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Abstract 

Although tests and assessments—such as those used to maintain a physician’s Board certification—are often viewed 
merely as tools for decision‑making about one’s performance level, strong evidence now indicates that the experi‑
ence of being tested is a powerful learning experience in its own right: The act of retrieving targeted information 
from memory strengthens the ability to use it again in the future, known as the testing effect. We review meta‑
analytic evidence for the learning benefits of testing, including in the domain of medicine, and discuss theoretical 
accounts of its mechanism(s). We also review key moderators—including the timing, frequency, order, and format 
of testing and the content of feedback—and what they indicate about how to most effectively use testing for learn‑
ing. We also identify open questions for the optimal use of testing, such as the timing of feedback and the sequenc‑
ing of complex knowledge domains. Lastly, we consider how to facilitate adoption of this powerful study strategy 
by physicians and other learners.
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Significance statement
In recent years, there has been a growing call for a greater 
reliance upon testing as a studying and learning tool for 
students in the health professions. Indeed, physicians 
already complete some form of periodic testing in the 
form of longitudinal assessment for continuing certifica-
tion. We present evidence that this call is justified insofar 
as there is robust evidence that the experience of testing 
can itself be a way to enhance learning and retention. 
We also discuss what cognitive research implies about 
how to optimally leverage testing, including longitudinal 

assessment, as a learning device. Lastly, we discuss how 
the use case of longitudinal assessment highlights open 
empirical and theoretical questions regarding the testing 
effect.

Introduction
Physicians and other healthcare professionals are 
tasked with acquiring and maintaining multiple forms 
of knowledge and cognitive skills, including diagnosis, 
treatment and management, clinical procedures, inter-
personal skills, and basic biological and anatomical 
knowledge. In recent years, there has been a growing 
call for a greater reliance upon testing as a studying and 
learning tool in the health professions (Brown, 2017, 
EL: 6; Cilliers, 2015, EL: 6; Chesluk et  al., 2019; Fung 
et al., 2019, EL: 6; Griffith et al., 2017; EL: 6; Kulasega-
ram & Rangachari, 2018, EL: 3; Piza et al., 2019; EL: 5; 
Rapp et  al., 2014, EL: 6; Richmond et  al. 2019, EL: 6). 
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These calls typically promote testing in regularly spaced 
intervals in contrast to “cramming” study behavior (an 
issue we discuss in further detail below); the combina-
tion of testing and spacing over time has been termed 
spaced repetition. Systematic review (Phillips et  al., 
2019: EL 2) provides evidence that spaced repetition 
enhances practicing clinicians’ acquisition of knowl-
edge and their clinical behaviors.

Such spaced repetition could be incorporated into the 
longitudinal assessment programs used in many medi-
cal professions. For instance, physicians certified by one 
of the American Board of Medical Specialties (ABMS) 
must periodically pass an examination to maintain their 
certification. Historically, these exams have taken the 
form of a point-in-time, multiple-choice assessment 
every six to ten years. More recently, all 24 Boards have 
announced programs that involve a shift toward more 
frequent, lower-stakes assessments and test formats 
that focus on reasoning rather than rote memorization 
(for further review, see Rottman et  al., 2022). One of 
the primary motivations for this switch is so that these 
more frequent lower-stakes tests can serve as learning 
opportunities, rather than just assessment; unlike the 
older tests, the new longitudinal assessments provide 
physicians with feedback to promote learning.

In this paper, we examine how such testing can be used 
to enhance learning and retention of medical expertise. 

We review the extensive literature on the cognitive ben-
efits of testing on learning and retention. We describe the 
overall phenomenon as well as how it may be moderated 
by a number of variables—a key one being feedback—and 
that may thus constitute best practices for using testing. 
We consider theoretical explanations for the cognitive 
mechanisms that underlie the benefits of testing as well 
whether learners can be trained to employ this helpful 
learning strategy on their own. Lastly, we consider open 
questions and future directions in test-enhanced learn-
ing. We focus on these principles as they pertain to phy-
sicians, as part of a broader collection of five articles in 
this special issue focused on how physicians maintain 
medical expertise across their careers, but many of the 
principles we discuss would also be applicable to main-
taining expertise among other healthcare professionals, 
such as nurses, dentists, or therapists.

This work takes the approach of a narrative review, not 
systematic, because it covers a wide variety of topics. To 
situate the strength of the evidence and claims made, we 
attach evidence levels (EL) to in-text citations for empiri-
cal claims (see Table 1). Evidence levels range from 1 to 6, 
with 1 being the strongest evidence (meta-analyses) and 
6 being the weakest (opinion papers).

Overview and basic design
For over 100  years, psychologists have been aware of 
the learning benefits of testing one’s own knowledge, 
including the earliest psychological studies on memory 
(Abott, 1909; EL: 4; Ebbinghaus, 1885, EL: 5). The basic 
testing-effect experiment compares, at a minimum, two 
groups to which individuals are randomly assigned: a 
restudy group and a testing group (e.g., Carpenter et al., 
2008, EL: 4; Karpicke & Roediger, 2008, EL: 4; Roediger & 
Karpicke, 2006a, EL: 3, 2006b, EL: 3). The restudy group 
initially studies information and then has an additional 
study opportunity later. The testing group initially studies 

Table 1 Evidence levels for in‑text citations for empirical claims

Evidence level Type of work

1 Quantitative meta‑analysis

2 Narrative review

3 Multiple original experiments/rand‑
omized controlled trials (RCTs)

4 Single original experiment/RCT 

5 Correlational or quasi‑experimental study

6 Opinion paper

Fig. 1 Schematic design of the typical testing‑effect study procedure
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information and, instead of restudying the material, is 
tested on it. (Some experiments also include a third, con-
trol group that only initially studies information, e.g., 
LaPorte & Voss, 1975, EL: 4). The two groups then com-
plete some assessment of memory or performance (see 
Fig.  1). Critically, by comparing testing to restudying 
for the same period of time, this design controls for the 
total time that each group spends engaging with the sub-
ject matter; as a result, any differences that emerge are 
driven by testing itself and not by mere re-exposure to 
information.

Meta-analytic reviews (Adesope et  al., 2017, EL: 1; 
Rowland, 2014, EL: 1; Yang et  al., 2021: EL 1) provide 
evidence for the benefits of testing over restudy for long-
term retention. This phenomenon is often referred to as 
the testing effect, although it has also been referred to as 
test-enhanced learning, retrieval practice, and retrieval-
based learning. The testing effect holds across a wide 
variety of authentic educational domains (Yang et  al., 
2021: EL 1), including the natural sciences (Agarwal et al., 
2012, EL: 3; McDaniel et  al., 2011, EL: 3; McDermott 
et  al., 2014, EL: 3), mathematics and statistics (Hopkins 
et al., 2016, EL: 4; Kang et al., 2011a, 2011b, EL: 4; Lyle 
& Crawford, 2011, EL: 4), geography and maps (Carpen-
ter & Pashler, 2007, EL: 4; Rohrer et al., 2010, EL: 3), psy-
chology (McDaniel et al., 2007, EL: 4; Wiklund-Hörnqvist 
et al., 2014, EL: 4), and history (Agarwal et al., 2012, EL: 
4; Carpenter et al., 2009, EL: 4; McDermott et al., 2014, 
EL: 3; Nungester & Duchastel, 1982, EL: 4; Roediger 
et al., 2011, EL: 3). Most critically for our purposes, sev-
eral experiments have shown benefits of retrieval practice 
for learning among medical students (LaDisa & Biesboer, 
2017: EL 5; Raupach et al., 2016: EL 3) and medical resi-
dents (Larsen et al., 2009, EL: 4).

How beneficial is testing? Rowland’s (2014, EL: 1) meta-
analysis estimated the size of the testing effect as Hedges’ 
g = 0.50; in other words, people randomly assigned to 
testing scored half a standard deviation (0.50) better than 
those assigned to restudy, constituting a medium effect 
size. Adesope et  al., (2017: EL 1)’s more recent meta-
analysis found an even larger Hedges’ g of 0.70. Further, 
retrieval practice better enhances long-term retention 
and comprehension than some other popular educational 
techniques, such as concept mapping (Karpicke & Blunt, 
2011, EL: 3). A general conclusion, then, is that being 
tested is likely to be an effective way of enhancing physi-
cians’ long-term retention of medical expertise.

Moderators
Researchers have also varied the parameters of the 
basic testing-effect design presented in Fig. 1 to explore 
potential moderators of the testing effect, which we now 
review.

Retention interval and “cramming”
One important characteristic of any learning task is the 
retention interval—the time between initial learning 
(e.g., reading a document or taking a practice test) and 
the final assessment. The benefits of testing for retention 
remain even when assessed 8 to 24 months later (Agar-
wal et al., 2012, EL: 4; Kerfoot, 2009, EL: 4). In fact, the 
benefits of testing relative to restudy are intensified with 
a longer retention interval, a phenomenon known as 
the test-delay interaction (e.g., Agarwal et  al., 2012, EL: 
4; Chan, 2010, EL: 4; Roediger & Karpicke, 2006a, EL: 
3; Rowland, 2014, EL: 1; Runquist, 1983, EL: 3; Toppino 
& Cohen, 2009, EL: 3; Wheeler et al., 2003, EL: 3; Yeo & 
Fazio, 2019, EL: 3). For example, Rowland’s (2014, EL: 1) 
meta-analysis found that the difference between testing 
and restudy was larger when the retention interval was 
longer than a day (Hedges’ g = 0.69) than when the reten-
tion interval was less than a day (Hedges’ g = 0.41). Put 
another way, testing is particularly beneficial when mate-
rial must be retained for a long time; although cognitive 
skills decline on the whole over a longer retention inter-
val (Rubin & Wenzel, 1996, EL: 2; Wixted, 2004, EL: 3), 
this decline is smaller with testing relative to restudy.

However, there is one circumstance in which testing 
is not more beneficial than restudy: when the final test 
immediately follows practice. Under these circumstances 
(i.e., “cramming” immediately before a test), restudy out-
performs retrieval practice (e.g., Roediger & Karpicke, 
2006a, EL: 3; Toppino & Cohen, 2009, EL: 4; Wheeler 
et al., 2003, EL: 3). In sum, in the very short term, restudy 
may be better than testing, but testing quickly becomes 
superior over the long term. Since physicians need to 
retain information over years if not decades, periodic 
testing should be more beneficial for retention than mere 
restudy.

How much testing: frequency, length, repetition
Given that testing benefits long-term retention, one 
might ask how much testing we can feasibly ask learn-
ers to do: How long should each test be, and is there a 
point at which additional testing becomes harmful? 
Some research suggests a list length effect whereby, as 
the amount of material to be learned increases (i.e., a 
longer practice test), the probability of learning any indi-
vidual item decreases (Cary & Reder, 2003, EL: 3; Gil-
lund & Shiffrin, 1984, EL: 4; Gronlund & Elam, 1994, 
EL: 4; Ohrt & Gronlund, 1999, EL: 3; Ratcliff et al., 1990, 
EL: 4; Strong, 1912, EL: 4). However, others have argued 
that the list-length effect disappears when various con-
founders are carefully controlled (Dennis & Humphreys, 
2001, EL: 3; Dennis et al., 2008, EL: 3; Kinnell & Dennis, 
2011, EL: 3), and, at any rate, the total amount learned 
is greater with longer lists (Murayama et al., 2016, EL: 3; 
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Ward, 2002; EL: 4). In sum, there does not appear to be 
any cognitive reason to avoid longer tests, and this deci-
sion can instead be made based on time and motivational 
constraints.

A related question concerns how many times learners 
should be tested on the same material. The literature sug-
gests that the benefits of multiple tests are nuanced. On 
the one hand, adding a second test—or even more—does 
enhance retention above and beyond the first (Roediger 
& Karpicke, 2006a, 2006b, EL: 3; Karpicke & Roediger, 
2007, EL: 4; Pyc & Rawson, 2009, EL: 3; Wheeler & Roe-
diger, 1992, EL: 3; Yang et al., 2021: EL 1). Even if learners 
answered correctly on the first test, further study can still 
enhance long-term retention, a strategy known as over-
learning (e.g., Karpicke & Roediger, 2007, EL: 4; Karpicke, 
2009, EL: 3; Kornell & Bjork, 2008, EL: 3; Postman, 1965, 
EL: 4; Pyc & Rawson, 2011, EL: 4; Rawson & Dunlosky, 
2011, EL: 3; Vaughn & Rawson, 2011, EL: 3). Overlearn-
ing is thought to benefit retention because it provides 
further feedback and strengthens memory traces to 
buffer against future forgetting (Driskell et al., 1992, EL: 
1). Relative to the common strategy of dropping items 
from testing once they have been answered correctly a 
single time, overlearning has a medium to large benefit 
on long-term retention, d = 0.75 (Driskell et  al., 1992, 
EL: 1). On the other hand, the benefit from the first test 
is much larger than the additional benefit from a second 
test (or from a second episode of practice more generally; 
Dunlosky & Hertzog, 1997, EL: 4; Koriat et al., 2002, EL: 
3; Rawson & Dunlosky, 2011, EL: 3; Vaughn & Rawson, 
2011, EL: 3; Yang et al., 2021: EL 1), such that additional 
tests yield diminishing returns. In sum, there is some 
moderate benefit to continuing to occasionally practice 
even learned concepts, but many benefits from retrieval 
practice could be realized with just one test.

Timing of tests: spaced learning
When should learners be tested? Cognitive scientists 
have extensively studied the broader question of when 
to schedule learning, whether in the form of restudy-
ing or testing. As we discussed above, practicing twice is 
somewhat better than practicing once (Madigan, 1969, 
EL: 4). Critically, a second learning session is particularly 
beneficial when learning episodes are spaced over time 
(distributed practice) rather than back-to-back (massed 
practice; i.e., cramming), even when controlling for 
the total amount of time spent studying (Cepeda et  al., 
2006, EL: 1; Crowder, 1976, EL: 3; Madigan, 1969, EL: 4; 
c.f., Timer et al., 2020, EL: 4). This effect has been refer-
enced with varying terminology in the literature, includ-
ing the spacing effect, spaced education, spaced training, 
and distributed practice (Versteeg et al., 2019, EL: 2). For 

the purposes of the current review, we will use the term 
spaced learning.

Benefits of spaced learning cannot be attributed 
merely to inattention or boredom with massed study, 
since spaced learning is still better even when attention 
is measured and tightly controlled (Zimmerman, 1975, 
EL: 4). Rather, many contemporary theoretical accounts 
propose that distributed practice potentiates memory 
because each subsequent study episode reminds the 
learner of the previous episode or episodes, re-activating 
and strengthening them in memory (Benjamin & Tullis, 
2010, EL: 4; Bjork & Bjork, 1992, EL: 3; Jacoby & Wahl-
heim, 2013, EL: 3; McKinley & Benjamin, 2020, EL: 3; 
Tullis et al., 2014, EL: 3).

Further, even when using spaced learning, spacing 
study episodes with longer gaps (lags) is generally bet-
ter than spaced learning with relatively short gaps, which 
has been termed the lag effect (Cepeda et  al., 2006, EL: 
1; Crowder, 1976, EL: 3; Madigan, 1969, EL: 4; Melton, 
1967, EL: 4). The spacing and lag effects extend to test-
ing such that, given multiple tests, a longer lag between 
two tests leads to better retention (Pyc & Rawson, 2009, 
EL: 3). However, extremely long lags may be harm-
ful (Cepeda et  al., 2009, EL: 3; Cepeda et  al., 2008, EL: 
3). The optimal lag is likely to depend on the retention 
interval: The longer that learners need to retain what they 
have learned, the longer the ideal gap in spaced learn-
ing (Cepeda et  al., 2008, EL: 3). Since physicians gener-
ally need to retain their expertise for years if not decades, 
spacing practice over a long span of time—such as 
through longitudinal assessment—is likely to result in the 
most enduring medical knowledge.

Interventions in the health sciences have sometimes 
combined the testing effect and spaced learning by hav-
ing learners answer test questions periodically over time, 
a practice often termed spaced repetition. Systematic 
review (Phillips et  al., 2019: EL 2) indicates that spaced 
repetition enhances healthcare professionals’ acquisi-
tion of knowledge and their clinical behaviors (as meas-
ured both via self-report and objective records). Further, 
spaced repetition activities generally meet with accept-
ance and uptake; in the studies reviewed by Phillips et al., 
87% of participants in spaced-repetition interventions 
indicate they would participate in future spaced-repeti-
tion activities, and completion rates were high. Not all of 
the studies of healthcare professionals reviewed by Phil-
lips et al. (2019) involved physicians (e.g., some involved 
nurses), and only some used randomized controlled tri-
als with experimental designs, indicating a need for more 
high-quality studies specifically with physicians. Never-
theless, Phillips et al. (2019) concluded that spaced rep-
etition is “one of the few evidence-based pedagogies that 
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can increase knowledge, promote retention of knowledge 
[…] and positively affect clinical practice” (p. 899).

Test format and type of knowledge
Physicians are tasked with acquiring and maintaining 
several different types of knowledge, such as basic fac-
tual knowledge, diagnosis and classification, medical 
procedures and clinical behaviors. Could testing enhance 
retention of each of these?

In general, testing indeed appears to be effective across 
many testing formats and types of knowledge. Ben-
efits of testing for retrieval have been demonstrated for 
most basic memory tasks: recognition tasks in which the 
learner merely identifies a stimulus as previously encoun-
tered or not (e.g., multiple-choice or yes/no tests, or 
deciding whether you recognize a person; Adesope et al., 
2017, EL: 1; Rowland, 2014, EL: 1; Yang et  al., 2021: EL 
1), cued recall tasks in which the learner supplies partial 
information in response to a cue (e.g., a fill-in-the-blank 
test, or answering a question asked by a patient; Ades-
ope et  al., 2017, EL: 1; c.f., Hinze & Wiley, 2011, EL: 4; 
Rowland, 2014, EL: 1), and free recall tasks in which the 
learner must bring to mind information without any 
guide from the environment (e.g., an essay test; Adesope 
et al., 2017 EL: 1; Hinze & Wiley, 2011, EL: 4; Rowland, 
2014, EL: 1). Adesope et al., (2017, EL: 1) formally exam-
ined test format in their meta-analysis and found a sig-
nificant benefit of testing over restudy for all test formats. 
For this reason, the specific format of a test item is likely 
of less importance than the presentational quality of the 
question (e.g., clarity, readability, and veracity of text).

Some controversy has existed as to whether testing 
benefits more complex knowledge types and tasks, such 
as problem-solving (c.f., Karpicke & Aue, 2015, EL: 6; 
Leahy et al., 2015, EL: 4; Rawson, 2015, EL: 2; van Gog & 
Kester, 2012, EL: 4; van Gog et al., 2015, EL: 4; van Gog 
& Sweller, 2015, EL: 3). However, meta-analytic evidence 
suggests testing does benefit complex problem-solving 
tasks and other types of high-level conceptual knowledge 
(Yang et al., 2021: EL 1), and several studies have found 
benefits of testing specifically for clinical behaviors and 
skills (Kromann et al., 2009, EL: 4; Larsen et al., 2009, EL: 
4; Raupach et al., 2016, EL: 3). Another finding relevant to 
medical expertise is that testing benefits laboratory clas-
sification tasks, such as learning to classify different fami-
lies of birds based on individual photo exemplars (Jacoby 
et al., 2010, EL: 4; Siler & Benjamin, 2019, EL: 3), some-
what analogous to diagnosing or classifying patients.

In sum, the testing effect appears to play out for many 
different formats and types of knowledge—including 
those relevant to longitudinal medical expertise, such as 
classification, medical procedures, and the basic formats 
used in standard computerized testing.

Ordering of practice material
Given that the content to longitudinal assessments gener-
ally includes multiple concepts and items, a natural ques-
tion is whether there are better or worse ways to order 
such material. The optimal ordering of learning material 
has frequently studied in cognitive psychology, although 
not always in the specific context of the testing effect. 
Cognitive psychologists who have studied this issue more 
broadly have often contrasted two extremes of schedul-
ing material for practice. We follow Brunmair and Rich-
ter (2019) by defining a blocked schedule as one in which 
all problems or examples pertaining to one topic are pre-
sented before moving on to the next topic or concept—
similar to the organization of most textbooks or courses 
in formal education. For instance, a physician may study 
many examples of hyperthyroidism, then many examples 
of diabetes. By comparison, an interleaved schedule is 
defined as any ordering in which the to-be-practiced con-
cepts are intermixed such that examples of one category 
are not fully exhausted before moving onto the next. For 
example, a physician may review some hyperthyroidism 
cases and some diabetes cases mixed together (in any 
order), rather than grouped by diagnosis. Meta-analysis 
(Brunmair & Richter, 2019, EL: 1; Firth et  al., 2021, EL: 
1) suggests that, for most materials, interleaving practice 
results in superior learning than blocked practice, with a 
medium effect size.

Of course, various intermediate schedules are also pos-
sible, such as beginning with blocked practice and then 
transitioning to interleaved (Yan et al., 2017, EL: 5). Pre-
liminary evidence suggests that an intermediate degree of 
interleaving is optimal in more complex domains, such as 
when topics are arranged a hierarchical structure at mul-
tiple levels of organization (Yan & Sana, 2021: EL 4) or 
when individual items can be cross-classified in multiple 
topics (Abel et al., 2021: EL 3).

One reason that interleaving is thought to ben-
efit learning is that it calls attention to the differences 
between concepts (Brunmair & Richter, 2019, EL: 1; Car-
valho & Goldstone, 2015, EL: 3; Carvalho & Goldstone, 
2017, EL: 3; Kang & Pashler, 2012, EL: 3). For example, 
learning to distinguish two potentially confusable patient 
presentations (e.g., shortness of breath could reflect heart 
problems or lung problems) requires understanding what 
the two diagnoses have in common, but especially what 
differentiates them. Likewise, learning to choose between 
two treatments that could both be used in a given situ-
ation requires understanding why they could both be 
used, but especially why there is a reason to choose one 
over the other. Thus, one recommendation is that, when 
there is a concern that two diagnoses or two treatments 
may be confused (i.e., they may be subject to  interfer-
ence; Caddick et  al., 2022), it would likely be beneficial 
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to interleave those concepts together on the same assess-
ment rather than blocked into different assessments. One 
caveat is that much of the work on the interleaving bene-
fit has not been specific to retrieval practice (e.g., in some 
studies, learners merely viewed the exemplars without 
being tested) and it would be useful to confirm the ben-
efits of interleaving specifically in the context of retrieval 
practice.

One other line of work has explored item sequencing 
specifically in the context of test items and their diffi-
culty. This work is grounded in the more general princi-
ple of the peak-end rule: people tend to judge experiences 
primarily as a function of (a) the affective peak (i.e., the 
strongest positive or negative experience) and (b) their 
ending experience (Diener et  al., 2001, EL: 3; Do et  al., 
2008, EL: 3; Kahneman et  al., 1993, EL: 4). In line with 
this, laboratory studies have shown that adding easier 
items, which are likely to engender a positive experience 
of success, to the end of a test increases learners’ willing-
ness to engage in future testing, even when the additional 
items extend the overall length of the test (Cho, 2021, EL: 
4; Finn & Miele, 2016, EL: 3; Finn & Miele, 2021, EL: 3; 
O’Day, 2022, EL: 3). Consequently, we suggest there may 
be potential value in ending each longitudinal assess-
ment “on a high note” with a few relatively easy items 
that are likely to encourage continued participation in the 
program.

Transfer to untested material
Evidence suggests that retrieval practice can support 
transfer: a benefit to learning not just on the exact tested 
item, but on related items or material (Carpenter, 2012, 
EL: 3; Pan & Rickard, 2018, EL: 1; Yang et  al., 2021: EL 
1). It is generally rare—if not impossible—to observe far 
transfer, where training or practice in one domain also 
confers benefits to other, wholly unrelated domains (Sala 
& Gobet, 2017, EL: 1). However, the learning benefits of 
the testing effect do appear to transfer to more closely 
related material (near transfer). For example, Kang 
et al., (2007, EL: 4) found that retrieval practice transfers 
between test formats: College students who practiced in 
the form of multiple-choice questions also showed ben-
efits on a final short-answer test (relative to restudy or 
no-review conditions), and vice versa (see also Lyle & 
Crawford, 2011, EL: 4).

Retrieval practice can sometimes also transfer from 
the practiced information to other, related informa-
tion. In a college neuroscience course, McDaniel et  al., 
(2007, EL: 4) presented students with fill-in-the-blank 
quiz questions, such as All preganglionic axons, whether 
sympathetic or parasympathetic, release ____ as a neuro-
transmitter. Practice on these questions benefited subse-
quent exam performance even when students were tested 

on a different piece of information from the same state-
ment, such as All _____ axons, whether sympathetic or 
parasympathetic, release acetylcholine as a neurotrans-
mitter. Similarly, the benefits of being tested on part of 
a science text can sometimes generalize to other, related 
facts from the text (Chan, 2010 EL: 4; Chan et al., 2006, 
EL: 4), though this has not been observed in all studies 
(Pan & Rickard, 2018, EL: 1; Woolridge et al., 2014, EL: 
3).

Finally, retrieval practice can transfer between levels of 
knowledge or analysis (Agarwal et  al., 2013, EL: 4; But-
ler, 2010, EL: 3; Pan & Rickard, 2018, EL: 1; Rohrer et al., 
2010, EL: 3). For example, practicing the notion of com-
petition with a definition question (“What is the term for 
when two or more organisms vie for limited environmen-
tal resources?”) also benefits application (e.g., “A group of 
500 pandas are living in a reserve. Recent dry weather has 
reduced the bamboo populations, which the pandas rely 
on. The pandas are in what type of relationship?”), and 
vice versa (Agarwal et al., 2013, EL: 4).

These results imply that learners who use testing are 
not just memorizing the answers to specific test items; 
they are developing their understanding of the concept 
more broadly. An implication for longitudinal assessment 
of medical expertise is that being tested should improve 
physicians’ retention not just of the specific tested mate-
rial, but of other, related material as well.

Individual differences
More recent work has begun to examine whether the 
testing effect applies equally across groups of learners. 
Meyer and Logan (2013, EL: 4) found that older adults 
benefit from testing just as much as college-age learn-
ers. This finding is relevant to longitudinal assessment 
of medical expertise because it suggests that testing may 
be beneficial even for physicians more advanced in their 
career and further removed from training.

One question of particular interest is how the test-
ing effect may be modulated by prior knowledge of the 
tested domain. Several studies have examined whether 
the degree of learners’ prior knowledge correlates with 
the magnitude of the testing effect, with mixed results: 
One study found that retrieval practice has a compen-
satory effect such that it is more beneficial for learners 
with low existing topic knowledge (Cogliano et al., 2019, 
EL: 5), another conversely found that retrieval prac-
tice is more beneficial for learners with high knowledge 
(Carpenter et  al., 2016, EL: 5), and others found test-
ing equally effective regardless of prior topic knowledge 
(Glaser & Richter, 2022, EL: 5; Xiaofeng et al., 2016, EL: 
5), although all of these studies are limited by their corre-
lational nature. More recently, in an experimental study, 
Buchin and Mulligan (2023, EL: 4) manipulated learners’ 
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topic knowledge by having them study an academic topic 
across multiple days of training before introducing a 
retrieval-practice manipulation; this study found that the 
testing effect equally benefited high-knowledge and low-
knowledge learners.

Other work has examined how the relevance of test-
ing may be modulated by more general academic apti-
tude or cognitive abilities. The boost provided by testing 
may be especially helpful for students who would other-
wise struggle: A larger testing effect has sometimes been 
observed for learners lower in the ability to hold infor-
mation in active memory (working memory capacity; 
Agarwal et  al., 2017, EL: 5), in reading comprehension 
(Callender & McDaniel, 2007, EL: 5), or in general intel-
ligence (Brewer & Unsworth, 2012, EL: 5). Because work-
ing memory typically declines with age (Park et al., 2002, 
EL: 5), this may make testing particularly important for 
older physicians. However, other studies have found test-
ing benefits to be equal regardless of working memory or 
general intelligence (Bertilsson et al., 2021, EL: 5; Jonsson 
et al., 2021, EL: 5; Pan et al., 2015, EL: 5; Wiklund-Hörn-
qvist et al., 2014, EL: 5).

In general, then, there does not seem to be consist-
ent evidence that retrieval practice benefits only a select 
group of learners, either in terms of prior knowledge or 
general cognitive ability. Instead, Jonsson et  al. (2021) 
conclude that retrieval practice is “a learning method for 
all.” This means that physicians are likely to be among 
those who benefit from the testing effect, and moreso 
that testing could help physicians across a range of back-
grounds and knowledge.

Feedback after testing
When learners are tested—either during practice tests 
or final assessments—most will answer some of the 
items that they have studied or practiced correctly 
but make errors on others. One concern sometimes 
expressed by educators and learners is that these self-
generated errors may become (falsely) incorporated 
into learners’ knowledge base, and so perhaps a more 
didactic approach that prevents learners from making 
mistakes would be better (e.g., errorless learning; for 
further discussion, Metcalfe, 2017, EL: 3; Middleton & 
Schwartz, 2012, EL: 2).

Evidence indicates that the benefits of testing for 
long-term learning do indeed depend in part on how 
well learners perform on the test (Rowland, 2014, 
EL: 1). When no feedback is provided during testing, 
individuals receive a positive memory boost for cor-
rectly recalled information (Kornell et  al., 2011, EL: 3; 
Rowland, 2014, EL: 1; Spellman & Bjork, 1992, EL: 6). 
However, for the items with weak memory strength 
that are not correctly recalled on the no-feedback 

test, no memory boost occurs. In this way, tests with-
out feedback may create an asymmetry or bifurcation 
in learning dependent upon pretest memory strength 
for individual pieces of information. In contrast, res-
tudy conditions provide a memory boost for all items 
reviewed, but it is a weaker boost than received for cor-
rectly recalled items in the test condition.

However, this asymmetry can be alleviated by the addi-
tion of feedback after a retrieval practice attempt. Thus, 
although testing is beneficial even without feedback, test-
ing with feedback is even better (Butler & Roediger, 2008, 
EL: 4; Rowland, 2014, EL: 1; Yang et al., 2021: EL 1; c.f., 
Adesope et al., 2017, EL: 1). Indeed, as long as feedback 
is given, errors generated by learners in practice testing 
do not impair long-term performance (Butler et al., 2008, 
EL: 3; Huelser & Metcalfe, 2012, EL: 3; Kang et al., 2011a, 
2011b, EL: 3; Kornell et  al., 2015, EL: 3; Kornell et  al., 
2009, EL: 3; Kornell & Metcalfe, 2014, EL: 4; Metcalfe, 
2017, EL: 3; Metcalfe & Kornell, 2007, EL: 4; Richland 
et al., 2009 EL: 3; c.f., Knight et al., 2012, EL: 3, for more 
mixed results). In fact, testing with feedback is so pow-
erful that an unsuccessful retrieval attempt followed by 
feedback is more beneficial than simply reading the cor-
rect information without attempting retrieval (Kornell 
et al., 2009, EL: 4; Hays et al., 2013, EL: 4; Richland et al., 
2009 EL: 4). Thus, the concern that errors during learning 
undermine long-term knowledge is unfounded so long as 
feedback is given.

Further, because corrective feedback allows people to 
learn even from difficult tests, feedback allows learners to 
be presented with more challenging and demanding tests 
(e.g., short answer rather than multiple choice) that lead 
to better learning (Kang et al., 2007, EL: 3). Thus, training 
that permits errors can be more effective than errorless 
learning (Keith & Frese, 2008, EL: 1) because it allows 
learners to capitalize on testing and practice effects. 
These findings imply that tests will most benefit physi-
cians’ retention of medical expertise if (a) feedback is 
given, especially for more difficult material, and (b) tests 
are appropriately challenging.

How should feedback be given?
The form of feedback clearly matters: Simply stating 
whether a response is correct or incorrect (verification 
feedback) confers little or no benefit whereas presenting 
the actual, correct answer benefits learning (Bangert-
Drowns et al., 1991, EL: 1; Fazio et al., 2010, EL: 3; Met-
calfe, 2017, EL: 3; Moreno, 2004, EL: 3; Pashler et  al., 
2005, EL: 4; Whyte et al., 1995, EL: 4) although this may 
be qualified by the learner’s knowledge level (Hausmann 
et al., 2013, EL: 5).
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Some studies have also examined additional elabora-
tions that can be provided beyond correct-answer feed-
back. One popular technique is to present an explanation 
of why the correct answer is correct; however, most 
studies have found that such explanatory feedback does 
not yield gains over providing the correct answer alone 
(Bangert et  al., 1991, EL: 1; Corral & Carpenter, 2020, 
EL: 4; Kulhavy et al., 1985, EL: 4; Mandernach, 2005, EL: 
4; Smits et al., 2008, EL: 4; Whyte et al., 1995, EL: 4, but 
see Butler et al., 2013, EL: 3,  for somewhat more mixed 
results). Indeed, providing additional feedback to read 
may be less efficient overall (Kulhavy et  al., 1985, EL: 
4). On the other hand, one study suggests that provid-
ing examples of an incorrectly understood concept can 
enhance learning beyond presenting the answer alone 
(Finn et al., 2018, EL: 3), but, to date, there is not much 
research on this approach. In sum, there is evidence that 
feedback should include the correct answer, but further 
explanation beyond that may be unnecessary.

Another relevant feature of feedback is its reliability 
and validity. Gnepp et al., (2020, EL: 3) found that indi-
viduals may be skeptical of negative feedback when the 
feedback provider’s accuracy or credentials are in ques-
tion. This study examined workplace feedback from a 
manager, and it likely differs from the relative objectiv-
ity offered by an automated system providing feedback 
about errors. Still, it suggests there may be value to cit-
ing information sources in feedback to add authority and 
objectivity.

When should feedback be given?
Some work has also examined the timing of feedback, 
generally contrasting immediate feedback with feedback 
that is delayed to some degree. In controlled labora-
tory studies, feedback delayed by several hours or days 
is often more effective (Butler & Roediger, 2008, EL: 4; 
Kulik & Kulik, 1988, EL: 1; Schmidt & Bjork, 1992, EL: 3; 
Schooler & Anderson, 1990, EL: 4), or at least no worse 
(Kang et al., 2011a, 2011b, EL: 4; Metcalfe et al., 2009, EL: 
4; Smits et  al., 2008, EL: 4). Delayed feedback may bet-
ter potentiate long-term retention and learning because 
it encourages learners to develop their own monitoring 
and self-assessment skills, rather than relying exclusively 
on external feedback (Schmidt et  al., 1989, EL: 4). On 
the other hand, in in vivo classroom studies, the reverse 
seems to be true: immediate feedback is better than 
delayed (Kulik & Kulik, 1988, EL: 1; Lemley et al., 2007, 
EL: 4). This reversal has been attributed to the fact that, 
in a busy classroom environment, students may not even 
attend to feedback when it is delayed because their pri-
orities may have since shifted (Kulik & Kulik, 1988, EL: 1; 
Metcalfe, 2017, EL: 3).

What does this imply for longitudinal assessment of 
medical expertise? Given that physicians are likely moti-
vated to attend to the feedback they receive, the litera-
ture suggests that delayed feedback may be superior, but 
there is a need to test this specifically within the medical 
domain. Some evidence does suggest that a particularly 
effective strategy may be to interleave periods of testing 
with periods of restudy so that learners can restudy mate-
rial they answered incorrectly (McDaniel et al., 2015, EL: 
4; Metcalfe & Miele, 2014; EL: 4), then incorporate the 
corrected information into their next retrieval attempt.

Why does feedback help?
Why is feedback so effective at ameliorating errors? One 
possible mechanism, of course, is that feedback simply 
presents another opportunity to encounter correct infor-
mation. This is supported by the fact that, as we reviewed 
above, verification feedback alone is not particularly 
helpful; the correct answer must be provided (Bangert 
et al., 1991, EL: 1).

Another important factor may be that, when an error 
is committed with high confidence, the resulting nega-
tive feedback can be especially memorable (the hyper-
correction effect; Butler et  al., 2011, EL: 4; Butterfield & 
Metcalfe, 2001, EL: 5; Butterfield & Metcalfe, 2006, EL: 5; 
Cyr & Anderson, 2012, EL: 5; Fazio & Marsh, 2009, EL: 5; 
Fazio & Marsh, 2010, EL: 5; Iwaki et al., 2013, EL: 5; Met-
calfe, 2017, EL: 3; Metcalfe & Finn, 2011, EL: 5; Sitzman 
et al., 2015, EL: 5). The importance of such hypercorrec-
tive feedback accords with multiple theoretical perspec-
tives in cognitive science, such as error-based learning 
views, in which learning occurs to the degree that pre-
ceding expectations are incorrect (prediction error; e.g., 
Clark, 2013, EL: 3; Dell & Chang, 2014, EL: 3; Rumel-
hart & McClelland, 1986, EL: 3), and Bayesian views, in 
which cognition can be viewed as updating a set of beliefs 
in accordance with the experienced “data” or world (e.g., 
Frank & Goodman, 2012, EL: 4; Jacobs & Kruschke, 2010, 
EL: 3; Tenenbaum et  al., 2011, EL: 3). Thus, feedback 
seems particularly effective at alleviating intrusions—the 
false “recall” of incorrect information—rather than fail-
ures to recall anything at all (Butler & Roediger, 2008, EL: 
4). In other words, it is especially important to give feed-
back when learners respond incorrectly rather than when 
they decline to respond.

A related phenomenon, converse to the hypercorrec-
tion effect, is that if the learner is correct, but has low 
confidence (e.g., a “lucky guess”), feedback increases the 
probability that this correct response will be retained 
later (Agarwal et al., 2012, EL: 4; Butler et al., 2008, EL: 
3; Fazio et  al., 2010, EL: 3; c.f., Pashler et  al., 2005, EL: 
4). Thus, we recommend providing feedback for correct 
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as well as incorrect responses. Although feedback may 
be redundant when a learner is highly confident in their 
response and correct, it is unlikely to negatively affect 
learning (Hays et  al., 2010, EL: 4; Karpicke & Roediger, 
2008, EL: 4).

Finally, feedback can perhaps serve as a cue to forget 
or inhibit incorrect information.1 In general, when peo-
ple are explicitly told that some information is incorrect, 
obsolete, or otherwise should now be forgotten, they can 
favor retention of other, to-be-remembered informa-
tion (the phenomenon of directed forgetting; MacLeod, 
1998; EL: 2; Sahakyan et al., 2013, EL: 2). Feedback that 
one is incorrect or has performed poorly may be a cue 
to initiate this directed forgetting process on erroneous 
knowledge.

Training people to use retrieval practice
Most research on the testing effect has focused on test-
ing administered by educators and professional organi-
zations. However, learners can also choose to test 
themselves as a learning strategy. Unfortunately, research 
indicates that, on the whole, learners use this strategy 
only rarely; students often prefer less efficacious strat-
egies, like re-reading (Karpicke et  al., 2009, EL: 5; Kirk-
Johnson et  al., 2019, EL: 5), including learners in the 
health sciences (Coker et  al., 2018; EL: 5; Jouhari et  al., 
2016, EL: 5; Piza et al., 2019, EL: 5). Further, even those 
who do employ testing might do it for other reasons—
for instance, to assess what they have learned from other 
study activities rather than as a learning activity in its 
own right (Hartwig & Dunlosky, 2012, EL: 5; Kornell & 
Son, 2009: EL 5).

Nevertheless, some learners do use testing to study, and 
they appear to reap learning benefits from it. In labora-
tory studies, learners who choose to employ more testing 
show better retention (Karpicke, 2009, EL: 5). Outside of 
the laboratory, college students who report using more 
retrieval practice in their own self-regulated learning 
have higher GPA (Hartwig & Dunlosky, 2012, EL: 5). This 
conclusion also extends to medical students: Students 
who employ more practice testing perform better in the 
first year of medical study (Baatar et al., 2017, EL: 5; West 
& Sadoski, 2011, EL: 5) and on medical licensing exami-
nations (Burk-Rafel et al., 2017, EL: 5; Deng et al., 2015, 
EL: 5); West and Sadoski (2011, EL: 5) and Burk-Rafel 
et  al., (2017, EL: 5) both found that the retrieval prac-
tice in self-directed study better predicts performance 
than more general academic measures, such as MCAT 
scores and undergraduate GPA. Although these studies 
are correlational, when combined with the experimental 

evidence for the testing effect discussed above, the role 
of retrieval practice in these students’ learning is likely 
causal. In sum, the literature suggests that many learn-
ers, including medical students, do not often lever-
age retrieval practice, but those who do benefit in their 
knowledge and academic performance.

Why don’t more learners engage in these useful study 
behaviors? First, they may be aware of the benefits of 
testing but do not implement it because of the required 
time and effort and other costs (see also Nokes-Malach 
et al., 2022). For example, Coker et al., (2018, EL: 5) found 
that 90% of surveyed pharmacy students believed their 
learning would benefit from regular retrieval practice, 
but only 60% engage in it. Second, students may not have 
been taught beneficial learning strategies to begin with: 
Piza et  al., (2019, EL: 5) found that the majority of the 
health profession faculty they surveyed held misconcep-
tions about evidence-based study practices.

As a result, some researchers have examined whether 
learners can be taught to use testing approaches for 
learning. Some evidence suggests that individuals who 
have more formal education in cognitive psychology 
(McCabe, 2011, EL: 5) or who are assigned practice that 
allows them to experience the testing effect (Ariel & 
Karpicke, 2017, EL: 4; Einstein et  al., 2012, EL: 5; Tullis 
et  al., 2013, EL: 4) come to appreciate the value of test-
ing and incorporate it into future study plans. A work-
shop specifically designed to teach retrieval practice as 
a study strategy increased both college students’ inten-
tion to apply retrieval practice and their resulting exam 
performance (Stanger-Hall et al., 2011, EL: 4). And after 
implementing a supplemental spaced-repetition learn-
ing system with attendees at a continuing medical edu-
cation conference, Shaw et  al., (2011, EL: 3) found that 
97% of participants stated interest in participating in the 
system again in the future. An implication for longitudi-
nal assessment of medical expertise, then, is that if phy-
sicians are guided to experience the learning benefits of 
self-testing, they may also adopt more effective study and 
learning procedures even beyond the assessment itself.

Mechanisms
Understanding how and why retrieval practice works is 
important for applying it across situations: A strong theo-
retical account of the testing effect generates predictions 
about when and where it can be used, rather than requir-
ing each new application (e.g., each new test format, 
subject matter, or group of learners) to be tested afresh. 
Further, a clear explanation of why retrieval practice 
works can facilitate outreach to learners and educators.

The testing effect is consistent with several broad 
principles of human cognition. The benefits of 
practicing retrieval can be seen as an instance of 1 We thank an anonymous reviewer for suggesting this possibility.
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transfer-appropriate processing: The activities that make 
for the most effective learning are generally those that 
match the way the material will be used later (Roediger & 
Blaxton, 1987, EL: 3; Roediger & Butler, 2011, EL: 3). For 
example, reading the driver’s manual would be ideal prac-
tice for taking a written driver’s exam, whereas behind-
the-wheel experience would be ideal practice for actually 
driving. It follows from this principle that the best way 
to potentiate later retrieval is to practice retrieval itself, 
rather than to reread or perform other activities less 
closely related to retrieval. Supporting this account, 
Adesope et  al., (2017, EL: 1; c.f., Rowland, 2014, EL: 1) 
found evidence in their meta-analysis that similarity of 
initial and final test moderates the testing effect. When 
practice tests and final tests use identical test formats, 
a somewhat larger testing effect occurs (Hedges’ g = 0.63), 
compared to when practice tests and final tests differed 
in format (Hedges’ g = 0.53).

However, the value of testing may not always be obvi-
ous to learners (or educators). Although testing facilitates 
long-term retention, it may require initial processing that 
is more effortful or less accurate, as learners struggle with 
practice questions and sometimes answer them errone-
ously or not at all. Thus, retrieval practice can be viewed 
as a desirable difficulty: the principle that conditions that 
facilitate retention, including practicing retrieval, are 
often more difficult during initial acquisition (Schmidt 
& Bjork, 1992, EL: 3). As we note above, for immediate 
tests, testing is generally less effective than restudy, and 
it is only over the long-term that the benefits of test-
ing emerge. More generally, performance during initial 
learning is not necessarily a reliable index of long-term 
learning (Soderstrom & Bjork, 2015, EL: 2).

This principle is counter-intuitive to many learners, 
in part perhaps because many learners view retrieving 
information from memory as a process distinct from 
learning (Karpicke et  al., 2009, EL: 5; Kornell & Bjork, 
2007, EL: 5; Kornell & Son, 2009, EL: 5; Yan et al., 2014, 
EL: 5). Intuitively, learners may view practicing retrieval 
as a way to identify what one does and does not know, but 
not as way to potentiate learning in and of itself. An anal-
ogy is that saving a computer file (“learning”) and open-
ing a file (“retrieval”) are distinct, independent processes. 
However, the human brain does not operate exactly like a 
computer, and this naive “storehouse” metaphor is incon-
sistent with another broad-standing principle of memory 
(Karpicke, 2012, EL: 6): Retrieval is in fact a potent modi-
fier of memory (Anderson et  al., 1994, EL: 4) such that 
each retrieval event itself alters the state of the memory 
system by making some information more accessible to 
future retrieval. Psychological scientists have noted the 
similarity of this phenomenon to the observer effect in 

physics, where the mere act of observing a particle can 
alter its condition; similarly, the mere act of retrieving a 
memory alters it as well (Roediger & Karpicke, 2006b; 
Spellman & Bjork, 1992).

More recently, researchers have investigated the cog-
nitive mechanisms of testing in particular. One reason 
that testing may benefit retention is that it increases the 
number of ways that people can bring to mind the to-
be-remembered information (e.g., Bjork, 1975, EL: 3; 
McDaniel & Masson, 1985, EL: 3; Pyc & Rawson, 2010, 
EL: 4; Rowland & DeLosh, 2014, EL: 3). For example, it 
may promote the development of mediators between the 
retrieval environment and the to-be-retrieved material 
(Pyc & Rawson, 2010, EL: 4). That is, given the need to 
remember the stages of mitosis (the environment or cue), 
one might remember PMAT (the mediator) in order to 
retrieve protophase, metaphase, anaphase, telophase (the 
to-be-retrieved targets). More generally, retrieval prac-
tice may lead learners to elaborate on the target material 
by bringing to mind additional related information (Car-
penter, 2009, EL: 4), which is generally an effective learn-
ing technique (Anderson & Reder, 1979, EL: 3). Another, 
possibly overlapping mechanism may be that retrieval 
practice enhances the distinctiveness of individual learn-
ing episodes (Kuo & Hirshman, 1997, EL: 3; Lehman 
et  al., 2014, EL: 4; Peterson & Mulligan, 2013, EL: 3). 
For example, the life cycle of the malaria parasite com-
prises multiple stages, including sporozoites and merozo-
ites, which learners can easily confuse; however, practice 
retrieving them from memory makes them more distinct.

Although there remains work to be done to specify 
the exact cognitive mechanism(s) that underlie the test-
ing effect, the extant literature already supports at least 
one theoretical conclusion: The testing effect is not an 
isolated phenomenon. Rather, it follows from broad prin-
ciples of memory and cognition (transfer-appropriate 
processing, desirable difficulty, retrieval as a modifier of 
memory) and can take effect through general cognitive 
mechanisms (elaboration, distinctiveness, mediators). 
Because the testing effect is linked to general psychologi-
cal principles, it is likely to be applicable across a vari-
ety of domains and populations, including retention of 
medical expertise. Nevertheless, the principle of trans-
fer-appropriate processing also implies that testing and 
retrieval practice will be most beneficial when it closely 
resembles the desired outcome. For instance, retrieval 
practice with basic factual knowledge alone is less likely 
to have an impact on clinical behaviors. Rather, assess-
ments will contribute more to learning if they better 
match the environments physicians encounter in their 
practice—for instance, by incorporating simulated diag-
nosis or treatment scenarios.
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Future directions
Although there is robust evidence for the testing effect 
in general and for several key moderators, we highlight 
three open questions particularly relevant to the optimal 
use of using testing in the context of longitudinal assess-
ment of physicians’ medical expertise.

Use and degree of interleaving
Although meta-analytic evidence indicates learn-
ing benefits from interleaving concepts, these studies 
have employed a variety of learning activities, not only 
retrieval practice (but see Dobson, 2011, EL: 4, for an 
example employing retrieval practice). It would be valu-
able to confirm that the learning benefits of interleaving 
obtain specifically in the case of testing. Further, most 
classroom and laboratory studies comparing interleaved 
and blocked schedules have used a relatively small num-
ber of categories or concepts (e.g., four different types 
of mathematical solids). However, continuing certifica-
tion program assessments contain many more concepts. 
Given the hypothesis that interleaving promotes learn-
ing by facilitating contrast between confusable concepts, 
intermixing all concepts on continuing certification pro-
gram assessments may not be optimal because related 
concepts are unlikely to be adjacent. Indeed, some 
recent studies (Abel et  al., 2021: EL 3; Yan et  al., 2021: 
EL 4) suggest that, in more complex domains, an inter-
mediate rather than maximal degree of interleaving may 
be optimal precisely because it better facilitates such 
discriminative contrast. However, this evidence is still 
early. Thus, we propose comparing the learning benefits 
of a fully random intermixing of topics versus an order 
constructed so that potentially confusable topics appear 
in close proximity. We hypothesize this latter schedule 
would yield better long-term learning.

Type of explanation in feedback
Assessments often provide explanations of the correct 
answer when providing feedback; however, we reviewed 
evidence  that such explanations do not necessarily ben-
efit the learner beyond simply receiving the correct 
response. A study that manipulates the type of explana-
tions provided during feedback may offer insight into 
how to improve feedback. One possible design would be 
to compare later learning outcomes given (a) feedback 
that uses concrete examples to illustrate a point in addi-
tion to providing a technical explanation of how the item 
should be answered versus (b) only an explanation, but 
no illustrative example.

Presence of citations during feedback
Assessments often provide citations alongside evidence 
for a claim. Some pertinent questions, then, are whether 
citations benefit learners during feedback, and if so, why. 
One possibility is that merely having citations builds 
confidence in the evidence. Another possibility is that 
the citations are only helpful if physicians actually read 
the reference. If the testing interface allowed for users to 
save and/or follow references, log data could be collected 
to measure these behaviors. The extent to which users 
engaged with references could be used to predict future 
performance and provided insight into the value of cita-
tions within tests.

Summary and conclusion
The benefits of testing for learning have been known for 
over a hundred years and are supported across many 
domains by a robust literature. The act of retrieving 
information from one’s memory enhances subsequent 
retention and results in better learning than restudy, con-
cept mapping, and many other educational techniques.

Here, we considered the relevance of this testing effect 
for the retention of medical expertise in light of the fact 
that medical professionals often take periodic tests or 
assessments as part of their career. For instance, to main-
tain certification by one of the Member Boards of the 
American Board of Medical Specialties, physicians in the 
USA must participate in periodic Maintenance of Certifi-
cation assessments. However, the principles we have out-
lined would apply to other professions within the health 
science, such as nurses or dentists, as well.

The robust evidence for the testing effect implies that 
such longitudinal assessments can be learning opportu-
nities (“assessment for learning”) as well as summative 
assessments of a physician’s cognitive skills (“assess-
ment of learning”). A critical goal for any longitudinal 
assessment program is that the benefits of testing extend 
beyond future tests and include performance-related 
outcomes in a medical practice. Fortunately, the reviewed 
literature indicates that being on some tested informa-
tion can indeed also improve retention for different, but 
related information.

The testing effect also generalizes across types of 
knowledge and tests. A variety of test formats (e.g., short-
answer, multiple-choice, etc.) have all been shown to 
benefit from testing. For this reason, the specific format 
a test item uses is likely of less importance than the pres-
entational quality of the question (e.g., clarity, readabil-
ity, and veracity of text). Further, despite the presence of 
some controversy as to whether the benefits of testing are 
limited to simple knowledge types (e.g., rote memoriza-
tion of facts), evidence exists to support improvement in 
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more complex tasks (e.g., problem-solving, clinical skills) 
as well.

Lastly, although there are some conflicting findings, the 
testing effect broadly seems to generalize across learners 
with a range of prior knowledge or cognitive abilities.

The benefits of testing can be further strengthened 
by leveraging several important moderator variables. 
First, the positive effects of testing can be reinforced by 
increasing the retention interval length. Although it is 
challenging to determine exactly when a subsequent test 
should occur, given that clinicians are expected to retain 
their knowledge over the course of an entire career (i.e., 
several decades), longer retention intervals should be 
prioritized over shorter intervals. Second, placing gaps 
between testing sessions themselves maximizes learning 
outcomes (i.e., spaced repetition). Having tests distrib-
uted over time, versus in a contiguous block, should be 
a key feature to any longitudinal assessment program. 
Third, switching topics from item to item (interleaving) 
is likely to be more beneficial than many questions about 
one topic in a row (blocking). Interleaving may be espe-
cially beneficial for easily confused topics, so we suggest 
using interleaving to bolster cognitive skills and knowl-
edge for targeted areas within medicine (e.g., when two 
distinct conditions share similar symptoms). Fourth, 
multiple tests can further boost learning beyond the 
baseline benefits of a single test, though with diminish-
ing returns. Fifth, ending an assessment “on a high note” 
with a few relatively easy problems may increase learners’ 
willingness to engage in future testing by capitalizing on 
the peak-end rule.

One particularly important moderator is feedback, 
which enhances the learning benefits of testing and is 
recommended for any longitudinal assessment frame-
work. Feedback can allay concerns over errors generated 
during a test, and it is especially important when learners 
respond wrongly (although feedback also allows learners 
to improve when they decline to respond). An unsuccess-
ful retrieval attempt followed by feedback is more benefi-
cial than simply reading the correct information without 
attempting retrieval. In instances where the learner is 
correct, but has low confidence in their response (e.g., 
a “lucky guess”), feedback increases the likelihood that 
the correct response will be later remembered. Further, 
because corrective feedback allows learners to learn from 
even difficult tests, learners can be presented with more 
challenging and demanding tests. In providing feedback 
to a learner, explanations for correct/incorrect responses 
have not been reliably shown to aid learning beyond sim-
ply providing the correct answers; however, the use of 
examples during feedback may be useful and is worth 
further investigation. Citations for sources of informa-
tion and reference materials may also be beneficial. 

There remain open questions about when learners should 
receive feedback; we found evidence that delayed feed-
back may be superior to immediate feedback, but due 
to sparse evidence in applied domains, we believe this 
should be tested within medicine.

A final benefit to a longitudinal assessment program is 
that guiding practitioners to experience the learning ben-
efits of testing, and highlighting these benefits, may lead 
them to adopt more effective study and learning habits 
on their own.

Despite robust evidence for the testing effect in gen-
eral, relatively limited work has examined the efficacy of 
retrieval practice in physicians, and more rigorous sci-
entific work is needed. The few studies that have been 
done often involved designs that limit causal attribution 
(e.g., cross-sectional, self-report, or correlational meth-
ods), although a few well-controlled studies do exist (e.g., 
Larsen et  al., 2009). Further, only a relatively small sub-
set of studies in the medical domain have included par-
ticipants other than medical students or residents. Given 
the growing emphasis on evidence-based studying prac-
tices, more research should be done to assess its efficacy 
in medicine. Nevertheless, despite these valid limitations, 
basic-science approaches provide a plethora of evidence 
that testing should benefit cognitive skills in the domain 
of medicine. By practicing retrieving information from 
our memory, we strengthen our memories and increase 
our knowledge.

Acknowledgements
We thank Andrew Bazemore, Rebecca S. Lipner, David B. Swanson, and 
Thomas O’Neill for feedback on earlier drafts of this work.

Author contributions
SF wrote the first draft of the manuscript. ZC, TN‑M, and BR provided feedback. 
All authors contributed to revising the manuscript.

Funding
This work was funded by a Grant from the American Board of Internal Medi‑
cine (ABIM), American Board of Medical Specialties (ABMS), and American 
Board of Family Medicine (ABFM). Individuals from ABIM, ABMS, and ABFM 
provided feedback on the overall goals of the review and on earlier drafts of 
the manuscript, but approval of the final manuscript rested with the authors 
alone.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors were not involved with the peer review process of this work.



Page 13 of 17Fraundorf et al. Cognitive Research: Principles and Implications            (2023) 8:53  

Received: 1 March 2022   Accepted: 26 July 2023

References
Abel, R., Brunmair, M., & Weissgeber, S. C. (2021). Change one category at a 

time: Sequence effects beyond interleaving and blocking. Journal of 
Experimental Psychology: Learning, Memory, and Cognition., 47, 1083.

Abott, E. E. (1909). On the analysis of the factor of recall in the learning process. 
The Psychological Review: Monograph Supplements, 11(1), 159–177.

Adesope, O. O., Trevisan, D. A., & Sundararajan, N. (2017). Rethinking the use of 
tests: A meta‑analysis of practice testing. Review of Educational Research, 
87(3), 659–701.

Agarwal, P. K., Bain, P. M., & Chamberlain, R. W. (2012). The value of applied 
research: Retrieval practice improves classroom learning and recom‑
mendations from a teacher, a principal, and a scientist. Educational 
Psychology Review, 24(3), 437–448.

Agarwal, P. K., Finley, J. R., Rose, N. S., & Roediger, H. L., III. (2017). Benefits 
from retrieval practice are greater for students with lower working 
memory capacity. Memory, 25(6), 764–771.

Agarwal, P. K., Roediger, H. L., McDaniel, M. A., & McDermott, K. B. (2013). 
How to use retrieval practice to improve learning. Washington Univer‑
sity in St. Louis.

Anderson, J. R., & Reder, L. M. (1979). An elaborative processing explana‑
tion of depth of processing. In L. S. Cermak, FIM Craik, (Eds.) Levels of 
Processing in Human Memory (Erlbam, 1979), (pp. 385–404).

Anderson, M. C., Bjork, R. A., & Bjork, E. L. (1994). Remembering can cause 
forgetting: Retrieval dynamics in long‑term memory. Journal of 
Experimental Psychology: Learning, Memory, and Cognition, 20(5), 
1063–1087.

Ariel, R., & Karpicke, J. D. (2017). Improving self‑regulated learning with a 
retrieval practice intervention. Journal of Experimental Psychology: 
Applied, 24(1), 43–56.

Baatar, D., Lacy, N. L., Mulla, Z. D., & Piskurich, J. F. (2017). The impact of inte‑
gration of self‑tests into a pre‑clerkship medical curriculum. Medical 
Science Educator, 27(1), 21–27.

Bangert‑Drowns, R. L., Kulik, C. L. C., Kulik, J. A., & Morgan, M. (1991). The 
instructional effect of feedback in test‑like events. Review of Educa-
tional Research, 61(2), 213–238.

Benjamin, A. S., & Tullis, J. (2010). What makes distributed practice effective? 
Cognitive Psychology, 61(3), 228–247.

Bertilsson, F., Stenlund, T., Wiklund‑Hörnqvist, C., & Jonsson, B. (2021). 
Retrieval practice: Beneficial for all students or moderated by indi‑
vidual differences? Psychology Learning & Teaching, 20(1), 21–39.

Bjork, R. A. (1975). Retrieval as a memory modifier: An interpretation of 
negative recency and related phenomena. In R. L. Solso (Ed.), Infor-
mation Processing and Cognition: The Loyola Symposium (pp. 123–144). 
Lawrence Erlbaum.

Bjork, R. A., & Bjork, E. L. (1992). A new theory of disuse and an old theory of 
stimulus fluctuation. From Learning Processes to Cognitive Processes: 
Essays in Honor of William K Estes, 2, 35–67.

Brewer, G. A., & Unsworth, N. (2012). Individual differences in the effects of 
retrieval from long‑term memory. Journal of Memory and Language, 
66(3), 407–415.

Brown, D. (2017). An evidence‑based analysis of learning practices: The 
need for pharmacy students to employ more effective study strate‑
gies. Currents in Pharmacy Teaching and Learning, 9(2), 163–170. 
https:// doi. org/ 10. 1016/j. cptl. 2016. 11. 003

Brunmair, M., & Richter, T. (2019). Similarity matters: A meta‑analysis of inter‑
leaved learning and its moderators. Psychological Bulletin, 145(11), 
1029–1052.

Buchin, Z. L., & Mulligan, N. W. (2023). Retrieval‑based learning and prior 
knowledge. Journal of Educational Psychology, 115(1), 22–35.

Burk‑Rafel, J., Santen, S. A., & Purkiss, J. (2017). Study behaviors and USMLE 
step 1 performance: implications of a student self‑directed parallel 
curriculum. Academic Medicine: Journal of the Association of American 
Medical Colleges, 92(11), S67–S74. https:// doi. org/ 10. 1097/ ACM. 00000 
00000 001916

Butler, A. C. (2010). Repeated testing produces superior transfer of learning 
relative to repeated studying. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 36(5), 1118–1133.

Butler, A. C., Fazio, L. K., & Marsh, E. J. (2011). The hypercorrection effect 
persists over a week, but high‑confidence errors return. Psychonomic 
Bulletin & Review, 18(6), 1238–1244.

Butler, A. C., Godbole, N., & Marsh, E. J. (2013). Explanation feedback is better 
than correct answer feedback for promoting transfer of learning. 
Journal of Educational Psychology, 105(2), 290–298.

Butler, A. C., Karpicke, J. D., & Roediger, H. L., III. (2008). Correcting a meta‑
cognitive error: Feedback increases retention of low‑confidence cor‑
rect responses. Journal of Experimental Psychology: Learning, Memory, 
and Cognition, 34(4), 918–928.

Butler, A. C., & Roediger, H. L. (2008). Feedback enhances the positive effects 
and reduces the negative effects of multiple‑choice testing. Memory 
& Cognition, 36(3), 604–616.

Butterfield, B., & Metcalfe, J. (2001). Errors committed with high confidence 
are hypercorrected. Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 27(6), 1491–1494.

Butterfield, B., & Metcalfe, J. (2006). The correction of errors committed with 
high confidence. Metacognition and Learning, 1(1), 69–84.

Caddick, Z. A., Fraundorf, S. H., Rottman, B. M., & Nokes‑Malach, T. J. (2022). 
Cognitive perspectives on maintaining physicians’ medical expertise: II. 
Acquiring, maintaining, and updating cognitive skills. Manuscript submit‑
ted for publication.

Callender, A. A., & McDaniel, M. A. (2007). The benefits of embedded question 
adjuncts for low and high structure builders. Journal of Educational 
Psychology, 99, 339–348.

Carpenter, S. K. (2009). Cue strength as a moderator of the testing effect: The 
benefits of elaborative retrieval. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 35(6), 1563–1569.

Carpenter, S. K. (2012). Testing enhances the transfer of learning. Current Direc-
tions in Psychological Science, 21(5), 279–283.

Carpenter, S. K., Lund, T. J., Coffman, C. R., Armstrong, P. I., Lamm, M. H., & 
Reason, R. D. (2016). A classroom study on the relationship between 
student achievement and retrieval‑enhanced learning. Educational 
Psychology Review, 28(2), 353–375.

Carpenter, S. K., & Pashler, H. (2007). Testing beyond words: Using tests to 
enhance visuospatial map learning. Psychonomic Bulletin & Review, 14(3), 
474–478.

Carpenter, S. K., Pashler, H., & Cepeda, N. J. (2009). Using tests to enhance 8th 
grade students’ retention of US history facts. Applied Cognitive Psychol-
ogy: THe Official Journal of the Society for Applied Research in Memory and 
Cognition, 23(6), 760–771.

Carpenter, S. K., Pashler, H., Wixted, J. T., & Vul, E. (2008). The effects of tests on 
learning and forgetting. Memory & Cognition, 36(2), 438–448.

Carvalho, P. F., & Goldstone, R. L. (2015). The benefits of interleaved and 
blocked study: Different tasks benefit from different schedules of study. 
Psychonomic Bulletin & Review, 22(1), 281–288.

Carvalho, P. F., & Goldstone, R. L. (2017). The sequence of study changes what 
information is attended to, encoded, and remembered during category 
learning. Journal of Experimental Psychology: Learning, Memory, and 
Cognition, 43(11), 1699–1719.

Cary, M., & Reder, L. M. (2003). A dual‑process account of the list‑length and 
strength‑based mirror effects in recognition. Journal of Memory and 
Language, 49(2), 231–248.

Cepeda, N. J., Coburn, N., Rohrer, D., Wixted, J. T., Mozer, M. C., & Pashler, H. 
(2009). Optimizing distributed practice: Theoretical analysis and practi‑
cal implications. Experimental Psychology, 56(4), 236–246.

Cepeda, N. J., Pashler, H., Vul, E., Wixted, J. T., & Rohrer, D. (2006). Distributed 
practice in verbal recall tasks: A review and quantitative synthesis. 
Psychological Bulletin, 132(3), 354–380.

Cepeda, N. J., Vul, E., Rohrer, D., Wixted, J. T., & Pashler, H. (2008). Spacing effects 
in learning: A temporal ridgeline of optimal retention. Psychological 
Science, 19(11), 1095–1102.

Chan, J. C. (2010). Long‑term effects of testing on the recall of nontested 
materials. Memory, 18(1), 49–57.

Chan, J. C., McDermott, K. B., & Roediger, H. L., III. (2006). Retrieval‑induced 
facilitation: Initially nontested material can benefit from prior testing 
of related material. Journal of Experimental Psychology: General, 135(4), 
553–571.

https://doi.org/10.1016/j.cptl.2016.11.003
https://doi.org/10.1097/ACM.0000000000001916
https://doi.org/10.1097/ACM.0000000000001916


Page 14 of 17Fraundorf et al. Cognitive Research: Principles and Implications            (2023) 8:53 

Chesluk, B. J., Eden, A. R., Hansen, E. R., Johnson, M. L., Reddy, S. G., Bernabeo, 
E. C., & Gray, B. M. (2019). How physicians prepare for maintenance 
of certification exams: A qualitative study. Academic Medicine, 94(12), 
1931–1938.

Cho, K. W. (2021). A hack for learning math: Starting and ending on high notes 
to create a more pleasurable learning experience. Educational Psychol-
ogy Review, 41(9), 1082–1096.

Cilliers, F. J. (2015). Is assessment good for learning or learning good for 
assessment? A. Both? B. Neither? C. It depends? Perspectives on Medical 
Education, 4(6), 280–281.

Clark, A. (2013). Whatever next? Predictive brains, situated agents, and 
the future of cognitive science. Behavioral and Brain Sciences, 36(3), 
181–204.

Cogliano, M., Kardash, C. M., & Bernacki, M. L. (2019). The effects of retrieval 
practice and prior topic knowledge on test performance and confi‑
dence judgments. Contemporary Educational Psychology, 56, 117–129.

Coker, A. O., Lusk, K. A., Maize, D. F., Ramsinghani, S., Tabor, R. A., Yablonski, E. 
A., & Zertuche, A. (2018). The effect of repeated testing of pharmacy 
calculations and drug knowledge to improve knowledge retention in 
pharmacy students. Currents in Pharmacy Teaching and Learning, 10(12), 
1609–1615.

Corral, D., & Carpenter, S. K. (2020). Facilitating transfer through incorrect 
examples and explanatory feedback. Quarterly Journal of Experimental 
Psychology, 73(9), 1340–1359.

Crowder, R. G. (1976). Principles of learning and memory. Erlbaum.
Cyr, A. A., & Anderson, N. D. (2012). Trial‑and‑error learning improves source 

memory among young and older adults. Psychology and Aging, 27(2), 
429–439.

Dell, G. S., & Chang, F. (2014). The P‑chain: Relating sentence production and its 
disorders to comprehension and acquisition. Philosophical Transactions 
of the Royal Society B: Biological Sciences, 369(1634), 1–9.

Deng, F., Gluckstein, J. A., & Larsen, D. P. (2015). Student‑directed retrieval 
practice is a predictor of medical licensing examination performance. 
Perspectives on Medical Education, 4(6), 308–313. https:// doi. org/ 10. 
1007/ s40037‑ 015‑ 0220‑x

Dennis, S., & Humphreys, M. S. (2001). A context noise model of episodic word 
recognition. Psychological Review, 108(2), 452–478.

Dennis, S., Lee, M. D., & Kinnell, A. (2008). Bayesian analysis of recognition 
memory: The case of the list‑length effect. Journal of Memory and 
Language, 59(3), 361–376.

Diener, E., Wirtz, D., & Oishi, S. (2001). End effects of rated life quality: The James 
Dean effect. Psychological Science, 12(2), 124–128.

Do, A., Rupert, A. V., & Wolford, G. (2008). Evaluations of pleasurable experi‑
ences: The peak‑end rule. Psychonomic Bulletin & Review, 15(1), 96–98.

Dobson, J. L. (2011). Effect of selected “desirable difficulty” learning strategies 
on the retention of physiology information. Advances in Physiology 
Education, 35(4), 378–383.

Driskell, J. E., Willis, R. P., & Copper, C. (1992). Effect of overlearning on retention. 
Journal of Applied Psychology, 77(5), 615–622.

Dunlosky, J., & Hertzog, C. (1997). Older and younger adults use a functionally 
identical algorithm to select items for restudy during multitrial learning. 
The Journals of Gerontology Series B: Psychological Sciences and Social 
Sciences, 52(4), P178–P186.

Ebbinghaus, H. (1885). Über das Gedächtnis.
Einstein, G. O., Mullet, H. G., & Harrison, T. L. (2012). The testing effect: Illustrat‑

ing a fundamental concept and changing study strategies. Teaching of 
Psychology, 39(3), 190–193.

Fazio, L. K., Huelser, B. J., Johnson, A., & Marsh, E. J. (2010). Receiving right/
wrong feedback: Consequences for learning. Memory, 18(3), 335–350.

Fazio, L. K., & Marsh, E. J. (2009). Surprising feedback improves later memory. 
Psychonomic Bulletin & Review, 16(1), 88–92.

Fazio, L. K., & Marsh, E. J. (2010). Correcting false memories. Psychological Sci-
ence, 21(6), 801–803.

Finn, B., & Miele, D. (2016). Hitting a high note on math tests: Remembered 
success influences test preferences. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 42(1), 17–48.

Finn, B., & Miele, D. (2021). Boundary conditions of the remembered success 
effect. Journal of Applied Research in Memory and Cognition, 10(4), 
621–641.

Finn, B., Thomas, R., & Rawson, K. A. (2018). Learning more from feedback, 
Elaborating feedback with examples enhances concept learning. Learn-
ing and Instruction, 54, 104–113.

Firth, J., Rivers, I., & Boyle, J. (2021). A systematic review of interleaving as a 
concept learning strategy. Review of Education, 9(2), 642–684.

Frank, M. C., & Goodman, N. D. (2012). Predicting pragmatic reasoning in 
language games. Science, 336(6084), 998–998.

Fung, J. N. M., Joegi, A., & Fung, Y. K. (2019). Medical students’ perspective: Influ‑
ences on the choice of learning strategies. Medical Teacher, 42(6), 713.

Gillund, G., & Shiffrin, R. M. (1984). A retrieval model for both recognition and 
recall. Psychological Review, 91(1), 1–67.

Glaser, J., & Richter, T. (2022). The testing effect in the lecture hall: Does it 
depend on learner prerequisites? Psychological Learning and Teaching, 
22, 159.

Gnepp, J., Klayman, J., Williamson, I. O., & Barlas, S. (2020). The future of feed‑
back: Motivating performance improvement through future‑focused 
feedback. PLoS ONE, 15(6), e0234444.

Griffith, M., Purkiss, J., Santen, S. A., & Burk‑Rafel, J. (2017). Creating an evidence‑
based advising program for exams: A student‑led 10‑step approach. 
Medical Science Educator, 27(4), 877–880.

Gronlund, S. D., & Elam, L. E. (1994). List‑length effect: Recognition accuracy 
and variance of underlying distributions. Journal of Experimental 
Psychology: Learning, Memory, and Cognition, 20(6), 1355–1369.

Hartwig, M. K., & Dunlosky, J. (2012). Study strategies of college students: 
Are self‑testing and scheduling related to achievement? Psychonomic 
Bulletin & Review, 19(1), 126–134.

Hausmann, R. G., Vuong, A., Towle, B., Fraundorf, S. H., Murray, R. C., & Con‑
nelly, J. (2013). An evaluation of the effectiveness of just‑in‑time 
hints. In International conference on artificial intelligence in education 
(pp. 791–794). Springer.

Hays, M. J., Kornell, N., & Bjork, R. A. (2010). The costs and benefits of provid‑
ing feedback during learning. Psychonomic Bulletin & Review, 17(6), 
797–801.

Hays, M. J., Kornell, N., & Bjork, R. A. (2013). When and why a failed test 
potentiates the effectiveness of subsequent study. Journal of Experi-
mental Psychology: Learning, Memory, and Cognition, 39(1), 290–296.

Hinze, S. R., & Wiley, J. (2011). Testing the limits of testing effects using com‑
pletion tests. Memory, 19(3), 290–304.

Hopkins, R. F., Lyle, K. B., Hieb, J. L., & Ralston, P. A. (2016). Spaced retrieval 
practice increases college students’ short‑and long‑term retention 
of mathematics knowledge. Educational Psychology Review, 28(4), 
853–873.

Huelser, B. J., & Metcalfe, J. (2012). Making related errors facilitates learning, 
but learners do not know it. Memory & Cognition, 40(4), 514–527.

Iwaki, N., Matsushima, H., & Kodaira, K. (2013). Hypercorrection of high 
confidence errors in lexical representations. Perceptual and Motor Skills, 
117(1), 219–235.

Jacobs, R. A., & Kruschke, J. K. (2010). Bayesian learning theory applied to 
human cognition. Wiley Interdisciplinary Reviews: Cognitive Science, 2(1), 
8–21. https:// doi. org/ 10. 1002/ wcs. 80

Jacoby, L. L., & Wahlheim, C. N. (2013). On the importance of looking back: 
The role of recursive remindings in recency judgments and cued recall. 
Memory & Cognition, 41(5), 625–637.

Jacoby, L. L., Wahlheim, C. N., & Coane, J. H. (2010). Test‑enhanced learning of 
natural concepts: Effects on recognition memory, classification, and 
metacognition. Journal of Experimental Psychology: Learning, Memory, 
and Cognition, 36(6), 1441–1451.

Jonsson, B., Wiklund‑Hörnqvist, C., Stenlund, T., Andersson, M., & Nyberg, L. 
(2021). A learning method for all: The testing effect is independent of 
cognitive ability. Journal of Educational Psychology, 113(5), 972–985.

Jouhari, Z., Haghani, F., & Changiz, T. (2016). Assessment of medical students’ 
learning and study strategies in self‑regulated learning. Journal of 
Advances in Medical Education & Professionalism, 4(2), 72–79.

Kahneman, D., Fredrickson, B. L., Schreiber, C. A., & Redelmeier, D. A. (1993). 
When more pain is preferred to less: Adding a better end. Psychological 
Science, 4(6), 401–405.

Kang, S. H., McDaniel, M. A., & Pashler, H. (2011a). Effects of testing on learning 
of functions. Psychonomic Bulletin & Review, 18(5), 998–1005.

Kang, S. H., McDermott, K. B., & Roediger, H. L., III. (2007). Test format and cor‑
rective feedback modify the effect of testing on long‑term retention. 
European Journal of Cognitive Psychology, 19(4–5), 528–558.

https://doi.org/10.1007/s40037-015-0220-x
https://doi.org/10.1007/s40037-015-0220-x
https://doi.org/10.1002/wcs.80


Page 15 of 17Fraundorf et al. Cognitive Research: Principles and Implications            (2023) 8:53  

Kang, S. H., & Pashler, H. (2012). Learning painting styles: Spacing is advanta‑
geous when it promotes discriminative contrast. Applied Cognitive 
Psychology, 26(1), 97–103.

Kang, S. H., Pashler, H., Cepeda, N. J., Rohrer, D., Carpenter, S. K., & Mozer, M. 
C. (2011b). Does incorrect guessing impair fact learning? Journal of 
Educational Psychology, 103(1), 48–59.

Karpicke, J. D. (2009). Metacognitive control and strategy selection: Deciding 
to practice retrieval during learning. Journal of Experimental Psychology: 
General, 138(4), 469–486.

Karpicke, J. D. (2012). Retrieval‑based learning: Active retrieval promotes 
meaningful learning. Current Directions in Psychological Science, 21(3), 
157–163.

Karpicke, J. D., & Aue, W. R. (2015). The testing effect is alive and well with com‑
plex materials. Educational Psychology Review, 27(2), 317–326.

Karpicke, J. D., & Blunt, J. R. (2011). Retrieval practice produces more learning 
than elaborative studying with concept mapping. Science, 331(6018), 
772–775.

Karpicke, J. D., Butler, A. C., & Roediger, H. L., III. (2009). Metacognitive strategies 
in student learning: Do students practise retrieval when they study on 
their own? Memory, 17(4), 471–479.

Karpicke, J. D., & Roediger, H. L., III. (2007). Repeated retrieval during learning is 
the key to long‑term retention. Journal of Memory and Language, 57(2), 
151–162.

Karpicke, J. D., & Roediger, H. L. (2008). The critical importance of retrieval for 
learning. Science, 319, 966–968. https:// doi. org/ 10. 1126/ scien ce. 11524 
08

Keith, N., & Frese, M. (2008). Effectiveness of error management training: A 
meta‑analysis. Journal of Applied Psychology, 93, 59–69. https:// doi. org/ 
10. 1037/ 0021‑ 9010. 93.1. 59

Kerfoot, B. P. (2009). Learning benefits of on‑line spaced education persist for 2 
years. The Journal of Urology, 181(6), 2671–2673.

Kinnell, A., & Dennis, S. (2011). The list length effect in recognition memory: An 
analysis of potential confounds. Memory & Cognition, 39(2), 348–363.

Kirk‑Johnson, A., Galla, B. M., & Fraundorf, S. H. (2019). Perceiving effort as poor 
learning: The misinterpreted‑effort hypothesis of how experienced 
effort and perceived learning relate to study strategy choice. Cognitive 
Psychology, 115, 101237.

Knight, J. B., Ball, B. H., Brewer, G. A., DeWitt, M. R., & Marsh, R. L. (2012). Testing 
unsuccessfully: A specification of the underlying mechanisms support‑
ing its influence on retention. Journal of Memory and Language, 66(4), 
731–746.

Koriat, A., Sheffer, L., & Ma’ayan, H. (2002). Comparing objective and subjective 
learning curves: Judgments of learning exhibit increased underconfi‑
dence with practice. Journal of Experimental Psychology: General, 131(2), 
147–162.

Kornell, N., & Bjork, R. A. (2007). The promise and perils of self‑regulated study. 
Psychonomic Bulletin & Review, 14(2), 219–224.

Kornell, N., & Bjork, R. A. (2008). Optimising self‑regulated study: The benefits—
and costs—of dropping flashcards. Memory, 16(2), 125–136.

Kornell, N., Bjork, R. A., & Garcia, M. A. (2011). Why tests appear to prevent for‑
getting: A distribution‑based bifurcation model. Journal of Memory and 
Language, 65(2), 85–97. https:// doi. org/ 10. 1016/j. jml. 2011. 04. 002

Kornell, N., Hays, M. J., & Bjork, R. A. (2009). Unsuccessful retrieval attempts 
enhance subsequent learning. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 35(4), 989–998.

Kornell, N., Klein, P. J., & Rawson, K. A. (2015). Retrieval attempts enhance 
learning, but retrieval success (versus failure) does not matter. Journal 
of Experimental Psychology: Learning, Memory, and Cognition, 41(1), 
283–294.

Kornell, N., & Metcalfe, J. (2014). The effects of memory retrieval, errors and 
feedback on learning. In V. A. Benassi, C. E. Overson, & C. M. Hakala 
(Eds.), Applying science of learning in education: Infusing psychological 
science into the curriculum (pp. 225–251). Society for the Teaching of 
Psychology.

Kornell, N., & Son, L. K. (2009). Learners’ choices and beliefs about self‑testing. 
Memory, 17(5), 493–501.

Kromann, C. B., Jensen, M. L., & Ringsted, C. (2009). The effect of testing on skills 
learning. Medical Education, 43(1), 21–27.

Kulasegaram, K., & Rangachari, P. K. (2018). Beyond “formative”: Assessments to 
enrich student learning. Advances in Physiology Education, 42(1), 5–14. 
https:// doi. org/ 10. 1152/ advan. 00122. 2017

Kulhavy, R. W., White, M. T., Topp, B. W., Chan, A. L., & Adams, J. (1985). Feedback 
complexity and corrective efficiency. Contemporary Educational Psychol-
ogy, 10(3), 285–291.

Kulik, J. A., & Kulik, C. L. C. (1988). Timing of feedback and verbal learning. 
Review of Educational Research, 58(1), 79–97.

Kuo, T. M., & Hirshman, E. (1997). The role of distinctive perceptual informa‑
tion in memory: Studies of the testing effect. Journal of Memory and 
Language, 36(2), 188–201.

LaDisa, A. G., & Biesboer, A. (2017). Incorporation of practice testing to improve 
knowledge acquisition in a pharmacotherapy course. Currents in Phar-
macy Teaching and Learning, 9(4), 660–665. https:// doi. org/ 10. 1016/j. 
cptl. 2017. 03. 002

LaPorte, R. E., & Voss, J. F. (1975). Retention of prose materials as a function 
of postacquisition testing. Journal of Educational Psychology, 67(2), 
259–266.

Larsen, D. P., Butler, A. C., & Roediger, H. L., III. (2009). Repeated testing improves 
long‑term retention relative to repeated study: A randomised con‑
trolled trial. Medical Education, 43(12), 1174–1181.

Leahy, W., Hanham, J., & Sweller, J. (2015). High element interactivity informa‑
tion during problem solving may lead to failure to obtain the testing 
effect. Educational Psychology Review, 27(2), 291–304.

Lehman, M., Smith, M. A., & Karpicke, J. D. (2014). Toward an episodic context 
account of retrieval‑based learning: Dissociating retrieval practice and 
elaboration. Journal of Experimental Psychology: Learning, Memory, and 
Cognition, 40(6), 1787–1794.

Lemley, D., Sudweeks, R., Howell, S., Laws, R. D., & Sawyer, O. (2007). The effects 
of immediate and delayed feedback on secondary distance learners. 
Quarterly Review of Distance Education, 8(3), 251–260.

Lyle, K. B., & Crawford, N. A. (2011). Retrieving essential material at the end of 
lectures improves performance on statistics exams. Teaching of Psychol-
ogy, 38(2), 94–97.

MacLeod, C. (1998). Directed forgetting. In J. M. Golding & C. M. MacLeod 
(Eds.), Intentional forgetting: Interdisciplinary approaches (pp. 1–57). 
Lawrence Erlbaum Associates Publishers.

Madigan, S. A. (1969). Intraserial repetition and coding processes in free recall. 
Journal of Verbal Learning and Verbal Behavior, 8(6), 828–835.

Mandernach, B. J. (2005). Relative effectiveness of computer‑based and human 
feedback for enhancing student learning. The Journal of Educators 
Online, 2(1), 1–17.

McCabe, J. (2011). Metacognitive awareness of learning strategies in under‑
graduates. Memory & Cognition, 39(3), 462–476.

McDaniel, M. A., Agarwal, P. K., Huelser, B. J., McDermott, K. B., & Roediger, H. L., 
III. (2011). Test‑enhanced learning in a middle school science classroom: 
The effects of quiz frequency and placement. Journal of Educational 
Psychology, 103(2), 399–414.

McDaniel, M. A., Anderson, J. L., Derbish, M. H., & Morrisette, N. (2007). Test‑
ing the testing effect in the classroom. European Journal of Cognitive 
Psychology, 19(4–5), 494–513.

McDaniel, M. A., Bugg, J. M., Liu, Y., & Brick, J. (2015). When does the test‑study‑
test sequence optimize learning and retention? Journal of Experimental 
Psychology: Applied, 21(4), 370–382.

McDaniel, M. A., & Masson, M. E. (1985). Altering memory representations 
through retrieval. Journal of Experimental Psychology: Learning, Memory, 
and Cognition, 11(2), 371–385.

McDermott, K. B., Agarwal, P. K., D’Antonio, L., Roediger, H. L., III., & McDaniel, 
M. A. (2014). Both multiple‑choice and short‑answer quizzes enhance 
later exam performance in middle and high school classes. Journal of 
Experimental Psychology: Applied, 20(1), 3–21.

McKinley, G. L., & Benjamin, A. S. (2020). The role of retrieval during study: 
Evidence of reminding from overt rehearsal. Journal of Memory and 
Language, 114, 104128.

Melton, A. W. (1967). Repetition and retrieval from memory. Science, 158(3800), 
532–532.

Metcalfe, J. (2017). Learning from errors. Annual Review of Psychology, 68, 
465–489.

https://doi.org/10.1126/science.1152408
https://doi.org/10.1126/science.1152408
https://doi.org/10.1037/0021-9010.93.1.59
https://doi.org/10.1037/0021-9010.93.1.59
https://doi.org/10.1016/j.jml.2011.04.002
https://doi.org/10.1152/advan.00122.2017
https://doi.org/10.1016/j.cptl.2017.03.002
https://doi.org/10.1016/j.cptl.2017.03.002


Page 16 of 17Fraundorf et al. Cognitive Research: Principles and Implications            (2023) 8:53 

Metcalfe, J., & Finn, B. (2011). People’s hypercorrection of high‑confidence 
errors: Did they know it all along? Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 37(2), 437–448.

Metcalfe, J., & Kornell, N. (2007). Principles of cognitive science in education: 
The effects of generation, errors, and feedback. Psychonomic Bulletin & 
Review, 14(2), 225–229.

Metcalfe, J., Kornell, N., & Finn, B. (2009). Delayed versus immediate feedback 
in children’s and adults’ vocabulary learning. Memory & Cognition, 37(8), 
1077–1087.

Metcalfe, J., & Miele, D. B. (2014). Hypercorrection of high confidence errors: 
Prior testing both enhances delayed performance and blocks the 
return of the errors. Journal of Applied Research in Memory and Cognition, 
3(3), 189–197.

Meyer, A. N., & Logan, J. M. (2013). Taking the testing effect beyond the college 
freshman: Benefits for lifelong learning. Psychology and Aging, 28(1), 
142–147.

Middleton, E. L., & Schwartz, M. F. (2012). Errorless learning in cognitive 
rehabilitation: A critical review. Neuropsychological Rehabilitation, 22(2), 
138–168.

Moreno, R. (2004). Decreasing cognitive load for novice students: Effects of 
explanatory versus corrective feedback in discovery‑based multimedia. 
Instructional Science, 32(1–2), 99–113.

Murayama, K., Blake, A. B., Kerr, T., & Castel, A. D. (2016). When enough is not 
enough: Information overload and metacognitive decisions to stop 
studying information. Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 42(6), 914–924.

Nokes‑Malach, T. J., Fraundorf, S. H., Caddick, Z. A., & Rottman, B. M. (2022). 
Cognitive perspectives on maintaining physicians’ medical expertise: V. 
Using an expectancy-value framework to understand the benefits and costs 
of testing. Manuscript submitted for publication.

Nungester, R. J., & Duchastel, P. C. (1982). Testing versus review: Effects on 
retention. Journal of Educational Psychology, 74(1), 18–22.

O’Day, G. M. (2022). Ending on a high note: A simple technique for encouraging 
students to practice retrieval. Purdue University.

Ohrt, D. D., & Gronlund, S. D. (1999). List‑length effect and continuous memory: 
Confounds and solutions. In C. Izawa (Ed.), On human memory: Evolu-
tion, progress, and reflections on the 30th anniversary of the Atkinson-Shif-
frin model (pp. 105–125). Lawrence Erlbaum Associates Publishers.

Pan, S. C., Pashler, H., Potter, Z. E., & Rickard, T. C. (2015). Testing enhances learn‑
ing across a range of episodic memory abilities. Journal of Memory and 
Language, 83, 53–61.

Pan, S. C., & Rickard, T. C. (2018). Transfer of test‑enhanced learning: Meta‑ana‑
lytic review and synthesis. Psychological Bulletin, 144(7), 710–756.

Park, D. C., Lautenschlager, G., Hedden, T., Davidson, N. S., Smith, A. D., & Smith, 
P. K. (2002). Models of visuospatial and verbal memory across the adult 
life span. Psychology and Aging, 17(2), 299–320.

Pashler, H., Cepeda, N. J., Wixted, J. T., & Rohrer, D. (2005). When does feedback 
facilitate learning of words? Journal of Experimental Psychology: Learning, 
Memory, and Cognition, 31(1), 3–8.

Peterson, D. J., & Mulligan, N. W. (2013). The negative testing effect and mul‑
tifactor account. Journal of Experimental Psychology: Learning, Memory, 
and Cognition, 39(4), 1287–1293.

Phillips, J. L., Heneka, N., Bhattarai, P., Fraser, C., & Shaw, T. (2019). Effective‑
ness of the spaced education pedagogy for clinicians’ continuing 
professional development: A systematic review. Medical Education, 53, 
886–902.

Piza, F., Kesselheim, J. C., Perzhinsky, J., Drowos, J., Gillis, R., Moscovici, K., & 
Gooding, H. (2019). Awareness and usage of evidence‑based learning 
strategies among health professions students and faculty. Medical 
Teacher, 41(12), 1411–1418.

Postman, L. (1965). Unlearning under conditions of successive interpolation. 
Journal of Experimental Psychology, 70(3), 237–245.

Pyc, M. A., & Rawson, K. A. (2009). Testing the retrieval effort hypothesis: Does 
greater difficulty correctly recalling information lead to higher levels of 
memory? Journal of Memory and Language, 60(4), 437–447.

Pyc, M. A., & Rawson, K. A. (2010). Why testing improves memory: Mediator 
effectiveness hypothesis. Science, 330(6002), 335–335.

Pyc, M. A., & Rawson, K. A. (2011). Costs and benefits of dropout schedules of 
test–restudy practice: Implications for student learning. Applied Cogni-
tive Psychology, 25(1), 87–95.

Rapp, E. J., Maximin, S., & Green, D. E. (2014). Practice corner: Retrieval practice 
makes perfect. Radiographics, 34(7), 1869–1870.

Ratcliff, R., Clark, S. E., & Shiffrin, R. M. (1990). List‑strength effect: I. Data and 
discussion. Journal of Experimental Psychology: Learning, Memory, and 
Cognition, 16(2), 163–178.

Raupach, T., Andresen, J. C., Meyer, K., Strobel, L., Koziolek, M., Jung, W., & 
Anders, S. (2016). Test‑enhanced learning of clinical reasoning: A crosso‑
ver randomised trial. Medical Education, 50(7), 711–720.

Rawson, K. A. (2015). The status of the testing effect for complex materials: Still 
a winner. Educational Psychology Review, 27(2), 327–331.

Rawson, K. A., & Dunlosky, J. (2011). Optimizing schedules of retrieval practice 
for durable and efficient learning: How much is enough? Journal of 
Experimental Psychology: General, 140(3), 283–302.

Richland, L. E., Kornell, N., & Kao, L. S. (2009). The pretesting effect: Do unsuc‑
cessful retrieval attempts enhance learning? Journal of Experimental 
Psychology: Applied, 15(3), 243–257.

Richmond, A., Cranfield, T., & Cooper, N. (2019). Study tips for medical students. 
BMJ, 365, k663.

Roediger, H. L., III., Agarwal, P. K., McDaniel, M. A., & McDermott, K. B. (2011). 
Test‑enhanced learning in the classroom: Long‑term improvements 
from quizzing. Journal of Experimental Psychology: Applied, 17(4), 
382–395.

Roediger, H. L., & Blaxton, T. A. (1987). Effects of varying modality, surface fea‑
tures, and retention interval on priming in word‑fragment completion. 
Memory & Cognition, 15(5), 379–388.

Roediger, H. L., III., & Butler, A. C. (2011). The critical role of retrieval practice in 
long‑term retention. Trends in Cognitive Sciences, 15(1), 20–27.

Roediger, H. L., III., & Karpicke, J. D. (2006a). Test‑enhanced learning: Taking 
memory tests improves long‑term retention. Psychological Science, 
17(3), 249–255.

Roediger, H. L., III., & Karpicke, J. D. (2006b). The power of testing memory: 
Basic research and implications for educational practice. Perspectives on 
Psychological Science, 1(3), 181–210.

Rohrer, D., Taylor, K., & Sholar, B. (2010). Tests enhance the transfer of learning. 
Journal of Experimental Psychology: Learning, Memory, and Cognition, 
36(1), 233–239.

Rottman, B. M., Caddick, Z. A., Nokes‑Malach, T. J., & Fraundorf, S. H. (2022). 
Cognitive perspectives on maintaining physicians’ medical expertise: I. 
Reimagining maintenance of certification to promote lifelong learning. 
Manuscript under review.

Rowland, C. A. (2014). The effect of testing versus restudy on retention: A 
meta‑analytic review of the testing effect. Psychological Bulletin, 140(6), 
1432–1463.

Rowland, C. A., & DeLosh, E. L. (2014). Benefits of testing for nontested infor‑
mation: Retrieval‑induced facilitation of episodically bound material. 
Psychonomic Bulletin & Review, 21(6), 1516–1523.

Rubin, D. C., & Wenzel, A. E. (1996). One hundred years of forgetting: A quanti‑
tative description of retention. Psychological Review, 103(4), 734–760.

Rumelhart, D. E., & McClelland, J. L. (1986). On learning the past tenses of Eng‑
lish verbs. In J. L. McClelland & D. E. Rumelhart (Eds.), Parallel distributed 
processing: Exploration in the microstructure of cognition (pp. 216–271). 
Cambridge, MA: MIT Press.

Runquist, W. N. (1983). Some effects of remembering on forgetting. Memory & 
Cognition, 11(6), 641–650.

Sahakyan, L., Delaney, P. F., Foster, N. L., & Abushanab, B. (2013). List‑method 
directed forgetting in cognitive and clinical research: A theoretical and 
methodological review. In B. H. Ross (Ed.), The psychology of learning and 
motivation (pp. 131–189). Elsevier.

Sala, G., & Gobet, F. (2017). Does far transfer exist? Negative evidence from 
chess, music, and working memory training. Current Directions in 
Psychological Science, 26(6), 515–520.

Schmidt, R. A., & Bjork, R. A. (1992). New conceptualizations of practice: Com‑
mon principles in three paradigms suggest new concepts for training. 
Psychological Science, 3(4), 207–218.

Schmidt, R. A., Young, D. E., Swinnen, S., & Shapiro, D. C. (1989). Summary 
knowledge of results for skill acquisition: Support for the guidance 
hypothesis. Journal of Experimental Psychology: Learning, Memory, and 
Cognition, 15(2), 352–359.

Schooler, L. J., & Anderson, J. R. (1990). The disruptive potential of immediate 
feedback. In Proceedings of the twelfth annual conference of the cognitive 
science society, (pp. 702–708), Cambridge



Page 17 of 17Fraundorf et al. Cognitive Research: Principles and Implications            (2023) 8:53  

Shaw, T., Long, A., Chopra, S., & Kerfoot, B. P. (2011). Impact on clinical behavior 
of face‑to‑face continuing medical education blended with online 
spaced education: A randomized controlled trial. Journal of Continuing 
Education in the Health Professions, 31(2), 103–108.

Siler, J., & Benjamin, A. S. (2019). Long‑term inference and memory following 
retrieval practice. Memory & Cognition, 48, 1–10.

Sitzman, D. M., Rhodes, M. G., Tauber, S. K., & Liceralde, V. R. T. (2015). The role of 
prior knowledge in error correction for younger and older adults. Aging, 
Neuropsychology, and Cognition, 22(4), 502–516.

Smits, M. H., Boon, J., Sluijsmans, D. M., & Van Gog, T. (2008). Content and 
timing of feedback in a web‑based learning environment: Effects on 
learning as a function of prior knowledge. Interactive Learning Environ-
ments, 16(2), 183–193.

Soderstrom, N. C., Bjork, R. A. (2015). Learning versus performance. Perspec‑
tives on Psychological Science, 10(2), 176–199

Spellman, B. A., & Bjork, R. A. (1992). When predictions create reality: Judg‑
ments of learning may alter what they are intended to assess. Psycho-
logical Science, 3(5), 315–317.

Stanger‑Hall, K. F., Shockley, F. W., & Wilson, R. E. (2011). Teaching students how 
to study: A workshop on information processing and self‑testing helps 
students learn. CBE—Life Sciences Education, 10(2), 187–198.

Strong, E. K., Jr. (1912). The effect of length of series upon recognition memory. 
Psychological Review, 19(6), 447–462.

Tenenbaum, J. B., Kemp, C., Griffiths, T. L., & Goodman, N. D. (2011). How to 
grow a mind: Statistics, structure, and abstraction. Science, 331(6022), 
1279–1285.

Timmer, M. C., Steendijk, P., Arend, S. M., & Versteeg, M. (2020). Making a lecture 
stick: The effect of spaced instruction on knowledge retention in medi‑
cal education. Medical Science Educator, 30, 1211–1219.

Toppino, T. C., & Cohen, M. S. (2009). The testing effect and the retention inter‑
val: Questions and answers. Experimental Psychology, 56(4), 252–257.

Tullis, J. G., Benjamin, A. S., & Ross, B. H. (2014). The reminding effect: Presenta‑
tion of associates enhances memory for related words in a list. Journal 
of Experimental Psychology: General, 143(4), 1–15.

Tullis, J. G., Finley, J. R., & Benjamin, A. S. (2013). Metacognition of the testing 
effect: Guiding learners to predict the benefits of retrieval. Memory & 
Cognition, 41(3), 429–442.

van Gog, T., & Kester, L. (2012). A test of the testing effect: Acquiring 
problem‑solving skills from worked examples. Cognitive Science, 36(8), 
1532–1541.

van Gog, T., Kester, L., Dirkx, K., Hoogerheide, V., Boerboom, J., & Verkoeijen, P. P. 
(2015). Testing after worked example study does not enhance delayed 
problem‑solving performance compared to restudy. Educational 
Psychology Review, 27(2), 265–289.

van Gog, T., & Sweller, J. (2015). Not new, but nearly forgotten: The testing 
effect decreases or even disappears as the complexity of learning 
materials increases. Educational Psychology Review, 27(2), 247–264.

Vaughn, K. E., & Rawson, K. A. (2011). Diagnosing criterion‑level effects on 
memory: What aspects of memory are enhanced by repeated retrieval? 
Psychological Science, 22(9), 1127–1131.

Versteeg, M., Hendriks, R. A., Thomas, A., Ommering, B. W. C., & Steendijk, P. 
(2019). Conceptualising spaced learning in health professions educa‑
tion: A scoping review. Medical Education. https:// doi. org/ 10. 1111/ 
medu. 14025

Ward, G. (2002). A recency‑based account of the list length effect in free recall. 
Memory & Cognition, 30(6), 885–892.

West, C., & Sadoski, M. (2011). Do study strategies predict academic perfor‑
mance in medical school? Medical Education, 45(7), 696–703. https:// 
doi. org/ 10. 1111/j. 1365‑ 2923. 2011. 03929.x

Wheeler, M., Ewers, M., & Buonanno, J. (2003). Different rates of forgetting fol‑
lowing study versus test trials. Memory, 11(6), 571–580.

Wheeler, M. A., & Roediger, H. L., III. (1992). Disparate effects of repeated test‑
ing: Reconciling Ballard’s (1913) and Bartlett’s (1932) results. Psychologi-
cal Science, 3(4), 240–246.

Whyte, M. M., Karolick, D. M., Nielsen, M. C., Elder, G. D., & Hawley, W. T. (1995). 
Cognitive styles and feedback in computer‑assisted instruction. Journal 
of Educational Computing Research, 12(2), 195–203.

Wiklund‑Hörnqvist, C., Jonsson, B., & Nyberg, L. (2014). Strengthening concept 
learning by repeated testing. Scandinavian Journal of Psychology, 55(1), 
10–16.

Wixted, J. T. (2004). The psychology and neuroscience of forgetting. Annual 
Review of Psychology, 55, 235–269.

Wooldridge, C. L., Bugg, J. M., McDaniel, M. A., & Liu, Y. (2014). The testing effect 
with authentic educational materials: A cautionary note. Journal of 
Applied Research in Memory and Cognition, 3(3), 214–221.

Xiaofeng, M., Xiao‑e, Y., Yanru, L., & AiBao, Z. (2016). Prior knowledge level 
dissociates effects of retrieval practice and elaboration. Learning and 
Individual Differences, 51, 210–214.

Yan, V. X., & Sana, F. (2021). Does the interleaving effect extend to unrelated 
concepts? Learners’ beliefs versus empirical evidence. Journal of Educa-
tional Psychology, 113(1), 125–137.

Yan, V. X., Soderstrom, N. C., Seneviratna, G. S., Bjork, E. L., & Bjork, R. A. (2017). 
How should exemplars be sequenced in inductive learning? Empirical 
evidence versus learners’ opinions. Journal of Experimental Psychology: 
Applied, 23(4), 403.

Yan, V. X., Thai, K. P., & Bjork, R. A. (2014). Habits and beliefs that guide self‑regu‑
lated learning: Do they vary with mindset? Journal of Applied Research in 
Memory and Cognition, 3(3), 140–152.

Yang, C., Luo, L., Vadillo, M. A., Yu, R., & Shanks, D. R. (2021). Testing (quizzing) 
boosts classroom learning: A systematic and meta‑analytic review. 
Psychological Bulletin, 147(4), 399–435.

Yeo, D. J., & Fazio, L. K. (2019). The optimal learning strategy depends on learn‑
ing goals and processes: Retrieval practice versus worked examples. 
Journal of Educational Psychology, 111(1), 73–90.

Zimmerman, J. (1975). Free recall after self‑paced study: A test of the attention 
explanation of the spacing effect. The American Journal of Psychology, 
88(2), 277–291.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1111/medu.14025
https://doi.org/10.1111/medu.14025
https://doi.org/10.1111/j.1365-2923.2011.03929.x
https://doi.org/10.1111/j.1365-2923.2011.03929.x

	Cognitive perspectives on maintaining physicians’ medical expertise: IV. Best practices and open questions in using testing to enhance learning and retention
	Abstract 
	Significance statement
	Introduction
	Overview and basic design
	Moderators
	Retention interval and “cramming”
	How much testing: frequency, length, repetition
	Timing of tests: spaced learning
	Test format and type of knowledge
	Ordering of practice material
	Transfer to untested material
	Individual differences

	Feedback after testing
	How should feedback be given?
	When should feedback be given?
	Why does feedback help?

	Training people to use retrieval practice
	Mechanisms
	Future directions
	Use and degree of interleaving
	Type of explanation in feedback
	Presence of citations during feedback

	Summary and conclusion
	Acknowledgements
	References


