulation study. In Chapter 3, we propose Bayesian methods for esti-

mation of the location and dispersion parameters. We discuss how different prior beliefs



like homogeneity, exchangeability or correlation, can be incorporated through a variety of
prior distributions that may or may not involve the use of hyper parameters. Important
properties of the estimators obtained from a conjugate prior are derived analytically and
then illustrated in an example. In Chapter 4, we explore methods to improve on the es-
timation of the individual effects themselves, rather than a summary of them. We discuss
some ideas on shrinkage estimation and convex clustering adapted to meta-analysis, with
particular attention to penalized estimation. We propose a loss function which takes into
account the precision of the effect estimates, and can be seen either as a weighted version of
the Fused Lasso Signal Approximator (FLSA) or a specific case of a Convex Cluster crite-
rion. We derive some important properties of the solutions to the loss function, which allow
us to construct an efficient algorithm to obtain the complete solution path. We also pro-
pose a novel procedure based on the parametric bootstrap for the estimation of the tuning
parameter, and present results from a simulation study evaluating the proposed shrinkage

estimation method. Finally, we conclude with a discussion and conclusions in Chapter 5.
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Chapter 1

INTRODUCTION

Meta-analyses are a pivotal component of systematic reviews [44], which have been
extensively used in recent years to synthesize the increasing amount of evidence produced
in health care research [15]. Here we refer to meta-analysis as “the use of statistical methods

to summarize the results of independent studies” [29; 44].

In broad terms, the primary aim of most meta-analyses is to make inference on the size
of effects, across several similar studies. We usually wish to summarize all the studies and

make inference on the magnitude and direction of an average effect of some sort.

We can identify three different approaches to meta-analysis, based on the statistical
assumptions that can be made about the true effect-size parameters underlying the studies.
The first approach is the fixed-effect (singular) meta-analysis, also called the ‘common-
effect” meta-analysis [77]. This approach is based on the assumption of a single, common
effect underlying all studies [37]. Under this simplifying assumption that all study effects
are identical, the average effect is equivalent to the common effect size estimated in each
study. Although commonly used, this method has often been judged inadequate in practice,
as effects from different studies are expected to differ given the variability in study design,
population, interventions, etc. [8; 28; 94].

A second approach is the fixed-effects (plural) meta-analysis, based on the assumption
that the effects underlying the studies at hand are unknown, but fixed, and not necessarily
identical [57; 72]. The fixed-effects approach is usually used to estimate the inverse-variance
weighted average of the effect-sizes represented in the meta-analysis [77], although esti-
mation of other weighted averages is also possible [57; 104]. As discussed by [77], this
method typically estimates a reasonable and sensible parameter, even when the effect sizes
are assumed to be different. On the other hand, even when statistically valid, inference

on this parameter might not be a useful summary of the study effect sizes if they are too



heterogeneous [4].

The third approach is the random-effects meta-analysis, where the effect-size parameters
are considered to be a random sample from a population, i.e. they follow a probability
distribution [19]. By using random effects as a sampling model, this analysis allows the
estimation of the average effect-size in the population of effect-sizes one might ever have
observed [19]. This method not only takes into account the heterogeneity between studies,
but also provides a natural way of quantifying it [46], making it a more attractive choice
over the common- and fixed-effects approaches [8; 94]. On the other hand, as pointed out
by Higgins et al. [46], this approach is based on a construct of an imaginary population
that does not really exist, so the interpretation of the analysis is potentially unclear, and
sometimes confusing. Also, the inference provided by this analysis, mainly focused on the
hyper-parameters of this imaginary population, although valid, may not be of interest [73].

So far, we have described and discussed these three approaches from a frequentist frame-
work, but analogs within the Bayesian paradigm are also commonly used. The random
effects analysis is perhaps the most popular approach within the Bayesian framework and,
as noted in Higgins et al. [46], exchangeability arguments provide further motivation for
its use. In fact, it has been proposed to use a hierarchical Bayes linear model to integrate
random-effects and common-effect models into a unified approach [22]. However, an analog
to the precision weighted average under a fixed effects framework has not been yet proposed.

In each of the three approaches described, appeals to some form of frequentist opti-
mality can be made. In the common-effect approach, when the study-specific standard
errors are known precisely, the optimality is straightforward; without any distributional
assumptions, the inverse-variance weighted estimator provides the best linear unbiased es-
timator (BLUE) of the common effect, or the unique minimum variance unbiased estimator
(UMVUE) under the additional assumption of normality of effects estimates [37, Chapter
5]. When the standard errors must be estimated, a normal approximation based on the
asymptotic distribution of the estimator is often used [40, Chapter 6]; in the common sit-
uation where all the studies are large, the standard errors are known with great accuracy,
and any non-asymptotic inefficiency is minor.

For the fixed effects approach it was shown in Lin and Zeng [63] that the analysis



provides, in many situations, a statistically efficient estimate of the parameter that would be
estimated, were it possible to pool the data across studies and to perform a single regression
analysis that adjusts for study. However, this pooling is inherently somewhat hypothetical;
were it possible to do it there would often be no motivation for use of meta-analysis, and
so it may not always be obvious that this parameter is of direct interest.

The random-effects approach has perhaps the least direct connection to optimality; while
likelihood-based and fully Bayesian methods in general have guarantees of good large-sample
properties, under correct model assumptions, [20; 101], in finite samples there are no such
guarantees. Indeed, the finite-sample sensitivity of Bayesian random-effects meta-analysis to
choice of priors is well-documented [27; 30; 58; 84] and is a cause for concern in practice [89,
Chapter 5].

One of our main objectives in this work is to motivate methods of meta-analysis in a
new way, appealing directly to optimality. Specifically, we obtain data-adaptive estimators
of an average that is ‘best’ amongst a broad class, in terms of being estimable with most

precision.
1.1 Review of approaches to meta-analysis

Table 1.1 provides a summary of the three main statistical models used for meta-analysis
and the estimators that are most typically used. Further details are presented in Sections
1.1.1 and 1.1.2 (common- and fixed-effects approaches), and Section 1.1.3 (random-effects

approach).



Table 1.1: Statistical assumptions from three different approaches to meta-analysis of k studies, their target parameters for
location summary and estimators.
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1.1.1 The Precision Weighted Average

Let By, B2, ...0k be the true effect-sizes from k different studies and let Bl be the estimate of
the true effect §;, with corresponding standard error o;, which we assume known for now.

The inverse-variance (or precision) weighted average of the true effect-sizes is given by

5 >, 71_251‘ (1 1)
D S '

which is a quantity of interest assuming either that the effect-sizes are identical (common-
effect model) or that they are different and independent (fixed-effects model); under the
common-effect model B reduces to By; under the fixed effects model, S is a weighted
average of the effect-sizes (;, where the weight is proportional to the precision with which
each effect-size can be estimated, giving more weight to those that can be estimated more
precisely. Rice, Higgins, and Lumley [77] discuss the equivalence of Sr to a population
parameter and its interpretation under the fixed effects assumption.

If the standard errors o; are assumed to be known, a natural estimator of S is given by

PR CE: L ! (1.2)
= kiz , W1 F) = k1 .
Eizl (7112 Zz’:l ;1?

Under the assumption of fixed-effects and known standard errors, BF directly inherits
any efficiency properties from the @’s, as any other linear combination of the effect-size
estimates. Therefore, 3 # can be seen as an unbiased, efficient and/or normally distributed
estimator of Sp, if within each study the estimator B} can be assumed to be an unbiased,
efficient and/or normally distributed estimator of ;. Optimality of BF under a common-
effect approach has already been mentioned.

Confidence intervals for S are usually built based on a normal approximation, appealing
to the large sample properties of the study estimators. Also, transformations of the outcome
measure have been recommended, such as normalizations, log-transformations, bias correc-
tions [40], and/or variance stabilizing transformations [25; 80]. The small sample properties
of the normal approximation and sensitivity to the assumption of known variances have
been studied through simulation studies [7; 40; 62], and some corrections and tests based

on more robust test statistics have been proposed [7; 36].



1.1.2  Testing homogeneity and quantifying heterogeneity

In both fixed-effects and common-effect work, it is common to test for homogeneity of the
study effects, that is, to test the null hypothesis Hy : 81 = B2 = ... = . This is the
statistical test of a key assumption in the common-effect analysis, while in the fixed-effects
analysis the result of the test gives a simple summary of how much heterogeneity is present.
Homogeneity is typically tested using Cochran’s chi-squared @ statistic,

k
= > % . (1.3)

i=1
Under Normality of the effect estimates (BZ ~ N(Bi,0?)), Q is distributed non-central chi-

squared with £ — 1 degrees of freedom and non-centrality parameter A given by

? (1.4)

>/
M»
Q‘H

i=1
with Bp as in (1.1). Under the null hypothesis that all the effects are identical, the @
statistic is distributed central y? with k — 1 degrees of freedom, thus providing a reference
distribution to perform a test of homogeneity of effects.

It can be shown that the statistic () is independent of the B F statistic [77], allowing for
straightforward control of type I error when testing for both location and heterogeneity is of
interest. However, it also has been found that this test of homogeneity has low power when
there are few studies [35] and is not adequate to summarize the extent of the heterogeneity
present [43].

Other statistics have been proposed to not only test, but quantify the amount of the
heterogeneity present, and thus provide a better measure of the consistency between tri-
als [43]. Although these measures have been motivated and derived from a random effects
framework, they still have valid interpretation under a fixed-effects framework [77]. The
most-frequently used quantity is I2, which is obtained from Cochran’s Q statistic:

Q—(k—1)
g

This quantity describes “the percentage of total variation across studies that is due to

I? (1.5)

heterogeneity rather than chance” [45].



1.1.83 The random-effects approach

The random-effects approach is based on the assumption that the true study effects, denoted
51, B2, ---, B, are an independent and identically distributed sample from some distribution.
The inference is then focused on the parameters of this distribution, like its mean (u) and
variance (72).

With no further assumptions on the distribution of the random effects, an inverse-
variance weighted average estimate of p can be obtained [19; 46], along with an estimate of

its standard error:

& N
21:1 ﬁﬁl —~
fi = ——— | with SE(

(1.6)
i e

We notice that the weights involve the within study variance Uf and the heterogeneity (or
between studies) variance 72, for which a moment-based estimator of 72 can be obtained:
— (k-1
%2:max{0, _2Q ( — ) _2},
>0, =20, />0

known as the DerSimonian-Laird estimator [19] and commonly used in random-effects meta-

(1.7)

analysis. A similar moment-based estimator was proposed by [39], which although originally
proposed for the meta-analysis of standardized mean differences, can be generalized for other
types of outcomes [102].

Under the further assumption that the study effects follow a normal distribution, maxi-
mum likelihood (ML) [34; 75] and restricted maximum likelihood (REML) [38; 71] methods
can be used to obtain estimates of 72 and p. Although these methods are iterative and
do not provide closed form estimates, it should be noticed that both the ML and REML
estimators of u take the same form as in (1.6). A simpler, non-iterative method for estimat-
ing 72 has been recently proposed [86], which is also based on the assumption of a normal
distribution of the study effects. The performance of the different estimation methods has
been evaluated and compared, in terms of bias and efficiency [102], as well as coverage
probability [103].

A Bayesian approach can be also used for random-effects analysis, with the advantage

that in a Bayesian framework the motivation for random effects comes more naturally, from



the exchangeability principle. As stated in [46], exchangeability refers to “a judgment that
the treatment effects may be non-identical but their magnitudes cannot be differentiated a
priori”.

When implementing a Bayesian random-effects analysis, prior beliefs on the overall lo-
cation and dispersion of the study effects are implemented as prior distributions for y and
72, so that posterior distributions, conditional on the data, can be obtained. The challenge
comes with the choice of a prior distribution for p and 72. It is common practice to use
vague or non-informative prior distributions, specially when there is a lack of strong beliefs
or prior information. However, it has been found that results from random-effects meta-
analysis can vary importantly when using different priors for the dispersion parameter, so
performing a sensitivity analysis is highly encouraged [89, Chapter 5. Specifically, it has
been shown that there can be important variations in the point estimates for 72, as well as
the precision of the estimates for u, from the use of different prior distributions, specially

when the number of studies is small [58].



Chapter 2

A NOVEL FIXED EFFECTS APPROACH TO META-ANALYSIS

As discussed in Chapter 1, using the fixed-effects assumption provides a framework
that is less restrictive than common-effect, but still straightforwardly facilitates inference
conditional on the studies at hand — unlike the random effects approach. However, the
fixed-effects approach has been widely dismissed, ignored or misunderstood, and most of the
literature focuses on common-effect and random-effects alone, and how to choose between
them [8; 16; 37; 40]. We believe that part of the reason for the lack of popularity of the
fixed-effects approach is that it does not make completely obvious which parameter is (or
should be) targeted for inference. There are many weighted averages or linear combinations
of the effects that can provide a summary of their overall location, and that would also
make scientific sense [55; 57]. Among them, the precision weighted average (PWA) is only
one. It has been shown that, in several useful cases, the PWA provides a statistically
efficient estimate of the parameter that would be estimated, were it possible to pool the
data across studies and to perform a single regression analysis that adjust for study [63].
However, such results do not hold uniformly [61]. In addition, this pooling is inherently
somewhat hypothetical; were it possible to do it there would often be no motivation for
use of meta-analysis, and so it may not always be obvious that this parameter is of direct

interest.

2.1 An optimal location parameter by model-free criteria

Ideally, the parameters to which inference is targeted should be determined entirely by
scientific criteria, i.e. by specific research goals. But realistically, these criteria may not
be precise enough to determine a single parameter for inference. In the absence of such
criteria, it makes sense to target our inference to a weighted average that is optimal in some

way. We propose to estimate the affine combination that can be most precisely estimated,
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or equivalently the parameter for which the data provides the most information. We start

with a general result:

Lemma 2.1.1. Let {v73:v € R* vT1;, = 1} be the set of all possible affine combinations
of the vector of effect-size parameters 3 = (31, Ba, ..., Br) "’ and let ,3 be the vector of estimates
(Bl,ﬁg, ...,ﬂAk)T with covariance matriz 3. Then the affine combination of the parameter
vector (wr'B) for which the corresponding estimator (w”B) has the minimum variance is
given by

— : T - 2711k
w = argmin |[v!3v| = F7t (2.1)
v:uTl,=1 LY L,

with Var(w?B) = (1F=711,)71.

A proof of Lemma 2.1.1 using Lagrange multipliers is provided in Appendix A.1. Under
the fixed effects model, with the implicit assumption of conditional independence of the
effects estimates (Bz L Bk\,& for i # k), the covariance matrix of B reduces to a diagonal
matrix: ¥ =diag{o?}. Using Lemma 2.1.1 and assuming that ¢? is known exactly from

each study, we have that the best affine combination of the effect-size parameters is

. 2 A
1, diag{o; °} > _ Zi — Bp, (2.2)

: —2
<1Zd1ag{ai Mg Zle ﬁ

the precision weighted average of the effect-size parameters. In other words, this result says
that Br is the affine combination of the vector parameter 3 for which the corresponding
estimator has minimum variance, i.e. the one that can be more precisely estimated.

To show that Sr is a population parameter, we follow Rice, Higgins, and Lumley [77]

2

and express o2 as (n;¢;) "', where n; and ¢; are the sample size and the Fisher information

from each subject on f3;, respectively, in the i*" study. Then we can write S as

Zkﬂ n;Pi B Zkﬂ 1:0i Bi
Br = = == , 2.3
Y e Yo midi (23)

where 7; = n;/ > n; is the sample size proportion from study . In the asymptotic regime

where 71, ...,m; are fixed, (i.e. the same assumptions as in the earlier work of [63], and

indeed most standard asymptotic settings) we can see that S is a population parameter: it
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is an affine combination of B with the weight for each effect-size depending on the variability
and relative size of the corresponding study. This particular affine combination is optimal,
in the sense that it is the one that can be most precisely estimated.

If we further assume that the estimates of the effects are Normally distributed (,B ~
Ni(B, %), with ¥ =diag{o?}), then any affine combination will also be distributed Nor-
mally (v3 ~ N(vT8, vTEv)), with the Fisher information for v 8 given by (v7 Zwv)~1,
for any v € R¥ [13]. This means that, from Lemma 2.1.1, the affine combination of the pa-
rameter vector 3 that maximizes the information (or equivalently, minimizes the variance)
of the corresponding estimate is given by (2.1). In other words, SF is the affine combination
for which, under this distributional assumption, the data provide most information. Fur-
thermore, we can write the inverse of the variance of B as 1;{2711}C => cri_2 =, nidi,
which means that the information that B r provides on S under this model is exactly the
sum of the total information that the estimates provide on the effect-size parameters.

It is important to notice that the result from Lemma 2.1.1 does not depend on any distri-
butional assumptions, so S is the best affine combination given by a model-free criteria: the
one that can be most precisely estimated. On the other hand, the assumption of Normality
provides a framework that allows us to state this result in terms of the Fisher information,

which facilitates the extension of this optimality property into a Bayesian framework.
2.2 A new parameter to quantify heterogeneity

Now we propose a parameter that quantifies the heterogeneity of a group of effect-size
parameters, which is a natural extension of the location-summary Sr. We define:
| 2 k1 2
>ie1 ?(@‘ — BrF) D i1 ?1,251' Zle nipi 3

¢ = y == - fp = =51 - 5% (2.4)
die1 0%2 Dic1 0%2 > i1 Mii

where B is as in (2.2). For fixed sample size proportions 71, ..., 7, we can see that ¢? is
also a population parameter, just like Sp. We can interpret (? as a weighted average of
the squared deviations of each study effect-size from the weighted average effect Sr, where
the weights are proportional to the precision (or the proportion of information) associated

with each study effect. Consequently, deviations from more precisely estimable study effects
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are more heavily weighted. This parameter ¢2 is a weighted average squared deviation and
quantifies the heterogeneity of the effect-sizes.

This parameter can be also motivated from the Cochran’s @) statistic, the quantity upon
which the classic test of homogeneity is based. Cochran’s @ is defined as the numerator of
¢2, in the first equation in (2.4). But, whereas @ is a test-statistic whose value increases
with the sample size [43], ¢ is a parameter whose value does not change when the sample

sizes increase at the same rate, that is, when 71, ..., 7 are held fixed.
2.3 Frequentist estimation

2.3.1 FEstimating Br and (2 with the assumption of known variances

It is common practice in meta-analysis to assume that the sample size in each study is large
enough for the variance of the effect estimate to be approximated with negligible error by
its estimate. Is therefore common to assume that the variances of the effects estimates,

o2, ..., O'l% are known. Under this assumption, the natural estimator of S is given by

(2.5)

Confidence intervals for Sp are usually built from a Normal approximation, appealing to
the large sample properties of Bl [37]. The properties of (2.5) under the assumption of
a common effect are well known, but they have not been as widely discussed under the
assumption of fixed-effects. Here we introduce some of these properties.

If we assume that for all 7 in 1, ..., k, BZ is a complete a sufficient statistic for 8; and that
E [BZ] = f;, then by the Rao-Blackwell theorem [13, Chapter 7], B is the unique minimum
variance unbiased estimator (UMVUE) of Sp. If we further assume that for each i, Bl is an
efficient estimator of 3;, i.e. we can write a? = (n;¢;) !, where ¢; is the Fisher information
for B; provided by each of the n; observations in the i** study, then it can be shown that
(2.5) reaches the Cramer-Rao lower bound for the variance of any unbiased estimator of S,
i.e. that Bp is an efficient estimator of Bp.

For the estimation of the heterogeneity parameter (2, we assume that the variances are

known and that the estimators Bz are efficient, so that O‘i2 = (nyp;) " fori =1,...,k and we



13

also define ® = Zle n;¢; as the ‘total information’. Under these assumptions and with no

further distributional assumptions, a simple moment-based point estimate of ¢? is given by:

20 Sk 0B - Br)? — (k- 1) Q- (k-1)
&2 = 1 S = o (2.6)

A detailed derivation of 2.6 can be found in Appendix A.2. For strictly positive estimation

of (2, we can report:

max (0, W) (2.7)

To obtain confidence intervals around our point estimate, we add the assumption of
normality of the effect-size estimators (BZ ~ N(Bi,0?)), so that the @ statistic has non-
central x? distribution with k& — 1 degrees of freedom and non-centrality parameter A given
by

1
A=) = (Bi - Br)* =B (2.8)

ok
=1 ?

Thus, (2.6) still holds and the variance of our proposed estimator f 2 is given by

k
Varld?) = gy (430 (8- ) 420k - 1) (29)
i=1 ¢
Given the convergence in distribution of a non-central x? random variable to a Normal
as either the degrees of freedom or the non-centrality parameter tend to infinity, then
an approximate confidence interval for ¢? can be constructed using a plug-in estimate of
(2.9). We note that the centrality parameter A can be written as ®¢? = (Zle nipi)C? =
N (Zle n:i¢;)¢?, showing that a Normal approximation will be valid for a large enough total
sample size N.
Alternatively, we can use methods for constructing exact confidence intervals for the
non-centrality parameter of a y? distribution that have been proposed and evaluated previ-

ously [53]. For example, a ‘central’ confidence interval for (2 can be constructed by inverting

a probability interval of the non-central x? distribution of Q, this is:

{Cz : Xifl,a/Q((I)CQ) <@L Xz,Ll,a/Q(‘I’CQ)} (2.10)

A solution specific to (2.10) can be obtained by using the more general methods described

in [54].
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2.83.2 Analytic estimation of Br without the assumption known variances

When using the precision weighted average (2.5), it is common practice to assume that the
sample size in each study is large enough for the variance of the effect estimate (01-2) to
be approximated with negligible error by its estimate (s?) [16], basing test statistics and

confidence intervals on the following plug-in estimator:

>>
S
K=
S

— (2.11)
=1 g

Br = Zkl , with @(EF) =

The properties of (2.11) in small sample size settings have been studied via simulations,
where inflated type I error rates were found for the test of the null hypothesis Hy : Sr = 0,
due to underestimation of the standard error of é r [7; 40; 62].

Corrected and alternative test statistics have been proposed [7; 36; 37], but all of them are
based on the assumption of a common effect. To illustrate how the potential heterogeneity

affects the estimation of Var[3r], consider the following expression [37]:

Var[/;’p] = E[Var(éF|s%,...,sz)]—|—Var[E(ﬂ:F\s%,...,si)]

|3/ |l 4)/ () e

under the assumption that 3; L o? for i = 1,...,k. The second term in (2.12) is zero and

can be ignored if a common effect is assumed (; = fy Vi), but should be estimated in a
fixed effects approach, where we allow for heterogeneity of the effects.
In the following sections we will propose methods for estimation and/or testing of Sp

taking into account the uncertainty in the estimation of the study variances.

Large Sample Size Approximation (LSSA).

To obtain an estimator of Var(,@’p) based on asymptotic Normal distribution, we will first
assume that within each study we can express the variance of the effect estimator Bz as

Var(B;) = 02 = (ni¢;) ", and that the estimator s? of o2 is of the form (n;p;)~", so that

= = Iy (2.13)
F %2 S ¥ i

B
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and also that (2.12) can be expressed as:

Var[Br] = EB[Var(Bpli ... )] + Var[B(Br|di ... b))
k " _ k 7
> (U@;‘)Z(flz‘(ﬁi) ! Var [ZZ? niqbz;,@i] ’ (2.14)
(Zz 77i¢z‘)2 Zi:1 yIoy

where the second term accounts for the uncertainty in the estimation of the variances. For

estimators ¢; satisfying:

~

Vni(¢i — bi) = N(0, f:(6:)), (2.15)

where f;(6;) is a function of the distributional moments of the population(s) in study ¢ (see
Appendix A.3 for exact definition and derivation), we have shown the following, by applying
the Delta method (details in Appendix A.3):
E [E?(Wéi)z(ni(bi)l
(S nidi)? N(ZF ni)
S 77@@3726@'] S i (B - Br)® fi(8:)
SEomdi | N (Zf 77i¢i)2

As expected for the variance of an estimator, both terms converge to zero as the total

1

Var

(2.16)

sample size N increases. More importantly, both terms converge at the same rate, meaning
that the uncertainty produced by not knowing the variances can not be ignored, even with
large sample sizes, and needs to be accounted for whenever heterogeneity is suspected.
Figure 2.1 illustrates the inflation of asymptotic type I error rates of a test of hypothesis
for B that would not take into account the uncertainty in the variances, as a function of
the amount of heterogeneity, for a simple case (see details in Appendix A, Section A.3.1).
This theoretical result has been confirmed empirically in a simulation study, which will be
described in Section 2.4.

From (2.14) and (2.16) we propose a Large-Sample Size Approximation (LSSA) of the

variance of Bp:

: 1 [1 N S5 i (Bi = Br)* £i(8:) (2.17)

Var[fF] ~ -
Tests of hypothesis and confidence intervals can be based on a normal approximation using a

plug-in estimator of (2.17) with the estimates of §;, ¢; and 6; for 1 < i < k and Sp. Further
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Asymptotic type | error rate
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Figure 2.1: Inflated asymptotic type I error rate for the test of hypothesis Hy : Br = 0 in the
presence of heterogeneity, when using a naive estimator of the variance (2.11), according to
(2.16) for a simple case of difference in means of continuous normal outcome with constant
variance and balanced study designs (see details in Appendix A, Section A.3.1).

details on the specific form of f;(6;) in (2.17) for some common effect-size estimators are

provided in Appendix A.3.

Quasi-F test statistic.

We propose constructing a test statistic for the null hypothesis Hy : Sr = 0 similar to [36].
It is based on a ‘quasi-F’ test statistic, a statistic that approximates an F-distributed random
variable [76].

For now we assume that the variances of the effect estimates (07 = (n;¢;) ') are known
and fixed, and that the effect estimates are Normally distributed (Bz ~ N(Bi,02), for 1 <

i < k). Under these assumptions, we have that

—E 3 (2.18)
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Under the same assumptions, the @ statistic is distributed non-central y?:
k
Q~Xi_1(N), with A = "nigi(Bi — Br)* = ¢ (2.19)
i=1

A rough approximation to a non-central x? distribution can be made by matching its mo-
ments to a scaled central x? [41; 70]. Thus we can approximate the distribution of @ as a

a—scaled central x? distribution with v degrees of freedom (arx?), where

., N oC?
S § I W (A Y
)\2 (@C2)2

v = (kj—l)—f—m:(k—l)‘f‘m

(2.20)

Under our stated assumptions, () and BF are independent [36; 77], so that the following

quotient

B3,/ Var(r)
Qfav

has an approximate F! distribution, and its signed square root has an approximate Student-

(2.21)

t distribution with v degrees of freedom. Given that none of the quantities included in (2.21)
are actually known, a ‘quasi-F’ statistic can be constructing by plugging-in estimators of all
those quantities. Thus let 5’ be as in (2.11), @[BF] the large sample-size approximation
given in (2.17), along with plug-in estimates of @, ¢ and ®, used in turn to estimate o and

v. Then, taking the square root, the following test statistic:

(2.22)

is expected to have an approximate Student-t distribution with  degrees of freedom under
the null hypothesis Hy : 8 = 0. This reference distribution would importantly differ from
a standard Normal for small values of ©, which would be expected when the meta-analysis
includes few studies (small k) and the total amount of information times the amount of

heterogeneity is small (i.e. approaching the limit where ®¢? — 0).

2.3.8 Parametric Bootstrap

The alternative estimators described in Section 2.3.2, which take into account the potential

heterogeneity of the effect-size parameters, are based on approximations that would be ex-
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pected to work in large sample settings, but would probably perform poorly in settings with
very small size samples. An alternative method, that could perform better in small sam-
ple size settings is bootstrap re-sampling, when individual-level observations are available.
As this is not likely in practice, we consider the alternative of using parametric bootstrap
sampling.

Estimates of the variance of é r, as well as 95% confidence intervals and/or p-values for
testing of hypothesis can all be obtained from parametric sampling, based on the estimates
Bl, Bg, o Bk and s2, 53, ..., s%. Assuming a Normal distribution of the effect sizes estimates,
a parametric bootstrap sample of size B for each of the effect-size parameters 3; can be

obtained:
Bl ~ N(Bi,s7), fori=1,...k;b=1,..,B. (2.23)

On the other hand, parametric sampling for the variances of the effect estimates would
depend on the specific variance estimator used in each study. For example, for the variance
of the difference in means of independent groups where equal variances are assumed, a

bootstrap sample of [73 can be obtained as:

~%k2 ~92
2 Silb) . . G .
O',LQ[b} = ;lil Wlth §22[Z] ~ ﬁxii72, for 1 = 17 ceny k7 b = 1, veuy _B7 (224)

where ¢? is the pooled estimate of the common variance s? [9]. More generally, for estimates
from linear regression (where Normality and constant variance are assumed), the sampling
can be done from a x? distribution with (n; — p;) degrees of freedom, where p; denotes the
number of predictors in the regression (including the intercept). In contrast, when f; is
estimated as the difference in means of independent groups with the variances not assumed
to be equal, the parametric sampling of §i2, y and ggy should be done separately and then
combined to obtain the value of af. Further details on the specific form of some of these
estimators can found in Appendix C.

From the parametric bootstrap samples of effect-size and variance estimators, different

estimates and/or test statistics can be obtained. We propose (and evaluate) the following:

1. A pivotal (1 — a)% confidence interval based on a normal approximation and using
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an estimate of the variance of Ap from a bootstrap sample:

2 1 5 (. 1 &, ’
Pr + &i-ap2\| 37 bz; <5}[b] - B ;ﬁ}m ) ’
k 1 o«
.\ Zi:l ?ﬁ] i[b]
where fpp = —5— 17— (2.25)

2. A (1 — )% confidence interval constructed from the percentiles of the empirical dis-

tribution of the bootstrap sample of B;[b]v as defined in (2.25)
<ﬁfw(a/2)a 5;(1704/2))

3. A Bootstrap-t confidence interval, based on the percentiles from the distribution of a

test statistic constructed using a ‘naive’ estimator of the variance of Bp:

(2.26)

4. A Bootstrap-t confidence interval, based on the percentiles from the distribution of a
test statistic constructed using the LSSA estimator of the variance of Br, as given in
(2.17):

(BF —tl—_a/2) Var[Br], Br — tly ) Va?[ﬁF}) ,
Bropy

V3]

(2.27)

where ti‘b] =

Similar approaches are proposed for the heterogeneity parameter ¢2, based on a bootstrap
sample of the estimator proposed in (2.6):
k ~—2x%/hx o 2
G2 2 i=1 05 Biy) — Bpp)” — (B = 1)
[b] — kA —2%
>i1 Tifp)

, forb=1,...,B. (2.28)
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2.4 Simulation study

We conducted a simulation study to evaluate and compare the performance of the different
estimators of Br and ¢? proposed in sections 2.3.1-2.3.3. Our simulation settings consisted
of meta-analysis with a small-to-medium number of studies (k = 3,5,7,15) with fixed pre-
specified effect-sizes (1, ..., Ox) that were evenly spread and centered around zero (so that
Br = 0) and with their absolute value determined by a pre-specified value of ¢? (0, 0.1, 0.4, 1,
2). All studies were set to have the same sample size (n = 10, 20, 30, 40, 60, 80, 100, 500, 1000)
and the same population variance (¢ = 1). A continuous Normal outcome was assumed,
with the effect size given by the mean difference between two groups assuming equal vari-

ances and a balanced design. Under these assumptions, estimates of the effects were drawn

from a Normal distribution

while estimates of the variance where obtained from a scaled x? distribution:

; 2 2 2 .
- 9= —————Xp,—o fori=1,..k.
S; <ni/2+ni/2> <ni—2> Xn;—2 ni(ni_2)Xn1_2 or 1

From each simulation we obtained the estimator BF, as given in (2.11), along with 95%

confidence intervals based on the following methods:

(a) A normal approximation using a ‘naive’ estimator of @(ﬁp) (2.11) that does not ac-
count for the uncertainty in the estimation of the variances; also equivalent to assuming

a common effect model.

(b) A normal approximation using the Large Sample Size Approximation (LSSA) for the
variance of Bp as given in (2.17), with the asymptotic variance of ¢; estimated by
(ki —1)/4% (see details in Appendix A.3.1) and assuming a normal outcome (k; = 2,

fori=1,....k).

(c) A Student-t approximation based on the signed square root of the quasi-F statistic

(2.22), with the degrees of freedom estimated by o (2.20).
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(d) Parametric bootstrap estimation methods, as described in 1-4 from Section 2.3.3, from

1000 bootstrap samples.

In addition to these, we also calculated the 95% confidence interval for the mean of the
population of effects when using a random effects approach, based on the DerSimonian-
Laird [19] estimator.

Estimates and 95% confidence intervals for ¢? were also computed from the simulated

samples. Four different methods were implemented:

(a) A normal approximation using a plugin estimate of the variance of 2 as given in (2.9),

with s? replacing 02-2.

(b) Inverting the probability interval of a non-central y? distribution as described in (2.10),

with s? replacing 02-2.

(¢) A normal approximation using an empirical estimate of the variance of 5 2 from a para-

metric bootstrap sample of (2 (2.28).

(d) A percentile based interval from the empirical distribution of the parametric bootstrap

sample of (2 (2.28).

The coverage probability of the estimators was calculated from a total of 10,000 sim-
ulations for each combination simulation settings. Results on the coverage probability for
95% confidence intervals for S are presented in Figures 2.2 and 2.3 while results on 95%
confidence intervals for ¢? are presented in Figure 2.4. The estimated Monte Carlo error is
represented in each graph as a gray bar around the nominal 0.95 coverage probability.

For the estimation of the location parameter S, we observed a better performance of
parametric bootstrap methods over those based on asymptotic approximations, especially in
small sample size settings. Among these, the confidence interval based on the percentiles of
the empirical distribution of the parametric sample is recommended. This approach is simple
and performed well, providing coverage close to nominal level. However, we also notice that

the large sample size approximation (LSSA) method performed reasonably well for large
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sample sizes (at least 60 subjects per study) and could be used if/when the parametric
bootstrap could not be implemented.

In addition to evaluating the proposed estimation methods for Sr, we also compared
their performance with methods typically used in meta-analysis, i.e. the common effect
and random effects approaches. Although these approaches technically estimate different
parameters, they all target a location parameter, which in our particular simulation setting
has the same value in all three models, deliberately. As expected, the random effects ap-
proach (using the DerSimonian-Laird estimator of u) provided over-conservative inference,
as a result of wide confidence intervals that would account for the random sampling of effect
sizes (that were actually set fixed in this simulation setting). On the other hand for the
common effect estimator, which is equivalent to use a naive estimate of the variance of Sp
as given in (2.13), the coverage probability approaches the nominal level as the sample size
increases but never reaching it in the presence of heterogeneity. The asymptotic coverage
of this naive estimator has been calculated using (2.17), and is shown as dotted horizontal
lines in Figure 2.2.

For the heterogeneity parameter ¢2, although all the proposed methods seemed to achieve
nominal coverage probability asymptotically, none of them performed uniformly better for
small sample size settings in all scenarios (Figure 2.4). The normal approximation with an
estimate of the standard error showed both significant over-coverage and under-coverage in
different scenarios. The normal approximation using a Bootstrap estimate of the standard
error seemed to correct the under-coverage in some scenarios, but not when the number of
studies was small (k = 3), while the bootstrap confidence intervals based on the percentiles
showed important under-coverage for low values of heterogeneity and large number of studies
(k = 7,15). This result is consistent with a previous result, in which the consistency of
bootstrap estimation is related to the asymptotic normality of the statistic [49; 67], while
in our case the distribution of the statistic is far from normal (for small sample size and
low level of heterogeneity). On the other hand, given the more consistent performance of
the inverted probability interval from a non-central x? distribution, we would recommend
its use when the sample sizes are large enough (at least 40 observations per study) and the

studies are not too heterogeneous.
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2.5 Example

In this section we illustrate the estimation methods discussed in Section 2.3 applied on an
example. Our example is from a systematic review of studies that evaluate the efficacy
of zinc in reducing the incidence, severity and duration of common cold symptoms [87].
In this particular meta-analysis the authors included studies that compare zinc acetate
lozenges with placebo, with the outcome being the duration of cold symptoms (in days)
and the treatment effect measured by the mean difference (MD). A forest plot is shown in

Figure 2.5.

In Table 2.1 we summarize the results of meta-analyses on the 6 studies comparing zinc
lozenges to placebo, using three different approaches. We observe that the point estimates
of By and B from the common effect and fixed effects approaches, respectively, although
numerically the same (Bg = BF = —2.04 days), estimate different parameters. The first
estimates a common effect underlying all six studies, but given the evident heterogeneity
between studies, this inference does not seem to be adequate, or even valid. On the other
hand, Br estimates a weighted average of the mean differences from the 6 studies, for which
a significant amount of heterogeneity is observed, as reflected by the estimate of (2. More
specifically, BF estimates the mean difference in duration of common cold averaged in a
meta-population composed of the populations from which the samples of these 6 studies were
drawn, in proportions given by ;" 2/ Zf o; 2. Similarly, ¢2 can be thought as estimating how
far apart the mean differences in two of these populations are, averaged over the same meta-
population. We also observe that the results from different estimation methods, although
not exactly the same, do not differ significantly, with a difference in length of 0.13 days

between the 95% confidence intervals using the LSSA and the Parametric Bootstrap.

Finally, the random effects meta-analysis estimates the mean and variance of a popula-
tion from which the mean differences from the 6 studies are thought to have been drawn (u
and 72). The inference now is not made for population of subjects (on whom we wish to
estimate an average effect of a treatment) but for a population of potential average treat-
ment effects. As shown in Table 2.1, different methods for estimating the between-studies

variance give notably different results, with larger estimates of 72 yielding estimates of
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that are closer to the un-weighted simple average of the study effects (-0.56). Moreover,
the precision with which these parameters are estimated is much smaller when compared
to the precision with which Br and (? are estimated, even after taking into account the
uncertainty in the estimation of the variances. This gain in precision, should be noted,
is not a result of a particular choice of estimation method, but rather, it is the result of
targeting our inference to a parameter that is easier to estimate, i.e. one for which the data

provide most information.

Table 2.1: Three approaches to the meta-analyses on the effect of zinc acetate lozenges,
estimated as the mean difference in the duration of symptoms of the common cold (in
days) [87], with point estimates and 95% confidence intervals obtained from different meth-
ods of estimation.

Bo (95% CI)

Common effect approach -2.04 (-2.45, -1.64)

Fixed effects Br (95% CI) 2 (95% CI)
Large Sample Size Approximation (LSSA) -2.04 (-2.48,-1.60)
Quasi-F based Student-¢ -2.04 (-2.50, -1.58)
Non-Central x? inverted PI 2.09 (1.09, 3.50)
Parametric Bootstrap (B=2000) -2.04 (-2.54, -1.53) 2.09 (1.14, 3.78)

Random effects i (95% CI) 72 (95% CI)
DerSimonian-Laird -1.21 (-2.69, 0.28) 2.81 (1.19, 46.0)
Maximum Likelihood 11.21 (-2.69, 0.28) 2.79 (0, 6.53)
Restricted Maximum Likelihood -1.13 (-2.83, 0.57) 3.78 (0, 9.25)
Sidik-Jonkman “1.02 (-3.06, 1.01)  5.66 (2.20, 34.04)
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2.6 Final remarks

We have provided a simple justification for the precision weighted average estimator in meta-
analysis, without relying on the assumption of a common effect. We have shown that the
PWA estimates the best affine combination of the true effect-sizes, i.e. the one that can be
more precisely estimated. Also, to complete this approach under a fixed effects framework,
we proposed the estimation of a parameter that quantifies the level of heterogeneity present
among the effects from the different studies.

Frequentist methods for the estimation of both the location parameter S and the hetero-
geneity parameter (? were proposed, including corrected estimators that take into account
the uncertainty in the estimation of the within study variances. Estimation methods based
on asymptotic approximations, as well as methods based on parametric bootstrap were
implemented and have been evaluated in a simulation study.

In the results of our simulation study, we observed a better performance of parametric
bootstrap methods over those based on asymptotic approximations for the estimation of the
location parameter Sp, specially in small sample size settings. Among these, the confidence
interval based on the percentiles of the empirical distribution of the parametric sample
would be recommended, because of its simplicity and good performance. However, we also
notice that the large sample size approximation (LSSA) method performed reasonably well
for large sample sizes (n > 60, per study) and could be used if the parametric bootstrap
can not be implemented.

For the heterogeneity parameter (2, although no method performed uniformly best, the
construction of 95% confidence intervals by inverting the probability interval from a non-
central x? distribution seems to provide close to nominal coverage when the sample size is
large enough (around 40 observations per study).

The main limitation in our simulation study is the fact that the proposed methods were
implemented under the same distribution from which they data was simulated (Normal), and
we did not explore model misspecification. Although the assumption of a Normal distribu-
tion is specially important for parametric bootstrap, we believe that, at least asymptotically,

this assumption is fulfilled most of the times.



26

We also illustrated the results of different estimation methods, as well as different ap-
proaches, with a previously published meta-analysis. This example, along with the results
of our simulation study, provide evidence that the fixed effects approach proposed in this pa-
per is a valid alternative to the typically used common effect and random effect approaches.
Our approach, based on the estimation of both a location and a heterogeneity parameter,
is more flexible than the restrictive common effect approach while allowing inference on the
population of interest. Our approach also makes it unnecessary to choose between statistical
models based on their adequacy rather than the target of inference.

Finally, although we believe that estimation of both Sz and ¢? are useful for describing
and combining in a meaningful way the effects of studies included in a meta-analysis, we
propose their estimation only as part of a full battery of qualitative and quantitative tools
that should be used to review, summarize and synthesize a group of studies. No one pa-
rameter or estimator can possibly summarize all there is to say in a systematic review of

medical studies, and this limitation should be acknowledged in practice.
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Figure 2.2: Coverage probability of 95% confidence intervals for Sr in a meta-analyses of
k studies with various levels of heterogeneity of the fixed effects (¢?), using (a) a ‘naive’
estimator of the standard error, (b) the large sample size approximation (LSSA) estimator
of the standard error and (c) the t-statistic from the quasi-F approach, along with (d) the
DerSimonian-Laird estimator for the mean of random effects. The dotted horizontal line
represents the asymptotic coverage for the ‘naive’ estimator, calculated analytically. These
results were obtained from 10,000 simulations, with the gray bar reflecting the approximate
Monte Carlo error.
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Figure 2.3: Coverage probability of 95% confidence intervals for Sp in meta-analyses of k
studies with various levels of heterogeneity of the fixed effects ((?), obtained from parametric
bootstrap samples of size 1000: (a) a normal approximation using an empirical estimate of
standard error, (b) the percentiles of the empirical distribution, (¢) Bootstrap-t based on
a t-statistic using a naive estimation of the standard error and (d) Bootstrap-¢ based on a
t-statistic using the LSSA estimation of the standard error. These results are from 10,000
simulations, with the gray bar reflecting the expected Monte Carlo error
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Figure 2.4: Coverage probability of 95% confidence intervals for (? in a meta-analyses of

k studies with various levels of heterogeneity of the fixed effects (¢?), using: (a) a normal
approximation using a plug-in estimate of the variance of (2, (b) an inverted probability
interval from a non-central x? distribution, (c) a normal approximation using an empirical
estimate of the standard error from a parametric Bootstrap sample of size 1,000 and (d)
the percentiles of the empirical distribution from the same parametric Bootstrap sample.
These results are from 10,000 simulations, with the gray bar reflecting the expected Monte

Carlo error.
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Zinc Placebo
Zinc Placebo
Study N Mean SD N Mean SD better better Mean Difference, 95% ClI
Douglas 1987 33 1241 9.8 30 77 9.8 ———' 2.33[-2.33, 6.99]
Petrus 1998 52 44 1.4 49 51 2.8 '—I-' -0.97[-1.78,-0.15]
Prasad 2000 25 45 1.6 23 841 1.8 —— -3.93[-4.81,-3.05]
Prasad 2008 25 4 1 25 741 1.3 L -3.08 [-3.65, -2.52]
Turner 2000b 68 6.9 3.4 71 75 4 '—I—~ -0.18[-1.25, 0.89]
Turner 2000¢ 72 79 4.2 71 75 4 »——H 0.61[-0.70, 1.91]

| i T |
500 000 500  10.00

Mean Difference (days)

Figure 2.5: Meta-analysis on the efficacy of zinc acetate lozenges in reducing the duration
of cold symptoms [87].
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Chapter 3

A BAYESIAN FIXED EFFECTS APPROACH TO META-ANALYSIS

In the previous chapter, we proposed a fixed-effects approach to meta-analysis which
does not rely on the homogeneity assumption. It consists of estimating a weighted average
of the effect sizes to summarize their overall location (Sr), as well as a weighted average
of the corresponding squared deviations to quantify the amount of heterogeneity (¢?). We
have shown that the proposed parameters S and ¢? are ‘population’ parameters and that
the inverse-variance weighted average is a statistically optimal choice. It is the affine com-
bination of the effects that can be more precisely estimated, and the one for which the data

provide the most information if a distributional assumption is made.

This same approach can be taken within the Bayesian paradigm, in which prior infor-
mation or beliefs on the effect sizes from the studies are included in the meta-analysis, in
the form of a multivariate prior distribution, and are updated using the observed data via
regular Bayesian procedures. Weighted averages of these effect size parameters (or their
deviations) can then be estimated from the updated information, to provide sensible sum-
maries of the location and heterogeneity of the effect sizes included in the meta-analysis.
And as stated before, an optimal weighted average could be the one for which the data

provide the most information.

This chapter is structured as follows: in Section 3.1 we propose a Bayesian analog to the
fixed-effects approach proposed in Chapter 2 using a family of conjugate multivariate priors
and providing a closed form expression for the posterior distribution of the parameters of
interest. In Section 3.2 we reconcile this approach with the use of a multilevel hierarchical
model, recurrently used in the classic Bayesian random effects approach, thus allowing simul-
taneous estimation of our proposed parameters and the usual targeted hyper-parameters.
Lastly, in Section 3.3 we apply the proposed approach to our example meta-analysis on the

effect of zinc lozenges on the duration of cold symptoms, which allows us to illustrate and
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contrast the properties of the posterior distribution of our proposed parameters with those

of the hyper-parameters typically targeted in Bayesian random-effects meta-analysis.

3.1 A Bayesian fixed effects approach to meta-analysis

Using matrix notation, we can express the parameters Br and (2, respectively, as a linear
combination and a quadratic form of the parameter vector 8 = (B1, 52, ..., fk). Let W =

(1Tx711,)7'27!, with 3 =diag{s?}, then

5F - 1£W67
¢ = (W -W1i,W)s. (3.1)

As this notation suggests, it makes sense to state both the model and the prior distri-
bution in terms of the parameter vector 3. For the model, i.e. the assumed distribution of
the effect-size estimates (31, Bg, o Bk), the choice of a normal distributions is sensible and
close to the truth for large sample sizes. Under the fixed effects models, with the implicit
assumption of conditional independence, this translates into a k-variate Normal distribution
(B ~ N(3,X)), with a diagonal variance-covariance matrix X =diag{c?}.

On the other hand, prior beliefs can be incorporated as a multivariate probability distri-
bution of the parameter vector 3. The use of a multivariate prior allows us to incorporate
prior beliefs or information not only on each individual effect-size parameter, but also about
how much information the effect-size from one study provides on the effect-size of other stud-
ies. A multivariate normal prior, for example, can be used to reflect beliefs on the particular
location of each effect-size (the mean vector parameter), the uncertainty in these beliefs for
each study (the variances) and on how related the effect-sizes from different studies are
though to be (the pairwise correlation coefficients). Simply by varying the value of the
correlation coefficient between the study effects from 0 to 1, we can specify very different
scenarios, ranging from study effects believed to be completely unrelated (fixed effects) to
study effects believed to be perfectly related or exactly the same (common effect).

When the belief of exchangeability of the effect-size parameters is reasonable, it can

be easily reflected by the exchangeable correlation matrix in, for example, a multivariate
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Normal or Student’s t-distribution. On the other hand, considering that the study ef-
fects are exchangeable is, after de Finnetti [17], equivalent to assuming that the effects
were independently drawn from a parametric distribution, with a prior distribution for the
hyper-parameter. This leads to a hierarchical structure of the prior distribution, which
should be noticed, is “a consequence of the belief in exchangeability rather than a physical
randomization mechanism” [89, Chapter 3|. In Section 3.2 we illustrate and discuss the
equivalence of a multivariate Normal prior and a hierarchical Normal prior.

Once a model and a prior distribution have been chosen, standard Bayesian methods
can be used to obtain a posterior distribution for 3, and thus for B¢ and (2. Although the
choice of conjugate priors can provide closed-form posterior distributions, computational
methods, specifically Markov Chain Monte Carlo (MCMC) algorithms [18], have eliminated
the need for conjugate priors. The availability of off-the-shelf software [66; 68] facilitates
the implementation of MCMC methods and allows one to obtain results for practically any

choice of prior distribution.

3.1.1 Multivariate Normal conjugate prior

In the following sections we present analytical results obtained from the use of a conjugate
prior distribution and discuss some properties of the corresponding posterior distribution.
In a fixed effects approach and under the assumption of Normality of the effects esti-
mates Bi, the multivariate Normal constitutes a conjugate prior distribution for the param-
eter vector 3, with the posterior distribution of 3 conditional on the data B also being a
multivariate Normal [18]. Let the prior for 8 be k-variate normal with mean vector v and

variance-covariance matrix Y, then:
B8 ~ N(ET e )T (ETBE ) T ) (32)

As a linear combination of a k-variate normal distribution, the posterior distribution of g

is also normal:

[BrIB] ~ N (1ZW(E*1 +Y (2*13 + T*lu) ATw(s + r*l)*lwu) . (3.3)
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The posterior distribution of ¢? is a quadratic form of the k-variate Normal vector [3| ,B]

[¢218] = [BIB]" (W — W1, W) [B]3]. (3.4)

Closed form expressions for the mean and variance of [¢? \B] can be obtained using known re-
sults for quadratic forms [83, Chapter 2], while quantiles of the distribution can be obtained
by expressing (3.4) as a weighted sum of non-central chi-square random variables, as shown
in Duchesne and de Micheaux [21]. The corresponding calculations can be implemented

with the R package CompQuadForm [21].
3.2 Hierarchical prior distributions

A special case of a k-variate normal prior is one with an exchangeable correlation matrix
Yi(p) = (1 — p)Ix + plir, where p denotes the correlation coefficient between any two
effect-size parameters. This specific multivariate prior is equivalent to a hierarchical prior
where the study effects ; are i.i.d. Normal with mean g and a Normal prior is assigned to
the hyper-parameter p. These two priors and their equivalent parametrizations are shown

in Table 3.1.

Table 3.1: Exchangeable multivariate Normal prior for 3 and its equivalent parametrization
as a hierarchical structured model

Multivariate Hierarchical
B ~ Ni(v1k, &YX k(p)) Bilp iid N (p, 72)
Prior Yi(p) = (1= p) I + plily p~ N(v,9?)
0<p<1,€>0 72 >0,0%>0
€ =12 4y 2= (1 - p)&?
Parametrization 5 ) ) )
p=v¢/(T° +¢7) e = pg

We notice that both priors reflect the same belief of the study effects being exchangeable:
explicitly in the multivariate model and implicitly in the hierarchical model. A careful
comparison of both parametrizations allows us to better understand how prior beliefs can

be incorporated. For example, prior beliefs on the average location of the study effects are
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incorporated through the hyper-parameter v in both models. Prior beliefs on how similar
the study effects are (homogeneity) can be explicitly stated in the value the correlation
parameter p, with 1 corresponding to a prior assumption of perfect homogeneity while values
close to 0 correspond to a prior assumption of unrelated effects. The same correlation can
be implicitly incorporated in the hierarchical model as ¥?/(72 + 1?), so that high values
of 12 relative to 72 induce a high correlation of the study effects. Lastly, the parameter &2
in the multivariate normal is equivalent to the sum of the parameters 72 and %2 from the
hierarchical model, so we can interpret £2 as a total variance due both to the heterogeneity
of the effects and the uncertainty on their overall location.

The posterior distribution of 8 can be obtained from (3.3). But furthermore, by notic-

ing that the total information (® = ) . n¢; = > 0;2) can be expressed as 172711, so

7

that X' = ®W, then the mean and variance of [3r|3] can be written as follows:

Var[Bp|B] = 1TW (@W +£72X4(p) ") WL, (3.5)

E3rlB] = W (@W +¢ X)) (OWB+ELu(p) " 1w)  (3.6)

From these expressions we can see that the posterior distribution of S is a normal distribu-
tion with mean and variance that approach 1;{W[3 = B 7 and @1, respectively, as the total
information (® = ) n;¢;) increases or the total amount of variance due to heterogeneity
and uncertainty (£2 = 72 4 1?) decreases. This is, for large sample sizes, or in the absence
of strong beliefs on the location of the study effects or their homogeneity, the Bayesian
estimator of the precision weighted average reduces to the frequentist estimator.

It is of interest to compare the properties of the Bayesian estimator of Sr to those of the
estimator of u, as this is usually the parameter targeted in Bayesian random effects meta-
analyses. The use of the hierarchical prior in Table 3.1 allows to obtain simultaneously the
posterior distributions of both parameters, in terms of 72 and 2. It can be shown that the

posterior distribution of S is given by:

k

k 201 _ . . U‘_2i k
16518 ~ N (Z (W) B+ (Z a ) D S m)
=1

i=1 =1

ith A ! ( o ) (3.7)
W1 i = y .
1+92%, o.%er? o2 + 1712
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(see Appendix B.2 for a detailed derivation), while the posterior distribution of p is given
by:
k -1 ~ k —1
. 1 1 v 3, 1 1
~ N _— —_— _— _— _— _—
[118] <¢2+ — JZZ+T2> ( 2+ZJ-2+T2> ’ <1/12+Zai2+72>

% i=1

(3.8)

First we notice that the posterior mean of 8r can be expressed as a weighted average of
the k effect estimates (Bl, - Bk) and the mean of the prior (u), meaning that it will never
fall out of the range of these values. The same is true for the posterior mean of u. Also,
we notice that the posterior variance of Br is always less than ®~!, that is, for any values
of 1% and 72 in our prior, the precision of the Bayesian estimate of S is at least the same
precision we get for the frequentist estimator. This is not true for pu, for which large values
of 12 and 72 in the prior distribution will produce a large variance of the Bayesian estimate.

Table 3.2 shows the limit values of the posterior mean and variance of Sr and u for some
extreme values of 12 and 72. The only case when the limit value of mean and variance is
the same for both estimators is when using a prior reflecting almost perfect homogeneity
(72 = 0). In this case, the posterior distribution of both 3r and yu is a weighted average of
the inverse-variance weighted average of the estimates (BF) and the prior mean (u), with
the weights depending on the information provided by the data (®) and the precision of
the prior (42). In contrast, when using a prior that reflects large heterogeneity (72 — 0o),
the posterior distribution of p approaches it’s prior distribution, with little or no influence
from the data, while the posterior distribution of Sr approaches that of the corresponding

frequentist estimator.



Table 3.2: Limit values of the mean and variance for the posterior normal distributions of ;1 and Sr, when using a hierarchical
normal prior distribution as in Table 3.1.

Prior distribution

Posterior distribution

Belief Value of hyper-parameter Estimator Mean Variance
‘ ; B+ 2w “1(_®
Homogeneity of the study 20 Br|B B0z d <¢+w,2>
~ s 5 ) _

effects 1B % H-1 (%1272)
Large heterogeneity of the Br| B Br o1

2 = 00 .
study effects w8 v >

. . P _ 23, +02 _ 2

Informative prior for the 250 Br|B 1yo? (TUB$+:5V &0 2 <#>
location of study effects plB v 0
Vague prior for the location ) Br| B B Ia o1

Y? o0 : N2, .
of Study effects ,u|,@ =5 W

> () !

LE
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When using a diffuse prior for the overall location of the effects (¢ — o) the poste-
rior distribution of y approaches that of the frequentist estimator of u under random effects
model with known between-studies variance. Its variance is always greater than ®~! and in-
creases with 72. For a very small value of 72 the mean and variance of (y| ,3) approximate B
and ®~ 1, respectively, while for a value of 72 sufficiently large relative to the study variances
(02), the mean and variance of (u| B) are approximately equal to ), B; /k and 72 /k, respec-
tively. That is, a diffuse prior for p along with moderate to large heterogeneity will produce
a Bayesian estimate of p that approaches the unweighted average of the effect estimates
with its precision directly depending on the number of studies and completely independent
of the size or precision of such studies. This is not the case for 8, for which the posterior
distribution under a vague prior reduces again to that of the frequentist estimator, with the
precision increasing with the total amount of information (® = Y, 0,2 = N, mi¢;). In
other words, in the absence of strong prior beliefs, more precise estimates of the individual
effect-size parameters will produce a more precise Bayesian estimation of Sr, but not of pu.

Finally, when using a very precise or informative prior (12 — 0), the posterior distribu-
tion of Br approaches that of a precision weighted average of the effect-size parameters, after

each one being ‘corrected’ or ‘shrunk’ towards a Normal prior with mean v and variance 72.

Each correction will depend on the precision of the corresponding estimate (o2

2) relative to

the precision of that prior (72). We notice that the gain in precision of this estimate relative
to the frequentist estimator depends on 72, the degree of homogeneity induced by the prior;
greater gain will be obtained when 72 is small, that is, when the effect sizes are thought
to be similar and are then allowed to ‘borrow strength’ from each other. In contrast, the
posterior distribution of p will again be close to the prior distribution when 2 — 0, with
little or no influence of the data.

To better understand the difference between the posterior distributions of Sr and u,
we look further at their means. From (3.8) we can see that the weight for v in E(u|3)
is =2 and the weight for each f3; is (62 + 72)~'. On the other hand, from (3.7), the
weights for v and each of the 3; in E(ﬁp|,f3) can be expressed as being proportional to

¢Y~2 and (0 +72) "1+ 720, 2[1 + 7232, ====) ']}, respectively. We notice then that

i 01-2—1—7'2

more weight is given to the effect size estimates BZ in the posterior mean of Br than in the
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posterior mean of . In this sense, we can say that (8p|3) is ‘closer’ to the data than (u|3).

In summary, we can say that priors that reflect certainty and homogeneity have some
influence in the posterior distribution of S, which translates into a gain in precision (relative
to the estimation obtained without any prior information, i.e. frequentist estimator), while
priors that reflect uncertainty or heterogeneity have little influence, reducing the posterior
distribution to that of the frequentist estimator but with no harm in its precision. On the
other hand, priors reflecting certainty and homogeneity will have a much greater influence in
the posterior distribution of i, allowing little or none contribution from the data, while priors

reflecting uncertainty and heterogeneity can produce estimates with very poor precision.

3.2.1 Prior beliefs on the between-studies variance

So far, we have considered hierarchical models with the hyper-parameter 72 fixed, which
induce a k-variate normal prior distribution for the parameter vector 3. However, as it is
the standard practice in Bayesian random effects meta-analysis, a prior distribution can be
used for 72. A fixed effects approach to meta-analysis would not exclude the use of these
types of hierarchical priors, whenever the effect-sizes are considered to be exchangeable.
However, if we keep in mind that in the fixed effects approach the inference is targeted
to functions of the vector 3, then it is evident that we need to understand and illustrate
the prior (multivariate) distribution of B that is induced by the hierarchical structure that

includes priors for both y and 72. Consider the following hierarchical model:

ﬁla ceey Bk":u?TQ iid N(/‘L7T2)
plv,p* ~  N(vp?)

o ~  U0,q) (3.9)

Figure 3.2.1 shows the prior distribution of the parameter vector 3 = (81, ..., B)? that
is induced by different combinations of Normal priors for x4 and Uniform priors for 72 as
in (3.9). We observe that the marginal distribution of the individual 5; is a bell shaped,
with their variance given by 12 + E(72). However, as it can be observed in the contour
plots of the bivariate joint prior of any pair (8;, 5;), the distribution shows a ‘ridge’ along

the 8; = 3; line. This is also evident in the ‘pointy’ marginal distribution of the difference
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Figure 3.1: Marginal distributions of the effect size parameters (51, ..., 5x) induced by dif-
ferent combinations of priors in u (top) and 72 (left) in a hierarchical model of the form
Bilu, 7% ~ N(p,72) for i = 1, ..., k: the bivariate joint distribution of any pair (8;, 8;) (mid-
dle), the marginal distribution of §; (bottom) and the marginal distribution of (3; — ;)
(right).
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(Bi — B;). This reveals a prior that more strongly suggests homogeneity of the effect-size
parameters, than say a multivariate Normal prior with the same variance and correlation.
Similar ‘ridge-like’ joint distributions of 3 are obtained when using families of distributions
other than Uniform as priors for 72 (results not shown). And even ‘sharper’ distributions
are obtained when ‘vague’ or ‘diffuse’ priors are used for u, as is commonly done, which
induce almost flat priors with very little information on the location of the parameters, but
with a very strong suggestion of homogeneity, which in turn produce the shrinkage observed
in the updated distributions of the effect sizes.

The use of MCMC sampling methods for the estimation of the posterior distributions
for all parameters is well known [18], and will not be discussed here. We just note that the
posterior distribution of the parameters B and (2, as functions of the parameter vector 3,
can be then easily obtained from a random sample of the joint posterior distribution of 3.
Sample code (using R package R2WinBUGS) is shown in Appendix B.3.

A well known characteristic of hierarchical models like the one in (3.9) is the sensitivity
of the resulting inference, both for the location and heterogeneity parameters 1 and 72, to
the choice of prior for 72 [58]. Because of this, sensitivity analyses are recommended as a
routine practice [89]. In the following sections, we use our meta-analysis example to study

the sensitivity of the proposed parameters Sz and ¢? to the choice of prior.
3.3 Example

In this section we illustrate the Bayesian estimation methods discussed in previous Sections
of this Chapter, applied to the example meta-analysis on the efficacy of zinc lozenges in
reducing the duration of common cold symptoms (see Figure 2.5).

In Figure 3.3 we present results from frequentist and Bayesian estimation of the proposed
parameters Sz and ¢? from a fixed effects approach, as well as the parameters p and 72
from a random effects approach. Results of Bayesian analyses include those from selected
priors of the family of conjugate Normal distributions in Table 3.1, as well hierarchically
structured priors compiled in the paper by Lambert et al. [58]. For the former, the mean
and variance of the posterior Normal distribution of 8¢ and u were obtained using equations

(3.3) and (3.8), respectively, while the mean and variance of the posterior distribution of
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¢? were obtained from equations in Appendix B.1, and selected percentiles were obtained

using the R package CompQuadForm.
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Figure 3.2: Posterior distribution (mean with 95% probability interval) of the location parameters
w and Br (top) and posterior distribution (median with 95% probability interval) of the heterogene-
ity parameters 7 = V72 and (= \/C>2 (bottom), along with frequentist estimates (the FE precision
weighted average (PWA, ), the precision weighted average squared deviation (PWASD, ¢2), and
the RE DerSimonian-Laird (D-L) estimators). Results from hierarchical Normal prior distributions
(Bilp ~ N(p, 72), fori = 1,....k; p ~ N(0,4?))), with a fixed value for the between-study heterogene-
ity or a diffuse prior distribution taken from Lambert et al. [58] (L1: 772 ~ Gamma(0.001,0.001);
L3: log(7?) ~ Uniform(—10,10); L5: 72 ~ Uniform(1/1000, 1000); L7: 7=2 ~Pareto(1,0.001); L9:
7 ~Uniform(0, 100); L11:7 ~ N(0, 100) for 7 > 0).
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These results illustrate how the point estimate and precision of y are very sensitive to
the choice of prior distribution, and specifically to the level of heterogeneity in the prior.
For example, when using a very flat prior for x (N(0,1000)) with a homogeneous prior for
the study effects (8; ~ N(u,0.25)) then [1|8] ~ N(—1.72,0.312), while the same vague
prior for u with a more heterogeneous prior for the study effects (8; ~ N(u,25)) results in
a very different posterior: [u|3] ~ N(—0.72,2.08%). This is not the case for Sg, for which
the posterior distribution, in both cases, approximates that of the frequentist estimator.

Further results of Bayesian analyses using a hierarchical model with Normal prior for
p and a fixed value of 72 (equivalent to a multivariate Normal prior for 3) are shown in
Figure 3.3, while results from hierarchical models with a Uniform prior distribution for
72 are shown in Figure 3.3. In these plots we show the posterior mean and 95% credible
interval of the location parameters p and S, for a range of values of 72 (or the hyper-
parameter # that determines its distribution). These correspond to priors that go from

close to homogeneous (72 — 0) to more heterogeneous (72

— 00). We also use selected
values of 2, which correspond to priors that go from very precise (¢ = 0.01) to very flat
or vague (¢? = 1000). It is evident again that the estimation of y is more sensitive to the
choice of prior than the estimation Sp. The example also illustrates the behavior of the
estimates in the limit cases described in Table 3.2. For example, the posterior distribution of
w1 approaches the distribution of S as the heterogeneity decreases, while it approaches either
the prior distribution (when 92 is small) or the distribution of the un-weighted average (when
1)? is large) as the heterogeneity increases. On the other hand, the posterior distribution
of B is more stable, i.e. more robust to vagueness and/or heterogeneity in the prior,
approaching in such cases the distribution of the frequentist estimator.

As for the quantification of heterogeneity, we can see that the posterior distribution
of ¢? is, as expected, influenced by prior beliefs on the heterogeneity of the study effects.
However, this influence is limited to a range of values 72, with the posterior distribution of
¢? ‘stabilizing’, as consequence of the posterior distribution of the individual study effects
stabilizing around their frequentist estimates. Although a similar ‘stabilizing’ behavior is
observed in the median of the posterior distribution of 72, the precision (as reflected by the

credible intervals) is importantly sensitive to the choice of prior (See Figure 3.3).
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parameters 12 and 72 from the hierarchical Normal prior distribution (8;|p ~ N(u, 72), for
i=1,....k p~ N(0,v?)).



45

Location Parameters Heterogeneity Parameters
— Pr H B — 7 — 7 (Bi-Br)?
< - R
P?=0.1
o~ - g
o _]
PE_ELEE s S = = (0]
o
[ ——————————————— Q 4
YA s |
T - T T T T T I - c
L_) 0 20 40 60 80 100 ('o)
© >
S) Ln
o < - , 0’— 9
c | v 5 ..
S 8
E L = - == E % .
S ° 77 S o
[ s °
[%2] 1 +— o _]
o 0 <
o o
T & o
T T T T T I
0 20 40 60 80 100
< - 5 3
$*=1000 -
SV === = 8 n
7 - 3
o 7 o |
' N
Y b - -~ o
- —
Y 4 e o -
T T T T T | T T T T T I
0 20 40 60 80 100 0 20 40 60 80 100
8 (Prior: ° ~ U[0,8] ) 8 (Prior: 7° ~ U[0,0] )

Figure 3.4: Mean and 95% credible interval from MCMC samples of posterior distributions
of the location parameters Sp and p (left), and median and 95% credible interval from
posterior distribution of heterogeneity parameter ¢? along with value of 72 (right). Results
are presented for different values of hyper-parameters 12 and € from the hierarchical model:
Bilpw ~ N(u,72), for i = 1,....k; u ~ N(0,%2)); 72 ~ U(0,0)



46

3.4 Final remarks

In this chapter, we have proposed and implemented a Bayesian fixed effects approach to
meta-analysis, based on the estimation of a precision weighted average, to describe the over-
all location of the effect-size parameters, along with the estimation of a precision weighted
average of their squared deviations, to describe their heterogeneity. The choice of this par-
ticular weighted average is also justified within a Bayesian framework by their statistical
optimallity among all affine combinations.

Estimation of both the location parameter S and the location parameter (? have been
discussed. We also derived and discussed properties of these estimators, not only showing
that the fixed effects approach is a valid alternative to the random effects approach in the
presence of heterogeneity, but furthermore, that estimation of the proposed parameters can
be more precise and stable, and less sensitive to the choice of prior. Such benefits are more
evident in meta-analyses with few heterogeneous studies, like in the example included here.
We emphasize that both the precision and stability observed do not come from any particular
choice of method or prior distribution, but from targeting our inference to a parameter that

is ‘easier’ to estimate, a parameter for which the data provide more information.
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Chapter 4

SHRINKAGE AND CLUSTERING IN FIXED EFFECTS
META-ANALYSIS, VIA PENALIZED ESTIMATION

In previous chapters we have proposed summarizing the overall location and spread
of the effects from the studies included in a meta-analysis through data-adaptive weighed
averages of the estimates and their squared deviations. We have shown that targeting our
inference to these parameters results in more precise and robust estimation, as these are the
parameters for which the data provide more information. Therefore, we have recommended
this approach as an alternative to traditional methods used in meta-analysis, whenever there

is interest in summarizing the results from all the different studies.

However, when combining results from different studies in a meta-analysis, it can also be
of interest to obtain better estimates of all the effect-sizes, improving on the estimation that
was obtained in each individual study. Even when the true effect sizes are assumed as fixed,
unknown and independent quantities, it is quite possible that combining information from
all the studies might lead to better estimators than the ones independently provided. As
shown by James and Stein in a seminal paper [50], better predictive accuracy is achieved,
on average, when sample means are pooled together (i.e. shrunk), even when they estimate
independent and unrelated quantities. Similarly, methods of penalized estimation in linear
regression which also produce shrunken estimates, like Ridge Regression or the ‘least abso-
lute shrinkage and selection operator’ (lasso) [98] have been successfully applied in areas of

‘big data’ like genomics and proteomics.

In the context of meta-analysis, full Bayesian and empirical Bayesian methods naturally
provide shrunken estimates of the individual effects. The updated estimates are said to
‘borrow’ strength from each other, as this method shrinks the estimates towards the mean of
a population of effects, whose distribution is updated using the whole vector of parameters.

However, these approaches rely on incorporating prior information and/or a random effects
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model. There has not been proposed (to our knowledge) a frequentist approach for shrinkage
estimation in meta-analysis, and furthermore, one based on a fixed effects model.

On the other hand, efforts have been made to develop methods in meta-analysis that
perform some form of grouping or clustering of effects. This is often motivated by the belief
that there is a small number of subgroups of studies with effects that are the same (or very
similar) within each subgroup, but different between subgroups. This idea has a special and
important application in transethnic meta-analysis of GWAS, where more closely related
populations are expected to have similar allelic effects than those from diverse ethnic groups.
This is taken into account in the methodology proposed in Morris [69], where some subset
structure is incorporated as prior information into a Bayesian analysis. A similar idea is
explored in Bhattacharjee et al. [6], where a method is proposed that “exhaustively explores
subsets of studies for the presence of true association signals that are in either the same
direction or possibly opposite directions”.

In this chapter we propose a method for shrinkage estimation in meta-analysis that
shares some traits of the continuous shrinkage seen, for example, in Bayesian estimation
or ridge regression methods, with grouping or clustering techniques. For this, we propose
adapting penalized shrinkage estimation methods, which provide estimates that are con-
tinuously shrunk to be more similar (perhaps even identical) to each other, as determined
by a tuning parameter. Thus, different degrees of shrinkage will produce estimation from
a k-dimensional ‘unshrunk’ statement of all the Bi, through to a ‘fully-shrunk’ univariate
average effect, given by the precision weighted average BF- Along this trajectory, it will
be also possible to identify different subgroups among the studies, as the various Bl merge
together as the degree of shrinkage increases.

The outline of the chapter is as follows: in the next section we provide a literature review
of shrinkage methods, as well as clustering methods. In Section 4.2 we apply and adapt
loss functions for penalized estimation to meta-analysis, achieving continuous shrinkage in
the form of a solution path, along a range of values of a tuning parameter. We also derive
the properties of these solution paths and illustrate them on a meta-analysis example. In
Section 4.3 we discuss a method for the estimation of the tuning parameter, which is suitable

in the context of meta-analysis. Finally in Section 4.4 we present the results of a simulation
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study, where we evaluate the performance of our proposed method, followed by a few final

remarks in Section 4.5.

4.1 A brief literature review on shrinkage estimation

4.1.1 The James-Stein shrinkage estimator and Empirical Bayes estimation

Following an important result showing the inadmissibility of the sample mean for multivari-
ate normal distributions with dimensionality & > 3 [90], James and Stein proposed an esti-
mator for the vector of means from independent normal distributions (8 = (61, 6s, ..., 0)7),
which had uniformly lower mean squared error than the vector of sample means [50]. As-

suming the following simple setting
Xi\GiNN(Gi,l), fOI'iZl,...,kZS, (4.1)

an improved version of the James-Stein shrinkage estimator (known as the ‘positive part

James-Stein estimator’) is given by:

é¢=M¢+( 1-(k-2) )Jr(Xi—Mi)
Sr (X5 — ) 7

with g = (p1, po, ..., )T as an initial guess for . In later work, the James-Stein estimator
was derived in an empirical Bayes context [23; 64; 91|, based on a hierarchical model. By

setting a normal prior for 1, ..., O:
0; ~ N(u,72), fori=1,.. k,
the posterior means are given by

BlO,X,] = i + (1 - Hl) (X~ 1), (42)

which depend on the unknown hyper-parameter 72. The James-Stein estimator results

when the unbiased estimate of 72 given by (k —2)/S, is substituted in (4.2) [24]. Stemming
from this result, other empirical Bayes shrinkage estimators have been proposed, which
use different estimates of 72. For example, a maximum likelihood (ML) estimator (with a

slight modification) is proposed in [23] for the heteroskedastic case (i.e. unequal variances
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of X1,..., Xi); a simpler ML estimator and an iterative method of moments are used in [11],
where also a ‘non-parametric’ empirical Bayesian approach is proposed. As pointed out
n [11], these methods are closely related to the random effects model often used in meta-
analysis.

More recent work by Xie et al. [106] proposes a class of shrinkage estimators for het-
eroscedastic hierarchical models. Their work is based on an important result known as the
Stein’s unbiased risk estimate (SURE) [92], which has been very influential on shrinkage
estimation: when the amount of shrinkage is determined by a ‘tuning’ parameter (like 72
in (4.2)) an optimal value can be selected such that it minimizes the SURE. Using this
idea, various classes of estimators are derived, called SURE shrinkage estimators [106],
which enjoy good asymptotic optimality properties. The SURE shrinkage estimators in-
clude estimators based on a hierarchical model, as well as some more robust non-parametric
estimators, that were shown to perform better than the James-Stein and empirical Bayes

estimators.

4.1.2  Shrinkage through penalized estimation

In linear model regression, ridge regression is a method used to produce shrunken esti-
mates. The method consists of estimating the regression coefficients 3 = (f, ..., Bp)T by
minimizing:

%(Y —XB) (Y - XB)+ A zp; B2, (4.3)

with Y € R™ denoting the response vector and X € R™ P the matrix of predictors. By
varying the tuning parameter )\, the method provides a continuous path of solutions that
shrink from the Ordinary Least Squares (OLS) estimator to zero (when covariates have been
centered).

In 1996, Tibshirani introduced the least absolute shrinkage and selection operator (LASSO)
method of estimation for linear models [98], in which the sum of the absolute value of the co-
efficients (rather than their square) is penalized. It has been shown that it is also equivalent
to a special form of ridge regression, called adaptive ridge regression [12; 32]. This method

tends to produce some coefficients equal to 0, and thus it “tries to retain the good features
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of both subset selection and ridge regression” [98]. The LASSO consists of minimizing;:

p
SV~ XB) (Y~ XB) + A Y Il (44)

i=1
An important extension of this method is the Fused LASSO [99], in which a natural
order of the coefficients is assumed, so that by penalizing the neighboring distances it

induces shrinkage of neighboring coefficients towards each other:

1 p p—1
2(Y—Xﬁ)T(Y—Xﬁ)+)\1;|5i\+/\2;5i—ﬁz‘+1\- (4.5)

A particular case of this method, which assumes X = I, is called the Fused Lasso Signal
Approximator (FLSA), and it is widely used, especially in image reconstruction [26]. For
one dimensional problems the loss function is:

n

n n—1
L(Y,B) = %Z(y@- —Bi)P M D 1Bil + X Y 18— 