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What is a replication study?
Replication studies are conducted to examine whether an original finding can be confirmed in an in-
dependent study where new data are collected. We focus here on direct replications, where the ex-
perimental procedures of the replication study must closely match those of the original study.
In recent years, large-scale replication projects have been conducted in various fields, such as the
Reproducibility Project: Psychology (RPP, Open Science Collaboration, 2015), the Experimental Eco-
nomics Replication Project (EERP, Camerer et al., 2016), the Social Sciences Replication Project (SSRP,
Camerer et al., 2018) and the Reproducibility Project: Cancer Biology (RPCB, Errington et al., 2021),
and several criteria have been used to assess the success or failure of the replication attempts. In this
primer, we introduce the most frequently used criteria as presented in the introduction of Micheloud
(2023), discuss their properties and point to alternative approaches in the discussion.

Effect size type
Depending on the outcome of interest, different effect size types are used to measure the impact of
an intervention (such as a new treatment or therapy): standardized mean differences (SMD) or cor-
relations (Pearson’s r) for continuous outcomes, odds ratios (OR) for binary outcomes, and hazard
ratios for survival outcomes. In both the meta-analysis and the replication settings, these effect sizes
are frequently transformed to a common scale. Figure 1 shows standard conversions between effect
sizes (Cooper et al., 2019, Chapters 11.3 and 11.6).

Figure 1: Conversion between commonly used effect size types (taken from Micheloud, 2023, Figure 1).

Effect sizes were transformed to the SMD scale in the RPCB, and Pearson’s correlation coefficient r
was chosen in the RPP, EERP, and SSRP. The attractiveness of using Pearson’s correlation coefficient
is that a normal distribution is approximately achieved after applying Fisher z-transformation, with
standard errors being a function of the sample size only.

Replication success criteria
There is currently no universally agreed-upon standard for evaluating the success or failure of repli-
cation efforts. We will present the most commonly used criteria, and it is essential to differentiate
between criteria for original ‘positive’ and ‘null’ results.
Original results which are selected for replication are usually ‘positive’, that is, they are significant or
show at least a trend to significance at the standard two-sided significance level 0.05. The criteria for
original positive results are summarized in Figure 2 and classified into four categories depending on
whether they are based on p-values, interval estimates, effect size or peer belief. However, it might
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also happen that original ‘null’ (that is, non-significant) results are chosen for replication. This was
for example the case for 3 studies in the RPP and 15 numerical effects in the RPCB. Not all criteria
presented in Figure 2 can be used in this situation and modified criteria are necessary. We do not
discuss those in this primer, see Pawel et al. (2023) for a critical view.

Figure 2: Common criteria to assess replication success. Adapted from Micheloud (2023, Figure 2).

Four study pairs are used to illustrate the properties of the different criteria: the original study by
Dodson et al. (2008) and its replication by the RPP, the original study by de Clippel et al. (2014) and its
replication by the EERP, the original study by Pyc and Rawson (2010) and its replication by the SSRP
and the original study by DeNicola et al. (2011) and its replication by the RPCB, see Figure 3.

Criteria based on p-values
Significance Significance of both the original and the replication study, with an effect estimate in
the same direction, is the most commonly used criterion. In practice, this means that both the original
one-sided p-value po and the replication one-sided p-value pr must be smaller than the one-sided
significance level α = 0.025, which is half of the standard two-sided 0.05 threshold. This criterion is
analogous to the ‘two-trials rule’ in drug development (Senn, 2021).
Replication success with this criterion is achieved in the examples from de Clippel et al. (2014) and
Pyc and Rawson (2010), despite the fact that the replication effect estimate θ̂r is a lot smaller than
the original effect estimate θ̂o in the latter. This is a well-known weakness of p-values: they ignore
the magnitude of the effect estimate (Sullivan and Feinn, 2012). Any positive effect, regardless of how
small, can reach statistical significance if the sample size is large enough. Moreover, the example from
DeNicola et al. (2011) illustrates well the importance of considering the effect direction: both studies
have a significant effect estimate (as the confidence intervals do not overlap 0) but in opposite direc-
tions.
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Dodson et al. (2008)

θ̂o = 0.63

θ̂r = −0.11

θ̂MA = 0.3

pQ = 0.003

po < 0.0001 pr = 0.73pMA = 0.016

Original Replication
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de Clippel et al. (2014)

θ̂o = 0.12

θ̂r = 0.27
θ̂MA = 0.2

pQ = 0.002

po = 0.0005 pr < 0.0001pMA < 0.0001

Original Replication
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Pyc and Rawson (2010)

θ̂o = 0.4

θ̂r = 0.15θ̂MA = 0.17

pQ = 0.18

po = 0.011 pr = 0.004pMA = 0.001

Original Replication
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DeNicola et al. (2011)

θ̂o = 6.04

θ̂r = −3.15
θ̂MA = −1.52

po = 0.006 pr > 0.99 pMA = 0.13

pQ = 0.0006

Original Replication

Figure 3: Original θ̂o, replication θ̂r and meta-analytic θ̂MA effect estimates of the four examples with the
corresponding 95%-CIs. The original (po) and replication (pr) p-values are one-sided, while the meta-
analysis (pMA) p-value as well as p-value (pQ) from the Q-test are two-sided. Adapted from Micheloud
(2023, Figure 3).

Meta-analysis Another widely used approach is to pool the effect estimates from the original and
replication studies into a meta-analytic combined effect estimate θ̂MA, using a fixed-effect meta-analysis
(Deeks et al., 2019). Replication success is declared if the associated meta-analyticp-valuepMA is signif-
icant at a certain (two-sided) threshold. There is not established convention regarding this threshold,
both 0.05 and 0.005 are used in practice (Camerer et al., 2018; Errington et al., 2021). However, some
authors recommend a two-sided significance level of 2×0.025×0.025 = 0.00125 to ensure the same
strength of evidence as the two-trials rule (Fisher, 1999; Shun et al., 2005). The Dodson et al. (2008)
example highlights a drawback of the meta-analysis criterion: it does not take the direction of the ef-
fect estimates into account and can flag success (in this case, at level 0.05) even if the estimates go in
opposite directions.

Criteria based on interval estimates
This category contains three different criteria based on either the replication 95% confidence interval
(CIr), the original 95% confidence interval (CIo), or the 95% prediction interval (PI) for the replication
effect estimate.

Original effect estimate in replication CI Replicability is declared with this criterion if the original
effect estimate θ̂o is contained within the 95% CIr of the replication effect estimate. Note that this

3



method ignores the uncertainty of the original effect estimate and is therefore miscalibrated. This
means that even if the true underlying effect is the same in both the original and replication study,
this criterion will not be fulfilled 95% of the time as it should.

Replication effect estimate in original CI This criterion is complementary to the previous one and
requires the replication effect estimate θ̂r to be contained within the 95% CIo of the original effect esti-
mate. The uncertainty of the replication effect estimate is ignored in this method and so this criterion
is also miscalibrated.

Replication effect estimate in PI A 95% PI contains the range of values a future observation will
have with 95% probability. With this criterion, replicability is declared if the replication effect estimate
θ̂r is within the 95% PI of the original effect estimate. This criterion is equivalent to pQ > 0.05, where
pQ is the p-value from the Q-test for heterogeneity in meta-analysis (Higgins, 2003). If pQ ≤ 0.05,
there is evidence for incompatibility of the effect estimates and replication success is therefore not
achieved. This criterion is well calibrated as it takes into account the uncertainty of both the original
and the replication effect estimates (Patil et al., 2016). This means that it will be fulfilled 95% of the
time if the true underlying effect is the same in both studies.
The confidence and prediction interval criteria assess the incompatibility of the estimates and do not
consider their significance. For example, in the de Clippel et al. (2014), both the significance and the
meta-analytic criteria are fulfilled and the replication effect estimate is increased as compared to the
original one. However, all three criteria based on interval estimate are not fulfilled as the estimates
are in conflict. Furthermore, replication success is always declared with these three criteria if the two
estimates are the same, even is they are null.

Criteria based on effect size
The two criteria in this category only consider the estimates and ignore their uncertainty. As a result,
they are too simplistic to be used on their own and are rarely used as primary replicability indicator
but rather in combination with other criteria. Moreover, both criteria do not consider significance of
the estimates, so can both be fulfilled even in cases where the evidence for an effect is very low in both
the original and the replication study.

Same direction The same direction criterion is fulfilled if both the original and replication effect
estimates are in the same direction. However, if the true underlying effect in both the original and
the replication study is null, one would still expect this criterion to be fulfilled in 50% of the cases. As
mentioned by Errington et al. (2021), this is a weakness of the criterion which is considered a ‘low-bar’
for assessing replication success.

Relative effect size The relative effect size criterion is fulfilled if the replication effect estimate is at
least as large as the original one, which is only the case in the de Clippel et al. (2014) example. One
would expect this criterion to be fulfilled 50% of the time if the underlying effect is the same in both
studies and is accurately estimated.

Criteria based on peer belief
Unlike the methods described above, the criteria in this category are not based on quantitative meth-
ods, but rather on peer belief.
Before the replication study is conducted, peers who are familiar with the subject can bet on whether
or not the replication study will reach a significant result in the same direction as the original one. The
probability of replication success produced by the prediction market is then interpreted as a repli-
cability indicator (Dreber et al., 2015). Furthermore, the subjective assessment criterion is fulfilled
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if, based on the available replication results, the replication team considers that the original finding
was replicated.

Application
Table 1 shows the replication rates which were reported in the respective publications of each of the
four projects, as well as the average shrinkage of the replication effect estimate as compared to the
original one. The replication rates greatly differ depending on the replication success criterion. For ex-
ample, 79% of study pairs in the RPCB fulfill the ‘same direction’ criterion, while only 3% achieve repli-
cation success with the ‘relative effect size’ criterion. The authors of the replication projects therefore
recommend to assess the criteria collectively instead of interpreting them individually.
A common feature of these four replication projects is that the shrinkage of the replication effect es-
timate as compared to the original one is considerable. This effect estimate shrinkage has been at-
tributed to low power, publication bias and other types of biases which inflate the original effect es-
timates (Ioannidis, 2008). In contrast, the replication studies are usually conducted with higher stan-
dards and therefore do not suffer from an effect estimate inflation.

RPP EERP SSRP RPCB
Significance 36% (35/97) 61% (11/18) 62% (13/21) 43% (42/97)
Meta-analysis (pMA < 0.05) 68% (51/75) 78% (14/18) 76% (16/21) 62% (60/97)
θ̂o ∈ CIr 41% (30/73) 67% (12/18) – 18% (17/97)
θ̂r ∈ CIo – – – 43% (41/97)
θ̂r ∈ PI – 83% (15/18) 67% (14/21) 58% (56/97)
Same direction – – – 79% (80/101)
Relative effect size 18% (18/99)∗ – – 3% (3/97)
Subjective assessment 39% (39/100)∗ – – –
Prediction markets – 75% 63% –
Average shrinkage 50% 33% 50% 85%

Table 1: Replication rates in the four projects with different replication success criteria. The numbers
in brackets indicate how many study pairs fulfill the criterion out of the total number of study pairs
for which the criterion could be calculated. Results are shown at the effect level for the RPCB, see
Errington et al. (2021, Table 1) for more details. ∗Replication rate reported for original positive and
null results.

Discussion
The quantitative criteria presented in this primer are used as binary indicators of replication success.
However, instead of being dichotomized, they could also be considered quantitatively. One could
for example look at the distribution of the original and replication p-values, and at criteria based on
interval estimates at levels different than 95%.
Furthermore, they all focus on either statistical significance or effect size, but none of them combines
both aspects. Held (2020) recently proposed a new criterion which simultaneously takes into account
effect size and significance: the sceptical p-value. This criterion penalizes shrinkage of the replication
effect estimate as compared to the original one while ensuring that both studies are statistically sig-
nificant to some extent. Moreover, the sceptical p-value can be interpreted as a quantitative measure
of replication success, with smaller values indicating a higher replication success degree. Several ex-
tensions of this method have since been published (Held et al., 2022; Micheloud et al., 2023).
Another important aspect of replication studies, besides their analysis, is their design. The sample
size of the replication study is usually calculated such that the power to reach statistical significance
is 80% or 90%. It is however recommended to use the same method in sample size planning and anal-
ysis (Anderson and Kelley, 2022). The sceptical p-value mentioned in the previous section can be used

5



to design replication studies accordingly. A primer focusing on the design of replication studies will
be published in the future.

Note
This primer is inspired by the introduction of the PhD thesis of the first author ‘Advances in Statistical
Methods for the Design and Analysis of Replication Studies’ (Micheloud, 2023).
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