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Abstract: Which data to analyze, and how, are fundamental questions of all empirical research. As there are always numerous flexibilities in
data-analytic decisions (a “garden of forking paths”), this poses perennial problems to all empirical research. Specification-curve analysis and
multiverse analysis have recently been proposed as solutions to these issues. Building on the structural analogies between primary data
analysis and meta-analysis, we transform and adapt these approaches to the meta-analytic level, in tandem with combinatorial meta-
analysis. We explain the rationale of this idea, suggest descriptive and inferential statistical procedures, as well as graphical displays, provide
code for meta-analytic practitioners to generate and use these, and present a fully worked real example from digit ratio (2D:4D) research,
totaling 1,592 meta-analytic specifications. Specification-curve and multiverse meta-analysis holds promise to resolve conflicting meta-
analyses, contested evidence, controversial empirical literatures, and polarized research, and to mitigate the associated detrimental effects of

these phenomena on research progress.
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Structural analogies between meta-analysis and the analysis
of primary studies in empirical research have been noted
since the inception of meta-analytic methods in the late
1970s. In particular, whereas primary studies deal with
and analyze a collection of observations (predominantly,
data obtained from individual study participants), meta-
analyses deal with and analyze a collection of outcomes
of primary studies (predominantly, effect sizes extracted
from individual studies).

In the wake of the current (2010s) reproducibility debate
and method-reform movement in psychological science and
other empirical disciplines (Nelson, Simmons, & Simon-
sohn, 2018), it has increasingly come to attention that there
are numerous flexibilities in data-analytic decisions (now
interchangeably termed as researcher degrees of freedom,
p-hacking, or the data-analytic “garden of forking paths”;
Gelman & Loken, 2014; Simmons, Nelson, & Simonsohn,
2011). More specifically, it appears that researchers often
disagree, or are uncertain, about which individual observa-
tions to include (vs. to exclude) in the analysis of an empir-
ical dataset, and further, which data-analytic strategy is
fitting. These phenomena are strikingly demonstrated in
field experiments of crowdsourced data-analysis, wherein
many data-analysts independently from each other tackle
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the very same, seemingly simple, research question using
the very same dataset (Silberzahn et al., 2018).

In similar vein, meta-analyses often are criticized with
regard to their study inclusion criteria (i.e., which studies
are eligible vs. which are not), and further, which meta-
analytic strategy might be appropriate or optimal (begin-
ning from the choice of the effect-size metric, over possible
transformations of these, to the type of meta-analytic
modeling itself). Apart from that, at least some questionable
research practices (such as p-hacking) that pervade primary
research (Nelson et al., 2018; Simmons et al., 2011) might
be less prevalent or likely in meta-analyses.

For empirical primary studies, there have been recent
proposals of methodologists to address and resolve these
concerns (which data to include, and how to analyze them).
Here, we adopt, modify, and apply the framework of these
solutions to meta-analysis; illustrate the potential of this
approach with a concrete, fully worked practical application
example; indicate further such examples in diverse
research fields; include appropriate data-visualization
techniques; provide software code within the R software
environment for practitioners; and discuss the implications
of the approach for broader debates surrounding meta-
analyses.
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Specification-Curve and
Multiverse-Analysis Approaches to
the Analysis of Primary Studies

Simonsohn, Simmons, and Nelson (2015) noted that, in the
data analysis of primary studies, researchers, perhaps often-
times, disagree on which data points to include, and further,
disagree on which statistical tests to calculate. Briefly, these
considerations boil down to the fundamental questions of
which data to analyze, and how to analyze them. Simonsohn
et al. (2015) foremost illustrated these points by discussing
a highly publicized, controversial paper (Jung, Shavitt, Vis-
wanathan, & Hilbe, 2014a), which claimed to show that
the perceived femininity (vs. masculinity) of (arbitrarily
chosen) names for hurricanes was associated with higher
(vs. lower) death toll of these hurricanes in the USA.

The paper appeared as a full report in the prestigious Pro-
ceedings of the National Academy of Sciences of the USA
(PNAS) and was highly publicized in diverse news outlets,
online social media, and the like, as indicated by an Altmet-
ric attention score of 2,334 (as of end of August 2018;
see  https://www.altmetric.com/details/23976284#score).
To put such an exceedingly high media response as this
one in appropriate context, among the 11.68 million
research outputs so far indexed by Altmetric, the Jung
et al. (2014a) paper ranks 344 (or, at the percentile 99.997).

At the same time, the Jung et al. (2014a) paper triggered
a daisy chain of critical, published letters to the editor
(Bakkensen & Larson, 2014; Christensen & Christensen,
2014; Maley, 2014; Malter, 2014), along with published
author replies and rebuttals (Jung et al., 2014b, 2014c,
2014d), all offering discrepant, and seemingly irreconcil-
able, views on which hurricane data to include and how to
analyze them. Simonsohn et al. (2015) assembled all these
views (or, alternative specifications for data analysis) com-
binatorially, showed that this yielded 1,728 different ways to
analyze more or less the same underlying data set, and fur-
ther showed that the specific finding of female-named hur-
ricanes being deadlier, as reported in Jung et al. (2014a),
belonged to a small subset of analyses (37 out of a total
of 1,728 specifications, or 2.1%) which yielded a nominally
significant result. Hence, the published main finding of
the hurricane paper clearly was not supported. As a side
note, a later, independent replication attempt (Smith,
2016), published in a specialist journal and utilizing a much
broader data set, also found no support for the main finding
of the hurricane paper.

Simonsohn et al. (2015) denominated their approach
specification-curve analysis, comprised of the following
steps: (1) identification of the (reasonable) specifications
for analysis (which data to analyze, and how); (2) com-
binatorial assembly of these specifications (statistically
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analyzing all of these); (3) visualization of the different
results emerging; (4) inferential statistical procedures
(permutation/randomization tests or bootstrap techniques,
dependent on the data structure and type of research
hypothesis), in order to test whether the results as a whole
deviate from the null hypothesis. Most recently, specifica-
tion-curve analysis has successfully been applied for clarify-
ing the role of birth-order effects in personality traits and
cognitive abilities, a line of inquiry which hitherto has pro-
duced notoriously inconsistent findings (Rohrer, Egloff, &
Schmukle, 2017).

A quite similar proposal was made by Steegen,
Tuerlinckx, Gelman, and Vanpaemel (2016), who called
their approach multiverse analysis. Comparing multiverse
analysis with specification-curve analysis shows that
the above steps (1) and (2) are identical, that multiverse
analysis proposes different graphical displays for step (3)
(a histogram, and an additional tile plot, of the p values,
as they emerge from multiverse analysis) than specifica-
tion-curve analysis does (a specification-curve plot), and
that multiverse analysis lacks the inferential statistics of
step (4).

These approaches are not without forerunners and con-
genial ideas, which are rooted in the robustness analysis
practices in economics and more generally in the predic-
tor-selection problem in regression analysis. Such similar
approaches have recently been advocated in sociology
(multimodel analysis: Young, 2018; Young & Holsteen,
2017) and epidemiology (vibration-of-effect analysis: Patel,
Burford, & lIoannidis, 2015). Generally, these approaches
formally appear less worked-out than the above ones and
proceed more incremental than systematical or fully combi-
natorial. That is to say, available control variables (covari-
ates or confounders) are added step by step to a model to
test their influence. Owing to this narrower design and
intention, we do not discuss them here further.

Research Synthesis of All Possible Study
Subsets: Combinatorial Meta-Analysis

One meta-analytic idea somewhat akin to the specification-
curve and multiverse analysis approaches is combinatorial
meta-analysis (Olkin, Dahabreh, & Trikalinos, 2012). Main-
stream sensitivity analysis in meta-analysis can be viewed
as similar to regression diagnostics, in that it follows the
leave-one-out method (i.e., of k studies leaving out one
study at a time, and recalculating the statistic of interest
based on the remaining k — 1 studies in the meta-analysis).
In contrast, combinatorial meta-analysis calculates the
statistic of interest for all possible subsets of studies in
the meta-analysis (of which there are 2k — 1 subsets, when
there are k studies). In addition, to visualize the results of
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combinatorial meta-analysis (in particular, cross-study
effect heterogeneity, depending on the selected study sub-
set included in one meta-analytic scenario of the combina-
torial meta-analytic universe), Olkin et al. (2012) proposed a
novel meta-analytic graphical display, namely the GOSH
(graphical display of study heterogeneity) plot.

Although combinatorial meta-analysis is an elegant and
excellent means to identify influential studies in a meta-
analysis, as of yet this approach has rarely been used. Fur-
ther, it quickly becomes computationally infeasible (due to
the combinatorial explosion inherent in the term 2¢ — 1)
with an increasing number of primary studies desired to
include in a meta-analysis.

A Specification-Curve and
Multiverse-Analysis Approach to
Meta-Analysis

Our proposal is straightforward and simple: briefly, we sug-
gest to adopt, transform, and blend the specification-curve
and multiverse analysis approaches, which were developed
for the analysis of primary studies, to a specification-curve
and multiverse approach to meta-analysis (see Taylor &
Munafo, 2016, for a recent call for method triangulation
of meta-analytic evidence). This includes adaptations of
the inferential statistical test (specifically, a parametric
bootstrap procedure) of specification-curve analysis, as well
as adaptations of the graphical displays of both specifica-
tion-curve analysis (descriptive and inferential statistical
specification-curve plots) and multiverse analysis (his-
tograms and tile plots of p values for all specifications) to
the meta-analytic framework. We supply software code
for these data visualizations and all respective analyses
(https://osf.io/nkv46).

Also central to the context considered here is that, in
essence, combinatorial meta-analysis is a brute-force
method which simply automatically (and thus quasi blind-
fold) tests all possible study subsets in one meta-analysis.
However, the vast majority of these conceivable subsets,
which theoretically can be thought of, would not be
regarded as reasonable alternative specifications vis-a-vis
study eligibility in any meta-analysis. In that regard, the
specification-curve and multiverse approach to meta-
analysis can be viewed as a theoretically and conceptually
guided, and thus parsimonious, minimal variant of combi-
natorial meta-analysis. A further important difference is
that combinatorial meta-analysis analyzes all study subsets
with the same meta-analytic technique, whereas the speci-
fication-curve and multiverse meta-analytic approach intro-
duced here allows for several ones (e.g., fixed-effect vs.
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random-effects modeling). Bearing these differences in
mind, we suggest to apply combinatorial meta-analysis in
tandem with the conceptually more refined approach intro-
duced here.

Worked Example: Meta-Analytic
Specification-Curve and Multiverse
Analysis of the Effect of Androgen
Receptor Gene CAG Repeat
Polymorphisms on Digit Ratio
(2D:4D)

Explanatory Background

Our fully worked example is taken from a real, and con-
tested, line of inquiry. In particular, it updates and expands
two extant meta-analyses (Honekopp, 2013; Voracek, 2014)
on the same topic with new data, and for the first time uti-
lizes a specification-curve and multiverse analysis approach
of meta-analysis. In the following, we provide necessary
background information about the research field underlying
our example, explain the reasons for selecting this research
example, and illustrate why we think that the meta-analytic
specification-curve and multiverse analysis approach, along
with combinatorial meta-analysis, is informative and
insightful with regards to research constellations similar
to this one.

Diverse strands of animal research, as accumulated since
the late 1950s, suggest that prenatal androgen action (PAA;
foremost, testosterone levels, and exposure) have long-last-
ing, permanent (i.e., so-called organizational, or organizing)
effects on the brain, behavioral traits, and disease suscepti-
bility postnatally (Berenbaum & Beltz, 2011; Hines, 2010,
2011). This phenomenon is denominated as prenatal pro-
graming and, for the above reasons, of interest for a wide
array of research fields (including biological, clinical, devel-
opmental, differential, economic, health, personality, and
sport psychology).

However, there are obvious barriers to study such effects
in humans and in psychological science. For one thing, ani-
mal endocrine systems and routes, and the effects of these,
may not be directly translatable to humans. On the other
hand, prenatal hormone measurement is intractable for
human research; human sex-hormonal experimentation
(e.g., manipulating embryonic testosterone levels) for ethi-
cal reasons is infeasible; and experiments of nature (as pro-
vided by early-onset endocrine disorders in humans, such
as congenital adrenal hyperplasia, complete androgen
insufficiency syndrome, or polycystic ovary syndrome) have
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their own limitations of insight. Hence, having valid retro-
spective markers for PAA (i.e., endocrine-sensitive end-
points which are observable and measurable) would be of
great value for progress on this nexus of research questions
and thus are a research desideratum (Cohen-Bendahan,
van de Beek, & Berenbaum, 2005; Voracek, 2011).

Of all such proposed PAA markers proposed over the
past few decades (e.g., age at menarche, anogenital dis-
tance, finger-ridge count, otoacoustic emissions, and twin-
type comparisons of same-sex vs. other-sex dizygotic twin
pairs), the second-to-fourth digit ratio (2D:4D) by far is
the most frequently investigated one. 2D:4D is a finger-
length ratio, namely the length of the index finger (2D), rel-
ative to the length of the ring finger (4D). On average, men
show lower (smaller) 2D:4D than women. This sex effect is
of small-to-medium size (d < 0.50; Honekopp & Watson,
2010). From embryologic studies, it is known that these
sex differences and individual differences in 2D:4D emerge
early, namely already prenatally, during the testosterone
peak occurring after one third of gestational length, which
in turn gives rise to sexual differentiation and masculiniza-
tion of the brain and other tissues. Many contributors to the
2D:4D literature believe that sex and individual differences
in 2D:4D are developmentally sufficiently stable, as to
ensure that 2D:4D can indeed be taken as the long-desired
retrospective PAA marker.

The popularity of the 2D:4D marker for research is indi-
cated by the fact that about one decade after the initiation
of this line of inquiry (Manning, Scutt, Wilson, & Lewis-
Jones, 1998), according to a scientometric analysis of
2D:4D research, the literature totaled more than 300 pub-
lished journal reports (Voracek & Loibl, 2009). Using the
same literature search strategies as this scientometric
account to keep track with the growth of this literature,
our current estimate (as of end of August 2018) of the size
of the 2D:4D literature amounts to more than 1,400 pub-
lished journal reports, along with more than 150 published
journal abstracts and about 300 unpublished academic
theses. While these surely are formidable numbers, after
20 years of research, questions of wvalidity (or, lack
thereof) of the 2D:4D marker still permeate the literature.
This is mainly due to an apparently widespread lack of
replicability of initial 2D:4D research findings by subse-
quent large-scale investigations and corresponding meta-
analyses (e.g., Voracek, Kaden, Kossmeier, Pietschnig, &
Tran, 2018; Voracek, Pietschnig, Nader, & Stieger, 2011;
Voracek, Tran, & Dressler, 2010). In this sense, 2D:4D
research may well be characterized as a contested, if not
polarized (Hofmann, 2018), field of investigation. As for
its perceived importance to, and popularity in, psycholog-
ical science, we note that published 2D:4D research pre-
ponderantly is conducted at psychology departments,
and the journals most frequently publishing 2D:4D papers
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also are from psychology (Voracek & Loibl, 2009). Fur-
ther, existing journal special issues on 2D:4D research
have appeared in psychology journals (Hennig & Ramm-
sayer, 2007; Voracek, 2011).

Our worked example deals with one central validity
claim of the 2D:4D marker, namely, its postulated associa-
tion with a functional length-variant polymorphism found
in the human androgen receptor (AR) gene (i.e., gene vari-
ants characterized through varying repetitive patterns,
which variations alter the function of the gene). This asso-
ciation has been characterized as the “strongest evidence
that androgens affect digit ratio” (Breedlove, 2010,
p. 4117). Exon 1 of the human AR gene codes for an amino
acid tract, in the form of CAG (polyglutamine) stretches of
variable length. These repeat-length polymorphisms vary
interindividually and, of particular importance, mediate
the efficacy of testosterone action, such that longer CAG
stretches are less efficacious, whereas shorter CAG
stretches are more efficacious. Various research has found
that, within physiologic limits, these CAG effects are linear.
The genetically based differential efficacy existing in the
human AR is therefore expected to correlate positively with
2D:4D, to the extent that the latter reflects testosterone
sensitivity. That is, a shorter (and more efficacious) CAG
repeat number should correspond to lower (masculinized,
or male-typed) 2D:4D, whereas longer (and less efficacious)
CAG repeats should correspond to higher (feminized, or
female-typed) 2D:4D.

This is what has been observed in the first suchlike study
(Manning, Bundred, Newton, & Flanagan, 2003). Despite
being based on a small sample (N = 50), numerous failures
to replicate its findings in subsequent reports, which partly
were based on much larger samples, and two meta-analyses
of the cumulative empirical evidence, which both yielded
null findings (Honekopp, 2013; Voracek, 2014), the
Manning et al. (2003) paper is one of the most-cited
2D:4D publications (Voracek & Loibl, 2009), with about
370 citations in Google Scholar (as of end of August
2018). Of these citations, more than one third (about 150)
have accrued affer the appearance of the two meta-analyses
summarizing this literature. In contrast, citation counts for
the two meta-analyses in the same database are compara-
tively low (25 citations each for Honekopp, 2013, and
Voracek, 2014). Further, a citation analysis (Voracek,
2014) of Manning et al. (2003) found that 80% of citations
to Manning et al. (2003) cited the report confirmatively (as
if there were evidence for 2D:4D/CAG correlations) and
70% cited the report solely (as if there were no further
2D:4D/CAG studies). In addition, citation analyses con-
ducted in the Web of Science database (by citing source
and science category) show that the citations garnered by
Manning et al. (2003) preponderantly come from psychol-
ogy journals. In line with this, the top-citing journal is from
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psychology, as well as four further from the top-10-citing
journals of Manning et al. (2003).

Here, we are able to provide an appreciable update of the
most recent meta-analysis on this topic (Voracek, 2014)
only a few years afterward, because more than a few fur-
ther 2D:4D/CAG studies have since been published. All
of this shows the oftentimes uncertain and limited impact
of meta-analyses on their respective literatures, and their
sometimes disappointing ability to prevent redundant fol-
low-up research (Habre, Tramer, Popping, & Elia, 2014).
Owing to its epistemological scope, a specification-curve/
multiverse meta-analysis should be more difficult to ignore,
or wiped off, than a further conventional (single-specifica-
tion) meta-analysis, and may as well safeguard against sub-
sequent, largely overlapping and thus redundant (loannidis,
2016; Naudet, Schuit, & Ioannidis, 2017), conventional
meta-analyses. This is why we opted to select this research
question as the worked example.

Methods

Literature Search for the Meta-Analytic Update

For our worked example (for study details and findings, see
Table 1), we update the most recent, and largest, published
meta-analysis of CAG effects on 2D:4D (Voracek, 2014),
that encompassed 13 studies published up to 2014 (Butovs-
kaya et al., 2012; De Naeyer et al., 2014; Durdiakova et al.,
2013; Folland et al., 2012; Hampson & Sankar, 2012; Hurd,
Vaillancourt, & Dinsdale, 2011; Knickmeyer, Woolson,
Hamer, Konneker, & Gilmore, 2011; Kubranska et al.,
2014; Latourelle, Elwess, & Elwess, 2008; Loehlin, Med-
land, & Martin, 2012; Manning et al., 2003; Mas et al.,
2009; Zhang et al., 2013), which provided a maximum of
18 samples (total N = 2,909) for meta-analytic inclusion,
originating from nine countries located on five continents
(Australia, Belgium, Canada, China, Slovakia, Spain, Tanza-
nia, UK, and USA). Using the same multi-pronged literature
search and data retrieval strategies and the same eligibility
criteria as in the previous meta-analysis (see Voracek, 2014,
for details), we ascertained seven further, more recent,
studies (Babkova Durdiakova et al., 2017; Chang et al.,
2015, Cheng, Zhao, Lu, Liu, & Liu, 2016; Durdiakova,
Celec, Laznibatova, Minarik, & Ostatnikova, 2016; Dur-
diakova et al., 2015; Warrington et al., 2018; Zhang et al.,
2018), which provided 13 additional samples for inclusion,
including two samples from a further country (Denmark:
Chang et al., 2015). The updated meta-analysis comprises
a maximum of 31 samples, with total N = 10,183. The liter-
ature search also detected a duplicate publication (not
included in analysis): Zhang et al. (2016), not citing Zhang
et al. (2013), analyzed exactly the same sample, and used
one half of the data, of the earlier report (by calculating
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correlations within subgroups defined by the lower/upper
quartiles of study variables’ distributions).

This corpus of primary studies largely is without author
overlap; only one group contributed multiple (albeit rela-
tively small) studies to the meta-analysis (Babkova
Durdiakova et al., 2017; Durdiakova et al., 2013, 2015,
2016; Kubranska et al., 2014). Apart from the CAG studies,
Voracek (2014) also reported 2D:4D meta-analyses for a
further AR gene repeat-length polymorphism, namely
GGC (also termed GGN, polyglycine) stretches. We skip
this further evidence, because the respective literature is
much smaller and no additional data have emerged.

Table 1 displays the 2D:4D correlations with CAG
repeats for right-hand digit ratio (R2D:4D), as well as for
left-hand digit ratio (L2D:4D), and the right-minus-left-
hand difference in digit ratio (Ag_). Although R2D:4D
and L2D:4D are substantially positively correlated, and
the Ag 1 difference variable is not independent from its
constituents as well, here we follow common conventions
of digit ratio research and investigate all three of them
separately. Specifically, it has been argued (Honekopp &
Watson, 2010) that R2D:4D shows larger sex differences
and stronger, or more reliable, effects with variables of
interest than L2D:4D, and that there is directional asymme-
try, as well as a sex effect, in Ag 1, (on average, Az 1 < O,
and more often so, or more pronounced, for men, as com-
pared to women).

The Specification Factors: Which Data

to Meta-Analyze, and How

We now turn to the specifications we make for the specifi-
cation-curve and multiverse meta-analysis of the effects of
CAG repeats on 2D:4D. We distinguish between external,
or “How” factors (i.e., how to meta-analyze the data), and
internal, or “Which” factors (i.e., which data to meta-
analyze). We decided to consider two of the former and
six of the latter type of factors, as follows.

The first external factor concerns the choice of effect
size, because, instead of meta-analyzing Pearson r coeffi-
cients, one could opt for transforming these to Fisher’s z,
coefficients prior to meta-analysis (as in Voracek, 2014).
The second external factor concerns the choice of the
meta-analytic model. For instance, whereas Honekopp
(2013) used a random-effects model (REM), Voracek
(2014) used the fixed-effect model (FEM). Further, we con-
sider two REM variants, differing in how the between-study
variance is estimated, namely the DerSimonian-Laird esti-
mator (DL) and the restricted maximum-likelihood estima-
tor (REML), and an unweighted meta-analytic model
(UWM) as well. Although the latter approach clearly is atyp-
ical for meta-analysis (wherein the credo is that empirical
evidence should be weighted according to its information
value, a proxy of which is sample size), it nevertheless is
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=) R (‘%E interesting because the UWM has similarities with the
2 g|8%5e8 “cognitive algebra” done in traditional, narrative, unsys-
1 | C G § ::/ o 2if é B tematic reviews, namely the attitude of taking evidence
= ® ;‘ © ;“E g 3 E % “as is”, no matter what the respective underlying sample
S 5288 ° size is. Together, the two How factors make up for 2 x 4

NE2B S = 8 different ways to meta-analyze the same data.
g ) % 2 Considering the Manning et al. (2003) study in terms of
= i 'CLTS & potentially relevant study features, we notice six of these,
g % U'E % E % which therefore constitute our internal, or Which, factors.
o ) g - S §§D“§ E ;:) Manning et al. (2003) was a study of healthy adult White
~ales & 55 S| 25 el men, with 2D:4D directly measured from the fingers, and
S o :‘ % g 24 2 % published as a full journal report, with all outcomes relevant
8 3 B g é é for this meta-analysis reported therein. All these six study
= g 8 gg features (participant sex, age group, group status, ethnicity,
o % R 2D:4D measurement method, and publication status) are
g@nE 3 dichotomous; in theory, these Which factors thus make
) 29028 e up for 2° = 64 ways to meta-analyze different data subsets.
o o 8 (: 3 g % =2 e We note that, although specification factors generally are
é E 8 g S é 8 |3 £ % £8 categorical, they are not necessarily confined to dichoto-
el 'S ;‘ ® g 82 g ,2 mies, such as in this example. Further, there are no missing
) s g c RS values on these, as the information either is directly

'(}% = g B reported in the study or self-evident.

N § %g) g8 The six study features considered here are topically rele-
g5 s %é vant for the following reasons. Regarding participant sex,
z|g 8 § 2 & %2 ° & analyzing AR gene CAG repeats in women is not as
253 /;iﬂ =1 straightforward as it is in men, because the human AR gene
= é = % is located on the X sex-chromosome, of which men (kary-
S 8 3 % 2 otype 46,XY) have but one, whereas women (46,XX) two,
g $£7 3 2 and therefore two AR alleles, of which one per cell is ran-
% o o g; g § © domly inactivated. 2D:4D/CAG studies involving female
2 3 3 § § gg g § E] samples (see Table 1) therefore use the biallelic mean of
£ g g ?(S % e g = 2 ?E CAG repeats for analysis. For this reason, some researchers
g f_—% é == gs Zo E*j‘ could object to meta-analyze female samples alongside
L I §gg 884 male samples, or object to consider the evidence from
35 @E ;fé female samples at all. In similar vein, researchers might
£ % S w P % object to consider non-adult (as opposed to adult samples),
© c % ESESy patient samples (as opposed to healthy individuals), non-
Ele = c § 85 5 § g § White (as opposed to White samples), and samples with
|8 © == g 58 3 § ;é image-based 2D:4D measurement (as opposed to direct
s §u;n g §§ measurement), because the original evidence (Manning
;éﬂ g % g % et al., 2003) was for healthy adult White males, whose fin-
s s ; é? 55 E gers were directly measured. Regarding publication status,
Elg ¢ s o TEES 23 it is evident that among the primary studies a few only
3l2 2 §5& 3 Iy ; g 3 appeared as a published journal abstract, and not as a full
%g % gs § repf)rt, and fu‘rther tha‘F there also are a few studies for
- ? 55 g é which effect-s1ze'3 guesst%rr.lates had t'o be imputed, because
N E g ;ﬁ “é 2 = of .lack of reporting detall. in the published study. and nonre-
3 S [P _ S vLd = g ceipt of requested additional study results mformaﬂon
§ £ g g TZU % é 2 g% g = (Latourelle et al., 2008; Mas et al., 2009; for details, see
S St Tegm®E T 25 (;5 2°3 Table 1). These latter studies have been incorporated in
= E 2§ 5% S8 g8 g0 é & 4 one of the prior meta-analyses (Voracek, 2014), but not in
2 ZlEc fx 2822 % £2%a¥ the other one (Honekopp, 2013). It therefore appears fitting
g 5182 8288 385|888a8s to account for publication status (full report, no guessti-
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mates vs. no full report, and/or guesstimates) as the sixth,
and final, of our internal factors. Evidently, this last factor
merges several things. This is due to the specifics of the pri-
mary literature (see Table 1 note details) and its limited
size. For larger meta-analyses, it would be both beneficial
and feasible to disentangle these.

As mentioned above, the six study features (our internal
factors) give rise to potentially 2° = 64 different study
designs. In terms of these study features, the exact antitype
of the Manning et al. (2003) study would be a study con-
ducted with a patient sample of non-adult non-White
females, with image-based 2D:4D measurement, and not
published as a full journal report (and/or involving an effect

guesstimate). Unsurprisingly, such an antitype study, with
study features maximally dissimilar to those in Manning
et al. (2003), does not occur among the known primary
studies (Table 1). Rather, the sample most dissimilar to
the original report is the female patient sample of Cheng
et al. (2016), which still is identical in terms of two study
features (adult sample and full report). On the other hand,
there are two samples (De Naeyer et al., 2014; Chang et al.,
2015: male sample) which are exactly identical on all these
six study features to Manning et al. (2003), and the major-
ity of samples is identical for at least four or even five out of
the six study features. Table 2 displays the specification
matrix of the six internal (or study-feature) factors for the

Table 2. Specification matrix for individual studies accounting for six study feature variables

Study Participant sex

Age group

Group status  Ethnicity  2D:4D measurement  Publication status

Manning (2003)

De Naeyer (2014)

Chang (2015), men

Hurd (2011)

Butovskaya (2012)
Folland (2012)
Hampson (2012)
Kubranska (2014)
Chang (2015), patients
Babkova Durdiakova (2017)
Latourelle (2008), men
Mas (2009)

Knickmeyer (2011), boys
Loehlin (2012), boys
Durdiakova (2013)
Zhang (2013), men
Durdiakovéa (2015)

>

X X X X X X X X X X X

X X X X X X X X X X X X X X X X

Warrington (2018), ALSPAC cohort boys
Warrington (2018), QIMR cohort boys
Zhang (2018), men X X
Latourelle (2008), women

Mas (2009), patients X

Knickmeyer (2011), girls

Loehlin (2012), girls

Zhang (2013), women

Cheng (2016), controls

Durdiakovéa (2016)

Warrington (2018), ALSPAC cohort girls

Warrington (2018), QIMR cohort girls

Zhang (2018), women X
Cheng (2016), patients X

>

X X X X X X X X

X X X

> x X

XX X X X X X X X

X X X X X X X X
X X X X X X X X X X

X X X X X

X X X X
X X X X >

X X X X X X X X
>
XX X X X X X X

Note. Studies are ordered in decreasing similarity of study features to the original report of Manning et al. (2003) and, within degree of feature similarity,
chronologically and alphabetically. The table entries (X vs. cell left blank) correspond to: male versus female sample (for participant sex), adult versus non-
adult sample (for age group), healthy individuals versus patient sample (for group status), White versus non-White sample (for ethnicity), direct versus
image-based measurement (for 2D:4D measurement), and published as full journal report and with no effect guesstimates necessary versus any of these
(for publication status). The dataset for the table is available at https://osf.io/2h73x/.
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primary studies detailed in Table 1, listed by decreasing
study-feature similarity to Manning et al. (2003). From this
assembly it can also be gleaned that from the theoretical
number of 2° = 64 different study designs, only 12 different
study designs across 31 retrievable samples so far have
been implemented by research.

In accounting for the six internal (Which) factors, we
fully combinatorially combined the factor levels, along with
the respective superset, across all six factors. That is, the
subset of male samples only, the subset of female samples
only, and the superset of samples regardless of participant
sex (either male, or female) were combined with those of
adult samples only, non-adult samples only, and with sam-
ples of either age group; in turn, with healthy samples only,
patient samples only, and samples of either group status;
and so forth across all six factors. This yields 3° = 729 com-
binations potentially available for analysis. From these com-
binations, only those containing at least two samples were
kept for meta-analysis, and duplicated combinations were
not included in analysis. This finally yielded 85, 62, and
52 combinations for the R2D:4D, L2D:4D, and Ag_p, analy-
ses, respectively (or 12%, 9%, and 7% of the theoretically
possible total). Each of these 85, 62, and 52 subsets (speci-
fied according to the Which, or study-feature, factors) was
analyzed according to the 2 (effect-size metric) x 4
(meta-analytic model) = 8 different ways (or How factors)
to analyze the same meta-analytic subset, thus yielding a
grand total of (8 x 85) + (8 x 62) + (8 x 52) = 1,592 differ-
ent meta-analytic specifications calculated.

Algorithm for the Combinatorial Meta-Analysis

With a maximum number of 31 available samples (for
R2D:4D), well over 2 billion unique subsets (2*' - 1 =
2,147,483,648 exactly) emerge for a full (exhaustive) com-
binatorial meta-analysis. While this computationally might
still be feasible, it is time-consuming and poses problems
with graphically displaying the results due to an abundance
of overplotting data points. Conveniently, we chose a ran-
dom sample of 100,000 different subsets for a combinato-
rial meta-analysis representative of the full set, using a
stratified sampling approach with respect to subset size,
such that the most prevalent subset sizes (those of interme-
diate size) were undersampled, while the rarest subset sizes
(those of smallest and of largest size) were oversampled.
This was achieved by randomly drawing unique subsets
for each possible subset size (one to 31 samples for
R2D:4D) separately, until the desired number of 100,000
unique subsets was reached.

Parametric Bootstrap for the Inferential Test of the
Specification-Curve Meta-Analysis

To evaluate the descriptive meta-analytic specification-
curve plot against the null hypothesis of no effect with an
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inferential statistical test, we used a parametric bootstrap
approach. For each sample from the literature (Table 1),
we regarded all study features as fixed, but generated ran-
dom values as new effect sizes under the assumption that
the null hypothesis is true: that is, randomly drawn were
values from a normal distribution with an expectation of
always zero, but the standard deviation equal to the respec-
tive sample’s observed standard error (thus corresponding
to the FEM of meta-analysis). Then, descriptive specifica-
tion-curve analysis was applied. This whole procedure
was repeated 1,000 times, and the resulting 1,000 boot-
strapped specification curves then used to find the respec-
tive pointwise 2.5% and 97.5% quantiles as the lower and
upper limits for each specification number separately.
Exceeding one of these limits would indicate that the
actual, descriptive specification curve deviates from the
under-the-null scenario of no effect (» = 0) with two-tailed
testing (in parenthesis, we note that, if desired, one-tailed
testing would also be possible).

Open Science Practices

We disclose how we determined our sample size, all data
exclusions (if any), all manipulations, and all measures in
the study (Simmons, Nelson, & Simonsohn, 2012). Specifi-
cally, as this is a meta-analysis, sample size is not deter-
mined, but rather arrived at through literature-search
strategies and study inclusion/exclusion criteria (detailed
above). The full meta-analytic dataset (see Table 1 note)
is accessible via the OSF (Open Science Framework). For
the full (i.e., conventional) meta-analytic model (see Results
section below and Table 1), we did not exclude any data.
Owing to the meta-analytic study format, there were no
experimental manipulations. Also, there were no further
measures than those appearing in Tables 1 and 2. All statis-
tical manipulations (the How factors) and those due to
study inclusion versus exclusion (the Which factors) are
detailed above.

The focus here is on method development, and the meta-
analysis just an illustrative example; hence, we did not
preregister it. However, all components necessary for repro-
ducible data analysis (open data, open materials, and open
code) are accessible via the OSF and, because of this repos-
itory’s characteristics, also comply with the FAIR (findable,
accessible, interoperable, re-usable) guiding principles for
scientific data (Wilkinson et al., 2016).

Results and Discussion

Table 1 (bottom) contains the results of the updated meta-
analysis for the associations of digit ratios (R2D:4D,
L2D:4D, and Ar 1) with CAG repeats. According to these
simple fixed-effect meta-analytic summaries, which use
Fisher’s z, transformation of the Pearson r coefficients for
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synthesis, there is no evidence for positive correlations
between these variables. All combined effects are very close
to zero and have rather tight 95% confidence intervals.
Cross-study effect heterogeneity (as indicated by the Q tests
and the I” values) is relatively low. This updated meta-ana-
lysis exactly follows the meta-analytic decisions of Voracek
(2014). As such, it is important to note that, as seen through
the lens of specification-curve and multiverse meta-analy-
sis, this constitutes not more than a single specification,
whereas there are numerous alternative specifications.

Figure 1 (to the left) provides a graphical display corre-
sponding to these summary results (bottom of Table 1).
Instead of the classic meta-analytic forest plot, we use an
advancement of it, namely the meta-analytic rainforest plot
(for details, see Schild & Voracek, 2015; Zhang, Kossmeier,
Tran, Voracek, & Zhang, 2017). Figure 1 (to the right) con-
tains the visualization (GOSH plots) of the all-subsets (com-
binatorial) meta-analyses. As mentioned above, we display
random samples of 100,000 meta-analytic subsets, as
drawn from the much larger number of possible subsets.
The impression from the GOSH plots is straightforward:
density estimates of the effect distributions are unimodal
(thus not suggestive of influential subsets of studies or indi-
vidual studies, including Manning et al., 2003, which study
is highlighted in these plots) and closely centered around
zero (thus not suggesting any real effects). Effect hetero-
geneity preponderantly is low; except that it is somewhat
larger, when Manning et al. (2003) is included, thus indicat-
ing that this study really is an outlier.

Figure 2 provides the descriptive meta-analytic specifica-
tion-curve plots for the three meta-analyses (R2D:4D,
L2D:4D, Ag_1). Whereas Simonsohn et al. (2015), in their
corresponding plot for primary data analysis, depicted the
regression-model point estimates resulting from the alter-
native specifications, we display the specifications’ sum-
mary effects with their associated 95% confidence
intervals. Similar to meta-analytic caterpillar plots (i.e.,
magnitude-sorted forest plots), the summary effects are
sorted by magnitude. The number of samples contained
in each meta-analytic specification is depicted directly
beneath, and the combination of Which and How factors
constituting each meta-analytic specification through the
area pattern below. This area pattern needs to be contem-
plated vertically. For facilitating this, we use a spectral-color
design, comprised of six spectral colors (ordered from red,
orange, yellow, green, blue, to violet), which, once more, sig-
nifies the number of samples involved in the respective
meta-analytic specification (because of this near-redun-
dancy, researchers may, of course, choose which compo-
nents of this graphical display to keep). The array is such
that red, orange, or yellow color (think of hot colors as
alarm signals) means that in a given specification only the
minimum number of samples is (or small numbers of

© 2019 Hogrefe Publishing

samples are) involved, whereas violet, blue, or green color
(think of cool colors as relaxative) codes for the maximum
number (or at least large numbers) of samples involved.

Again, the overall pattern is easy to follow: more or less
regardless of the meta-analytic specifications made (in
terms of which data are meta-analyzed, and how), no evi-
dence for 2D:4D/CAG associations arises. For R2D:4D,
56 out of 680 specifications (8.2%) yield nominally signifi-
cant (p < .05) positive combined effects, which would sup-
port the findings of Manning et al. (2003); for Ag 1, as few
as 4 out of 416 specifications (2.7%); and for L2D:4D, only
6 out of 496 specifications (1.2%). Paralleling the results of
Simonsohn et al. (2015) in their specification-curve analysis
of the hurricane paper of Jung et al. (2014a), the rate of
stray positive results is so low as to be perfectly plausible
by chance alone. It is emphasized that it is the dominant
pattern (i.e., the majority vote) arising from the space of
specifications that counts, not any aggregation of these
(e.g., their grand total). The latter neither is intended nor
seems justified, as individual specifications partly are appre-
ciably similar and there likely is no “deeper truth” calcula-
ble by averaging (Patel et al., 2015).

It is interesting to note that the above small number of
nominally significant specifications to a great extent
involve rather small meta-analytic subsets (signified
through hot colors and long confidence intervals in
Figure 2) and tend to surface with UWM analyses.
Meta-analysts certainly would not draw inferences from
a completely unweighted model which summarizes only
a small portion of available studies from the literature.
However, at the same time this particular scenario has
strong similarities with the actual reasoning and the usual
procedures involved in writing stand-alone traditional
(narrative, unsystematic) literature reviews, or in drafting
the literature review section for the introductory part of
an empirical research article. The idiosyncracy inherent
in these scenarios is that only a small portion of the total-
ity of research evidence is seen and accounted for, and
moreover evaluated in a fashion as if all studies would
have identical information value (see Kiihberger, Schernd],
Ludwig, & Simon, 2016, for a demonstration of the detri-
mental effects of this misleading approach). For these rea-
sons, it may well be informative to incorporate UWMs into
specification-curve/multiverse meta-analyses on a regular
basis. In the case of our worked example, this may also
serve to understand the persistence of citations to Man-
ning et al. (2003) in this literature, as well as the neglect
of available meta-analyses on the same topic (Honekopp,
2013; Voracek, 2014).

The inferential meta-analytic specification plots (Figure 3)
corroborate the above findings, in that they nowhere
deviate from the under-the-null scenario of an underlying
zero effect. The slight results differences between these
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Figure 1. Combinatorial meta-analysis of 2D:4D with CAG repeats length in the androgen receptor gene.

Note. Rainforest plots (on the left; see Schild & Voracek, 2015) for all three meta-analyses visualize study effects as raindrops and the meta-
analytic summary effect as diamond at the bottom. Raindrop widths correspond to conventional 95% confidence intervals, while raindrop heights
and their shading correspond to the likelihood (i.e., plausibility) of underlying true values, considering the observed study effects, and are
proportional to the meta-analytic weight. Study Manning et al. (2003) is highlighted in red. GOSH plots (on the right; see Olkin et al., 2012) show
the FEM meta-analytic summary effects on the x axis and the between-study variance statistic /2 on the y axis for a random sample of 100,000
different study subsets. The distributions of these 100,000 values are visualized by density estimates at the top (for the summary effect) and to
the right (for the /% values). Study subsets including Manning et al. (2003) are highlighted in red in the color version of this figure available with the
online version of the article. R code to reproduce the figure is available at https://osf.io/kggey/.
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Figure 2. (Continued on next page).
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Figure 2. (Continued) Descriptive meta-analytic specification plots for R2D:4D, L2D:4D, and Ag_,. Descriptive meta-analytic specification plots
depict the three specification-curve meta-analyses for R2D:4D, L2D:4D, and Ar_.. Within each plot, the vertical columns (in the lower half)
represent which factor-level combinations of internal (How) and external (Which) specification factors constitute a given specification. In addition,
each vertical column is color-coded, signifying the number of samples included in a specification (hot vs. cool spectral colors code for smaller vs.
larger number of samples included). The panel in the middle (filled black line chart) likewise shows how many samples are included in a given
specification. The top panel shows the resulting meta-analytic summary effects (r) for each specification, along with 95% confidence intervals.
The summary effects are sorted by their magnitude and connected, resulting in a specification curve. A horizontal dotted line of no effect is
inserted at r = 0. R code to reproduce the figure is available at https://osf.io/e4bs8/ (R2D:4D), https://osf.io/738sr/ (L2D:4D), https://osf.io/8tw59/
(Ag—).

descriptive versus inferential specification plots (some stray  plot of p values (constructed similarly to a two-dimensional
positive results vs. none) are understandable through the  nested cross-table design, as introduced by Steegen et al.,
different evaluation criteria used (null-hypothesis signifi- 2016, for multiverse analysis of primary data) would fur-
cance testing vs. parametric bootstrap); the conclusions  thermore enable to look up the exact meta-analytic specifi-
however are identical. Finally, Figure 4 displays histograms  cations, wherein p < .05 values occur. Since we considered
of the p value distributions for the summary effects of the ~ hundreds of specifications, the p value tile plot would be
various meta-analytic specifications (as adopted from the  cluttered and thus is omitted here. Researchers working
multiverse analysis approach of Steegen et al., 2016).  with fewer meta-analytic specifications might however wish
Further conforming with the above evidence of zero effects,  to present a p value tile plot in addition (see Steegen et al.,
no consistent or clear piling up of p < .05 values is evident. 2016, for examples). All in all, although the evidence from
In principle, the gist of the information provided by these = our worked example casts a bleak view on the validity sta-
histograms can already be gleaned from the topmost part  tus of the 2D:4D marker vis-a-vis genetically based testos-
of the descriptive meta-analytic specification plots  terone sensitivity, precisely the exhaustiveness and
(Figure 2). For the sake of completeness, we note that a tile  convergence of this evidence matters and is reassuring.
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Figure 3. Inferential  meta-analytic
specification plots for R2D:4D, L2D:4D,
and Ag (. Inferential meta-analytic
specification plots show the specifica-
tion curve (solid line) of the magnitude-
sorted observed meta-analytic sum-
mary effects for all specifications. The
same curves appear in the correspond-
ing descriptive meta-analytic specifica-
tion plots (Figure 2). The limits of the
gray area correspond to the pointwise
97.5% and 2.5% quantiles of 1,000
specification curves simulated under
the null hypothesis for a given specifi-
cation number, using a parametric boot-
strap procedure. Exceeding these limits
would constitute evidence against the
null hypothesis (r = 0, regardless of
specification). R code to reproduce the
figure is available at https://osf.io/
ru264.

Figure 4. Histograms of the p value
distributions for the summary effects
of all meta-analytic specifications. His-
tograms of p values for all meta-analytic
specifications, testing whether the
meta-analytic summary effect differs
from zero (Figure 2). The proportion of
nominally significant values (p < .05) is in
the leftmost column (light gray). R code
to reproduce the figure is available at
https://osf.io/yu98x.
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Conclusions and Implications

We conclude with some further considerations regarding
the presented approach. It is important to note that in spec-
ification-curve/multiverse meta-analysis the Which and
How factors constituting the specifications cannot be
adopted automatically: rather, they need to be tailor-made
each time anew, informed by specific debates in the pri-
mary literature or by prior related meta-analyses.

Still, this leaves room for subjectivity (researcher degrees
of freedom) and disagreement about what the relevant and
reasonable specifications are. Like primary studies, conven-
tional meta-analyses increasingly are preregistered. This
could also be done for meta-analytic specification designs.
Relatedly, higher consensus might also be achieved by
diversifying specification decisions via web-based frame-
works, such as community-augmented meta-analysis (Tsuji,
Bergmann, & Cristia, 2014) and Curate Science (LeBel,
McCarthy, Earp, Elson, & Vanpaemel, 2018). Adversarial
collaborations might be expedient (Kahneman, 2003; Kerr,
Ao, Hogg, & Zhang, 2018). Combinatorial meta-analysis
may act as the final arbiter in such matters.

It has been observed that early decisions in meta-
analyses (foremost, the study inclusion-exclusion criteria)
frequently generate more result variation than the subse-
quent statistical modeling (Goodyear-Smith, van Driel,
Arroll, & Del Mar, 2012). In other words, the Which factors
take precedence over the How factors. Others have noted
just the opposite pattern (e.g., Young & Holsteen, 2017;
albeit for primary data analyses). It will therefore be inter-
esting to see which importance relations between Which
versus How factors will typically arise in applications of
specification-curve/multiverse meta-analysis.

We feel confident that there are abundant instances of
empirical research suited for, and worthy the effort of, spec-
ification-curve/multiverse meta-analysis. We briefly allude
here to just three such examples, all taken from current psy-
chological research.

Example 1: Are there ovulatory-cycle effects on
women’s mating preferences, as predicted by evolu-
tionary psychological theorizing? Yes, according to
one meta-analysis, published in the premier journal
Psychological Bulletin (Gildersleeve, Haselton, & Fales,
2014a), which however prompted an exchange
between commentators (Harris, Pashler, & Mickes,
2014; Wood & Carden, 2014) and the authors
(Gildersleeve, Haselton, & Fales, 2014b). No, accord-
ing to another meta-analysis, published almost
simultaneously (Wood, Kressel, Joshi, & Louie,
2014), which counterevidence triggered an even more
extensive debate (van Anders, 2014; Brown, Cross,
Street, & Brand, 2014; Ferguson, 2014; Hyde & Salk,
2014; Jones, 2014; Wood, 2014).
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Example 2: The research question of possible associa-
tions between brain size and cognitive abilities (IQ)
has a long and checkered history. According to a
widely cited meta-analysis (McDaniel, 2005), these
correlations are substantial. According to the Web
of Science database, this report currently ranks within
the top-20 most-cited articles out of about 1,800 arti-
cles published in the journal Intelligence since 1980.
Based on a substantially larger corpus of primary
studies, and accounting for many hitherto unreported
effects, other meta-analysts (Pietschnig, Penke,
Wicherts, Zeiler, & Voracek, 2015) have found that
these associations are noticeably smaller than previ-
ously thought and further show a decline in more
recent studies (which would be consistent with stron-
ger publication bias in earlier research). Subse-
quently, others (Gignac & Bates, 2017) applied
alternative study eligibility criteria to the same
meta-analytic database (i.e., did not retrieve and
assemble new data), and in their meta-analysis of
merely a subset of the Pietschnig et al. (2015) data-
base, again observed a larger effect. Of note, the
specification justified in Gignac and Bates (2017),
even if reasonable, remains just one out of many
more specifications that are conceivable.

Example 3: Over the years, research about aggressive
effects of violent video games has become known for
controversies surrounding the veracity of this evi-
dence. It appears that multiple (and throughout highly
cited) meta-analyses have not resolved the issue to
what extent such effects indeed are real (Anderson
& Bushman, 2001; Anderson et al., 2010; Greite-
meyer & Miigge, 2014) or more likely due to publica-
tion bias (Ferguson, 2007a, 2007b, 2015).

As diverse as these examples may appear on the surface,
their in-depth commonalities are more important. These
include: (1) the conflicting meta-analyses are rooted in
controversies already found in the respective literatures
which they attempt to synthesize and clarify; (2) even
multiple meta-analyses apparently can fail to resolve
contentious issues that pervade corresponding primary
research; and (3) this sometimes can lead to debates
which, likely by more than a few in the research commu-
nity, are viewed as agonizing and fruitless. We see potential
in the proposed approach to mitigate and countersteer
against such detrimental phenomena and undesired
developments.

In conclusion, whether it be primary studies or meta-
analyses, there often seems to be a lack of consensus about
which data to analyze and how to analyze them. Paralleling
the potential of specification-curve analysis and multiverse

© 2019 Hogrefe Publishing
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analysis for clarifying the trustworthiness and robustness of
evidence from primary studies, an analogously pursued
approach to meta-analysis, as introduced here, holds
similar promise. Instead of presenting just one meta-analysis
and then defending this specification of one’s own (or criti-
cizing others’ alternative specifications), better assess all
possible study subsets (combinatorial meta-analysis) and
focus on relevant and justifiable meta-analytic specifications
(specification-curve and multiverse meta-analysis).
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