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An abundance of research has demonstrated that both posttesting (also referred to as retrieval practice) and
pretesting (asking a learner for an answer to a cue before a study trial has been provided) can enhance the long-
term retention of material. While the benefits of retrieval practice have been widely applied in various real-world
applications, such as computerized tools that promote the memorization of factual materials, pretesting has seen
limited real-world application. In this study, we examine whether and under which realistic digital learning
conditions combining pretesting and posttesting can promote learning. In four experiments (total N = 210), we
contrast learning conditions in which repeated retrieval practice is preceded by passive study to learning
conditions in which retrieval practice is preceded by a test. In the first two experiments, we confirm and extend
previous findings by demonstrating that pretesting boosts retrieval accuracy and reduces response times on
subsequent retrieval repetitions, regardless of the accuracy of the pretest. We find these effects both when a fixed
item repetition schedule is used and with performance-based, adaptive item scheduling that resembles popular
digital learning tools. However, after three repetitions of an item, the initial advantage of pretesting disappears,
calling into question its usefulness in applied settings that involve spaced repetition. In the final two ex-
periments, we explore a more targeted use of pretesting, leveraging it to assess prior knowledge. Dropping items
that were answered correctly during the pretest enhanced overall learning efficiency, especially for learners with
moderate to high prior knowledge, without disadvantaging those with low prior knowledge.

Public Significance Statement

The benefits of actively testing oneself as a way of learning new materials have been well established in
scientific literature. Accordingly, many popular digital learning applications use repeated tests to
enhance learning. At the same time, traditional research on the benefits of testing has typically focused
on either testing before a passive study session or testing after a passive study session. Here, we explore
the advantage of combining the two approaches by designing a method in which the learner is quizzed on
materials multiple times without presenting the materials for passive study first. In this approach,
learning is facilitated by the presentation of feedback after each test question. We show—using realistic
methods and materials that make it possible to apply our conclusions in educational settings—that the
benefits of replacing an initial study opportunity with an initial test, prior to the following test practice
questions, are quite limited in terms of overall learning outcomes. However, if the initial tests are used to
identify the amount of prior knowledge a learner has on the materials, and if this information is then used
to further personalize the item schedule, we find robust benefits. Importantly, we find that pretesting does
not impair learners with limited amounts of prior knowledge. These results can be used to further
improve digital learning systems that tailor the learning sessions toward the needs of individual learners.
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Numerous studies have shown that retrieval practice, also called
posttesting, can boost learning (e.g., see Agarwal et al., 2021;
Carpenter, 2023; Carpenter et al., 2022; Karpicke & Aue, 2015;
Karpicke & Blunt, 2011). Actively attempting to recall information
from memory has been shown to be particularly effective in
enhancing long-term retention (Roediger & Butler, 2011). Meta-
analyses by Adesope et al. (2017), Latimier et al. (2021), and
Rowland (2014) report robust effect sizes for the benefits of testing
relative to control conditions wherein a nontesting activity occurs
(e.g., passively reading or studying information). This insight has
spurred the design of computer-based tools that promote the
memorization of factual information (e.g., vocabulary items) by
presenting retrieval practice questions to learners. Popular learning
applications like Anki (https://apps.ankiweb.net), Babbel (https://
babbel.com), Duolingo (https://www.duolingo.com), MemoryLab
(https://memorylab.nl/en), Memrise (https://www.memrise.com/),
Rosetta Stone (https://rosettastone.com), and Quizlet (https://qui
zlet.com/) all use this approach and are collectively used by
hundreds of millions of learners around the world.

A number of experiments show that the size of the testing effect
increases with repeated retrieval practice attempts for each item
(e.g., see Karpicke & Roediger, 2008; Rawson & Dunlosky, 2011).
In typical study setups, the expected answer is given along with the
cue (prestudy) when learners first encounter a new item. This fits
with the idea that the initial presentation might also be the learner’s
first encounter with that specific item. However, both laboratory and
educational practice studies have demonstrated that presenting only
the cue and asking for a (guessed) response on the initial encounter
of an item can be beneficial—even if this pretesting results in an
incorrect response—as long as the learner receives feedback fol-
lowing the retrieval attempt (Arnold & McDermott, 2013; Izawa,
1970; Kornell et al., 2009; Kornell & Vaughn, 2016; Metcalfe,
2017; Yan et al., 2014). Therefore, these lab studies could be in-
terpreted as evidence in favor of replacing the default prestudy
trials—that are commonly used in digital learning systems—with
pretesting trials followed by feedback. In this work, we will consider
the benefits of combining pretesting and repeated posttesting in an
applied (e-)learning context.

Pretesting, also referred to as errorful generation or prequestioning,
involves taking practice tests before studying new information rather
than afterward. Traditional studies examining the benefits of pre-
testing (e.g., see Kornell et al., 2009; Soderstrom & Bjork, 2023)
contrasted a prestudy condition, in which both a cue and a seman-
tically weakly related answer were shown at the initial presentation of
a word pair (e.g., “frog-pond”), to a pretesting condition (e.g., “frog-
77), in which the participant was asked to attempt to retrieve an answer
at the initial presentation of the word pair. Importantly, the weak
relation between cue and answer was chosen to ensure that retrieval
attempts were mostly unsuccessful (i.e., participants were essentially
guessing the answer) and thus to ensure low accuracy on the pretesting
trial. In both conditions, the initial trial was then followed by one study
trial, in which both the cue and the answer were shown. Recall

accuracy on a later test was reliably higher for items that were pre-
tested compared to items that were prestudied (Kornell et al., 2009).
To date, pretesting effects have been found to persist over a wide
range of materials, including basic facts like foreign language
vocabulary (Potts & Shanks, 2014), but extending to more complex
materials such as video lectures (Carpenter & Toftness, 2017) and
science texts (Richland et al., 2009). Recent work also successfully
demonstrated the beneficial effects of pretesting in direct educational
contexts, where undergraduate students who participated in a multiple-
choice quiz before the start of the course performed better on both
pretested and nonpretested materials, an effect explained by increased
attentional processing during class and enhanced self-regulated study
outside of class (Soderstrom & Bjork, 2023). Pretesting effects have
been demonstrated for different retention intervals (e.g., Kornell et al.,
2009) and for different response formats (e.g., multiple choice and
cued recall; e.g., see Little & Bjork, 2016).

Theoretical accounts of the benefits of pretesting focus mainly on
(a) the benefits of generating errors and/or (b) enhanced subsequent
processing of information following the pretest trial (Kornell &
Vaughn, 2016). Pan and Carpenter (2023) proposed a three-stage
framework to explain the mechanisms underlying pretesting. In the
first stage, the pretest triggers psychological processes that are not
triggered by passive study methods. These processes can be general,
affecting the learners’ psychological state (e.g., the pretest might
enhance the learners’ curiosity; Geller et al., 2018), or more question-
specific (e.g., the pretest may cause the formation of memories related
to the question, or it may cause the generation of a set of possible
answers to a question; Vaughn & Rawson, 2012). The second stage is
the “learning stage,” in which the answer is shown to the participants.
The exact way in which the answer comes to mind—either by suc-
cessful pretesting, by external feedback, or by passively studying the
information—is proposed to only marginally impact learning. In the
third stage, the learner is presented with a posttest. Pan and Carpenter
(2023) assumed that there are three possible ways in which the
processes triggered in the pretesting stage could affect posttest per-
formance. First, the altered general psychological state of the learner
could improve learning during the second state indirectly. Second, the
item-specific processes triggered at pretest might affect learning in the
second stage more directly, as the memories formed in the pretesting
stage may drive specific learning behavior. Finally, memories formed
during pretest might serve as retrieval cues for the posttest, largely
bypassing the second stage.’

The above studies suggest that including a prestudy trial prior to
multiple-repetition retrieval practice—as is common in most com-
puterized learning applications that are used in applied settings—may
not be the most optimal strategy, as pretesting seems to benefit
retention even when the learner does not know the correct answer.
However, there are several factors that make it difficult to directly

' As we focus specifically on the application of the pretesting effect in
multiple repetition fact learning, we do not cover studies on its theoretical
underpinnings or effects in other contexts, such as free text learning, video
lectures, or math courses.
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apply the conclusions of existing pretesting studies to the current
context. First, although some studies have aimed to compare the
effects of pretesting and posttesting (e.g., see Latimier et al., 2019;
Pan & Sana, 2021), to the best of our knowledge, no work has directly
examined the benefits of combining the two approaches in a multiple-
repetition paradigm. Our approach differs from typical pretesting
studies in two key ways. First, instead of presenting a study oppor-
tunity after the pretesting trial, we present the learner with feedback on
the pretesting trial, followed by posttest trials. The feedback after the
pretest trial serves as a learning opportunity and mimics how feedback
is provided in real-world retrieval practice settings. Second, following
realistic digital learning contexts, we will repeat the posttests multiple
times. It seems intuitively plausible that the beneficial effects of the
initial pretest are largest on the posttest immediately following that
pretest, with reduced benefits on subsequent posttests. If a pretest
affects the general psychological state of the learner (e.g., if it boosts
the learner’s curiosity or motivation to retrieve the answer to a
question), that effect is likely to decrease over time. In addition, each of
the posttest repetitions might trigger processes that are similar to those
triggered by the pretest, decreasing the relative importance of the initial
pretest. Furthermore, each of the posttests may lead to the formation of
memories related to the question, reducing the relative importance of
the memories created at the pretest. Currently, however, it is unclear to
what extent the pretesting effect will persist over multiple posttest
repetitions as no studies have directly addressed this.

Relatedly, although several studies found that pretesting can
enhance learning, they did not show whether, or under what con-
ditions, pretesting results in the most efficient use of study time
available. In fact, although Izawa (1970) showed that participants
learned materials quicker when the learning was preceded by a
larger number of pretest trials (relative to when learning was pre-
ceded by only one pretest trial), she found that participants suc-
cessfully memorized a higher number of raw items (i.e., more correct
responses on the test) in the single-pretest condition than in the
multiple-pretesting condition. Although recent work did find ben-
efits of pretesting in studies wherein time-on-task has been strictly
controlled (for a review, see Pan & Carpenter, 2023), studies suggest
that pretesting individual items can be conceptualized as a trade-off:
Pretesting has a time cost but also results in better learning out-
comes. Choosing pretesting over prestudy is only beneficial if the
upfront time cost is outweighed by the learning benefits down the
line. Although it is likely that this time cost will vary with the type of
materials or the strategies of the learner, here we expect that pre-
senting a pretesting trial creates an additional retrieval opportunity
that will improve retrieval accuracy on later repetitions of the same
item, but that it will also take more time than a self-paced prestudy
trial. However, when multiple retrieval attempts follow the initial trial,
it seems likely that the faster responses on these attempts eventually
nullify the relative initial time cost of starting the learning session with
a pretesting rather than a prestudy trial. To date, it is unclear under
which exact circumstances (e.g., for what number of retrieval practice
trials following the initial trial) the benefit of pretesting persists and
outweighs the associated additional time cost.

Finally, existing work on pretesting often uses study materials
that were specifically selected to ensure that participants have no
prior knowledge about them, a quality that is beneficial from an
experimental design perspective. However, outside the laboratory,
learning rarely occurs without any prior knowledge of the study
materials. In fact, the level of prior knowledge is generally

considered to be among the most important factors predicting
learning outcomes (Brod, 2021; Dochy et al., 2002; Hailikari et al.,
2007; Simonsmeier et al., 2022; Thompson & Zamboanga, 2003;
Witherby & Carpenter, 2022). Prior knowledge moderates the effec-
tiveness of retrieval practice versus passive study, as seen in so-called
expertise-reversal effects (e.g., Kalyuga, 2014). For example, lear-
ners with low prior knowledge have been shown to benefit more from
studying worked-out examples of problems than solving those same
problems, while the reverse has been shown to be true for high prior
knowledge learners (Kalyuga et al., 2001). This reversal in strategy
effectiveness with increased prior knowledge has been explained in
terms of cognitive load (or [working] memory demands; Zambrano et
al., 2019): Complex learning tasks may overload the capacity of low
prior knowledge learners, who would benefit more from strategies
that reduce that load (e.g., studying examples). Considering the ef-
fects of prior knowledge on pretesting specifically, earlier studies
have shown that semantic relatedness matters for the pretesting effect
(e.g., see Grimaldi & Karpicke, 2012). Therefore, it seems plausible
that a learner’s ability to activate a larger part of the semantic network
(e.g., to place the pretested item into a semantic context) could have
beneficial effects on pretesting. Yet, we only know of one study that
has examined the interaction between pretesting benefits and prior
knowledge. Buchin and Mulligan (2023) assigned participants to be
trained in multiple topics within one of two academic domains over 3
days. Participants then studied new passages of text related to their
trained or untrained domain and completed restudy or retrieval with
feedback sessions. Two days later, participants took a final test on the
previously learned information from both domains. Importantly,
although prior knowledge had a strong effect on test performance (test
scores were higher for trained than for untrained knowledge), the
benefits of pretesting were nearly identical for high and low prior
knowledge information, suggesting that in this case prior knowledge
is not a critical boundary condition of retrieval-based learning.
However, Buchin and Mulligan (2023) do point out that their results
should be replicated with other study materials and tasks, underlining
the need to investigate the effects of prior knowledge on the benefits
of pretesting in applied settings. Overall, clear evidence on the
effects of prior knowledge on the benefits of pretesting in
multiple-repetition retrieval practice is lacking.

Current Experiments

In this project, we focused on the effects of pretesting prior to
multiple-repetition retrieval practice, which is a frequently used
format in digital learning tools. The main goal of this study was to
examine whether, and under what conditions, pretesting leads to
better learning relative to starting with a prestudy trial. Here, we
conducted four experiments to answer this question (see Figure 1 for
an outline of the designs). In all experiments, participants learned to
link the names of countries to their outlines. Based on our earlier
work, we assumed that they were likely to have varying amounts of
prior knowledge of this material (Wilschut et al., 2023). Participants
completed both a prestudy and a pretesting condition using different
study materials. In the prestudy condition, upon the first presentation
of an item, the country outline and its correct name were shown. In
the pretesting condition, the correct answer was not shown, and the
participant was asked to retrieve or guess the correct answer upon
the first presentation of the item. In both conditions, the item was
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Figure 1

Trial Sequence for the First Presentation of an Item in All Experiments

Fixed repetition schedule

Experiment 1

Adaptive repetition schedule

Experiment 2

A. Pretesting A. Pretesting
> -ml > > ‘ > | = | > @
=3 (- e (| o
o] answer is: France. Fixed repetition schedule, answer is: France. Adaptive, performance-
_E total 4 repetitions per item based repetition schedule
B. Prestudy B. Prestudy
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—
Correct! ) » Correct! Adaptive, performance-
Fixed repetition schedule, based repetition schedule
total 4 repetitions per item
Experiment 3 Experiment 4
A. Pretesting + drop A. Pretesting + drop
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g ” = [ it > 3
Correct! Correct! i
o Fixed repetition Adaptive, pe_r_formance»
S schedulg based repetition schedule
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L > > L e > > @
1 ‘ 1
Correct! Correct! Adaptive, performance-
Fixed repetition based repetition schedule
schedule
Note. All four experiments compared a pretesting condition to a prestudy condition. In the pretesting condition, the participant was asked to name the country

by its outline on its first presentation. In the prestudy condition, a country outline was shown, together with its written name on the first presentation. In both
conditions, the participant was asked to type the retrieved, guessed, or on-screen presented name. Upon the next presentation of the same item, the outline was
shown without the name, and the participant was asked to retrieve the country name from the outline. Multiple items were presented, but for visual simplicity,
only one item is shown here. In Experiments 1 and 3, items were presented using a fixed item repetitions schedule. In Experiments 2 and 4, items were scheduled
using an adaptive, performance-based scheduling system (which we describe in more detail in the main text). In Experiments 3 and 4, items were removed from
the practice set upon successful initial retrieval in the pretesting condition. See the online article for the color version of this figure.

then repeated multiple times, and the participant was asked to actively
retrieve the item.

In the first experiment, we aimed to quantify the costs and benefits
of pretesting over multiple repetitions of an item in a controlled
learning session where all items are repeated in a fixed order and for
an equal number of times for all learners. To foreshadow the results,
the first experiment replicated and extended earlier findings (e.g.,
Kornell et al., 2009; Metcalfe, 2017) by showing that pretesting
boosts subsequent retrieval of the item, independent of the success
of the retrieval attempt. However, from the third repetition of an
item, the performance difference between pretesting and prestudy
disappeared.

In the second experiment, we examined whether these results
generalize to adaptive learning contexts in which the item scheduling
is not fixed but determined by a learning algorithm developed by
MemoryLab (see https://memorylab.nl/en) that adapts to the per-
formance of individual learners. As such, the scheduling in this
learning condition more closely resembles realistic digital learn-
ing, where not all items are introduced in the same fixed order, and
some items are repeated more often than other items (e.g., see

Mettler et al., 2016; Nakata, 2011). Similar to the fixed-scheduled
learning session, we found that pretesting also boosts retrieval
performance relative to prestudy in an adaptive learning context.
Again, at later repetitions, we found that the benefit of pretesting
over prestudy disappeared.

The first two experiments showed that pretesting enhances retrieval
performance on subsequent repetitions of the item, but also that this
pretesting benefit diminishes over repetitions, calling into question the
usefulness of pretesting in applied contexts (i.e., if multiple repetitions
are used). In a third experiment, we aimed to explore whether we can
use pretesting trials to identify differences in prior knowledge—
information that is already known by the learner and therefore does
not need to be rehearsed—between learners. We dropped items
successfully retrieved on first presentation from further practice and
replaced them with new items to maximize learning efficiency. This
approach enhanced learning, especially when prior knowledge
was high.

Finally, in a fourth experiment, we aimed to extend these results
by combining the prior knowledge—based personalization approach
from the third experiment with an adaptive-scheduling algorithm.
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BENEFITS OF PRETESTING PRIOR TO RETRIEVAL PRACTICE 5

We found that replacing items that were answered correctly on
pretesting trials with new items also resulted in improved learning
efficiency in an adaptive learning session.

Experiment 1: Pretesting Benefits in Fixed-Schedule
Retrieval Practice

Method
Participants

In total, a group of 104 first-year psychology students studying at
the University of Groningen, of whom 79 were female and 25 male,
completed either Experiment 1 or 2, which were run during the same
testing sessions (see below). The mean age of the participants was
20.3 (SD = 3.7) years. Most participants were Dutch or German, but
the participant pool also included participants from other European
countries. Participants gave informed consent, and the study was
approved by the ethical committee of the department of psychology
at the University of Groningen (Study Approval Code: PSY-2122-
S-0308). Half of these participants (n = 52) were randomly assigned
to the first experiment, and the other half of these participants were
assigned to the second experiment (see below).

Design and Procedure

This study used a two-condition, within-subjects design. Half of
the participants were randomly assigned to a pretesting condition
first, followed by a prestudy condition. For the other half of the
participants, this order was reversed. In both conditions, participants
studied 20 items (see the Materials section). These 20 items were
divided into two 10-item subsets, one for each condition, through
which participants cycled four times. Before each iteration, the order
of the first five and the last five items was shuffled.

The trial sequence in both conditions is shown in Figure 1:
Experiment 1. In the pretesting condition, participants were shown a
country outline and were asked to type the associated country name
on every repetition. If participants did not know the name of a
country outline upon its first presentation, they were instructed to
guess the correct answer. In the prestudy condition, for the first
presentation of an item, participants were shown the correct answer,
which they could simply reproduce in the response field. For all
subsequent presentations, participants were asked to retrieve the
answer. After typing the answer, participants received feedback
(“Correct!” if the response was correct, “Incorrect, the correct answer
was [correct answer]” if the response was incorrect, and “Too slow!
The correct answer was [correct answer]” if the participants took more
than 15 s to respond).

Materials

As one of the main aims of this study was to test the benefits of
pretesting in applied settings, where learners are expected to have
varying degrees of prior knowledge of study materials, we previously
conducted a large-scale experiment to obtain prior knowledge norms
for a set of materials, and we use those materials here with a com-
parable participant sample (Wilschut et al., 2023). In that work, we
asked 287 participants (all first-year psychology students in the
Netherlands, mainly with Dutch or German nationality) to name 114
country outlines. The country list contained the 100 most populous

countries in the world and was supplemented with (a) countries
in close proximity to the Netherlands (e.g., Luxembourg) and (b)
countries in Europe with a fairly recognizable shape (e.g., Norway,
Iceland). To obtain prior knowledge norms, the country outlines
were presented to the participants three times, and participants
were asked to name the countries (no feedback was given). For the
present study, the 40 items with the highest average accuracy were
chosen, resulting in an item set in which the most difficult item
(Somalia) was correctly named by 11% of participants in the prior
study, and the easiest item (Italy) was correctly named by 96%
of participants. The average accuracy—a reliable estimation of
the expected prior knowledge rate in the present study given the
similarity of the participant samples—was 46%. The 40-item set
was divided into two 20-item subsets, which were assigned to each
experimental condition.” The country outline graphics used in this
study were generated using R 3.4.1 (R Core Team, 2020) with
packages ggplot2 (Wickham, 2016) and rnaturalearth (South,
2017). The script for generating the images can be found online
(see https://osf.io/uq8bw). For some countries, the images were
manually edited after they were generated to fit the display (e.g., by
removing a far outlying island).

Hardware and Software

The experiment was built with JavaScript and HTMLS using the
JjsPsych online experiment library (de Leeuw, 2015), and the
experiment was conducted online.

Power Analysis

The sample size for this and the following studies was initially
chosen based on the sample sizes used in other related studies (e.g.,
see Kornell & Vaughn, 2016). To confirm the power of this exper-
iment and to establish that a sufficient number of participants was
included in the study, we performed a power analysis. In the ex-
periments reported here, we used (generalized) linear mixed-effects
regression models to examine the differences between the prestudy
and pretesting conditions. As conventional power analysis methods
cannot be applied directly to such models (e.g., see Brysbaert &
Stevens, 2018), we performed a series of simulation-based power
analyses using the simr package (Green & MacLeod, 2016) inR 3.4.1
(R Core Team, 2020). Based on previous experiments, we expected an
average learning accuracy of around 75% and mean response times
(RTs) of around 3,000 ms in the adaptive-scheduling condition (see
Experiments 2 and 4) and passive study condition (e.g., see Wilschut
et al., 2024). We included an estimated effect of pretesting based on
theoretical considerations: As we were only interested in detecting
effects that would have a certain educational relevance, we wanted to
have sufficient power to detect a difference between pretesting and
prestudy of at least 8%—-10% points at the first retrieval attempt
following the initial trial. Finally, based on previous studies (e.g., see
Wilschut et al., 2024), we expected a small increase in learning
performance over item repetitions, as well as an interaction between the
effect of pretesting versus prestudy (where the benefits of pretesting

% Due to a technical flaw in the experiment, the items were not randomly
divided over the conditions. As a consequence, the average expected prior
knowledge or difficulty of the items was not exactly the same in both
experimental conditions. Therefore, we controlled for any possible effects of
the difficulty of the items statistically (see Analyses section below).
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would decrease over repetitions of the item). We simulated data for 50
repetitions of an experiment based on the above conditions with 10, 20,
30, 40, 50, 60, 70, 80, 90, and 100 participants and found an average
power of 80% in detecting the effects of pretesting versus prestudy
when at least 4050 participants were included in the study. Therefore,
the actual number of participants resulted in a sufficiently powered
experiment. The full code and description of the power analysis are
available online (see https://osf.io/3djyc).

Analyses

Data processing and statistical analyses were conducted in R 3.4.1
(R Core Team, 2020) with the mixed-effects modeling package /me4
(Bates et al., 2012). The data were visualized using ggplor2 (Wickham,
2016). We used (generalized) linear mixed-effects models to compare
learning accuracy and RTs for each iteration of an item. For the first
experiment, we fitted four mixed-effects models (see Table 1A-D).
The first two models use accuracy as a dependent variable, and the
latter two models fit RTs. For both accuracy and RTs, we fitted an
“overall model,” showing the overall effects of initial retrieval type,
and a “split model,” showing the effects of retrieval type, split by the
success of the initial retrieval attempt. In more detail, the mixed-effects
models reported in this study include as fixed effects (a) initial trial
type (contrast coded, pretesting = 1; prestudy = 0); (b) iteration (0-2)*;
(c) successful first iteration (contrast coded, successful first retrieval
attempt = 1, unsuccessful first retrieval attempt = 0); and (d) the
difficulty of the item, based on the prior knowledge norms (propor-
tions between 0.11 for the most difficult item and 0.96 for the easiest
item) for the materials (see Wilschut et al., 2023). Second-order in-
teractions were included for all combinations of (a), (b), and (c).
Accuracy (generalized binomial linear mixed-effects models) or
log-transformed RTs (linear mixed-effects models) were depen-
dent variables. Participant IDs were added as random intercepts
to all models (Baayen et al., 2008). As the aim of this study was to
examine the effects of the initial iteration on later retrieval per-
formance, in all models, the first iteration (Repetition 0 in overall
Models A and C or Retrieval Attempt 1 in split Models B and D)
was not included in the analyses. All data related to this study, as
well as analysis scripts, can be found in the additional online
material (see https://osf.io/2wbqv).

Results

The main goal of the first experiment was to compare the effects
of pretesting relative to prestudy on subsequent-repetition retrieval
attempts. Figure 2 gives an overall summary of performance over
repetitions in all four experiments. The results of Experiment 1 are
shown in the first row (Figure 2A-2D). In the first two columns in
Figure 2, accuracy is depicted on the y-axis. In the last two columns,
RTs are shown on the y-axis. Figure 2A and 2C shows overall
performance over item repetitions, and Figure 2B and 2D shows
performance split by the success of the first retrieval attempt. Note
that in the prestudy condition, the second presentation of an item
(i.e., Repetition 1) corresponds to the first retrieval attempt, whereas
in the pretesting condition, the first presentation of an item (i.e.,
Repetition 0) corresponds to the first retrieval attempt. There was no
fourth retrieval attempt in the prestudy condition (the third repetition
was the third retrieval attempt, whereas in the pretesting condition,
the third repetition was the fourth retrieval attempt). Table 1 shows

the results of 16 (generalized) linear mixed-effects models that
correspond to the 16 subpanels shown in Figure 2: Table 1A
corresponds to the data plotted in Figure 2A, Table 1B corresponds
to Figure 2B, and so forth. The results of the first experiment can be
summarized in five points.

First, Figure 2A shows, in line with earlier studies, that there was
a large benefit of pretesting: Accuracy on the first repetition of an
item was higher following the pretesting trial than following the
prestudy trial. Table 1A shows that the mixed-effects model fit
corroborates what is apparent in Figure 2A: The significant main
effect of initial trial type indicates that accuracy after pretest was
significantly higher than performance after prestudy. The same
pattern of results was reflected in RTs, as shown in Figure 2C and
Table 1C: Although attempting to retrieve an answer took more time
compared to passively studying it (Repetition 0, not included in
Table 1), participants were faster at later repetitions of the item if it
was pretested (Repetitions 1 through 3).

Second, Figure 2A (Table 1A) and 2C (Table 1C) shows that
accuracy increased and RTs decreased over repetitions following the
first presentation of the item. This indicates that (unsurprisingly)
performance improved over iterations (i.e., participants were suc-
cessfully learning the materials).

Third, the interaction effects of initial trial type and iteration were
significant, indicating that after the prestudy or pretesting trial, the
size of the pretesting benefit decreased over iterations, both in terms
of accuracy and in terms of RTs. Based on the coefficients from the
mixed-effects regression models, we can calculate that after 1.6
iterations (0.82 [main effect of initial trial type]/0.51 [absolute
interaction effect of initial trial type and iteration]), retrieval
accuracy was expected to be the same in the prestudy and in the
pretesting conditions. As iteration was referenced to O for Repetition
1, this means that the pretesting benefit disappeared after 2.6 re-
petitions (or 3.6 encounters including the initial prestudy/pretest
trial). Figure 3 shows the net retrieval time benefit of using pre-
testing compared to using prestudy over iterations of an item. Circles
represent average performance in the fixed-schedule experiment
(Experiment 1), and triangles represent performance in the adaptive-
scheduling experiment (Experiment 2; see below for details). The
figure shows that for the fixed-schedule experiment, RTs were
expected to converge after 4 (0.20/0.05, see Table 1C) iterations
(five repetitions or six encounters including the initial pretest/pre-
study trial). The total time cost of pretesting was nullified by the
added average time gain on later repetitions. In short, we found that
the pretesting benefit (higher accuracy after pretesting than after
prestudy) was largest upon the first repetition following the initial
presentation of the item and progressively got smaller until dis-
appearing after approximately three repetitions of an item.

Fourth, the interaction effect between the success of the first
retrieval attempt and the initial trial type was not significant with
respect to accuracy (see Table 1B). Visually, Figure 2B appears to
show a larger benefit of pretesting following an unsuccessful retrieval
attempt than after a successful retrieval attempt. However, when

3 The term “iteration” was used to create a general term for item repetition
in the overall models and for retrieval attempt in the split models. Note that,
for the split models, this first retrieval attempt corresponded to the first
presentation of the item in the pretesting condition (the first trial was a
retrieval trial) but to the second presentation of an item in the prestudy
condition (here, the second trial was the first retrieval trial).
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Figure 2
Retrieval Performance Over Iterations
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Note. The first column (A, E, I, M) shows overall mean accuracy in the pretesting (blue) and prestudy (yellow)
conditions. The second column (B, F, J, N) shows mean accuracy separated by the success of the first retrieval
attempt. The third column shows overall mean response times (C, G, J, K, O) and the fourth column (D, H, L, P)
shows response times separated by the success of the first retrieval attempt. Error bars show (+1) standard error
of the mean. The four rows correspond to the four experiments. RT = response time. See the online article for the
color version of this figure.
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Figure 3
Cumulative Net Difference in Total Retrieval Time After Pretesting Compared to
Prestudy Over Item Repetitions
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Note. Negative values represent a greater net retrieval time in the pretesting condition than in the
prestudy condition, and positive values represent more time invested in the prestudy compared to
the pretesting condition. Circles correspond to the fixed item scheduling (Experiment 1), and
triangles correspond to MemoryLab adaptive item scheduling (Experiment 2). Vertical lines show

(x1) standard error of the mean. See the online article for the color version of this figure.

accuracy scores are compared using a generalized linear model, the
same difference on the logit scale translates to changes of different
magnitudes depending on where they happen on the percentage scale.
Correspondingly, the logistic mixed-effects models demonstrate that
there was no difference in the size of the pretesting benefit after
successful versus unsuccessful retrieval attempts.

Finally, we found that if a pretest is correct, accuracy remained
high at around 97% (see Figure 2B, top blue line). This is important
because it suggests that after a successful initial retrieval attempt, it
can be safely assumed that the learner does not need to keep
practicing the item and thus that the item could be removed from
the set, leaving more time to study other items (this idea is tested in
Experiments 3 and 4).

In summary, the results of the first experiment show that pre-
testing boosted retrieval performance in a realistic, multiple-repetition
retrieval practice session. However, the benefit was largest upon the
first repetition of the item and progressively diminished over re-
petitions. We found no effect of the success of the first retrieval
attempt on the size of the prestudy benefit.

The previous analyses show a clear benefit of pretesting over
prestudy on performance at the retrieval practice trials directly
following the initial trial. Figure 4 shows the benefits of pretesting
relative to prestudy by learner. The average proportion of correct
answers in the pretesting condition is shown on the y-axis, and the
proportion of correct answers in the prestudy condition is shown on
the x-axis. The subpanels show sequential repetitions of the items.
The left subpanel shows the first item presentation. Here, performance
was much higher in the prestudy condition than in the pretesting
condition, because in the prestudy condition the correct answer was

shown on the screen. For the first and second item repetition, there
was a clear pretesting benefit: Most learners were above the diagonal
that indicates equal performance in both conditions. On the third
repetition, accuracy increased for most learners, and the difference
between pretesting and prestudy got smaller. Overall, the figure
shows that the pretesting benefits shown in Figure 2 (first row) were
not driven by a specific subset of learners but found in the participant
pool as a whole.

Experiment 2: Pretesting Benefits in
Adaptive Retrieval Practice

Method

The second experiment used the same materials, hardware and
software, and analysis methods as Experiment 1. The study was
performed using the second half of the participants that were invited
for Experiments 1 and 2 (participants completed either Experiment 1
or 2). As we did not have any upfront expectations for how learning
behavior in the fixed-schedule experiment would differ from the
learning performance in the adaptive-scheduling conditions, we
used the same power analysis for both the fixed-schedule and
adaptive-scheduling conditions. The second experiment differed
from the first in the way in which the items were scheduled. In
Experiment 1, the items were scheduled using a fixed item repetition
schedule. In Experiment 2, we used the MemoryLab adaptive-
scheduling algorithm that is used in a wide range of real-world
educational contexts (Sense et al., 2016; van der Velde, Sense,
Spijkers, et al., 2021; van Rijn et al., 2009; see https://MemoryLab
.nl/en). MemoryLab is based on the Adaptive Control of Thought—
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Figure 4
Pretesting Benefits Over Iterations
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Note.

The x-axis shows the proportion of correct responses in the prestudy condition, and the y-axis shows the proportion of correct responses in the pretesting

condition. Dots are individual learners. Each subpanel represents a subsequent presentation of the items. Dots falling above the diagonal line represent better
average performance in the pretesting condition than in the prestudy condition. The color of the item represents the average accuracy in the pretesting trial. This
figure shows the results of Experiment 1. See the online article for the color version of this figure.

Rational architecture’s model of human declarative memory
(Anderson et al., 1998; Pavlik & Anderson, 2008), and it aims to
identify the best item repetition schedules for individual learners by
a model-tracing process based on RTs and accuracy scores. By
having the learner rehearse each item just before it is estimated to be
forgotten, the algorithm balances the beneficial effects of active
retrieval during learning and spacing learning over time (Cepeda et
al., 2008; Karpicke & Bauernschmidt, 2011; Kornell, 2009; Nakata,
2017). In practice, this means that easier items are repeated later and
less often than more difficult items and that faster learners encounter
more items than slower learners. The beneficial effects of using
adaptive item repetition schedules have been demonstrated both in
controlled lab studies (Mettler et al., 2011; Sense et al., 2016; van
der Velde, Sense, Borst, & van Rijn, 2021; Zhou et al., 2021) and in
real-world classroom situations (Sense et al., 2021; van der Velde,
Sense, Spijkers, et al., 2021; van Rijn et al., 2009): Learning facts
with the MemoryLab system resulted in around 8%-10% better
recall of studied materials compared to learning with less adaptive,
accuracy-based algorithms in which RTs were not taken into
account (van Rijn et al., 2009). Of particular importance to the
present study, the way in which the MemoryLab algorithm presents
items resembles a frequently used realistic learning context in which
items are rehearsed based on the needs of the learner and do not
follow a fixed-repetition structure (see Mettler et al., 2016).

In Experiment 1 (fixed-schedule retrieval practice), participants
completed an 80-trial sequence. Because the MemoryLab system
adaptively adjusts the number of items and the number of times each
item should be repeated, in Experiment 2, we did not set the number
of trials to a fixed amount. Instead, the study duration was set to
9 min (for comparison, the average duration in the fixed-schedule
learning condition was 8.1 min).

Results

The main aim of the second experiment was to examine whether
the effects found in Experiment 1 generalized to a more realistic

learning context, where items do not follow a fixed-repetition
schedule but are dynamically scheduled based on their difficulty
and based on the individual’s learning pace. In such a context, the
number of repetitions per item will vary between items and learners,
which means that any pretesting benefit is also likely to vary more than
in Experiment 1. In addition, since the MemoryLab algorithm presents
items when their activation reaches a threshold, early repetitions of a
fact tend to follow each other quickly, while later repetitions tend to be
spaced further apart. The accuracy and RTs over item repetitions for
the pretesting and prestudy conditions are shown in Figure 2E-2H.
Again, the results can be summarized in five points.

First, as in the first experiment, pretesting resulted in higher
average accuracy and lower average RTs compared to prestudy; see
Table 1E and Table 1G, respectively. Second, we found that the
effects of iteration are less pronounced compared to the effects
found in the first experiment: Accuracy increased slightly over
iterations, but RTs got slightly longer over iterations. This is in line
with our expectations: The scheduling model is deliberately flat-
tening these curves by repeating items on a schedule that ideally
leads to stable repetition-to-repetition performance. Third, as in
Experiment 1, there was a significant interaction between initial trial
type and iteration in the overall accuracy model, indicating that the
size of the pretesting benefit decreased over iterations. The estimated
point at which accuracy in both conditions converges was after 4.5
repetitions (0.63/0.14). The interaction effect between initial trial
type and iteration was not significant in the overall RT model,
indicating the RT benefit after pretesting did not change over re-
petitions. Fourth, as in the first experiment, the interaction between
the success of the first retrieval attempt and the effect of the initial
trial type was not significant, indicating that there was no difference
in pretesting benefit after successful versus unsuccessful first
retrieval attempts. Finally, we found that after a correct initial retrieval
attempt, accuracy dropped slightly at the second retrieval attempt, but
then remained stable and high (see Figure 2F, top blue line), indi-
cating that also in adaptive-scheduling sessions, items that are cor-
rectly retrieved may not need to be kept in the practice pool.
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In summary, the results of the second experiment, in which a
personalized item scheduling system was used, align with the results
of the first experiment. In both experiments, we found a significant
benefit of pretesting on accuracy for the following retrieval attempts
that gets smaller over iterations. Both experiments did not show a
significant difference in the size of the pretesting benefit between
successful and unsuccessful attempts. Additionally, both experi-
ments showed that for items that were correctly recalled in the
pretesting trial, accuracy remained high at later repetitions. The
results differed in the effects of iteration: In the adaptive-scheduling
condition, performance remained more constant over repetitions,
whereas performance improved over iterations in the fixed sched-
uling condition.

Interim Discussion

The aim of the first two experiments was to examine the benefits
of pretesting relative to prestudy prior to a multiple-repetition
retrieval practice session. The results from both experiments provide
evidence for the beneficial effects of pretesting in applied settings:
Accuracy was higher and RTs were lower at retrieval attempts
immediately following pretesting than for retrieval attempts fol-
lowing prestudy. The accuracy of the pretesting trial was not an
important predictor of the size of the pretesting benefit, indicating
that even when the learner did not know the answer to an item,
attempting to retrieve it facilitated learning.

Despite the fact that we found a clear benefit of pretesting on
retrieval performance in the first two or three retrieval attempts
immediately following the initial trial, the benefit of pretesting
diminished over repetitions: The expected point at which retrieval
performance in both conditions (both in terms of retrieval accuracy
and in terms of RT) converged is after approximately three to four
repetitions. Since realistic learning usually involves multiple re-
petitions for each item in a learning session (e.g., see Mettler et al.,
2016; Nakata, 2011; Sense et al., 2021), this finding calls into
question the practical usefulness of pretesting when followed by
retrieval practice. We also found that for items that were correctly
recalled at a pretesting trial, accuracy remained high at later re-
petitions, suggesting that participants already had relatively stable
memory representations for these items at the pretesting trial. In
Experiments 3 and 4, we aimed to use pretesting trials to identify
these memory-stable items and subsequently explore whether
personalizing the schedule by dropping these items, and replacing
them with new items, would result in enhanced overall learning
outcomes.

Experiment 3: Prior Knowledge-Based Personalization
in Fixed-Schedule Retrieval Practice

Method

Experiment 3 used the same hardware and software and analysis
methods as Experiment 1. The study was carried out using a new
participant pool, consisting of 106 first-year psychology students
(71 female, 35 male) at the University of Groningen who partici-
pated in either Experiment 3 or 4. The mean age of these participants
was 21.5 (SD = 4.3) years. As in the first two experiments, most of
the participants were Dutch or German. Half of these participants
(n = 53) were randomly assigned to complete Experiment 3; the
other half was assigned to Experiment 4. We used the same

procedure to perform a power analysis as in Experiments 1 and 2,
but we used slightly different values for the expected accuracy and
RTs. As we used a prior knowledge-based item drop in this
experiment (see below), we expected that the accuracy on the re-
maining items would decrease, as the easier or known items would
be filtered out of the set. Therefore, we performed a new power
analysis with a base accuracy of 65% instead of 75% and a base RT
of 3,500 ms instead of 3,000 ms in the passive study condition. All
other values remained the same. We found an average power of 80%
in detecting the effects of pretesting versus prestudy, with at least 50
participants (for more details see https://osf.io/3djyc). Therefore, the
actual sample size resulted in a sufficiently powered experiment. As in
Experiments 1 and 2, participants gave informed consent before
starting, and the study was approved by the ethical committee of the
department of psychology at the University of Groningen (Study
Approval Code: PSY-2122-S-0308B).

In Experiment 3, items were scheduled based on the same fixed-
repetition structure as used in Experiment 1, with one exception:
Items were removed from the learning set if they were retrieved
correctly at initial retrieval in the pretesting condition. For each
dropped item, a new item would be introduced (which, in turn, could
also be dropped if named correctly at the first presentation). In the
prestudy condition, no items were dropped, and no new items were
introduced. To ensure a sufficiently large item pool with the new item
drop manipulation, Experiment 3 used a larger (N items = 74) and
more difficult country outline subset than Experiments 1 and 2 (see
https://osf.io/uq8bw). Unlike in Experiments 1 and 2, a final test in
which participants were tested on all encountered items followed
immediately after the learning session.

Results
Learning Performance

Figure 21 and 2J shows accuracy during learning in Experiment 3.
Note that the prestudy condition in Experiment 3 was similar to the
prestudy condition in Experiment 1. In the pretesting condition,
items were dropped after correct pretesting and replaced with a new
item. Therefore, Figure 2J and 2L does not show accuracy and RTs
for successful initial attempt trials in the pretesting condition. The
results of this experiment can be summarized in four points.

First, overall accuracy (Figure 2I; Table 1I) was slightly higher
after pretesting than after prestudy, indicating that even when known
items were replaced with new items in the pretesting condition, there
was a pretesting benefit for the items that were initially answered
incorrectly. Similarly, overall RTs (Figure 2K; Table 1K) were
lower after a failed pretesting than after prestudy. Second, there was
an effect of iteration on both overall accuracy and overall RTs,
showing that accuracy increased and RTs decreased over repeti-
tions. Third, in the overall models, the interaction effect of iteration
and initial trial type was significant. This indicates that, as in
Experiment 1, the size of the pretesting benefit, both in terms of
accuracy and in terms of RTs, diminished over repetitions. Finally,
Figure 2J (Table 1J) and 2L (Table 1L) shows that, as in the first
two experiments, we found no significant differences in the
benefits of pretesting as a function of initial trial success, which
shows that even when known items are replaced by new items,
attempting to retrieve unknown items was beneficial.
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Test Performance

As the main aim of this experiment was to explore the benefits of
prior knowledge—based personalization in terms of learning out-
comes, we asked participants to complete a cued recall test after the
learning session in which they were asked to name all countries they
encountered in the learning session. First, Figure SA shows the test
performance on items that were dropped during the learning session
for fixed item scheduling (Experiment 3) and MemoryLab item
scheduling (Experiment 4). In the fixed scheduling experiment, in
94.2% of all cases, dropped items were correctly recalled on the test.
In the MemoryLab scheduling experiment, dropped items were
correctly recalled on the test in 97.7% of all cases. Overall, as test
accuracy on dropped items was very high, these results show that
dropping the items after an initial correct response was justified.
Figure 5B shows that average performance on items that were studied
was much lower than average performance on dropped items. Finally,
Figure 5C highlights two of the most frequently made errors on
dropped items on the test. For example, the most frequently made
error for “Niger” was “Peru,” and vice versa, indicating that parti-
cipants often interchanged answers for the two country outlines.
Along similar lines, “Venezuela” was the most common error for the
country outline of “Estonia,” and vice versa. Overall, test performance
on dropped items was high, and the few mistakes that were made
generally seemed to have been a consequence of the visual similarity
of pairs of country outlines.

Figure 6A shows test performance for individual participants as a
function of their prior knowledge. Here, prior knowledge is defined
as the number of correct pretesting attempts in the pretesting
condition. Table 2A shows the linear mixed-effects model results
associated with Figure 6A. At zero prior knowledge, the main effect
of initial trial type was not significant, indicating that at the low end

of the prior knowledge scale, there was no advantage, but also no
disadvantage, of pretesting in combination with item replacement
relative to prestudy. In other words, even when all items are unknown
to the learner, attempting to retrieve them does not impede learning in
terms of the overall number of items correctly retrieved at the test. We
found a significant main effect of prior knowledge, demonstrating that
the number of items that were recalled on the test was higher if prior
knowledge was high. Finally, there was a significant interaction effect
of initial trial type and prior knowledge: For each item a learner knew
prior to the learning session, there was a 0.61 item increase in overall
learning benefit associated with using pretesting plus item replace-
ment relative to using the prestudy condition. This means that at
median prior knowledge (nine items), we found on average (9 X 0.61
— 2.84 =) 2.65 more correct responses on the test.

In summary, we found that dropping items after correct pretesting
was justified, as follow-up test performance on dropped items was
very high. Dropped items for which incorrect responses were given
on the test were often visually similar to other items in the set. We
also show that using prior knowledge—based personalization (i.e.,
replacing items that are retrieved correctly in a pretesting trial with
new items) can increase overall learning efficiency. Importantly,
also for participants with low prior knowledge, pretesting-based
personalization of the item set did not lead to a lower learning
efficiency.

Experiment 4: Prior Knowledge-Based Personalization
in Adaptive Retrieval Practice

Method

Experiment 4 used the same study materials, hardware and
software, and analysis methods as Experiment 2. The study was

Figure 5
Test Performance on Items Dropped During Learning
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Figure 6
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(A) Fixed-schedule learning (Experiment 3). (B) MemoryLab learning (Experiment 4) as a

function of the amount of prior knowledge. Dots show individual participants. See the online article for

the color version of this figure.

performed using the second half of the participants that were invited
for Experiments 3 and 4, and we used the same power analysis as in
Experiment 3. Experiment 4 used the same adaptive-scheduling
system as Experiment 2. In addition, it used the same “drop”
manipulation as Experiment 3: Country outlines that were correctly
named at initial retrieval in the pretesting condition were removed
from the set and replaced with a new item. The learning session had a
set duration of 12 min in both the pretesting and prestudy conditions.
As in Experiment 3, after the learning session, a test followed in which
participants were tested on all encountered items.

Results
Learning Performance

The aim of the fourth and final experiment was to test the benefits
of prior knowledge—based personalization, as explored in Experiment
3, in an adaptive learning session. Figure 2M and 2N shows accuracy
during learning in Experiment 4, and Figure 20 and 2P shows RTs.
We found a significant disadvantage in overall learning accuracy after
pretesting compared to prestudy; see Table 1M. In other words, we
found that overall learning performance in the pretesting condition
from which known items were dropped was slightly lower compared
to performance in the prestudy condition including known items. It is
good to point out that prestudy accuracy in this experiment was
relatively high compared to the other experiments, which might be
part of the reason why we do not find a benefit of prestudy over

pretesting in this experiment. We did find an overall benefit of
pretesting in terms of RTs; see Table 10. As in Experiment 3, there
were benefits of pretesting after unsuccessful retrieval attempts, both
in terms of accuracy (Table 1N) and RTs (Table 1P). The effects of
iteration were—as in Experiment 2—Iless pronounced in Experiment
4 than in Experiment 3, indicating that the adaptive learning algorithm
successfully kept performance constant over iterations.

Test Performance

Figure 6B (Table 2B) shows test performance after a retrieval
practice session with pretesting and after prestudy. In both conditions,
the number of to-be-studied items was determined by the MemoryLab
system based on RTs and accuracy scores. As in Experiment 3, we
found no significant difference in the number of studied items in the
pretesting and prestudy conditions at zero prior knowledge. In
addition, we again found an effect of prior knowledge: The more
items were known prior to the experiment, the higher the final score
on the test. Finally, the interaction between initial trial type and prior
knowledge is significant, indicating that the more prior knowledge a
learner has, the bigger the benefit of using pretesting in combination
with item replacement is. At median prior knowledge (nine items),
there was a 6.83 item benefit of using pretesting and prior knowledge—
based item scheduling. In summary, these results demonstrate that
using a realistic learning approach, prior knowledge—based person-
alization using pretesting trials boosts learning efficiency, especially
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Table 2

Summary of Mixed-Effects Model Results for the Number of Recalled Items on Test

Experiment Factor N correct on test
Model 1 (Fixed, drop) A
Intercept 13.73%%*
A. Initial trial type (pretest = 1, prestudy = 0) -2.84
B. Prior knowledge 0.25%*
C. Initial Trial Type X Prior Knowledge 0.617%*
Model 2 (MemoryLab, drop) B
Intercept 10.46™**
A. Initial trial type -2.08
B. Prior knowledge 0.37**
C. Initial Trial Type X Prior Knowledge 0.99%**

Note.

Models A and B refer to two separate linear mixed-effects regression models and correspond to the

two subpanels (A and B, respectively) in Figure 4. Factors can be interpreted as follows. Initial trial type:
Overall effect of pretesting versus prestudy: Is there a pretesting benefit at zero prior knowledge? Prior
knowledge: Overall effect of prior knowledge: Do learners with more prior knowledge score higher on the
test? Initial Trial Type X Prior Knowledge: Effect of prior knowledge on the effect of initial trial type: Is
there a larger pretesting benefit for learners with more prior knowledge? Only a selected number of effects

of interest are shown in this table.
p < .01, FFp < .001.

when learners had a moderate to high level of prior knowledge on the
subject.

Transparency and Openness

In the Method sections, as well as in the additional online
material, we report how we determined our sample size, all data
exclusions, all manipulations, and all measures for the present four
experiments. All data, analysis code, and research materials are
available online (see https://osf.io/2wbqv). Details on the data
analyses are provided in the Analyses section. This study’s design
and its analysis were not preregistered.

Discussion

The main goal of this study was to explore the extent to which
pretesting compared to prestudy prior to a multiple-repetition
retrieval practice session can improve overall learning outcomes. To
this end, we conducted a set of experiments with materials con-
structed to ensure varying degrees of prior knowledge on the study
materials, items were repeated multiple times after initial presen-
tation, and learners received continuous feedback throughout the
session. We examined (a) the beneficial effects of pretesting on
subsequent retrieval practice trials and (b) overall learning efficiency
if pretesting trials are used to identify and remove known items from
the learning set (Experiments 3 and 4). The results of this study can
be summarized in three main points, the first two concerning (a) and
the third regarding (b).

Pretesting Benefits Multiple Repetition Retrieval Practice

First, we found strong evidence for benefits of pretesting on
subsequent retrieval practice performance: Both successful and
unsuccessful initial retrieval attempts resulted in improved retrieval
accuracy on retrieval attempts directly following the initial trial. One
deviation to this pattern was the overall effect of pretesting on accuracy
in Experiment 4, where overall accuracy was lower after pretesting

than after prestudy. However, the latter comparison directly contrasts a
condition in which all items are included (prestudy) to a condition in
which all known items are dropped (pretesting), making the overall
learning difficulty much higher. Regardless of the success of the initial
retrieval attempt and regardless of the item scheduling, RTs for
retrieval attempts following pretesting were lower than RTs for
retrieval attempts following prestudy, providing additional support
for the idea that pretesting results in stronger memory representations
(Anderson & Schooler, 1991; van Rijn et al., 2009). In line with
earlier research, we found that the accuracy on the pretest did not
meaningfully influence the size of the pretesting benefit, suggesting
that the act of trying to retrieve the answer to a question, and not
successful retrieval as such, enhanced later retrieval performance.
Overall, these findings show that pretesting has a beneficial effect on
later retrieval practice performance, both when a controlled item
repetition schedule is used and when a more realistic adaptive item
repetition schedule is used.

Second, we found that these pretesting benefits on retrieval
practice performance (accuracy and RTs) got progressively smaller
over item repetitions. Where many studies demonstrated the effects
of pretesting on single study-test trials (e.g., see Arnold & McDermott,
2013; Izawa, 1970), we were interested in the effects of an initial
pretesting versus prestudy trial on retrieval performance over multiple
retrieval attempts. Importantly, the conditions differed only in the first
trial: In both conditions, the initial trial was followed by three active
retrieval practice trials and feedback. We found that the benefit of
pretesting persisted, but progressively got smaller, over trials. In
general, the above results are consistent with the mechanisms
underlying pretesting effects as proposed by Pan and Carpenter
(2023). First, it is plausible that presenting the prestudy trials
increased the learners’ general curiosity during the task, resulting in
better encoding of the cue-answer pair when the feedback on the
pretesting trial was presented. Subsequently, this better encoding of
the cue-answer pair can have enhanced retrieval performance at the
retrieval practice trials following the initial trial. It is not surprising
that the benefits of initial pretesting get smaller over repetitions, as the
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factors that induce the learners’ curiosity during the pretesting trial are
also present during the following retrieval practice trials. In fact, it is
interesting to note that even after a retrieval practice trial (i.e., a trial
that is exactly the same as the initial pretesting trial), the benefits of
starting with a testing trial are still present, suggesting that sparking
the learners’ curiosity at the beginning of a session by presenting a
question is more effective than quizzing the learner after the answer
has already been presented passively. In addition to affecting the
psychological state of the learner, the formation of stronger memories
of the cue during the presentation of the pretesting trial might have
positively affected retrieval during the following retrieval practice
trials. Again, it is reasonable to expect that the benefit of pretesting
over prestudy decreases repetitions following the initial pretesting
trial, because such cue-specific memories are also formed during the
retrieval practice trials that nullify the effect of the initial trial.

We find these effects both when a fixed item repetition schedule is
used and when a more realistic, performance-based adaptive item
scheduling system is used. We included the performance-based
scheduling approach to mimic realistic learning scenarios, where a
learner chooses to allocate practice time to items depending on their
difficulty (e.g., see Mettler et al., 2016). In the adaptive-scheduling
condition, we find smaller effects of iterations: Performance remains
relatively stable throughout the session. This is expected: The adaptive
item scheduling system increases the spacing of items that are already
known (making the task more difficult) and repeats more difficult
items quickly (making the task easier). This results in a key difference
compared to Experiment 1: It helps prevent motivational issues and
boredom as a consequence of items that are too easy or frustration
when items are too difficult (e.g., see Minear et al., 2018; Moeyaert
et al., 2016).

Overall, the results of Experiments 1 and 2 show that after about
four repetitions, performance in both initial trial type conditions was
expected to converge, calling into question the practical usefulness
of pretesting in multiple-repetition learning sessions. In order to
examine whether pretesting trials could be used to enhance overall
learning efficiency in applied settings, we tested the possibility of
exploiting pretesting trials to facilitate prior knowledge—based
personalization in Experiments 3 and 4.

Pretesting Can Be Used to Identify a Learner’s Prior
Knowledge

Third, we showed that pretesting could be used to identify prior
knowledge and personalize the item repetition schedule based on
this information. After a correct initial retrieval attempt, accuracy
remained high on later repetitions (see Figure 2B and 2F). Furthermore,
Figure SA shows that dropped items were correctly recalled on the test
in 94%-98% of all cases. In other words, if a learner knows the answer
to a question prior to learning, our data suggest that it could be removed
from the set of to-be-learned items, potentially leading to benefits in
overall learning efficiency. Further inspection of the items that were
answered incorrectly on the test after correct initial pretesting suggests
that errors on dropped items were frequently a result of a participant
swapping two visually similar country outlines (e.g., see Figure 5B).
Further studies should examine the possibility of presenting a few
additional retrieval questions for to-be-dropped items during the
learning session—especially if the item set contains items that are
similar—to ensure that the participant knows the item. Overall, the
results of Experiments 3 and 4 confirmed the idea that pretesting

trials can be used to identify prior knowledge and successfully
optimize overall learning efficiency for individual learners based on
this information. Both when item scheduling was fixed and when an
adaptive-scheduling system was used, dropping items after suc-
cessful pretesting resulted in a higher number of total items learned.
We showed that the additive benefits of employing such prior
knowledge—based personalization are most pronounced for partici-
pants with high levels of prior knowledge.

Although we found that prior knowledge—based personalization
seemed to be most beneficial for learners with a certain amount of
prior knowledge, it is important to stress that pretesting did not
impair learning if prior knowledge was low. The Appendix figure
shows an additional analysis in which we show accuracy and RTs
over repetitions for all participants (first row), participants with low
prior knowledge (second row), and participants with middle-high
prior knowledge (third row). In line with earlier results by Buchin
and Mulligan (2023), who found that prior knowledge did not
influence the benefits of pretesting on subsequent retrieval practice,
we found the same general pattern of results in low prior knowledge
participants and in middle-high prior knowledge participants. In all
prior knowledge groups, performance on item repetitions following
the pretesting trial was better than performance on item repetitions
following a prestudy trial. In other words, even if a learner did not
know the materials, the cost associated with attempting to retrieve
the answer to each item was nullified by enhanced performance on
the item repetitions immediately following the retrieval attempt,
leading to overall similar learning efficiency in both initial study
conditions. A noticeable deviation in the response pattern for low
prior knowledge participants relative to middle-high prior knowl-
edge participants, however, is the approximately 5% point drop in
accuracy after a successful initial retrieval attempt (see Appendix
Figure F). In the low prior knowledge group, a successful pretesting
trial did not necessarily indicate that an item is stably stored in
memory (e.g., it could also reflect a correct guess on the first attempt
or a lack of engagement with the task during the second retrieval
attempt). These observations can be construed as another case for
reintroducing to-be-dropped items a few more times after pretesting,
before permanently dropping it and replacing it with a new item.
One open question concerns the way in which the prior knowledge—
based personalization affects the learners’ affective or metacognitive
states (Hamari et al., 2016; Kennedy et al., 2014; Shernoff et al.,
2003). More specifically, it is possible that for learners with low
prior knowledge, having to produce answers to retrieval questions
might be demotivating, and future studies should examine ways to
counter this issue.

In short, regardless of prior knowledge, pretesting directly en-
hances retrieval performance on the next couple of item repetitions
following the initial retrieval attempt. Furthermore, we show that
pretesting trials can be used to identify prior knowledge and sub-
sequently personalize item repetition schedules based on the results.
Such prior knowledge—based personalization is especially effective
when a learner is partly familiar with the study materials before
learning but does not negatively impact learners with little or no
prior knowledge.

Limitations

The results of this study should be interpreted with some caution.
First, as the study was conducted online, there may be concerns
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about the validity of the data and the engagement of the participants.
However, we programmatically monitored whether participants
were engaged with and focused on the task (e.g., they could not click
away without notice), RTs did not show unusual values, and per-
formance increased over iterations, suggesting focused learning.
Second, the exact type of materials used is likely to play an important
role in examining the benefits of pretesting. In this study, we chose
country outlines because participants could be expected to have
varying degrees of prior knowledge on the topic. As a consequence,
they will—at least to some extent—have felt capable of successfully
retrieving the names of some of the country outlines in the pretesting
condition, which may be a necessary condition for initial retrieval
attempts to be beneficial. Future studies are needed to validate our
results using different types of stimuli. A potential confound to
consider is whether possible motivational decreases over the course of
the session may have resulted in diminishing benefits of pretesting
over repetitions. In particular, it is important to note that in the current
experimental setting, the learner’s motivation to complete the task
differs from educational practice, where behavior may be guided by
more intrinsic goal orientations or self-control (e.g., Duckworth &
Gross, 2014). However, we found that overall accuracy increases and
RTs decrease as the session progresses, indicating continued
engagement and learning throughout the task (see Figure 2).
Additionally, the task itself is relatively short (on average, only 8.1 min
for Experiment 1), a duration typically insufficient to induce fatigue or
a notable decline in motivation (e.g., see Ackerman & Kanfer, 2009;
Trejo et al., 2005). Despite these points, future studies should address
potential confounds of motivation by explicitly measuring it.

Implications

Our results have evident implications for the further development
of digital tools that aid the memorization of facts through retrieval
practice. We show that pretesting enhanced such retrieval practice
under realistic digital learning conditions, though with the caveat
that performance benefits disappeared with more than a few repeti-
tions. Furthermore, we show that pretesting was an efficient strategy
when pretesting trials were used to identify and remove known items
from the learning set. In educational contexts, learners may already be
familiar with some of the learning materials prior to the learning
session. Importantly, we did not find an overall disadvantage of
pretesting, even if participants had a low amount of prior knowledge
of the study materials. The study was not conducted in a classroom
setting, so the findings may not fully generalize to direct educational
contexts. However, it was carried out online with first-year under-
graduates who could complete the task at their convenience, reflecting
real-world digital learning habits. The materials were relevant, and
participants were motivated by the opportunity to earn course credits.
In this way, the study design mirrors digital learning applications used
in the real world.

We think that our results can be particularly useful in the context
of computerized adaptive learning systems as they show that pre-
testing trials can be used as a reliable tool to identify prior knowledge.
Current adaptive learning systems typically face the problem of trying
to determine what prior knowledge the learner already has and require
an initial study and test phase in order to determine appropriate
feedback or select useful practice problems. This is called the cold-
start problem: Having learners study and complete tests takes time,
which makes it difficult for the system to properly adjust to the

situation early in the learning session (e.g., see Pliakos et al., 2019;
van der Velde, Sense, Borst, & van Rijn, 2021). The results of this
study suggest that replacing initial study and test trials with active
retrieval attempts may be an efficient way of countering an aspect of
this issue: If a learner cannot correctly answer an item, the pretest
retrieval attempt will promote learning, and time costs associated with
the pretest retrieval attempt will be compensated by faster RTs in later
repetitions of the item. If the learner does know the answer, the item
may be (temporarily) removed from the set of to-be-studied items,
leaving the learner more time to practice unfamiliar materials.

In conclusion, we show that pretesting, relative to prestudy, can
improve retrieval performance in a multiple-repetition retrieval
practice session, where learners receive continuous feedback and
have varying degrees of prior knowledge of the topic. We found
these effects both in a fixed-schedule learning session and in an
adaptive learning session in which the item presentation was
adjusted to the needs of the individual learner and both when the
pretests were answered successfully and when they were answered
incorrectly. After approximately four repetitions, the benefit of
pretesting diminished. However, if pretesting trials were used to
select and replace known items for individual learners, it proved to
be an efficient overall study strategy. These results may guide the
development of computerized, adaptive learning applications that
aim to enhance memorization in educational practice.
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Appendix

Retrieval Performance Over Iterations for Experiment 1,
Separated for Three Prior Knowledge Groups
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Note. The first column (A, E, I) shows overall accuracy in the pretesting (blue) and prestudy
(brown) conditions. The second column (B, F, J) shows accuracy separated by the success of the
first retrieval attempt. The third column (C, G, K) shows overall response times, and the fourth
column (D, H, L) shows response times separated by the success of the first retrieval attempt. The
first row shows learners in all prior knowledge groups, and the second row summarizes response
data of the learners with the lowest prior knowledge (lowest quartile). The final row shows the
participants with the highest prior knowledge (highest quartile). RT = response time. See the
online article for the color version of this figure.

Received April 15, 2024
Revision received March 20, 2025
Accepted April 22, 2025 =



	Benefits of Pretesting Prior to Retrieval Practice Are Limited, Unless Used for Prior Knowledge–Based Personalization
	Outline placeholder
	Current Experiments
	Experiment 1: Pretesting Benefits in Fixed-Schedule Retrieval Practice
	Method
	Participants
	Design and Procedure
	Materials
	Hardware and Software
	Power Analysis
	Analyses
	Results

	Experiment 2: Pretesting Benefits in Adaptive Retrieval Practice
	Method
	Results
	Interim Discussion
	Experiment 3: Prior Knowledge–Based Personalization in Fixed-Schedule Retrieval Practice
	Method
	Results
	Learning Performance
	Test Performance

	Experiment 4: Prior Knowledge–Based Personalization in Adaptive Retrieval Practice
	Method
	Results
	Learning Performance
	Test Performance
	Transparency and Openness

	Discussion
	Pretesting Benefits Multiple Repetition Retrieval Practice
	Pretesting Can Be Used to Identify a Learner's Prior Knowledge
	Limitations
	Implications
	References
	Retrieval Performance Over Iterations for Experiment 1, Separated for Three Prior Knowledge Groups


