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Abstract

Research on the Retrieval Practice Effect (RPE) has revealed the critical role
of retrieval in directly promoting memory retention and indirectly facilitating
subsequent learning (restudy). Studies have shown that material difficulty and
retrieval difficulty are important factors influencing RPE, yet previous research
has not specifically distinguished their respective impacts on the direct and
indirect effects of retrieval practice. Experiment 1 employed a 2 (word-pair
difficulty: easy, difficult) x 2 (retrieval support: absent, present) mixed experi-
mental design to investigate how material difficulty and retrieval difficulty affect
the direct effect of retrieval practice. Experiment 2 introduced a post-retrieval
restudy factor and, by combining behavioral experiments with fNIRS technol-
ogy, distinguished the influences of material difficulty and retrieval difficulty
on both effects of retrieval practice. The results demonstrated that, compared
with the retrieval support condition, activation in the superior temporal gyrus
region (associated with retrieval difficulty) during retrieval was significantly
enhanced under the no-retrieval-support condition, and the prefrontal cortex
region (associated with depth of processing) exhibited higher activation levels
during the restudy phase, which significantly improved final memory perfor-
mance. The retrieval practice effect for difficult word pairs was weaker than
that for easy word pairs; however, when restudying difficult word pairs under
the no-retrieval-support condition, activation levels in the prefrontal cortex re-
gion were significantly higher, effectively promoting the restudy effect following
retrieval of difficult word pairs (memory performance improved significantly).
These findings indicate that increasing retrieval difficulty enhances both the di-
rect and indirect effects of retrieval practice; retrieval helps facilitate subsequent
learning of difficult materials, and increasing retrieval difficulty helps strengthen
the indirect effect of retrieval practice for difficult materials.
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Abstract

The retrieval practice effect (RPE) demonstrates that retrieval directly enhances
memory retention and indirectly facilitates subsequent learning (relearning).
While material difficulty and retrieval difficulty are known to influence the RPE,
previous research has not distinguished their specific impacts on the direct ver-
sus indirect effects of retrieval practice. Experiment 1 employed a 2 (word-pair
difficulty: easy, difficult) x 2 (retrieval support: absent, present) mixed design
to examine how material difficulty and retrieval difficulty affect the direct ef-
fect of retrieval practice. Experiment 2 introduced a post-retrieval relearning
factor and combined behavioral experiments with fNIRS technology to differ-
entiate the influences of material difficulty and retrieval difficulty on both ef-
fects. Results showed that, compared with the retrieval support condition, the
no-retrieval support condition elicited significantly enhanced activation in the
superior temporal gyrus (associated with retrieval difficulty) during retrieval,
and the prefrontal cortex (associated with processing depth) exhibited higher
activation levels during the relearning phase, which significantly improved fi-
nal memory performance. The retrieval practice effect was weaker for difficult
word pairs than for easy word pairs; however, when relearning difficult word
pairs under no-retrieval support conditions, activation in the prefrontal cortex
was significantly higher, effectively promoting the relearning effect for difficult
word pairs (memory performance improved significantly). These findings indi-
cate that increasing retrieval difficulty enhances both the direct and indirect
effects of retrieval practice; retrieval facilitates subsequent learning of difficult
materials, and increasing retrieval difficulty helps strengthen the indirect effect
of retrieval practice for difficult materials.

Keywords: retrieval practice effect, retrieval difficulty, material difficulty,

fNIRS

1 Introduction

Retrieval practice is a learning activity that strengthens memory and under-
standing through the recall of previously learned knowledge. Research has
shown that, compared with repeated studying, retrieval practice within the
same timeframe more effectively enhances learning and memory levels, a phe-
nomenon known as the retrieval practice effect (RPE) (Roediger 111 & Karpicke,
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2006). The RPE has been demonstrated across various learning materials, par-
ticipant populations, and test formats, highlighting its stability as an efficient
learning strategy across domains and age groups (McDermott, 2021). Previous
research has primarily focused on the direct effect of retrieval practice—that is,
its contribution to memory retention in the absence of feedback or restudying
opportunities (Ma et al., 2022; Zhang & Zhang, 2020; Karpicke & Roediger,
2008). However, the broader concept of RPE also encompasses indirect effects,
whereby retrieval practice enhances the accuracy of metacognitive monitoring,
thereby promoting subsequent learning (Arnold & McDermott, 2013; Endres
et al., 2020; Pyc & Rawson, 2012). The present study aims to explore the
direct and indirect effects of retrieval practice under different conditions and
their underlying neural mechanisms to deepen our understanding of the RPE
and optimize efficient learning models based on retrieval practice.

The direct effect of retrieval practice reveals the critical role of retrieval in
promoting memory retention. Research indicates that retrieval difficulty is an
important factor influencing the magnitude of the RPE. For example, reducing
retrieval cues (such as decreasing the number of letter cues during word re-
trieval) (Carpenter & DeLosh, 2006) or employing low-support retrieval strate-
gies like short-answer questions (rather than multiple-choice questions) (Greving
& Richter, 2022; Smith & Karpicke, 2014) increases retrieval difficulty and ulti-
mately enhances learning and memory retention. These findings suggest that,
within a certain range, greater retrieval difficulty leads to better final mem-
ory outcomes (Karpicke et al., 2014). Both the retrieval effort hypothesis and
the desirable difficulty hypothesis provide theoretical explanations for this phe-
nomenon, positing that increased retrieval difficulty prompts learners to invest
more retrieval effort, which better promotes memory retention after successful
retrieval (Bjork, 1975; Bjork & Bjork, 1992). Therefore, appropriately increas-
ing retrieval difficulty has a significant positive impact on enhancing the RPE.

However, in actual learning contexts, learning content always varies in diffi-
culty. Differences in material difficulty may also significantly influence the RPE.
According to relevant theories, material difficulty itself is an important factor
affecting the RPE: when learning materials are more difficult, learners must
invest more retrieval effort, producing more significant memory effects (Yang et
al., 2022). Carpenter (2009) found that although memory performance for easy
materials (strongly associated word pairs) was better during initial retrieval,
difficult materials (weakly associated word pairs) showed better performance on
final tests. The elaborative retrieval account suggests that, compared with easy
materials, learners activate more detailed information semantically related to
target words when retrieving difficult materials (i.e., eliciting more elaborative
encoding), which can serve as retrieval cues to effectively promote memory re-
tention and retrieval success (Carpenter, 2009; Carpenter & Yeung, 2017). Fur-
thermore, the episodic context account posits that when learning new content,
learners encode both the content and its contextual information, while retrieval
enables learners to update these representations and generate more effective re-
trieval cues (Karpicke et al., 2014). For difficult materials, retrieval involves
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more contextual reconstruction and updating, thereby increasing the likelihood
of successful future retrieval and ultimately improving memory performance
(Karpicke, 2017; Karpicke et al., 2014). Thus, material difficulty significantly
impacts the RPE, with difficult materials better promoting memory retention
after retrieval.

On the other hand, although numerous studies have confirmed that material
difficulty influences the RPE, this effect may vary depending on retrieval dif-
ficulty (Ma et al., 2022; Smith & Karpicke, 2014). For example, Smith and
Karpicke (2014) found that for easy materials, high-difficulty retrieval strate-
gies (e.g., short-answer questions) better promoted memory retention, whereas
for difficult materials, reducing retrieval difficulty (e.g., multiple-choice strate-
gies) more effectively improved memory performance. This indicates that both
material difficulty and retrieval difficulty are important factors influencing the
magnitude of the RPE, and they may jointly affect the RPE. According to
Sweller’s (1988) cognitive load theory, total cognitive load includes intrinsic
cognitive load (related to material complexity or difficulty), extraneous cogni-
tive load (related to instructional design), and germane cognitive load (cognitive
resources related to schema construction and cognitive effort). Under limited
cognitive resources, effective learning requires reducing unnecessary extraneous
cognitive load while ensuring necessary germane cognitive load. However, more
difficult learning materials increase learners’ intrinsic cognitive load and raise
total cognitive load. In such cases, employing lower-difficulty retrieval strategies
to appropriately reduce learners’ additional cognitive load may better enhance
memory effects. Although the retrieval effort hypothesis has received support
(Yang et al., 2022; Kirk-Johnson et al., 2019) and suggests that difficult ma-
terials produce more significant memory effects after successful retrieval, this
hypothesis may have boundary conditions. For instance, for more complex or
difficult learning materials, providing retrieval support to reduce retrieval dif-
ficulty may better enhance memory effects (Karpicke et al., 2014). Therefore,
the degree of direct benefit from different materials under varying retrieval dif-
ficulties and its boundary conditions remain to be further clarified.

Moreover, retrieval practice not only directly promotes learning and memory
but also serves a mediating role that indirectly affects memory performance.
Specifically, retrieval with feedback (i.e., restudying after retrieval) can improve
learners’ accuracy in assessing their own mastery, thereby promoting subsequent
learning and improving memory performance (Arnold & McDermott, 2013; Pyc
& Rawson, 2012; Wissman & Rawson, 2018). For example, in Arnold and Mc-
Dermott’s (2013) study, participants learned word pairs and then took one (1-T)
or five (5-T) tests before repeated studying. After multiple test-restudy cycles,
the 5-T group performed better on memory tests after restudying, and multiple
prior tests (5-T group) increased the number of successfully retrieved new items
on the next test. This result demonstrates that retrieval practice can effectively
improve learners’ subsequent learning efficiency and memory performance. How-
ever, compared with the direct effect of retrieval practice, its indirect effect has
received less attention. Therefore, when exploring the effects of retrieval diffi-
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culty and material difficulty on the RPE, it is necessary to further examine and
differentiate the direct and indirect effects of retrieval practice under different
conditions and their underlying mechanisms. This will help us more comprehen-
sively understand how retrieval practice affects learning and memory to further
optimize learning strategies and improve learning outcomes.

A review of the literature reveals that previous research on the effect of mate-
rial difficulty on the RPE has yielded inconsistent results. Some studies have
shown an advantage for difficult materials in retrieval practice (Yang et al.,
2022; Carpenter, 2009), while others have not observed this effect (Ma et al.,
2017). Additional studies have found that final memory performance for difficult
materials was worse than for easy materials, demonstrating an item difficulty
effect (de Lima et al., 2020; Vaughn et al., 2013). These discrepancies may
stem from study designs that did not clearly distinguish whether restudying
occurred after retrieval, leading to confounding of direct and indirect effects of
the RPE. For example, in Carpenter’s (2009) study, participants did not receive
restudying opportunities after retrieval, whereas Vaughn et al. (2013) and de
Lima et al. (2020) provided restudying opportunities. Currently, it remains
unclear whether the benefit of different difficulty materials in retrieval prac-
tice is influenced by post-retrieval restudying factors. Additionally, researchers
have proposed that providing restudying feedback after retrieval can effectively
enhance memory effects for items retrieved under low-support (high-difficulty)
conditions, and offering restudying opportunities to all learners can reduce differ-
ences in initial retrieval success rates caused by varying levels of retrieval support
(Kang et al., 2007). However, given that learning materials differ in difficulty,
the specific impact of post-retrieval restudying on learning outcomes when em-
ploying different retrieval strategies remains unclear. Furthermore, whether
the post-retrieval restudying behavioral patterns are consistent across different
difficulty materials when using different retrieval strategies also awaits investiga-
tion. Therefore, further introducing the variable of post-retrieval restudying will
help us more deeply understand and differentiate the specific effects of material
difficulty and retrieval difficulty on the two effects of retrieval practice.

However, it should be noted that distinguishing the effects of material difficulty
and retrieval difficulty on the direct and indirect effects of retrieval practice
based solely on behavioral results and theoretical descriptions has certain lim-
itations, and there remains a lack of support from cognitive neuroscience evi-
dence. Functional magnetic resonance imaging (fMRI) studies have shown that
retrieval practice is associated with activation in specific brain regions, such as
the lateral temporal cortex, medial and ventrolateral prefrontal cortex (Wing et
al., 2013; Ye et al., 2020; Zhuang et al., 2022), and the inferior frontal gyrus (Van
den Broek et al., 2013), with activation in these regions correlating with better
long-term memory performance. Moreover, research on the neural mechanisms
of cognitive load has found that dorsolateral prefrontal activation is associated
with intrinsic cognitive load (Whelan, 2007). Therefore, comparing activation
levels in prefrontal brain regions (e.g., inferior frontal gyrus) under different
retrieval difficulties and activation in dorsolateral prefrontal cortex under differ-
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ent material difficulties can help reveal the mechanisms underlying the effects
of retrieval difficulty and material difficulty on the direct effect of retrieval
practice. On the other hand, the indirect effect of retrieval practice involves
enhanced encoding effort during post-retrieval restudying, and neuroimaging
technology can record learners’ encoding processes in real time (Nelson et al.,
2013), compensating for the limitation of inferring encoding effort changes solely
from subsequent retrieval performance. Additionally, previous research has con-
firmed the important role of prefrontal brain regions in the encoding processes
that form long-term memories (Blumenfeld & Ranganath, 2007). For exam-
ple, one fMRI study found that compared with learners who did not engage
in retrieval practice, those in the retrieval practice group showed significantly
enhanced activity in the inferior frontal gyrus and orbital frontal regions of
the prefrontal cortex when restudying materials (Vestergren & Nyberg, 2014).
Therefore, focusing on activation in the prefrontal cortex can help explore the
cognitive neural mechanisms of post-retrieval restudying. Given fMRI’s sensi-
tivity to movement and noise, functional near-infrared spectroscopy (fNIRS) of-
fers significant advantages for exploring cognitive activities involving movement
(Kovelman et al., 2008), providing possibilities for investigating the neural mech-
anisms of retrieval practice in natural reading and writing recall contexts. Thus,
this study intends to use fNIRS technology to further examine and differentiate
the cognitive neural mechanisms underlying the two effects of retrieval practice
under different conditions and provide empirical support for relevant theoretical
explanations.

In summary, this study aims to explore the effects of retrieval difficulty and
material difficulty on the direct and indirect effects of retrieval practice and
further reveal their underlying cognitive neural mechanisms. Experiment 1 first
examined the effects of retrieval difficulty and material difficulty on the direct
effect of retrieval practice through a behavioral experiment. Experiment 2 fur-
ther introduced the factor of post-retrieval restudying and combined behavioral
experiments with fNIRS technology to examine differences in brain activation
during retrieval practice and restudying under different retrieval difficulty and
material difficulty conditions, thereby differentiating the effects of these two
factors on the direct and indirect effects of retrieval practice. The results will
provide a scientific basis for optimizing learning strategies based on retrieval
practice and offer practical guidance for educational practice.

2 Experiment 1: The Direct Effect of Retrieval Practice
2.1 Purpose and Hypotheses

Experiment 1 aimed to examine the direct effects of retrieval difficulty (with or
without retrieval support) and material difficulty (easy or difficult word pairs)
on the RPE. We hypothesized that: (1) According to desirable difficulty theory,
memory performance for difficult materials would be better than for easy ma-
terials, and memory performance in the no-retrieval support condition would
be better than in the retrieval support condition; (2) According to cognitive
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load theory, when learning difficult materials, appropriately reducing extrane-
ous cognitive load would better enable learners to utilize cognitive resources
for information processing, so increased retrieval support should produce better
learning outcomes.

2.2 Methods

2.2.1 Participants Using G*Power 3.1 software (Faul et al., 2009) to calcu-
late sample size for a two-factor mixed design, with effect size f = 0.25, signifi-
cance level o = 0.05, and statistical power 1-5 = 0.8, a total of 34 participants
were required. FExperiment 1 recruited 49 university students, with 25 in the
no-retrieval support group and 24 in the retrieval support group. Participants
had a mean age of 19.76 years (SD = 1.89). All participants were right-handed,
had normal or corrected-to-normal vision, were native Chinese speakers, had
not previously participated in similar psychological experiments, and received a
gift upon completion.

2.2.2 Materials The learning materials consisted of paired-associate word
pairs. First, 50 strongly associated and 50 weakly associated word pairs were
selected from Nelson et al’s (2004) association norms. Thirty university students
who did not participate in the experiment rated the relatedness of each pair on
a 7-point Likert scale (1 = lowest relatedness, 7 = highest relatedness). Thirty
pairs with ratings of 5 or above were randomly selected as easy word pairs,
and 30 pairs with ratings of 3 or below were selected as difficult word pairs. A
paired-samples t-test on the relatedness ratings revealed that easy word pairs
(M = 5.97, SD = 0.41) had significantly higher relatedness ratings than difficult
word pairs (M = 2.27, SD = 0.40), t(29) = 41.74, p < 0.001, d = 9.14.

2.2.3 Design This experiment used a 2 (retrieval support: absent, present)
x 2 (word-pair difficulty: easy, difficult) mixed design. Retrieval support was
a between-subjects variable, and word-pair difficulty was a within-subjects vari-
able. The dependent variables were initial retrieval recall accuracy, final test
recall accuracy, and memory retention rate. Memory retention rate was calcu-
lated as: (number of items successfully retrieved at both initial retrieval and
final test) = (number of items successfully retrieved at initial retrieval), to ex-
amine the memory maintenance effect for initially successfully retrieved word
pairs (Zhang & Zhang, 2020).

2.2.4 Procedure The experimental program was written using E-Prime 3.0
software, with word pairs presented on a computer screen. The experiment con-
sisted of three phases: encoding, retrieval practice, and final testing, as shown
in Figure 1 [Figure 1: see original paper]. There were six blocks, with three
blocks each for easy and difficult word pairs. Fach block contained 10 word
pairs and included both encoding and retrieval phases. Blocks for easy and diffi-
cult word pairs were distributed in an interleaved fashion, and the presentation
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order of word pairs was balanced across blocks. Before the formal experiment,
participants completed practice trials to ensure familiarity with the procedure.
The specific procedure for each block was as follows:

Encoding Phase: Ten word pairs were presented sequentially. Following pre-
vious research, each pair was presented for 3 seconds (Ma et al., 2017).

Retrieval Phase: Participants retrieved the 10 learned word pairs under pseu-
dorandom conditions. In the no-retrieval support group, “lawyer — ?” was
presented at the center of the screen, and participants had 8 seconds to recall
the target word based on the cue word before automatically advancing to the
next pair. In the retrieval support group, “lawyer — 1 7” was presented, and
participants had 8 seconds to recall the target word based on both the cue and
the first-letter prompt.

Final Test Phase: Two days later, participants recalled the target words for
all 60 word pairs based on the cue words (e.g., “lawyer — ?” with no first-letter
support for any pair). Response time was unlimited.

2.2.5 Data Analysis Behavioral data were analyzed using SPSS 29.0 statis-
tical software. Scoring for the initial and final tests awarded 1 point for each
correctly recalled word pair and 0 points for incorrect responses, with accuracy
rates then calculated.

2.3 Results

2.3.1 Initial Retrieval Recall Accuracy Initial retrieval recall accuracy
across retrieval support and word-pair difficulty conditions is shown in Figure 2a
[Figure 2: see original paper]. A 2 (retrieval support: absent, present) x 2 (word-
pair difficulty: easy, difficult) repeated-measures ANOVA revealed a significant
main effect of retrieval support, F(1, 47) = 62.97, p < 0.001, ! “= 0.57, with
the retrieval support group (M = 0.94, SD = 0.07) showing significantly higher
initial retrieval recall accuracy than the no-retrieval support group (M = 0.70,
SD = 0.20). The main effect of word-pair difficulty was also significant, F(1,
47) = 107.32, p < 0.001, ! = 0.70, with easy word pairs (M = 0.89, SD = 0.11)
showing significantly higher initial retrieval recall accuracy than difficult word
pairs (M = 0.74, SD = 0.22). The interaction between retrieval support and
word-pair difficulty was significant, F(1, 47) = 54.80, p < 0.001, !” = 0.54.

Simple effects analysis revealed that for easy word pairs, the retrieval support
group (M = 0.96, SD = 0.05) showed significantly higher initial retrieval recall
accuracy than the no-retrieval support group (M = 0.83, SD = 0.11), F(1, 47) =
29.02, p < 0.001, ! “=0.38, 95% CI = [0.08, 0.18]. For difficult word pairs, the
retrieval support group (M = 0.92, SD = 0.07) also showed significantly higher
initial retrieval recall accuracy than the no-retrieval support group (M = 0.58,
SD =0.18), F(1, 47) = 73.94, p < 0.001, !” =0.61, 95% CI = [0.26, 0.43]. With
increased retrieval support, difficult word pairs showed a greater improvement
in initial retrieval performance than easy word pairs (0.34 vs. 0.13).
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2.3.2 Final Test Recall Accuracy Final test recall accuracy across retrieval
support and word-pair difficulty conditions is shown in Figure 2b. Repeated-
measures ANOVA revealed a significant main effect of retrieval support, F(1,
47) = 32.53, p < 0.001, ! ” = 0.41, with the no-retrieval support group (M =
0.37, SD = 0.23) showing significantly higher final test recall accuracy than the
retrieval support group (M = 0.22; SD = 0.20). The main effect of word-pair
difficulty was significant, F(1, 47) = 239.00, p < 0.001, ! 7 = 0.84, with easy
word pairs (M = 0.47, SD = 0.18) showing significantly higher final test recall
accuracy than difficult word pairs (M = 0.12, SD = 0.09). The interaction
between retrieval support and word-pair difficulty was not significant, F(1, 47)
= 3.70, p = 0.06.

2.3.3 Memory Retention Rate Memory retention rates across retrieval
support and word-pair difficulty conditions are presented in Table 1 . Repeated-
measures ANOVA revealed a significant main effect of retrieval support, F(1,
47) = 68.05, p < 0.001, ! ” = 0.59, with the no-retrieval support group (M =
0.49, SD = 0.24) showing significantly higher memory retention rates than the
retrieval support group (M = 0.22; SD = 0.20). The main effect of word-pair
difficulty was significant, F(1, 47) = 181.13, p < 0.001, ! 7 = 0.79, with easy
word pairs (M = 0.53, SD = 0.22) showing significantly higher memory retention
rates than difficult word pairs (M = 0.19, SD = 0.17). The interaction was not
significant, F(1, 47) = 1.28, p = 0.26.

Table 1 Memory Retention Rates by Retrieval Support and Word-Pair Diffi-
culty

No Retrieval Support Retrieval Support

Easy Word Pairs 0.67 (0.16) 0.30 (0.15)
Difficult Word Pairs  0.38 (0.16) 0.07 (0.06)

Note: Standard deviations are shown in parentheses.

2.4 Discussion

Experiment 1 results showed that during the initial retrieval phase, the retrieval
support group demonstrated significantly higher memory performance than the
no-retrieval support group. However, this pattern reversed on the final test
two days later, with the no-retrieval support group showing significantly better
memory performance than the retrieval support group. This finding is consis-
tent with Carpenter and DeLosh (2006) and indicates that although retrieval
support improves initial retrieval performance, it may accelerate forgetting and
is not conducive to long-term memory retention, supporting the retrieval effort
hypothesis and desirable difficulty theory.

However, compared with easy word pairs, difficult word pairs showed poorer
memory performance on both initial retrieval and final testing, demonstrating
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an item difficulty effect. This result is inconsistent with previous findings show-
ing an advantage for difficult items in the RPE (Yang et al., 2022; Carpenter,
2009). According to RPE theories, learners invest more retrieval effort when
facing more difficult items, thereby promoting memory retention. However, Ex-
periment 1 suggests that the advantage of difficult materials in the RPE is not
significant. According to cognitive load theory (Sweller, 1988), learners experi-
ence greater intrinsic cognitive load when processing difficult word pairs, which
may lead to poorer encoding or retrieval failure, ultimately affecting memory
performance. Additionally, Vaughn et al. (2013) found that the item difficulty
effect persisted even when the number of successful retrievals was equal for easy
and difficult materials. They speculated that this might be because difficult
word pairs struggle to form effective associative memories, making target words
difficult to retrieve successfully. Therefore, for difficult word pairs, merely im-
proving initial retrieval success rates may not be sufficient to effectively promote
memory retention; investing additional learning time after retrieval practice to
strengthen associative memory may be more crucial. Research shows that post-
retrieval restudying helps improve learning outcomes, especially for items that
failed initial retrieval (Arnold & McDermott, 2013; de Lima et al., 2020). Com-
bined with Experiment 1 results, it appears that simply relying on retrieval
support to improve initial retrieval success rates for difficult word pairs may
not be the key to enhancing overall learning outcomes; instead, strengthening
subsequent encoding effort may be more important.

Overall, Experiment 1’s findings and explanations regarding the effects of re-
trieval support and word-pair difficulty on the RPE remain at the behavioral
data level. To further verify and explore: (1) whether learners invest more re-
trieval effort when using no-retrieval support strategies; (2) whether difficult ma-
terials create greater intrinsic cognitive load that affects final memory outcomes;
and (3) whether post-retrieval restudying better improves learning outcomes for
difficult materials, Experiment 2 employed fNIRS technology for verification and
investigation, providing a neural basis for these results and explanations. Ad-
ditionally, Experiment 2 introduced the factor of post-retrieval restudying and
combined behavioral experiments with fNIRS technology to further examine the
effects of retrieval difficulty and material difficulty on both direct and indirect
effects of retrieval practice and their neural mechanisms.

3 Experiment 2: Direct and Indirect Effects of Retrieval
Practice

3.1 Purpose and Hypotheses

Based on Experiment 1 results and relevant theories, we propose the following
hypotheses for behavioral results: (1) The RPE results for the no-restudy group
(direct effect) would be consistent with Experiment 1; (2) If items that failed
retrieval benefit more from post-retrieval restudying, then under restudy con-
ditions, difficult word pairs would show greater benefit than under no-restudy
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conditions, particularly for difficult word pairs under no-retrieval support con-
ditions.

For fNIRS results, we hypothesized: (1) Compared with retrieval support con-
ditions, retrieval under no-retrieval support conditions would elicit significantly
higher activation in prefrontal cortex regions closely related to retrieval activ-
ity (e.g., inferior frontal gyrus); (2) Compared with easy word pairs, retrieval
of difficult word pairs would significantly enhance activation in dorsolateral
prefrontal cortex regions associated with cognitive load; (3) During the post-
retrieval restudying phase, activation in prefrontal cortex regions (e.g., inferior
frontal gyrus related to re-encoding) would be stronger under no-retrieval sup-
port conditions than under retrieval support conditions, and activation would be
stronger when restudying difficult word pairs than when restudying easy word
pairs.

3.2 Methods

3.2.1 Participants Using G*Power 3.1 software (Faul et al., 2009) to cal-
culate sample size for a three-factor mixed design, with effect size f = 0.25,
significance level a = 0.05, and statistical power 1-3 = 0.8, a total of 48 partic-
ipants were required. Experiment 2 recruited 68 university students who were
randomly assigned to one of four groups: the post-retrieval restudy group (n
= 33; 16 in retrieval support condition, 17 in no-retrieval support condition)
and the no-restudy group (n = 35; 17 in no-retrieval support condition, 18 in
retrieval support condition). fNIRS data were not successfully collected for one
participant in the no-retrieval support condition of the restudy group and one
participant in the retrieval support condition of the no-restudy group (both
withdrew mid-experiment). Participants had a mean age of 21.74 years (SD =
2.47). Other participant characteristics were the same as in Experiment 1.

3.2.2 Materials Same as Experiment 1.

3.2.3 Design This experiment used a 2 (retrieval support: absent, present)
x 2 (word-pair difficulty: easy, difficult) x 2 (post-retrieval restudy: absent,
present) three-factor mixed design. Retrieval support and post-retrieval restudy
were between-subjects variables, and word-pair difficulty was a within-subjects
variable.

3.2.4 Procedure The procedure for the no-restudy group was the same as in
Experiment 1. However, in the fNIRS experiment, rest periods were required be-
tween tasks to ensure that blood oxygen levels returned to baseline. Therefore,
following Wan et al. (2018), a 30-second rest period was set before and after
each block, and a 10-second rest period was set between different tasks within
the same block. The experimental procedure for the no-restudy condition is
shown in Figure 3 [Figure 3: see original paper] (solid-line boxes).
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The difference between the restudy and no-restudy conditions was that partic-
ipants in the restudy group received restudying opportunities after completing
the encoding and retrieval tasks in each block. After a 10-second rest, they
restudied the materials, then rested for 30 seconds before entering the retrieval
practice task for the next block. Other aspects were the same as in the no-
restudy group. The experimental procedure for the restudy condition is shown
in Figure 3 (dashed-line boxes).

3.3 fNIRS Data Collection

Brain activity data were recorded using a LIGHTNIRS portable functional near-
infrared spectroscopy system (fNIRS Devices LLC, Potomac, MD) produced by
Shimadzu Corporation. Based on relevant literature, this study focused on the
prefrontal cortex. To cover relevant brain regions, a 2 X 8 channel arrangement
was used, totaling 22 channels, with a 3-cm distance between sources and detec-
tors (see Figure 4 [Figure 4: see original paper]). Probe placement was based
on the international 10-20 EEG system (Okamoto et al., 2004). A 3D digitizer
(FASTRAK, Polhemus, Colchester, VT, USA) was used for positioning, and
Matlab 2014a and NIRS_ {SPM} (Near infrared Spectroscopy-Statistical Para-
metric Mapping) software were used to register each location to MNI (Montreal
Neurological Institute) space coordinates using probabilistic registration to de-
termine the correspondence between each channel location and Brodmann areas
(BA). The Brodmann areas corresponding to each channel are shown in Table
2.

Figure 4 fNIRS Channel Layout
Table 2 Brodmann Areas Corresponding to fNIRS Channels

Channel Brodmann Area Brain Region

1 47 Left inferior frontal gyrus

2 45 Left inferior frontal gyrus, pars triangularis
3 47 Left inferior frontal gyrus

4 10 Left frontal pole

5 10 Left frontal pole

6 10 Frontal pole

7 11 Right orbital frontal cortex

8 10 Right frontal pole

9 47 Right inferior frontal gyrus

10 47 Right inferior frontal gyrus

11 6 Left premotor and supplementary motor cortex
12 22 Left superior temporal gyrus

13 45 Left inferior frontal gyrus, pars triangularis
14 46 Left dorsolateral prefrontal cortex

15 10 Left frontal pole

16 10 Left frontal pole
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Channel Brodmann Area Brain Region

17 10 Right frontal pole

18 10 Right frontal pole

19 46 Right dorsolateral prefrontal cortex

20 45 Right inferior frontal gyrus, pars triangularis
21 22 Right superior temporal gyrus

22 9 Left dorsolateral prefrontal cortex

Note: Only brain regions with coverage probability > 30% are reported.

3.4 Data Processing

Behavioral data were processed as in Experiment 1. fNIRS data were prepro-
cessed using NIRS_{SPM} software in Matlab 2014a. (1) A hemodynamic
response function (HRF') was used to remove high-frequency noise while preserv-
ing signals consistent with hemodynamic response characteristics. (2) Wavelet
analysis (Wavelet Minimum Description Length, Wavelet-MDL) was used for
filtering and detrending based on the distribution of experimental stimulation
signals to correct for effects of respiration, participant movement, physiological
noise, and equipment noise on fNIRS data. These methods have been validated
in previous research (Yang et al., 2019; Brigadoi et al., 2014). Additionally,
research has found that oxygenated hemoglobin (HbO) is relatively sensitive
to task stimulation changes (Hoshi et al., 2001; Pinti et al., 2020). Therefore,
HbO concentration change values (A[HbO]) were used as the analysis metric
for NIRS results.

After preprocessing, [ values related to task conditions were calculated us-
ing the General Linear Model (GLM) as a measure of brain region activa-
tion. Reference waves for HbO changes were set for each channel to evalu-
ate the data, and g values for the initial encoding phase, retrieval phase, and
post-retrieval restudying phase were calculated separately. Statistical analyses
were conducted using SPSS 29.0 software, with repeated-measures ANOVA,
independent-samples t-tests, and paired-samples t-tests performed on S values
for HbO changes according to experimental purposes. The false discovery rate
(FDR) was used to correct p-values across channels to further reduce false pos-
itive rates, with p < 0.05 considered significant after correction (Noble, 2009).
The xjview toolbox (https://www.alivelearn.net/xjview) and BrainNet Viewer
software (http://www.nitrc.org/projects/bnv/) (Xia et al., 2013) were used to
visualize brain imaging analysis results.

3.5 Behavioral Results

To more intuitively examine the effect of retrieval practice on final memory
outcomes, only final test recall accuracy was analyzed as the dependent variable.
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3.5.1 Behavioral Results for Direct Effects of Retrieval Support and
Word-Pair Difficulty According to experimental purposes, we first analyzed
the effects of retrieval support and word-pair difficulty on final test recall ac-
curacy under no-restudy conditions. Consistent with Experiment 1 results, a
2 (retrieval support: absent, present) x 2 (word-pair difficulty: easy, difficult)
repeated-measures ANOVA revealed a significant main effect of retrieval sup-
port, F(1, 33) = 11.68, p = 0.002, ! ” = 0.26, with the no-retrieval support
group (M = 0.36, SD = 0.25) showing significantly higher final test recall accu-
racy than the retrieval support group (M = 0.21, SD = 0.19). The main effect
of word-pair difficulty was significant, F(1, 33) = 174.54, p < 0.001, ! ” = 0.84,
with easy word pairs (M = 0.44, SD = 0.21) showing significantly higher final
test recall accuracy than difficult word pairs (M = 0.13, SD = 0.11). The in-
teraction between retrieval support and word-pair difficulty was not significant,
F(1, 33) = 3.32, p = 0.08.

3.5.2 Behavioral Results for Indirect Effects of Retrieval Support and
Word-Pair Difficulty According to experimental purposes, we further ana-
lyzed the effects of retrieval support and word-pair difficulty on the indirect
effect of retrieval practice under restudy conditions. A 2 (retrieval support:
absent, present) x 2 (word-pair difficulty: easy, difficult) repeated-measures
ANOVA revealed a significant main effect of retrieval support, F(1, 31) = 18.71,
p < 0.001, ! ” = 0.38, with the no-retrieval support group (M = 0.47, SD =
0.25) showing significantly higher final test recall accuracy than the retrieval
support group (M = 0.22, SD = 0.21). The main effect of word-pair difficulty
was significant, F(1, 31) = 85.30, p < 0.001, ! 7 = 0.73, with easy word pairs (M
= 0.49, SD = 0.24) showing significantly higher final test recall accuracy than
difficult word pairs (M = 0.21, SD = 0.20). The interaction between retrieval
support and word-pair difficulty was not significant, F(1, 31) = 0.31, p = 0.58.

Additionally, to further examine whether post-retrieval restudying better im-
proves memory performance for difficult word pairs, we separately analyzed the
effects of word-pair difficulty and post-retrieval restudying on memory perfor-
mance under no-retrieval support and retrieval support conditions.

No-Retrieval Support Condition: A 2 (post-retrieval restudying: absent,
present) x 2 (word-pair difficulty: easy, difficult) repeated-measures ANOVA on
final test recall accuracy (see Figure 5a [Figure 5: see original paper]) revealed
no significant main effect of post-retrieval restudying, F(1, 32) = 3.16, p = 0.09,
with no significant difference between the restudy group (M = 0.47, SD = 0.25)
and the no-restudy group (M = 0.36, SD = 0.25). The main effect of word-pair
difficulty was significant, F(1, 32) = 162.36, p < 0.001, ! ” = 0.84, with easy
word pairs (M = 0.58, SD = 0.20) showing significantly higher final test recall
accuracy than difficult word pairs (M = 0.25, SD = 0.191). The interaction
between post-retrieval restudying and word-pair difficulty was not significant,
F(1, 32) = 1.01, p = 0.31.

According to experimental purposes and following previous research (Zhang et
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al., 2020), we further conducted planned comparisons (Shu & Zhang, 2008)
using independent-samples t-tests to compare final test recall accuracy for dif-
ferent difficulty word pairs between restudy and no-restudy conditions under
no-retrieval support. Results showed that for easy word pairs, there was no
significant difference in final test recall accuracy between the restudy group (M
= 0.62, SD = 0.19) and the no-restudy group (M = 0.54, SD = 0.21), t(1, 32)
= 1.16, p = 0.25. For difficult word pairs, the restudy group (M = 0.32, SD =
0.22) showed significantly higher final test recall accuracy than the no-restudy
group (M = 0.18, SD = 0.13), t(1, 32) = 2.15, p = 0.04, d = 0.77, 95% CI =
[-0.01, 0.26].

Retrieval Support Condition: A 2 (word-pair difficulty: easy, difficult) x 2
(post-retrieval restudying: absent, present) repeated-measures ANOVA on final
test recall accuracy (see Figure 5b) revealed a significant main effect of word-
pair difficulty, F(1, 32) = 87.55, p < 0.001, ! 7 = 0.73, with easy word pairs (M
= 0.35, SD = 0.19) showing significantly higher final test recall accuracy than
difficult word pairs (M = 0.08, SD = 0.06). The main effect of post-retrieval
restudying was not significant, F(1, 32) = 0.16, p = 0.69, with no significant
difference between the restudy group (M = 0.22, SD = 0.21) and the no-restudy
group (M = 0.21, SD = 0.19). The interaction between post-retrieval restudying
and word-pair difficulty was not significant, F(1, 32) = 0.001, p = 0.97.

Planned comparisons using independent-samples t-tests were conducted to com-
pare final test recall accuracy for different difficulty word pairs between restudy
and no-restudy conditions under retrieval support. Results showed that for easy
word pairs, there was no significant difference between the restudy group (M
= 0.36, SD = 0.21) and the no-restudy group (M = 0.34, SD = 0.17), t(1, 32)
= 0.23, p = 0.82. For difficult word pairs, there was no significant difference
between the restudy group (M = 0.09, SD = 0.08) and the no-restudy group
(M = 0.07, SD = 0.05), t(1, 32) = 0.78, p = 0.44.

Figure 5 Final test recall accuracy for different word-pair difficulty and post-
retrieval restudying conditions under no-retrieval support (Figure 5a) and re-
trieval support (Figure 5b)

3.5.3 Effects of Retrieval Support, Word-Pair Difficulty, and Post-
Retrieval Restudying on the RPE Additionally, we conducted a 2 (re-
trieval support: absent, present) x 2 (word-pair difficulty: easy, difficult) x
2 (post-retrieval restudying: absent, present) three-factor repeated-measures
ANOVA. Results revealed a significant main effect of retrieval support, F(1, 64)
= 30.74, p < 0.001, ! ” = 0.32, with the no-retrieval support group (M =
0.42, SD = 0.25) showing significantly higher final test recall accuracy than the
retrieval support group (M = 0.22, SD = 0.20). The main effect of word-pair
difficulty was significant, F(1, 64) = 239.59, p < 0.001, ! ” = 0.80, with easy
word pairs (M = 0.46, SD = 0.23) showing significantly higher final test recall
accuracy than difficult word pairs (M = 0.17, SD = 0.16). The main effect of
post-retrieval restudying was not significant, F(1, 64) = 2.86, p = 0.10, with no
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significant difference between the restudy group (M = 0.35, SD = 0.26) and the
no-restudy group (M = 0.28, SD = 0.23). The three-way interaction between
retrieval support, word-pair difficulty, and post-retrieval restudying was not sig-
nificant, F(1, 64) = 0.45, p = 0.51, and none of the two-way interactions were
significant (Fs(1, 64) < 2.44, ps > 0.12).

3.6 fNIRS Results

3.6.1 Brain Activation Results for Direct Effects of Retrieval Sup-
port and Word-Pair Difficulty A 2 (retrieval support: absent, present)
x 2 (word-pair difficulty: easy, difficult) repeated-measures ANOVA was con-
ducted on 3 values for HbO concentration changes during the retrieval phase
in the no-restudy group. Results revealed a significant main effect of retrieval
support in channel 15, with the no-retrieval support group showing stronger
cortical activity than the retrieval support group. The main effect of word-pair
difficulty was significant in channels 2, 9, 14, 16, and 17 (p < 0.05 before cor-
rection), with difficult word pairs eliciting stronger cortical activity than easy
word pairs. The interaction between retrieval support and word-pair difficulty
was not significant in any channel (Fs(1, 32) < 1.55, ps > 0.22). Detailed infor-
mation about significant channels is presented in Table 3 , and brain activation
maps are shown in Figure 6 [Figure 6: see original paper].

Table 3 Significant Channels for Main Effects of Retrieval Support and Word-
Pair Difficulty During Retrieval Phase

Effect Channel Brodmann Area Brain Region
Retrieval Support 15 22 Right superior temporal gyrus
Word-Pair Difficulty 2 47 Left inferior frontal gyrus
9 10 Left frontal pole
14 45 Left inferior frontal gyrus, pars triangularis
16 46 Left dorsolateral prefrontal cortex
17 46 Right dorsolateral prefrontal cortex

Figure 6 Brain activation maps for main effects of retrieval support and word-
pair difficulty during retrieval phase (Note: Color figures available in electronic
version)

3.6.2 Brain Activation Results for Indirect Effects of Retrieval Sup-
port and Word-Pair Difficulty According to experimental purposes, we
first compared brain activation intensity during the post-retrieval restudying
phase across different retrieval support and word-pair difficulty conditions to
examine the cognitive mechanisms underlying the indirect effect of retrieval
practice. We then further compared brain activation during initial learning
and post-retrieval restudying phases for different word-pair difficulty conditions
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under retrieval support and no-retrieval support conditions to verify the be-
havioral results for the indirect effect of retrieval practice. Specifically, under
no-retrieval support conditions, providing restudying opportunities should help
improve memory performance for difficult word pairs.

Comparison of Brain Activation Intensity During Post-Retrieval
Restudying Across Retrieval Support and Word-Pair Difficulty
Conditions

Given that different difficulty materials retrieved using different strategies show
differences in initial retrieval success rates, which may lead to inconsistent en-
coding effort during restudying, we adopted Darnai et al’s (2019) method to use
the difference in brain activity between two related tasks as the activation inten-
sity value for one task. Specifically, we used the difference between g values for
HbO concentration changes during post-retrieval restudying and initial learning
phases as the brain activation intensity value for the post-retrieval restudying
phase.

A 2 (retrieval support: absent, present) x 2 (word-pair difficulty: easy, difficult)
repeated-measures ANOVA on brain activation intensity values during the post-
retrieval restudying phase in the restudy group revealed significant main effects
of retrieval support in channels 12 and 18, with the no-retrieval support group
showing significantly higher brain activation intensity during restudying than
the retrieval support group. The main effect of word-pair difficulty was signif-
icant in channels 1, 7, 9, 16, 17, 20, and 21, with difficult word pairs showing
significantly higher brain activation intensity during restudying than easy word
pairs. The interaction between retrieval support and word-pair difficulty was
not significant in any channel (Fs(1, 30) < 2.53, ps > 0.12). Detailed informa-
tion about significant channels is presented in Table 4 , and brain activation
maps are shown in Figure 7 [Figure 7: see original paper].

Table 4 Significant Statistical Results for Main Effects of Retrieval Support
and Word-Pair Difficulty During Post-Retrieval Restudying Phase

Effect Channel Brodmann Area Brain Region F (1, 31)
Retrieval Support 12 10 Right frontal pole 6.45

18 10 Left frontal pole 5.12
Word-Pair Difficulty 1 47 Left inferior frontal gyrus 7.23

7 45 Left inferior frontal gyrus, pars triangularis = 8.91

9 47 Right inferior frontal gyrus 6.78

16 9 Left dorsolateral prefrontal cortex 9.34

17 9 Left dorsolateral prefrontal cortex 7.56

20 10 Right frontal pole 5.89

21 46 Right dorsolateral prefrontal cortex 8.12

Figure 7 Brain activation maps for main effects of retrieval support and word-
pair difficulty during post-retrieval restudying phase
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Comparison of Brain Activation Between Initial Learning and Post-
Retrieval Restudying Under No-Retrieval Support Conditions

According to experimental purposes, planned comparisons were conducted us-
ing paired-samples t-tests to compare 3 values for HbO concentration changes
between initial learning and post-retrieval restudying phases under no-retrieval
support conditions. Results showed that for easy word pairs, brain activation in
channel 20 was significantly lower during post-retrieval restudying than during
initial learning. For difficult word pairs, post-retrieval restudying showed signif-
icantly higher activation than initial learning in channels 12, 14, 17, 18, and 19.
Detailed information about significant channels is presented in Table 5 , and
brain activation maps are shown in Figure 8a [Figure 8: see original paper].

Table 5 Significantly Activated Channels Comparing Post-Retrieval Restudying
and Initial Learning in the No-Retrieval Support Group

Word-Pair Brodmann  Brain 95%
Difficulty Channel Area Region t(1,15) p CI
Easy 20 46 Right dor- -2.34 0.03 [-
solateral 0.005,
prefrontal -0.001]
cortex
Difficult 12 10 Right 3.12 0.007[0.001,
frontal 0.007]
pole
14 45 Right 2.89 0.01 [0.001,
inferior 0.009]
frontal
gyrus, pars
triangu-
laris
17 10 Left 3.45 0.003[0.003,
frontal 0.013]
pole
18 10 Frontal 3.21 0.006[0.002,
pole 0.011]
19 46 Left dorso- 2.98 0.009[0.001,
lateral 0.012]
prefrontal
cortex

Comparison of Brain Activation Between Initial Learning and Post-
Retrieval Restudying Under Retrieval Support Conditions

Planned comparisons were conducted using paired-samples t-tests to compare
B values between initial learning and post-retrieval restudying phases under
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retrieval support conditions. Results showed that for easy word pairs, activa-
tion in channels 1, 8, 9, and 16 was significantly lower during post-retrieval
restudying than during initial learning. For difficult word pairs, there were no
significant differences in brain activation between post-retrieval restudying and
initial learning in any channel, ts(1,15) < 2.09, ps > 0.05. Detailed information
about significant channels is presented in Table 6 , and brain activation maps
are shown in Figure 8b.

Table 6 Significantly Activated Channels Comparing Post-Retrieval Restudying
and Initial Learning in the Retrieval Support Group

Word-Pair Brodmann  Brain 95%
Difficulty Channel Area Region t(1,15) p CI
Easy 1 47 Left -3.67 <0.00}
inferior 0.017,
frontal -0.006]
gyrus
8 45 Left -2.98 0.009[-
inferior 0.013,
frontal -0.003]
gyrus, pars
triangu-
laris
9 47 Right -2.76 0.014[-
inferior 0.011,
frontal -0.002]
gyrus
16 46 Left dorso- -3.12 0.007-
lateral 0.013,
prefrontal -0.002]
cortex

Figure 8 Brain activation maps comparing post-retrieval restudying and initial
learning in no-retrieval support (a) and retrieval support (b) groups

3.7 Discussion

When examining the effects of retrieval difficulty and material difficulty on the
direct effect of retrieval practice, Experiment 2 results were consistent with Ex-
periment 1, validating the reliability of Experiment 1 findings. Furthermore,
when examining the effects on indirect effects, we first observed results consis-
tent with direct effects: the no-retrieval support group showed significantly bet-
ter final memory performance than the retrieval support group, and easy word
pairs showed significantly better final memory performance than difficult word
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pairs. Second, further analysis revealed that under no-retrieval support condi-
tions, difficult word pairs showed significantly higher final memory performance
when given restudying opportunities (compared to the no-restudy group). This
result indicates that items that failed retrieval benefit more from subsequent
restudying. Particularly for difficult word pairs, using a no-retrieval support
strategy for retrieval and receiving restudying opportunities significantly im-
proved memory performance, partially confirming Hypothesis 2.

Regarding the direct effect of retrieval practice, brain imaging results showed
that compared with retrieval support conditions, retrieval under no-retrieval
support conditions elicited significantly enhanced activation in the superior tem-
poral gyrus. This suggests that the superior temporal gyrus may be associated
with retrieval effort during recall. Previous fMRI research has found that su-
perior temporal gyrus activation is related to retrieval search processes, which
typically require substantial retrieval effort (Reas & Brewer, 2013). Therefore,
the significantly enhanced activation in the superior temporal gyrus in this study
supports the notion that more retrieval effort is required in stronger memory
search processes, consistent with better final memory test performance under
no-retrieval support conditions. Additionally, this study found that retriev-
ing difficult word pairs elicited significantly higher activation levels in multiple
prefrontal cortex regions than retrieving easy word pairs, particularly more ex-
tensive activation in the dorsolateral prefrontal cortex. Previous neuroimaging
research has shown that the dorsolateral prefrontal cortex is sensitive to cogni-
tive load (Pan et al., 2014), with its activation level correlating with increased
memory load (Manoach et al., 1997; Toepper et al., 2014). Therefore, par-
ticipants may have experienced higher cognitive load when retrieving difficult
materials, leading to poorer memory performance. This finding suggests that
the retrieval effort hypothesis may have boundary conditions; that is, when fac-
ing high-difficulty materials, retrieval effort alone is insufficient to ensure good
memory outcomes, and cognitive load must also be considered.

Moreover, in exploring the indirect effect of retrieval practice, we found that dur-
ing the post-retrieval restudying phase, the no-retrieval support group showed
significantly stronger prefrontal cortex activation than the retrieval support
group. Compared with easy word pairs, difficult word pairs also elicited higher
activation levels in the prefrontal cortex. These results indicate that no-retrieval
support and difficult word pairs have advantages in promoting the indirect effect
of retrieval practice.

Notably, when easy word pairs were restudied after retrieval, activation in rel-
evant prefrontal cortex regions decreased compared with initial learning. In
contrast, for difficult word pairs, activation in the frontal pole (associated with
memory processing) (Moayedi et al., 2015) and dorsolateral prefrontal cortex
(associated with relational memory encoding tasks) (Blumenfeld et al., 2011)
significantly increased during restudying under no-retrieval support conditions
compared with initial learning. These findings suggest that no-retrieval support
strategies can effectively promote subsequent learning of difficult word pairs.
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4 General Discussion

This study investigated the effects of retrieval support and word-pair difficulty
on the direct and indirect effects of retrieval practice using behavioral experi-
ments and fNIRS technology. Results showed that reducing retrieval support
had advantages in enhancing both the direct and indirect effects of retrieval
practice, and this advantage was not affected by word-pair difficulty. The ef-
fects of word-pair difficulty on the direct and indirect effects of retrieval practice
differed: easy word pairs enhanced the direct effect of retrieval practice, but re-
trieval facilitated subsequent learning of difficult word pairs, particularly under
no-retrieval support conditions where the indirect effect of retrieval practice
for difficult word pairs was significantly enhanced—a result supported by brain
imaging findings. The results support the retrieval effort hypothesis and provide
new insights into how retrieval difficulty promotes the retrieval practice effect
for difficult materials.

4.1 Effects of Retrieval Support and Word-Pair Difficulty on the Di-
rect Effect of Retrieval Practice

This study found that the no-retrieval support condition significantly enhanced
the direct effect of retrieval practice. This result is consistent with Carpenter
and DeLosh (2006) and demonstrates that increasing retrieval difficulty prompts
learners to invest more retrieval effort, thereby promoting memory retention and
supporting the retrieval effort hypothesis and desirable difficulty theory. The
fNIRS findings provide neural mechanism evidence for this result and its ex-
planation. Brain imaging data showed that compared with retrieval support
conditions, retrieval under no-retrieval support conditions elicited significantly
enhanced activation in the superior temporal gyrus region. Previous research
has confirmed that enhanced activation in the superior temporal gyrus is associ-
ated with greater retrieval effort, particularly during retrieval search processes
(Reas & Brewer, 2013). Additionally, recent research has found that activation
in temporal regions is associated with better memory performance (Guran et al.,
2022; Marin-Garcia et al., 2021). Therefore, when retrieval difficulty is greater,
learners may invest more retrieval effort to search for cues associated with target
items. This “effort” is crucial for long-term memory retention because it may
involve deeper cognitive processing (such as semantic processing and associative
memory formation), which provides critical cues for future successful retrieval
(Wing et al., 2013).

On the other hand, the study found that easy word pairs showed significantly
greater direct benefits from retrieval practice than difficult word pairs. Accord-
ing to cognitive load theory (Sweller, 1988), the complexity of learning materials
affects learners’ intrinsic cognitive load levels, which in turn influences learn-
ing outcomes. Difficult word pairs may impose high intrinsic cognitive load
on learners, resulting in lower initial retrieval performance. However, poorer
initial retrieval performance is generally not conducive to generating an RPE
(Karpicke et al., 2014). fNIRS results showed that retrieving difficult word pairs
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elicited significantly enhanced activation in the inferior frontal gyrus. Previous
research has shown that activation in the inferior frontal gyrus is associated
with cognitive effort invested during memory retrieval (van den Broek et al.,
2013). This suggests that learners may invest more retrieval effort when retriev-
ing difficult word pairs. However, this retrieval effort did not translate into a
memory performance advantage, possibly due to the negative impact of high
intrinsic cognitive load. Whelan (2007) proposed that prefrontal cortex acti-
vation is highly associated with intrinsic cognitive load. This study observed
more extensive activation in the dorsolateral prefrontal cortex when retrieving
difficult word pairs than easy word pairs, indicating that difficult word pairs
generated higher intrinsic cognitive load, which in turn affected memory perfor-
mance. Therefore, this study suggests that intrinsic cognitive load level may
be a boundary condition for how material difficulty affects the direct effect of
retrieval practice. Previous research has suggested that learners invest more re-
trieval effort when retrieving difficult word pairs, thereby producing a stronger
RPE. However, this conclusion may need to consider the impact of intrinsic
cognitive load associated with difficult materials.

4.2 Effects of Retrieval Support and Word-Pair Difficulty on the In-
direct Effect of Retrieval Practice

This study found that compared with retrieval support conditions, no-retrieval
support showed significant advantages in promoting the indirect effect of re-
trieval practice, and this advantage was not affected by word-pair difficulty, sup-
porting the retrieval effort hypothesis. From a metacognitive perspective, lower
initial retrieval success rates under no-retrieval support conditions (as shown
in Experiment 1) may prompt learners to form more accurate metacognitive
monitoring (Endres et al., 2020). This accurate monitoring helps learners iden-
tify and invest more cognitive effort in unmastered content during subsequent
learning (Carpenter et al., 2020). Brain imaging results confirmed this finding,
showing that the no-retrieval support group exhibited significantly stronger ac-
tivation in the prefrontal cortex (left and right frontal poles) than the retrieval
support group during the post-retrieval restudying phase. The frontal pole,
as the largest single structural region in the frontal lobe, plays a key role in
higher-order cognition (Burgess et al., 2007) and is associated with cognitive
processing of task performance, attention, and episodic memory (Moayedi et
al., 2015). Therefore, after experiencing more difficult retrieval, learners invest
more attentional resources and encoding effort during subsequent restudying,
thereby enhancing the indirect effect of retrieval practice.

On the other hand, unlike direct effects, difficult word pairs showed some advan-
tages over easy word pairs in promoting the indirect effect of retrieval practice.
Particularly under no-retrieval support conditions, subsequent restudying of dif-
ficult materials helped improve their final memory performance. This finding is
consistent with Arnold et al. (2013), which showed that post-retrieval encoding
helps promote memory retention, especially for materials that failed initial re-
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trieval. The error correction theory (Grimaldi & Karpicke, 2012) proposes that
when learners become aware of discrepancies between their retrieved answers
and correct answers, this “error” awareness helps guide systematic adjustments
during subsequent learning, thereby improving learning outcomes. Additionally,
the search set theory (Grimaldi & Karpicke, 2012; McClelland & Rumelhart,
1985) and mediator effectiveness hypothesis (Pyc & Rawson, 2010) suggest that
retrieval processes activate candidate words in the semantic network (search
set) that are related to target words, which can serve as mediators or cues for
retrieving target words. Even when retrieval fails, candidate words or addi-
tional cue words related to target words can still promote re-encoding during
subsequent learning, thereby facilitating learning. Combined with the present
results, although difficult word pairs had the lowest initial retrieval success rates
under no-retrieval support conditions, retrieval promoted encoding during sub-
sequent restudying, helping to enhance the indirect effect of retrieval practice.
These findings support theories related to the indirect effect of retrieval practice
and reveal the advantageous role of retrieval difficulty in promoting the indirect
effect of retrieval practice for difficult word pairs.

Furthermore, during the post-retrieval restudying phase, difficult word pairs
elicited higher activation levels than easy word pairs in the frontal pole, in-
ferior frontal gyrus, and dorsolateral prefrontal cortex. Previous research has
demonstrated the important role of the frontal pole in attentional control sys-
tems (Burgess et al., 2007), and activation in the inferior frontal gyrus is closely
related to effort during the encoding phase (Vestergren & Nyberg, 2014). There-
fore, retrieval effectively promoted subsequent learning of difficult word pairs,
with learners investing more encoding effort and attentional resources during
the restudying phase. Additionally, easy word pairs elicited significantly lower
prefrontal cortex activity during post-retrieval restudying than during initial
learning, whereas difficult word pairs, especially under no-retrieval support con-
ditions, did not show reduced prefrontal cortex activity but instead showed sig-
nificant enhancement. Royer (1973) noted that during subsequent restudying,
successfully retrieved items and failed retrieval items produce opposite effects:
encoding of successfully retrieved items may be inhibited, while encoding of
failed retrieval items is strengthened. Therefore, for relatively easy-to-retrieve
easy word pairs, learners may reduce encoding effort investment during restudy-
ing. For difficult word pairs, retrieval may prompt learners to invest more
encoding effort during restudying, particularly under no-retrieval support con-
ditions, which may prompt them to strengthen the association between cue and
target words (manifested as dorsolateral prefrontal cortex activation), thereby
promoting memory retention. This result suggests that difficult retrieval helps
learners form more accurate metacognitive monitoring; conversely, relatively
easy retrieval may lead to less accurate metacognitive monitoring and insuffi-
cient attention to subsequent restudying opportunities.
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4.3 Implications and Limitations

This study combined behavioral experiments and brain imaging technology to
explore the specific effects of retrieval difficulty and material difficulty on the
direct and indirect effects of retrieval practice and their underlying cognitive
neural mechanisms. Findings indicate that increasing retrieval difficulty helps
enhance both direct and indirect effects of retrieval practice; difficult materials
do not have an advantage in promoting the direct effect of retrieval practice, but
they help learners form more accurate metacognitive judgments, thereby pro-
moting subsequent learning and ultimately improving learning outcomes (the
indirect effect of retrieval practice). These findings have important implications
for educational practice, such as encouraging students to actively engage in test-
ing in teaching and recommending low-support retrieval strategies as the pre-
ferred testing method. Additionally, for learning difficult materials, the study
emphasizes the importance of reviewing (restudying) after testing. These strate-
gies help optimize the direct and indirect effects of retrieval practice in different
learning contexts.

However, this study has several limitations. First, regarding word-pair diffi-
culty, this study only included high-difficulty and low-difficulty word pairs, ex-
cluding medium-difficulty word pairs. This may limit our understanding of how
material difficulty affects the retrieval practice effect. Future research could
include medium-difficulty word pairs to more finely explore how material diffi-
culty affects the RPE and further investigate whether intrinsic cognitive load
level serves as a boundary condition for how material difficulty affects the RPE.
Second, regarding metacognitive judgment measurement, although the study
discussed how difficult materials or specific retrieval contexts (such as reduced
initial retrieval success rates) help learners form more accurate metacognitive
judgments, direct measurement of metacognitive levels to verify this inference
was lacking. Future research could combine tasks such as judgments of learn-
ing (JOL) (Nelson & Dunlosky, 1991) to monitor learners’ metacognitive levels
and provide stronger evidence. Finally, regarding brain region exploration, this
study focused primarily on the prefrontal cortex. Although this brain region is
closely related to the retrieval practice effect, other brain regions such as the
temporal or parietal lobes (Marin-Garcia et al., 2021; Zhuang et al., 2022) may
also play important roles in retrieval practice. Future research could expand the
range of explored brain regions to more comprehensively understand the neural
basis of the retrieval practice effect.

5 Conclusion

(1) Increasing retrieval difficulty prompts learners to invest more retrieval
effort and increases processing depth during re-encoding (enhanced acti-
vation in superior temporal gyrus and prefrontal cortex), effectively en-
hancing both direct and indirect effects of retrieval practice. (2) Difficult
materials do not have an advantage in promoting the direct effect of re-
trieval practice; however, retrieval can enhance subsequent learning of
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difficult materials, and increasing retrieval difficulty helps strengthen the
indirect effect of retrieval practice for difficult word pairs.
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