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A B S T R A C T

Theoretical explanations of the testing effect (why people learn better from a test than a re-study) have largely
focused on either the benefit of attempting to retrieve the answer or on the benefit of re-encoding the queried
information after a successful retrieval. While a less parsimonious account, prior neuroimaging evidence has led
us to postulate that both of these processes contribute to the benefit of testing over re-study. To provide further
empirical support for our position, we recorded ERPs while subjects attempted to recall the second word of a pair
when cued with the first. These ERPs were analyzed based on the current response accuracy and as a function of
accuracy on the subsequent test, yielding three groups: the first and second tests were correct, the first was
correct and the second was not, both were incorrect. Mean amplitude waveforms during the first test showed
different patterns depending on the outcome patterns: Between 400 and 700ms the amplitudes were most
positive when both tests were correct and least positive when both were incorrect; mean amplitudes between
700 and 1000ms only differed as a function of subsequent memory. They were more positive when the second test
was correct. Importantly, the later component only predicted subsequent memory when the answers were not
overlearned, i.e. only correctly recalled once previously. We interpret the 400–700ms time window as a com-
ponent reflecting a retrieval attempt process, which differs as a function of both current and subsequent accu-
racy, and the later time window as a component reflecting a re-encoding process, which only involves learning
from tests, both of which are involved in the testing effect.

1. Introduction

There is ample evidence that learning procedures that involve
testing are more effective than procedures that only involve re-study.
This result has been referred to as the Testing Effect or the effect of
Retrieval Practice (Karpicke and Roediger, 2008; Roediger and Butler,
2011; Roediger and Karpicke, 2006a, b). A typical memory experiment
that explores the Testing Effect involves an initial study phase in which
all items are presented in the same manner but then are practiced either
through additional study trials (re-study condition) or through testing
(test condition). The typical finding of this paradigm is that, on a final
memory test, items practiced in the test condition are remembered
better than those practiced in the re-study condition (Roediger and
Karpicke, 2006b; Toppino and Cohen, 2009).

While the testing effect has been rigorously studied (Hogan and
Kintsch, 1971; Pyc and Rawson, 2009; Wheeler and Roediger, 1992),
there have been surprisingly few mechanistic accounts for the

phenomenon. Some of the contemporary explanations of the test ad-
vantage focus on the retrieval processes involved, while others focus on
the post-retrieval re-encoding process underlying the testing effect.
Importantly, these theoretical explanations have tended to focus on
only one of the processes. For example, the Elaborative Retrieval Ac-
count focuses on the retrieval process whereby a search is initiated to
find the answer to the question. This theory states that the retrieval of
information from memory results in memory elaboration and/or in
forming new associations to the correct answers, which makes the in-
formation more likely to be successfully retrieved again in the future
(Anderson and Reder, 1979; Carpenter, 2009; Carpenter and Delosh,
2006). Another example of a theory focusing on this process is the
Episodic Context Account proposed by Karpicke et al. (2014). This ac-
count states that retrieval serves to add unique contextual information
to the memory trace, making subsequent retrieval easier. On the other
hand, the Reconsolidation Account (Finn and Roediger, 2011) empha-
sizes a re-encoding process postulated to occur after retrieval (i.e.,
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when the correct answers are in working memory.) This account claims



called Phase 4. As depicted in Fig. 1, all pairs from all conditions were
tested on Day 2 (Phase 4). The middle row of Fig. 1 illustrates that the
pairs in the SSTT condition were re-studied once after the initial en-
coding (two study opportunities in all), and this was followed by a test
on Day 1 as well as the final test on Day 2. The bottom row of Fig. 1
illustrates the pairs in the SSST condition, which were re-studied two
more times following the initial encoding on Day 1. These pairs were
only tested on the final test on Day 2.

For each subject, we randomly selected 420 words from our pool of
480 words to form semantically-unrelated word pairs that were as-
signed to the three different study/test treatment conditions. The words
were selected from the MRC psycholinguistic database (Coltheart,
1981) with the following constraints: 4–7 letters in length and ratings
between 500 and 700 for printed familiarity, concreteness, and ease of
imagery.

Word pairs in the different conditions were randomly intermixed
and assigned to 10 lists for each subject. The only constraints on the
random selection and assignment were that no word was used more
than once in a given subject's material set and that each of the ten lists
consisted of 21 paired associates, 11 for the STTT condition, 6 for the
SSTT condition and 4 for the SSST condition.1 All random assignments
were done separately for each subject.

For Phase 1, each word-pair was presented for 3 s before the next
pair was shown. The words in a pair were presented side-by-side in the
center of the screen. Each study trial began with a fixation cross for a
jittered period of 800–1200ms. After initial study of all pairs for a given
list in Phase 1, subjects were given an opportunity to learn each pair
once more in Phase 2, with some pairs shown for re-study and some
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Rowland and Delosh (2015), we also performed analyses con-
ditionalized on initial retrieval success of trials. In the General Dis-
cussion and Conclusion, we will discuss in more detail the conditions
that produce better performance in testing versus re-study.

The fourth column of Table 1 and Fig. 3A present cued-recall ac-
curacy for Phase 3 for all pairs that were correctly recalled in Phase 2.
This column and Fig. 3B also present accuracy for Phase 4 for items
correctly recalled in both Phases 2 and 3 and for items re-studied in
Phase 2 and correctly recalled in Phase 3. Recall accuracy for Phase 3
was significantly better for trials that followed a correctly recalled test
than for trials that followed a re-study trial, t(30) = 7.34, p < .001, d
= 1.31. Recall accuracy for Phase 4 (final assessment on Day 2) showed
a significant main effect of typf
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test phase as a function of current and subsequent accuracy. We focused
on two clusters of electrodes, a frontal cluster (F3, Fz, and F4) and a
parietal cluster (P3, Pz, and P4).

Fig. 5 plots the waveforms for the three types of outcome patterns
during Phase 2. These are the sTtt condition trials for which the answer
was again correct at Phase 3, the trials that switched from correct at
Phase 2 to incorrect at Phase 3, and trials that were incorrect at both
Phase 2 and Phase 3. Because there was no feedback after retrieval
attempts, there were almost no trials that switched from incorrect to
correct. We analyzed the ERP components during two time windows.
Based on past research (Liu and Reder, 2016; Bridge and Paller, 2012),
we propose that the first time window (400–700ms) reflects the re-
trieval process and the second time window (700–1000ms) reflects the
re-encoding process.

For the first window (400–700ms), there was a significant main
effect of outcome pattern type, F(2,50) = 10.82, p < .001, η2p = .30,
but no main effect of electrode clusters nor an interaction between
clusters and outcome pattern type, p > .05. Amplitudes were more

positive for trials for which the answer was correct on tests at both
Phase 2 and Phase 3 compared with trials that were correct at Phase 2
but incorrect at Phase 3, t(25) = 2.22, p = .036, d = .44, and com-
pared with trials that were incorrect at Phase 2 and 3, t(25) = 4.99,
p < .001, d = .98. Likewise, amplitudes were more positive for trials
that were correct at Phase 2 but incorrect at Phase 3 than for trials that
were incorrect at both Phase 2 and 3, t(25) = 2.32, p = .029, d = .46.
This pattern suggests that the amplitude during the retrieval time
window is a good indicator of the quality of the current retrieval and
also a good predictor for subsequent test performance. Visual inspection
of the waveforms did indeed show that 700ms was the time point that
best distinguished the two effects. At ~700ms, how well the ampli-



mean amplitude, F(2,50) = 5.80, p = .005, η2p = .19. Amplitudes were
more positive for trials that were correct at both Phase 2 and Phase 3
than for trials that were correct at Phase 2 but incorrect at Phase 3, t
(25) = 2.1, p = .050, d = .40, and for trials that were incorrect at both
Phase 2 and Phase 3, t(25) = 3.49, p = .002, d = .69. There was no
significant interaction between clusters and outcome pattern types,
p > .01. There was no significant difference between the other two
types of trials, p > .1. We interpret the amplitude at this time window
as an index of the success of re-encoding such that if the re-encoding is
strong, the answer will be remembered the next time it is tested.

Fig. 6 shows the waveforms during the Phase 3 test. It examines the
ssTt condition and contrasts trials that were correct both for the current
(Phase 3) and the subsequent (Phase 4) tests with those trials that were
correct on the current test but incorrect on the subsequent test. It also
contrasts those that were correct on both tests with trials that were
incorrect on both. The patterns of waveforms for the Phase 3 test (ssTt
condition) are similar to those observed for the Phase 2 test (sTtt
condition). For time window 400–700ms, there is a main effect of
outcome pattern type on mean amplitude, F(2,50) = 9.31, p < .001, η2p
= .27. Amplitudes were more positive for trials that were correctly
answered on both Phase 3 and Phase 4 tests compared with trials that
were correct at Phase 3 but wrong at Phase 4, t(25) = 2.43, p = =
.022, d = .48. Amplitudes were also more positive for trials that were
correct at Phase 3 but incorrect at Phase 4 than for trials that were
incorrect at both Phase 3 and 4, t(25) = 2.84, p = = .009, d = .56.
There was no significant interaction between clusters and outcome
pattern types, p > .01.

For the time window 700–1000ms, the effect of outcome pattern
type on mean amplitude was also significant, F(2,50) = 5.14, p = .009,
η2p = .17. Amplitudes were more positive for trials that were correct at
both Phase 3 and Phase 4 compared with trials that were correct at
Phase 3 but incorrect at Phase 4, t(25) = 3.61, p = .001, d = .71, and
with trials that were incorrect at both Phase 3 and Phase 4, t(25) =
2.68, p = .013, d = .53. There was no significant difference between
the other two types of trials, p > .1. The pattern for the two time



logical if a more positive amplitude reflects a stronger memory trace
retrieved. The subsequent memory effect was distributed over both
frontal and parietal regions. This pattern is also consistent with our
prior fMRI studies (Liu et al., 2014; Liu and Reder, 2016) showing that
brain activity in both frontal and parietal regions during memory re-
trieval could predict subsequent memory performance.

The amplitudes during the second time window at 700–1000ms,
were shown to predict success on a subsequent test but those amplitude
differences were not related to current accuracy. We had postulated
that this window reflects a memory re-encoding process and the pattern
of waveforms support that hypothesis. This pattern is also consistent
with Bridge and Paller (2012) in which they found that differences in



correctly retrieved answer. By employing converging measures such as
ERP, our results help shed light on the mechanisms involved in learning
from tests in a way that would not have been possible from behavioral
and fMRI studies alone.
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