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Abstract: We examined the impact of images on novel word learning and consolida-
tion, in a conceptual replication of Liu and Van Hell (2020). After participants had
learned one set of novel words with definitions and images on Day 1 (remote words)
and a different set on Day 2 (recent words), they judged the semantic relatedness of
word pairs on Days 2 and 8 while event-related potentials (ERPs) were recorded. Day
2 ERPs showed that remote, but not recent, novel words elicited a late positive com-
ponent. By Day 8, both remote and recent novel words elicited a late positive compo-
nent. We observed no N400 on either day. Comparing these learners (definition-image
group) with learners trained with definitions only (using data from Liu & Van Hell,
2020) revealed that the groups’ ERP patterns did not differ, but definition recall and
relatedness judgment performances were higher for the definition-image group than for
the definition-only group. Learning novel word meanings through definitions and im-
ages strengthened behavioral outcomes but did not affect ERP signatures of learning
and consolidation.
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Introduction

The complementary learning systems (CLS) account of word learning (Davis
& Gaskell, 2009), adapted from the CLS theory of learning and memory (Mc-
Clelland, McNaughton, & O’Reilly, 1995; for a recent update, see Kumaran,
Hassabis, & McClelland, 2016), hypothesizes that two neural systems are in-
volved in word learning. The first system involves the hippocampus, with novel
words encoded as episodic memory traces immediately after learning. The sec-
ond system involves the neocortex such that newly learned novel words are
gradually integrated into learners’ existing lexicon and become part of their
long-term memory. Novel words are thus thought to undergo a postlearning
consolidation process during which hippocampal connections decay and neo-
cortical connections are strengthened.

According to the CLS model of word learning, during the initial stages
of learning learners can immediately recall information that they have just
learned. However, because these newly learned words are encoded as episodic
memory traces in the hippocampus and are not yet encoded in the neocor-
tex and integrated into the lexicon, they do not interact with existing words
in learners’ mental lexical network. Only after a period of offline consoli-
dation do these episodic memory traces become consolidated into memories
encoded in the neocortex and integrated into the lexicon or are lexicalized
(e.g., Bakker, Takashima, Van Hell, Janzen, & McQueen, 2014; 2015a, 2015b;
Bakker-Marshall et al., 2018; Born & Wilhelm, 2012; Dumay & Gaskell, 2007;
Gais, Lucas, & Born, 2006; Stickgold & Walker, 2007; for a review of behav-
ioral studies, see Palma & Titone, 2020). To investigate the role of images on
the learning and consolidation of novel word meanings, we trained our partici-
pants on a set of 40 novel words paired with novel meanings and corresponding
images (20 on Day 1, 20 on Day 2) and measured behavioral and neural corre-
lates of consolidation on Day 2 and Day 8.

Background Literature

Learning Novel Word Meanings: Verbal Definition
Pairing novel words with meaning during training has been shown to support
novel word learning in studies using electroencephalography (EEG)/event-
related potentials (ERPs; e.g., Angwin, Phua, & Copland, 2014; Balass, Nel-
son, & Perfetti, 2010) and functional magnetic resonance imaging (fMRI) tech-
nologies (e.g., Takashima, Bakker, Van Hell, Janzen, & McQueen, 2017; for
reviews of behavioral studies, see Palma & Titone, 2020; Rice & Tokowicz,
2020). Some word learning studies (e.g., Angwin et al., 2014; Dobel et al.,
2010) paired novel words with meaningful but existing concepts. Training
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novel words with an existing concept is analogous to learning a new label for
an existing concept in a second language (L2). In this study, we focused on
learning novel words with novel meanings, which more closely reflects word
learning in the native language.

In one of the first EEG/ERP studies to examine the learning and overnight
consolidation of novel word meanings, Bakker et al. (2015b) first trained Dutch
participants auditorily on two lists of pseudowords (created derivationally from
real Dutch words) with definitions, one list on each day such that, by the end
of training on the second day, participants were trained on two lists of words
with different offline consolidation periods (24 hours and none).

ERPs germane to word learning and lexical sensitivity include the N400
component and the late positive component (LPC). The N400 component is
a negative-going waveform that peaks around 400 ms after stimulus onset,
and N400 effects have been associated with more automatic processes of se-
mantic activation in the sense that word meanings are invariably activated and
do not require the level of awareness needed for controlled processing (for a
discussion, see Federmeier, 2021; Kutas & Federmeier, 2011). In particular,
in a semantic priming task, a target word following an unrelated prime word
typically elicits a more negative N400 response than when a target word fol-
lows a semantically related prime word. Also, nonwords have been shown to
elicit a more negative-going N400 than do real words (Holcomb, Grainger, &
O’Rourke, 2002).

The LPC is a positive-going waveform that peaks in the 500–700 ms win-
dow after stimulus onset in a semantic priming task (e.g., Bakker et al., 2015b,
Kandhadai & Federmeier, 2010). The LPC effect has been observed to follow
the N400 effect in monolingual speakers and Spanish–English bilingual speak-
ers in a semantic priming task with known existing English words (Hoshino &
Thierry, 2012). In particular, the LPC has been associated with explicit mem-
ory and a more controlled, conscious, and strategic process of semantic re-
trieval (e.g., Batterink & Neville, 2011; Hoshino & Thierry, 2012; Liu & Van
Hell, 2020; Rohaut et al., 2015); in the recognition memory literature the more
frontal LPC has been associated with fast-acting, relatively automatic recogni-
tion of information and the parietal LPC with slower, more effortful and con-
scious recollection of previously presented information (e.g., Rugg & Curran,
2007).

Bakker et al. (2015b) found a reliable centro-parietal LPC priming effect
for novel words learned on Day 1 (with a 24-hour consolidation period) and
a frontal LPC priming effect for words learned on Day 2. They observed
no N400 semantic priming effects. Bakker et al. concluded that novel word
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meanings can contribute to semantic processing shortly after learning but that
word meaning retrieval remains more controlled and strategic (indexed by the
presence of an LPC but absence of an N400 semantic priming effect). They
further interpreted the shift from frontal to parietal LPC effects to indicate
that a qualitative change in lexical-semantic representation takes place during
consolidation and that the neural processes supporting novel word meaning
retrieval may shift from strategic to more automatic.

Bakker et al.’s (2015b) participants were Dutch undergraduate students
who were all bilingual or even multilingual by virtue of the Dutch educational
system. To examine the role of prior language learning experience, Liu and Van
Hell (2020) tested novel word learning in monolingual native-English partici-
pants. They also investigated a longer offline consolidation period (seven days
after Day 1) and tested participants on both Day 2 and Day 8. As in Bakker
et al. (2015b), Liu and Van Hell (2020) trained their participants on two sets of
novel words, one set on Day 1 (remote condition) and one set on Day 2 (recent
condition), such that on Day 2, remote novel words had undergone 24 hours of
offline consolidation. Each word was paired with a definition. Testing on Day
2 yielded an LPC semantic priming effect for remote but not for recent novel
words. ERPs on Day 8 revealed LPC effects for both remote and recent novel
words. Similar to Bakker et al. (2015b), Liu and Van Hell (2020) observed
no N400 effects on either day, indicating that both after 24-hours and after
one-week, learning word meanings was not invariably activated and that word
meaning retrieval remained more controlled and strategic. Although Bakker
et al.’s (2015b) experienced learners showed a semantic priming LPC effect
for novel words immediately after learning, Liu and Van Hell’s (2020) inex-
perienced learners demonstrated an LPC semantic priming effect only after a
24-hour (and one-week) offline consolidation period. The combined findings
suggested that lexicalization of novel word meaning is a gradual and protracted
process, and this gradual change occurs at a slower pace in inexperienced than
in experienced learners.

The studies discussed above presented novel word meanings in a definition
or verbal context. However, word meaning may also be represented nonver-
bally through images. The dual coding theory postulates two independent but
interconnected cognitive subsystems: verbal and nonverbal (Paivio, 2014). The
verbal system involves language; the nonverbal system involves nonlinguistic
objects and events. Specifically, the verbal system represents the world indi-
rectly with language symbols such as written, spoken, or signed words, but
the nonverbal system represents the world directly with modality-specific in-
stances (e.g., mental image, environmental sound, actions, emotions). Studies
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have shown that memory for blacklined drawings and colorful pictures is better
than for words alone (e.g., Grady, McIntosh, Rajah, & Craik, 1998; Leach &
Samuel, 2007). Extending Liu and Van Hell (2020), the present study exam-
ined whether pairing novel words with novel definitions and images strength-
ens encoding and consolidation over time.

Learning Novel Word Meanings: Visualization
Behavioral studies have shown that the addition of images increases students’
retention of words (Smith, Stahl, & Neil, 1987; Smith, Miller, Grossman, &
Valeri-Gold, 1994). For example, Smith et al. (1987) presented students with
new words in either a definition-only condition, a definition-sentence condi-
tion, or a definition-sentence-image condition. The sentences used the words
in a meaningful manner, and the images depicted what the sentences conveyed.
Students were instructed to copy the material that they were shown. The results
showed that the definition-sentence-image group outperformed the definition-
only group in a two-week delayed posttest.

Neurocognitive studies have also examined word learning in the context of
providing more information with visualizations (e.g., Bermúdez-Margaretto,
Beltrán, Cuetos, & Domínguez, 2018; Kaczer et al., 2018; Takashima, Bakker,
Van Hell, Janzen, & McQueen, 2014; Takashima et al., 2017). For example, in
an fMRI study, Takashima et al. (2017) investigated the neural representations
and consolidation trajectories of novel words encoded with meaning (audio
with picture or audio with definition) and without meaning (audio only). Their
stimuli consisted of Japanese objects not familiar to the Dutch participants as
novel words and pictures. Participants completed a recognition task in the MRI
scanner on Day 1 (immediately after training) and on Day 8. Behaviorally, free
recall was better with meaningful words than with words without meaning.
However, there was no systematic behavioral recall performance difference
between novel words learned in the two meaning conditions (picture or defi-
nition). fMRI results showed hippocampal activation on Day 1 and on Day 8,
although less prominently so on Day 8. On Day 8, neocortical activation was
significantly greater for the meaningful words (picture or definition) than for
audio-only words.

The Present Study
To our knowledge, Kaczer et al.’s (2018) study is the only other EEG/ERP
study that has examined learning novel words and novel meanings through
verbal (text) and visual information. However, Kazer et al.’s verbalizations
were compound nouns or adjective-noun pairs referring to existing concepts
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Figure 1 Examples of novel words and their corresponding novel definition and image.

(e.g., flower pot, modern sofa, feet cushion) and the images were single-object
black-and-white drawings, whereas we used nonexisting concepts and colorful
images. Our study paired novel words with novel definitions (object paired with
two unconventional features) and colorful images visualizing these definitions
during learning (see Figure 1), thereby extending Liu and Van Hell (2020),
who studied learning novel meaning through definitions only. Focusing on the
neural correlates of consolidation, we asked two research questions:

1. After novel words are learned with not only definitions but also images, to
what extent will novel word meaning consolidation be strengthened such
that the activation of novel word meaning achieves more automaticity as
indexed by a N400 effect one day and seven days after learning?

2. To what extent does learning novel words with not only definitions but
also images significantly improve learning (behaviorally measured) and
strengthen the consolidation (neurocognitively measured) of novel words
compared to novel words paired with only definitions?

To address the second, overarching question, we compared our behavioral
and ERP data directly with Liu and Van Hell’s (2020) data to examine the im-
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pact of novel word learning with the addition of visualizations (i.e., definition-
image) compared to definition alone (i.e., definition-only).

Predictions
Dual coding theory (Paivio, 2014) posits that there are two cognitive subsys-
tems (verbal and nonverbal) involved in representing information. Hence, pre-
senting learners with images and definitions provides two avenues for encod-
ing and representing novel word meaning, and these additional visualizations
are predicted to enhance encoding and consolidation. With respect to our first
research question, for ERP results for Day 2, we predicted that novel words
learned on Day 1 would elicit LPC and N400 semantic priming effects in the
definition-image group. Possibly, even words learned on Day 2 might already
demonstrate a semantic priming effect on Day 2, and if this were to occur,
this most likely would emerge as an LPC effect (reflecting more controlled,
conscious semantic retrieval). For Day 8, if combined visual and verbal infor-
mation indeed enhances encoding and consolidation of novel word meaning as
predicted by the dual coding theory, we expected words learned on Day 1 and
Day 2 to elicit N400 (and LPC) effects.

In Liu and Van Hell’s (2020) study, novel words associated with verbal
information elicited LPC effects on Day 2 only for remote novel words and on
Day 8 for both remote and recent novel words. Furthermore, with respect to the
overarching question comparing the definition-image and the definition-only
groups, the dual coding theory predicts better performance on the behavioral
definition recall, recognition, and semantic relatedness judgment tasks for a
definition-image group than for a definition-only group and predicts that the
neural consolidation effects (as indexed by the semantic priming effects) would
differ between the two groups.

Alternatively, if visualizations do not enhance encoding and consolidation
of novel word meaning, above and beyond verbal definitions, we predicted no
differences for the behavioral performances and neural consolidation effects
between the definition-image and definition-only groups. This predicted out-
come would align with Takashima et al. (2017), who found no difference in
neocortical activations between novel words trained with definitions and novel
words trained with pictures.

Method

Participants
We recruited 33 monolingual native-English speaking undergraduate students
(11 males, 22 females; Mage = 19.03 years, SD = 1.03, range: 18–21) from
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the same population that had participated in Liu and Van Hell’s (2020) study.
The participating students received course credits for their participation. The
participants were self-reported right-handed individuals as assessed by the
Edinburgh Handedness Inventory (Oldfield, 1971), had normal or corrected-
to-normal vision (including normal color vision), and had no history of neuro-
logical or language-related disorders. We excluded one participant’s data from
data analysis because of technical issues with the EEG signal on Day 2. We
excluded one participant’s Day 2 data and seven participants’ Day 8 data due
to high artifact rejection rates (exclusion criteria: fewer than 20 trials [i.e., <

50%] in any condition). Two additional participants did not return on Day 8 for
reasons unrelated to the experiment. Total remaining participant datasets were
31 for Day 2 and 23 for Day 8.

The participants completed a language experience and proficiency ques-
tionnaire developed in house (Lei, Liu, & Van Hell, 2022b). We measured pro-
ficiency on a 10-point scale (1 = very low, 10 = perfect) separately for speak-
ing, understanding, reading, and writing. We averaged L2 or third language
proficiency across these four domains. The participants had limited knowledge
of other languages (self-reported L2 proficiency: M = 4.08, SD = 2.26; for
five participants, third language proficiency: M = 3.15, SD = 2.36), and had
minimal daily exposure to languages other than English (M = 4.47%, SD =
6.80; scale = 0–100%). Seventeen participants reported little foreign language
classroom experience—from one to three to four semesters.

We assessed the participants’ sleep experience the night before Day 2 with
post-sleep questionnaires administered on Day 2. The participants reported
having regular sleep duration (M = 7.23 hr, SD = 0.83), and 74% reported
having experienced normal or higher than usual sleep quality.

For the definition-only group (from Liu and Van Hell, 2020), the partic-
ipants included 30 English native speakers (Mage = 19.22 years, SD = 1.41;
six males, 23 females), all functionally monolingual right-handed undergrad-
uate students recruited from the same population as the participants in the
definition-image group. Analyses included 26 participants on Day 2 and 23
participants on Day 8 for the definition recall and semantic relatedness judg-
ment tasks, 24 participants on Day 2 and 22 participants on Day 8 for the four-
alternative-forced-choice (4AFC) word recognition task, and 23 participants
on Day 2 and 22 participants on Day 8 for the ERP data. Additional details are
reported by Liu and Van Hell (2020).
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Stimulus Materials
We took 40 novel words and 40 existing high-frequency English words, with
their respective definitions, from Liu and Van Hell (2020; Lei, Liu, & Van
Hell, 2022a; Lei, Liu, & Van Hell, 2022c; see also Appendix S1 in the online
Supporting Information). We selected novel words from Deacon, Dynowska,
Ritter, and Grose-Fifer’s (2004) list of nonderivational nonwords that are pro-
nounceable and orthographically legal English nonwords, with mean word
length of 5.78 letters (range: 4–7 letters), and no orthographic neighbors ac-
cording to the CLEARPOND database (Marian, Bartolotti, Chabal, & Shook,
2012). Existing English words consisted of common nouns (e.g., wheel). We
used the existing English words as control stimuli. As in Liu and Van Hell
(2020), we paired novel words with novel definitions: an existing object (e.g.,
a car) as the base for the novel word (e.g., jabary) paired with two uncon-
ventional features (e.g., two wheels and moves under water). We randomized
the 40 novel and 40 existing words and divided them into two lists to be
learned on either Day 1 or Day 2. The four lists did not differ in word length,
F(3, 76) = 0.61, p = .61, and the two lists of existing words did not differ in
lexical frequency, t(38) = 0.20, p = .84 (see Liu & Van Hell, 2020). An im-
age accompanied each word and definition (see Figure 1 and Appendix S1 in
the online Supporting Information). An undergraduate research assistant ma-
joring in graphic design created the visualizations by editing multiple images
to visually represent the novel definition. We found images of existing words
online.

Prior to the experiment, we conducted an image-definition rating study.
A separate group of 25 undergraduate students (from the same population as
the students in the experiment) rated how well each image matched the corre-
sponding definition on a 5-point Likert scale (1 = does not match, 5 = com-
plete match). Stimuli included 80 pairs of matching definitions and images,
corresponding to the 80 critical novel and existing words (congruent items).
To ensure that raters used the full scale, we added 40 randomized visualization
and definition pairs (38 incongruent items, 2 randomly congruent items). The
mean image-definition match rating was significantly higher, t(83) = 48.65, p
< .001, for the aggregated matching pairs (all congruent items: M = 4.64, SD
= 0.67, 95% CI [4.50, 4.79]; existing words: M = 4.75, SD = 0.43, 95% CI
[4.61, 4.88]; novel words: M = 4.55, SD = 0.84, 95% CI [4.29, 4.81]) than
for the aggregated nonmatching pairs (all incongruent items: M = 1.02, SD =
0.05, 95% CI [1.00, 1.03]; existing words: M = 1.01, SD = 0.04, 95% CI [.99,
1.03]; novel words: M = 1.03, SD = 0.05, 95% CI [1.00, 1.05]).
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Figure 2 Study design. Tasks for each session are listed. The color(s) of each box in-
dicate(s) the word training condition. Blue indicates Wordlist 1 (remote words); purple
indicates Wordlist 2 (recent words). The white box lists tasks unrelated to the trained
words. 2AFC = two-alternative-forced-choice; 4AFC = four-alternative-forced-choice;
EEG = electroencephalography.

The participants also rated the visual complexity (1 = visually simple; 5 =
visually complex) and familiarity (1 = not familiar; 5 = very familiar) of all
80 images on a 5-point Likert scale. Visual complexity ratings for novel words
(M = 3.50, SD = 0.46, 95% CI [3.36, 3.65]) and existing words (M = 3.30,
SD = 0.67, 95% CI [3.11, 3.54]) did not differ significantly, t(39) = 1.42, p =
.16. As we had expected, familiarity ratings were significantly lower, t(39) =
22.37, p < .001, for novel words (M = 2.47, SD = 0.66, 95% CI [2.26, 2.68])
than for existing words (M = 4.82, SD = 0.16, 95% CI [4.77, 4.87]).

Procedure
The participants provided informed consent prior to participating in the study.
They came into the lab for three sessions on Day 1, Day 2, and Day 8 (see
Figure 2) for a total of 7–7.5 hours. They partook in a training session on
one list of words (20 novel words and 20 existing words) on Day 1 (remote
condition) and another list (new set of 20 novel and 20 existing words) on the
following day after a night of sleep on Day 2 (recent condition). For Day 8 data,
we continued to refer to words trained on Day 1 as remote and to the words
trained on Day 2 as recent. After the Day 2 training session, the participants
completed the sleep-related surveys while the EEG-system was set up. They
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then completed the testing session (on all trained novel and existing words).
On Day 8, the participants completed the language history questionnaire while
the EEG system was set up.

Training Session
Training sessions began with a 5-s visual presentation of each word (20 novel,
20 existing) with its definition and image in pseudorandom order (during which
the participants were not asked to do anything other than watch the presenta-
tions). This was followed by four untimed training tasks, administered in the
following order:

1. a two-alternative-forced-choice word recognition task in which the partici-
pants read the definition and image of a word and had to select the matching
word from two options (three trials per word, 120 total trials);

2. a two-alternative-forced-choice definition-image recognition task in which
the participants read a word and had to select the matching definition and
image from two choices (three trials per word);

3. a word recall task in which the participants typed the word matching the
presented definition and corresponding image (one trial per word); and

4. a definition recall task in which the participants typed the definition corre-
sponding to the presented word (one trial per word).

For all training tasks, we presented items pseudorandomly, and the partic-
ipants provided their responses using a keyboard. We presented feedback (the
cue and correct answer) for 3 s for each item, regardless of whether the re-
sponse was correct or not. For all tasks, we recorded responses for each trial.
We recorded and presented response accuracy on the feedback screen for the
recognition tasks. We scored accuracy for the recall tasks offline.

Testing Session
Our testing tasks were identical to those used in Liu and Van Hell’s (2020)
study. The participants performed an untimed definition recall task on all 40
novel and 40 existing words trained on Day 1 and Day 2 and trials were pre-
sented to them pseudorandomly (80 total trials). The definition recall allowed
for reactivation of previously learned words to eliminate any recency effects
(see also Bakker et al., 2015b; Liu & Van Hell, 2020). Then, the participants
performed an EEG-recorded semantic priming task on all trained novel and
existing words. They received no feedback for any testing task.

For the semantic priming task, the target words were the words trained on
Day 1 and Day 2. We paired each target word with two related and two unre-
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lated prime words from Liu and Van Hell (2020). The prime words were exist-
ing English words selected from the Florida Free Association Norms Database
(Nelson, McEvoy, & Schreiber, 2004) based on the prime-target forward asso-
ciation strength value. For novel words (e.g., jabary), we used the base word
(in this instance, car) to search for semantically related words as primes. The
selected related prime words (listed in Liu and Van Hell, 2020’s Appendix S1)
did not appear in the novel word definitions. We pseudorandomly selected the
two semantically unrelated primes for each target word from the set of prime
words. Each trial began with a 600 ms fixation cross followed by a related
or unrelated prime word displayed for 250 ms and a blank screen for 250 ms.
Next, the target word was shown for 1 s followed by the question “Semantically
related?” presented for 2,000 ms or until the participant responded “yes” or
“no” by pressing a button. The participants’ response accuracy was recorded.

The semantic relatedness judgment task referred to the behavioral aspect
(accuracy) of the semantic priming task. Because we instructed the participants
not to respond until prompted (the prompt appeared 1 s after the target word
onset), we did not analyze latency. The next trial automatically began if there
was no response for 2,000 ms. After each trial, a smiley face was displayed for
1,000 ms, during which the participants could blink and rest their eyes before
the next trial. We counterbalanced the “yes” and “no” left and right finger-
response mapping among the participants. The semantic priming task was a 2
× 2 × 2 design—Relatedness (related or unrelated prime) × Condition (re-
mote or recent) × Word-type (existing or novel word)—with 40 trials for each
Relatedness × Condition × Word-type condition, presented in four blocks of
80 trials and pseudorandomized across trials. Prior to the experimental trials,
to familiarize the participants with the task, we asked the participants to com-
plete 20 practice trials on untrained existing word pairs that were not related to
any trained items (e.g., son–daughter).

After the semantic priming task, the participants completed a 4AFC word
recognition task in which they selected the corresponding word from four op-
tions based on the presented definition.

Sleep Measures, Language History Questionnaire, Executive Function
Tasks, and Vocabulary Tasks
The participants completed a sleep-related survey on Day 2 with 44 questions
addressing different aspects of sleep quality and quantity (see Appendix S15 in
the online Supporting Information) adapted from the Pittsburgh Sleep Quality
Index (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989), Epworth Sleepi-
ness Scale (Johns, 1991), Morningness-Eveningness Questionnaire (Horne &
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Östberg, 1976), and Stanford Sleepiness Scale (Hoddes, Zarcone, Smythe,
Phillips, & Dement, 1973). The participants also completed a language his-
tory questionnaire (see Appendix S16 in the online Supporting Information)
that asked about their language learning history and use, percentage of time
that they had been exposed to the language(s) that they knew, and their foreign
language classroom learning experience.

On Day 8, we recorded 5 min eyes-open and eyes-closed resting-state EEG
prior to the testing tasks. After the participants had completed the tests, we
administered two general cognitive ability and two vocabulary tasks. We have
not reported these data in this paper.

Electroencephalography Data Acquisition and Preprocessing
EEG data acquisition and preprocessing procedures were identical to those
used in Liu and Van Hell’s (2020) study. The participants were seated com-
fortably in a chair in a sound-attenuated, dimly lit room, approximately three
feet away from a computer monitor displaying the stimuli. A actiCAP sys-
tem (Brain Products GmbH, n.d.), an elastic cap with 31 active electrodes,
was placed on their heads: five electrodes located along the midline (Fz, FCz,
Cz, Pz, Oz) and 26 electrodes on the lateral sites (FP1/2, F7/8, F3/4, FC5/6,
FC1/2, T7/8, C3/4, CP5/6, CP1/2, P7/8, P3/4, O1/2, PO9/10). Two electrodes
were placed on the mastoids (TP9/10) for offline re-reference. An additional
four electrodes were placed above and below the left eye and on the canthus of
each eye to monitor eye movements and blinking. Electrode impedances were
kept below 10 k�. Electrodes were referenced to a vertex reference (electrode
FCz). EEG signals were amplified by a SynAmps RT amplifier (Compumedics
NeuroScan, n.d.) using a .05–100 Hz bandpass filter (first-order Butterworth
with a 6 dB/octave roll-off), digitized and continuously sampled at a rate of
500 Hz.

We preprocessed the EEG data using the EEGLAB (Version 14.1.2b) tool-
box (Delorme & Makeig, 2004) and the ERPLab (Version 7.0.0) software
(Lopez-Calderon & Luck, 2014). We re-referenced the recorded EEG signals
offline to an average of the left and right mastoids. We removed EEG record-
ings of breaks. We used ERPLab for data cleaning and processing by applying
an offline 30 Hz low-pass filter. We visually inspected the EEG data for any flat
or extremely noisy channel signal. We interpolated channels with flat signals
or noisy data, which resulted in the interpolation of 17 channels across all the
participants (14 channels for Day 2 and 3 channels for Day 8 data). For each
participant, we averaged ERPs from 100 ms prior to stimulus onset (prestim-
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ulus baseline) to 800 ms after stimulus onset offline in different experimental
conditions at each electrode site by participant and then across all participants
for each day separately. We calibrated artifact rejection thresholds individually
to each participant. We applied ERPLAB’s moving window peak-to-peak ar-
tifact detection function (voltage threshold range: 70–100 μV) to the vertical
eye electrode to detect blinks, ERPLAB’s step-like artifact detection function
(voltage threshold range: 15–50 μV) to the horizontal eye electrode to de-
tect horizontal eye movements, and ERPLAB’s moving window peak-to-peak
artifact detection function (voltage threshold range: 70–100 μV) to all other
electrodes to detect channel drift or large amplitude activity. We excluded tri-
als containing artifacts from further data analysis (17.91% of trials rejected for
Day 2, 25.22% of trials for Day 8). We excluded the participants with fewer
than 20 trials (< 50%) in one of the conditions from further analyses (one par-
ticipant from Day 2, seven from Day 8). We have reported the mean number of
trials for each condition in Appendix S2 in the online Supporting Information.

Analysis
We conducted all statistical analyses using the R software (R Core Team,
2020). Due to word limitations, we have reported the complete statistical re-
sults, including the confidence intervals for the means and effects sizes, in the
appendices in the online Supporting Information. To determine statistical sig-
nificance, we set alpha at .05. We reported partial eta squared as a measure of
effect size.

Research Question on Word Meaning Activation After Definition-Image
Training
After novel words are learned with definitions and images, to what extent is
novel word meaning invariably activated (achieve more automaticity) as in-
dexed by a N400 effect one day and seven days after learning? Or does word
meaning retrieval remain more controlled and strategic as indexed by an LPC
effect?

Event-Related Potential Analysis: Word Meaning Activation After
Definition-Image Training
Our statistical analyses followed those used in Liu and Van Hell’s (2020) study.
To address our first research question, we conducted semantic priming ERP
analyses on two time-windows: 300–500 ms for the N400 component and 500–
700 ms for the LPC component, both post target word onset. Due to different
numbers of participants for each day, we conducted separate analyses for the
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Day 2 and the Day 8 data. Overall analyses including the variable time (Day 2,
Day 8) on the same 23 participants yielded similar results (see Appendix S13
in the online Supporting Information). For each time-window of interest, we
performed two omnibus repeated measures ANOVAs with the variables word-
type (existing, novel), condition (remote, recent), semantic relatedness (related
prime, unrelated prime). One ANOVA included a variable of midline electrodes
(Fz, Cz, Pz) and the other ANOVA included two variables of anteriority (ante-
rior region, posterior region) and laterality (right hemisphere, left hemisphere).
For the variables anteriority and laterality, we grouped lateral electrodes into
regions of interest: right frontal (F4, F8, FC2, FC6), left frontal (F3, F7, FC1,
FC5), right posterior (CP2, CP6, P4, P8), and left posterior (CP1, CP5, P3,
P7). We applied the Greenhouse-Geisser correction for violation of spheric-
ity to all F tests with more than one degree of freedom in the numerator. We
have reported only significant main effects of word-type (reflecting lexicality
effects) and relatedness (reflecting semantic priming effects) and interaction
effects involving the variable word-type and/or the variable relatedness (p <

.05) because they reflect theoretically relevant semantic priming effects.
To test a priori and critical hypotheses on the lexical consolidation of novel

words, we conducted planned ANOVAs on Day 2 novel word EEG data to ex-
amine the simple main effect of relatedness in the remote and recent conditions
separately. We did not conduct these planned tests for the Day 8 EEG data
because the distinction between remote and recent conditions was no longer
critical on Day 8. For significant interactions with word-type or relatedness,
we conducted theoretically driven post-hoc tests, applying the Bonferroni cor-
rection for multiple comparisons. When a theoretically relevant higher order
interaction effect achieved significance, we have not reported significant main
effects.

Research Question on Training-Type
To what extent can images paired with definitions significantly improve learn-
ing and strengthen the consolidation of novel words compared to novel words
paired with only definitions? To address our second research question, we ex-
amined the impact of training-type by comparing our behavioral and ERP se-
mantic priming data with the parallel data from Liu and Van Hell’s (2020)
study. The participants in our study and those in Liu and Van Hell’s (2020)
study were undergraduate students at the same university with similar lan-
guage backgrounds, mean ages, and gender ratios (see Participants section). In
the online Supporting Information, we have reported for the definition-image
group a summary of behavioral results in Appendix S4, the behavioral data
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descriptive statistics in Appendix S5, and the behavioral statistical analyses in
Appendix S6.

Behavioral Analysis: Training-Type
To examine whether images significantly improved the learning and con-
solidation of novel words compared to definitions only, we added training-
type (definition-only, definition-image) as a between-subjects variable to the
word-type (novel, existing) by condition (remote, recent) repeated-measures
ANOVAs, separately for the definition recall, 4AFC word recognition, and se-
mantic relatedness judgment tasks and separately for Day 2 data and Day 8
data. For the semantic relatedness judgment task, we included a within-subject
variable of semantic relatedness (related, unrelated) to the repeated-measures
ANOVAs. When significant interactions with training-type emerged, we con-
ducted post-hoc ANOVAs on the definition-only and the definition-image data.
We applied the Bonferroni correction to the p values for the post-hoc tests and
have reported these corrected p values.

Event-Related Potential Analysis: Training-Type
To examine the impact of training-type on the semantic priming effect in
the N400 and LPC time windows, we added training-type as a between-
subjects variable to the word-type (novel, existing) by condition (remote, re-
cent) repeated-measures ANOVAs, for each day separately. We also performed
planned analyses with the between-subjects variable for the ERP data for Day
2. We conducted post-hoc analyses when there was a theoretically relevant in-
teraction, namely any significant interaction(s) involving the training-type and
relatedness variables. We applied the Bonferroni correction for multiple com-
parisons to any posthoc tests. We applied the Greenhouse-Geisser correction
for violation of sphericity to all F tests with more than one degree of free-
dom in the numerator. We have reported only the Training-type × Related-
ness interaction and any significant interaction effects involving at least both
the training-type variable and the relatedness variable (p < .05) because they
reflected theoretically relevant training-type effects on the semantic priming
effect.
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Results

Word Meaning Activation After Learning Novel Words With Definitions
and Images: Invariable or More Controlled? (Question 1). Event-Related
Potential Measurements
We included 31 participants in the Day 2 and 23 participants in the Day 8 data.
In the online Supporting Information, Appendix S7 presents complete ERP
results tables and Appendix S8 complete descriptive statistics for ERP ampli-
tudes. Due to word limitations, some analyses that we have reported below do
not include the descriptive data because we have reported them in Appendix S8
in the online Supporting Information. To examine semantic priming effects, we
discuss analyses involving the variable relatedness. We have reported lexicality
effects (ERP differences between novel and existing words) that involved the
variable word-type in Appendix S9 in the online Supporting Information.

N400 Semantic Priming Effect on Day 2
Midline ANOVA. In the N400 window, the midline ANOVA revealed a

Condition × Relatedness interaction, F(1, 30) = 8.01, p < .01, ηp
2 = .21. Post-

hoc relatedness ANOVAs conducted separately for recent and remote learning
conditions revealed a significant relatedness effect for both the remote con-
dition, F(1, 30) = 61.86, p < .001, ηp

2 = .67 (related: M = 1.79 μV, SD =
4.18, 95% CI [1.18, 2.39]; unrelated: M = −151 μV, SD = 3.61, 95% CI
[−2.03,−0.99]), and the recent condition, F(1, 30) = 30.79, p < .001, ηp

2 =
.51 (related: M = 0.29 μV, SD = 4.28, 95% CI [−0.32, 0.91]; unrelated: M =
−1.81 μV, SD = 3.2, 95% CI [−2.27, −1.35]), such that N400 amplitude was
significantly more negative-going for unrelated trials than for related trials (see
Figures 3 and 4).

The Word-type × Midline × Relatedness interaction was also
significant, F(1.30, 38.94) = 5.96, p = .01, ηp

2 = .17. To fol-
low up on this interaction, we conducted separate ANOVAs for
existing and for novel words. For existing words, there was a
significant Midline × Relatedness interaction, F(1.28, 38.41) = 6.53, p
= .02, ηp

2 = .18. Follow-up relatedness ANOVAs conducted separately for
the three midline channels (Fz, Cz, and Pz) yielded relatedness effects in all
channels: Fz, F(1, 30) = 56.97, p < .001, ηp

2 = .66; Cz, F(1, 30) = 117.81,
p < .001, ηp

2 = .80; Pz, F(1, 30) = 117.48, ηp
2 = .80, p < .001, such that

unrelated trials elicited significantly more negative-going N400 amplitudes
than related trials at all three channels (see ERP descriptive data in Appendix
S8 in the online Supporting Information). As we had expected, we found a
significant N400 semantic priming effect for existing words across the midline
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Figure 3 Semantic priming effects for existing words tested on Day 2 (Panel A) and
Day 8 (Panel B). Event-related potentials time-locked to existing words preceded by a
semantically related or unrelated prime word. Black lettered effect annotations (N400
or late positive component) indicate the effect was significant for both remote and re-
cent learning conditions. A 15 Hz low-pass filter was applied to the waveforms for
presentation purposes. Fz, Cz, and Pz are midline electrodes. LF = left frontal; LP =
left posterior; RF = right frontal; RP = right posterior; LPC = late positive component

channels. For novel words, there was also a significant Midline × Relatedness
interaction, F(1.36, 40.74) = 6.43, p = .02, ηp

2 = .18. Subsequent relatedness
ANOVAs for the midline channels yielded no significant effect in any of the
midline channels (Fz and Cz: both p’s = 1.00; Pz: p = .16).
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Figure 4 Semantic priming effects for novel words tested on Day 2 (Panel A) and
Day 8 (Panel B). Event-related potentials time-locked to novel words preceded by a
semantically related or unrelated prime word. Black lettered annotations indicate the
labeled effect (N400 or late positive component) was significant for both remote and
recent learning conditions. Blue lettered annotations indicate the effect was significant
only for words in the remote condition. A 15 Hz low-pass filter was applied to the
waveforms for presentation purposes. Fz, Cz, and Pz are midline electrodes. LF = left
frontal; LP = left posterior; RF = right frontal; RP = right posterior; LPC = late
positive component; ns = not significant.
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Finally, planned tests to examine relatedness effects for novel words in the
remote and recent conditions separately revealed no N400 semantic priming
effects.

Laterality ANOVA. In the N400 window, the laterality ANOVA revealed
significant interactions of Condition × Word-type × Relatedness × Laterality,
F(1, 30) = 5.74, p = .02, ηp

2 = .16, and Relatedness × Anteriority, F(1, 30)
= 13.09, p < .01, ηp

2 = .30.
To follow up on the Condition × Word-type × Relatedness × Laterality

interaction, we conducted Condition × Relatedness × Laterality ANOVAs for
each word type separately. For existing words, there was a significant effect of
relatedness, F(1, 30) = 88.38, p < .001, ηp

2 = .75, with unrelated trials elic-
iting more negative-going mean amplitudes than related trials (see Figure 3).
For novel words, however, there was no relatedness effect (see Figure 4).

To follow up on the Relatedness × Anteriority interaction, we conducted
separate relatedness ANOVAs for the anterior and posterior regions. For both
the anterior and posterior regions, there was a significant effect of relatedness,
F(1, 30) = 32.83, p < .001, ηp

2 = .52; F(1, 30) = 83.19, p < .001, ηp
2 = .74,

respectively. For both regions, the mean amplitude for unrelated trials (anterior:
M = −1.41 μV, SD = 2.06, 95% CI [−2.16, −0.65]; posterior: M = 0.06 μV,
SD = 1.72, 95% CI [−0.57, −0.69]) was significantly more negative-going
than for related trials (anterior: M = −0.17 μV, SD = 2.14, 95% CI [−0.61,
0.95]; posterior: M = 2.27 μV, SD = 1.81, 95% CI [1.61, 2.93]).

Finally, planned tests to examine the main effect of relatedness for novel
words, separately for the remote and recent conditions, revealed no N400 se-
mantic priming effects.

In sum, on Day 2, we found an N400 semantic priming effect for existing
words in both midline and lateral ANOVAs. Novel words, however, did not
yield N400 semantic priming effects.

Late Positive Component Semantic Priming Effect on Day 2
Midline ANOVA. In the LPC time window, the omnibus midline ANOVA

revealed a significant Condition × Relatedness interaction, F(1, 30) = 16.10,
p < .001, ηp

2 = .35. Subsequent relatedness ANOVAs for the remote and re-
cent conditions showed a significant effect of relatedness for remote words,
F(1, 30) = 50.37, p < .001, ηp

2 = .63, and recent words, F(1, 30) = 13.50,
p < .01, ηp

2 = .31. A relatedness effect in the LPC window reflected more
positive amplitudes for related than for unrelated trials. For both remote and
recent conditions, related trials (remote: M = 1.78 μV, SD = 2.06, 95% CI
[1.03, 0.12]; recent: M = 0.65 μV, SD = 1.76, 95% CI [0.01, 1.30]) elicited
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significantly greater deflections than did unrelated trials (remote: M = −0.52
μV, SD = 1.75, 95% CI [−1.17, 2.54]; recent: M = −0.82 μV, SD = 1.72,
95% CI [−1.45, −0.19]).

For the novel words, planned tests of the main effect of relatedness in re-
mote and recent learning conditions of novel words revealed a significant effect
of relatedness for remote novel words, F(1, 30) = 29.87, p < .001, ηp

2 = .50,
with related trials eliciting more positive-going amplitudes than unrelated tri-
als, but not for recent novel words.

Laterality ANOVA. The omnibus laterality ANOVA revealed a significant
Condition × Relatedness interaction, F(1, 30) = 16.43, p < .001, ηp

2 = .35.
Subsequent relatedness ANOVAs revealed significant relatedness effects for
the remote condition, F(1, 30) = 45.19, p < .001, ηp

2 = .60, and the recent
condition, F(1, 30) = 9.67, p < .01, ηp

2 = .24.
Focused on the novel words, planned tests conducted to examine the main

effect of relatedness of novel words in the remote and recent learning condi-
tions revealed a significant relatedness effect in the remote condition, F(1, 30)
= 26.82, p < .001, ηp

2 = .47, with related trials eliciting more positive-going
amplitudes than unrelated trials, but not in the recent condition.

In sum, on Day 2, both midline and laterality ANOVAs showed LPC se-
mantic priming effects for all existing words and for novel words trained on
Day 1, but not for novel words trained on Day 2.

N400 Semantic Priming Effect on Day 8
Midline ANOVA. In the N400 window, the midline ANOVA revealed a sig-

nificant Word-type × Relatedness interaction, F(1, 22) = 23.32, p < .001, ηp
2

= .51, and a Midline × Relatedness interaction, F(1.24, 27.31) = 5.70, p =
.02, ηp

2 = .21.
To examine the Word-type × Relatedness interaction, we conducted sepa-

rate relatedness ANOVAs for existing and novel words. The relatedness effect
was significant for existing words, F(1, 22) = 31.55, p < .001, ηp

2 = .59 (with
unrelated trials eliciting more negative-going mean amplitudes than did related
trials, indexing an N400 semantic priming effect), but not for novel words.

To examine the Midline × Relatedness interaction, we conducted separate
relatedness ANOVAs for the midline channels (Fz, Cz, Pz). All the ANOVAs
showed significant N400 relatedness effects (unrelated trials eliciting more
negative-going mean amplitudes than did related trials): Fz, F(1, 22) = 11.09,
p = .01, ηp

2 = .34; Cz, F(1, 22) = 25.23, p < .001, ηp
2 = .53; Pz, F(1, 22)

= 29.46, p < .001, ηp
2 = .57. Figures 3 and 4 show that these significant

relatedness effects stemmed from existing words and not from novel words.
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Laterality ANOVA. The laterality ANOVA for the N400 window revealed a
significant Word-type × Relatedness × Laterality interaction, F(1, 22) = 5.57,
p = .03, ηp

2 = .20, and a significant Relatedness × Anteriority interaction,
F(1, 22) = 11.95, p < .01, ηp

2 = .35.
To examine the Word-type × Relatedness × Laterality interaction, we con-

ducted separate Laterality × Relatedness ANOVAs for existing words and for
novel words. For existing words, but not for novel words, there was a signif-
icant relatedness effect (unrelated trials eliciting more negative-going mean
amplitudes than did related trials), F(1, 22) = 27.42, p < .001, ηp

2 = .55.
Post-hoc relatedness ANOVAs, conducted separately for the anterior and

posterior regions, showed significant relatedness effects for both the anterior
region, F(1, 22) = 7.78, p = .02, ηp

2 = .26, and the posterior region, F(1, 22)
= 36.84, p < .001, ηp

2 = .63, that is, unrelated trials elicited more negative-
going mean amplitudes than did related trials. Figures 3 and 4 show that these
relatedness effects stemmed from existing words and not from novel words.

In sum, on Day 8, both midline and laterality ANOVAs showed N400 se-
mantic priming effects for existing words but not for novel words.

Late Positive Component Semantic Priming Effect on Day 8
Midline ANOVA. For the LPC time window, the midline ANOVA revealed

only a significant main effect of relatedness, F(1, 22) = 26.70, p < .001, ηp
2

= .55, with related trials eliciting more positive-going mean amplitudes than
unrelated trials.

Laterality ANOVA. The omnibus laterality ANOVA for the LPC time win-
dow also revealed only a significant main effect of relatedness, F(1, 22) =
28.12, p < .001, ηp

2 = .56, and no significant interactions with relatedness.
Thus, on Day 8, midline and laterality ANOVAs showed LPC semantic

priming effects for both existing and novel words, regardless of learning con-
dition (recent or remote).

Training-Type: Comparing Definition-Only and Definition-Image
Training (Question 2). Behavioral Measurements
We have reported only the results related to the training-type variable (in the
online Supporting Information, see Appendix S10 for the complete results ta-
bles and Appendix S11 for behavioral performance figures that directly com-
pare training-type).
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Definition Recall
For Day 2, the ANOVA with training-type as a between-subjects variable re-
vealed a significant main effect of training-type, F(1, 55) = 8.72, p = .01, ηp

2

= .14. Accuracy was 10.12% higher for the definition-image (M = 82.84%,
SD = 26.02) than for the definition-only (M = 72.72%, SD = 30.04) training.

For Day 8, the effect of training-type was also significant, F(1, 55) = 8.72,
p = .005, ηp

2 = .16. Accuracy was 12.32% higher for the definition-image
training (M = 73.48%, SD = 32.82) than for the definition-only training (M =
61.16%, SD = 36.78).

Four-Alternative-Forced-Choice Word Recognition Task
For Day 2, the ANOVA revealed a significant Training-type × Condition in-
teraction, F(1, 53) = 6.52, p = .01. Post-hoc analyses conducted separately
for each condition revealed a trend toward a marginally significant effect of
training-type for the remote condition, F(1, 53) = 4.28, p = .09, ηp

2 = .07.
Accuracy was slightly higher for the definition-image training (M = 97.58%,
SD = 4.59) than for the definition-only training (M = 95.29%, SD = 6.56).
No training effect was present for the recent condition. The Training-type ×
Word-type interaction was also significant, F(1, 53) = 9.56, p = .003. Post-hoc
analyses conducted separately for each word-type revealed an effect trending
toward significance of training-type for novel words, F(1, 53) = 4.27, p = .09,
ηp

2 = .07. Accuracy was slightly higher for the definition-image training (M
= 96.69%, SD = 5.04) than for the definition-only training (M = 93.53%, SD
= 7.70). No effect for existing words was present.

For Day 8, the ANOVA with training-type as a between-subjects variable
revealed a significant Training-type × Word-type interaction, F(1, 43) = 10.75,
p = .02, ηp

2 = .20. Post-hoc analyses conducted separately for word type re-
vealed a marginal significant effect of training-type for novel words, F(1, 43)
= 5.35, p = .05, ηp

2 = .11. Recognition accuracy of novel words was 6.09%
higher for the definition-image training (M = 96.52%, SD = 5.26) than for the
definition-only training (M = 90.43%, SD = 13.26). There was also a border-
line significant effect of training-type for existing words, F(1, 43) = 5.16, p =
.06, ηp

2 = .11. Accuracy was slightly lower for the definition-image training
(M = 97.50%, SD = 3.91) than for the definition-only training (M = 99.19%,
SD = 2.42).

Semantic Relatedness Judgment Task
For Day 2 semantic relatedness judgments, the ANOVA including training-type
revealed a significant Training-type × Condition interaction, F(1, 55) = 6.01,
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p = .02, ηp
2 = .10, and a significant Training-type × Word-type interaction,

F(1, 55) = 7.51, p = .01, ηp
2 = .12. Post-hoc analyses for the Training-type

× Condition interaction conducted separately for the remote and recent condi-
tions revealed a significant training-type effect only for recent words, F(1, 55)
= 11.31, p = .003, ηp

2 = .17. Accuracy was 6.86% higher for the definition-
image training (M = 86.09%, SD = 15.41) than for the definition-only train-
ing (M = 79.23%, SD = 19.92). Post-hoc analyses for the Training-type ×
Word-type interaction conducted separately for existing and novel words
showed a significant training-type effect only for novel words, F(1, 55) =
10.49, p = .004, ηp

2 = .16. Accuracy was 7.94% higher for the definition-
image training (M = 78.21%, SD = 17.73) than for the definition-only training
(M = 70.27%, SD = 19.35).

For Day 8, the ANOVA revealed a significant Training-type × Condition
interaction, F(1, 44) = 4.30, p = .04, ηp

2 = .09, and a significant Training-
type × Word-type interaction, F(1, 44) = 8.03, p = .01, ηp

2 = .15. Post-hoc
analyses for the Training-type × Condition interaction conducted separately
for remote and recent conditions revealed no training-type effect for remote
words but a trend toward a marginally significant effect for recent words, F(1,
44) = 4.14, p = .10, ηp

2 = .09. Post-hoc analyses for the Training-type ×
Word-type interaction revealed no training-type effect for existing words, but
a borderline significant effect for novel words, F(1, 44) = 5.00, p = .06, ηp

2 =
.10 (definition-image: M = 78.12%, SD = 20.00; definition-only; M = 70.68%,
SD = 20.84).

In conclusion, Day 2 definition recall, 4AFC word recognition, and seman-
tic relatedness judgment scores for novel word meanings were higher for the
definition-image training than for the definition-only training. This definition-
image training advantage for novel word meanings was still present on Day 8
for definition recall and 4AFC word recognition performance.

Event-Related Potential Measurements
ANOVAs with training-type as a between-subjects variable yielded no N400
or LPC semantic priming effects involving the variable training-type for novel
words tested on Day 2 and Day 8 (see Appendices S12 and S13 in the on-
line Supporting Information for complete results tables and the report, respec-
tively). The absence of training-type effects in the ERP data contrasted with
the consistent definition-image training advantage for novel word meanings in
all behavioral measures.

Table 1 provides a summary of the ERP results for definition-image group
and the training-type results for novel words.
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Discussion

This study examined how verbalizations and visualizations impact the learning
and consolidation of novel words and novel meanings in monolingual speakers.
Day 2 ERP results showed that existing words elicited the classic N400 seman-
tic priming effect followed by an LPC semantic priming effect. Novel words
trained the previous day, with one night of offline consolidation, elicited an
LPC semantic priming effect but not a N400 semantic priming effect. Novel
words trained shortly before testing, with no overnight offline consolidation,
did not demonstrate any semantic priming effects. On Day 8 of testing, novel
words of both recent and remote training conditions demonstrated LPC seman-
tic priming effects, but no N400 effects. We have presented overview tables
summarizing the study manipulation and results in Appendix S14 in the online
Supporting Information.

These findings align with the complementary learning systems account
of word learning (e.g., Davis & Gaskell, 2009) in which a period of offline
consolidation is required for novel words to be consolidated and integrated in
lexical-semantic memory. In our study, trained novel words needed a period of
time—overnight offline consolidation—to demonstrate LPC effects. LPC se-
mantic priming effects are taken to index a controlled, conscious, and strategic
process of semantic access (e.g., Hoshino & Thierry, 2012; Juottonen, Revon-
suo, & Lang, 1996; Rohaut et al., 2015), which suggests that meaning retrieval
for these novel words was more controlled and less invariable and automatic
compared to existing words that did demonstrate N400 semantic priming ef-
fects. Thus, this study shows that novel word meaning retrieval becomes pro-
gressively more word-like over time, evidenced by the LPC semantic priming
effect on Day 2 for novel words learned the previous day and on Day 8 for
words learned a week earlier. But it appears that one training session followed
by one day and one week of offline consolidation was not enough for novel
words to become fully lexicalized (eliciting N400 effects).1

To what extent does encoding novel words with meaning definitions and
visualizations strengthen encoding and consolidation over time relative to
encoding with verbal definitions only? We conducted direct comparisons
of two groups of learners (definition-only group from Liu and Van Hell,
2020; definition-image group from our present study) with training-type as a
between-subjects variable. Both learner groups consisted of undergraduate stu-
dents at the same public university with similar language backgrounds, ages,
and gender ratios. For both the N400 and LPC time windows on both Day 2 and
Day 8, the ERP signatures of the definition-image and definition-only trainings
did not differ. Both trainings showed LPC semantic priming effects on Day 2
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for only novel words learned the previous day (remote condition), whereas one
week after training on Day 8, we obtained (for both trainings) LPC priming
effects for novel words learned on both Day 1 and Day 2. This pattern of re-
sults parallels Takashima et al.’s (2017) fMRI word learning study in which
there were similar patterns of neocortical activation patterns for words learned
with a picture only (visual modality) and words learned with a definition only
(verbal modality). Our behavioral data, however, did show an effect of train-
ing; definition recall and semantic judgment performance for novel words were
better for the definition-image training than for the definition-only training.

Based on the dual coding theory, we had predicted that images combined
with definitions (imagens combined with logogens) would facilitate the encod-
ing and consolidation of novel word meanings relative to the definition-only
condition. Specifically, the definition-image training would elicit an N400 fol-
lowed by an LPC effect in the semantic priming task, and behavioral recall
and recognition performance would be higher for novel word meanings trained
with definitions and images relative to the definition-only training. Our ERP
results indicate otherwise. The presence of LPC semantic priming effects but
the lack of N400 semantic priming effects even one week post learning, for
both the definition-image and the definition-only trainings, suggests that these
novel words had not obtained the status of existing words and that the addi-
tion of visualizations to verbal definitions did not expedite the lexicalization of
novel word meanings.

Interestingly, the behavioral data did show that definition recall and seman-
tic judgment performance for novel words was better for the definition-image
training than for the definition-only training. This suggests that images do fa-
cilitate the encoding and retrieval of word meaning, possibly due to dual en-
coding. Alternatively, the behavioral recall advantage of the definition-image
training can be explained by the depth-of-processing hypothesis (e.g., Craik
& Lockhart, 1972; see Nassaji & Hu, 2012, for a L2 incidental word learning
study that manipulated the depth of processing of novel words), which pos-
tulates stronger memory traces for information that is more deeply processed.
Specifically, studying images alongside definitions during training may involve
deeper processing than does just definitions alone. Despite using the same 5-s
exposure time for each word in the definition-image training (our study) and
the definition-only training (Liu & Van Hell, 2020), the participants’ effort
and depth of encoding may have been more profound when meaning was pre-
sented verbally (in writing) and illustrated visually, facilitating word meaning
retrieval. Particularly, visualizations that are colorful and attractive depictions
of novel word meanings (as was the case for the images that we used, see Fig-
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ure 1) may serve as effective retrieval cues and facilitate the retrieval of word
meaning during behavioral recall and recognition tasks. Previous research has
shown that memory for colored images is better than for black-and-white im-
ages (e.g., Wichmann, Sharpe, & Gegenfurtner, 2002). By providing color-
ful images of the novel-word meanings during training, the three components
of each novel meaning (i.e., object category with two novel features) were
encapsulated in one visual representation that could act as an effective retrieval
cue. We propose that the images merely served as a visual memory cue that
supported the retrieval of the novel word meanings, rather than further expedit-
ing the consolidation and lexical-semantic integration of novel word meanings
in memory (and yielding N400 semantic priming effects on Day 2 and Day 8
as initially predicted).

The ERP analyses yielded LPC semantic priming effects, but no N400 se-
mantic priming effects, for both the definition-image and definition-only train-
ing, suggesting that word meaning retrieval becomes progressively more word-
like over time, but that one training is not sufficient for novel words to become
fully lexicalized (and to elicit N400 effects). That novel word meanings were
not yet fully lexicalized (not even when images were added to visualize the
verbal definitions) may be explained by the inconsistency of the novel word
meanings with the existing lexical network (i.e., prior knowledge, McClelland,
2013; Van Kesteren, Ruiter, Fernández, & Henson, 2012). In the CLS model,
the integration of new information in memory networks may be facilitated if it
is consistent with existing representations, and inconsistent information may
slow down this process (McClelland, 2013; Palma & Titone, 2020; Palma,
Marin, Onishi, & Titone, 2022). The stimuli that we used were inconsistent
at the semantic level—we designed the novel meanings to consist of one ob-
ject category with two novel features typically not associated with this noun
(e.g., an apple that is square and grows on the ground). In order to integrate
these novel word meanings, the preexisting semantic network representations
would need to be disrupted as new representations and connections are formed.
The slower integration of inconsistent information has been proposed to be in
place to prevent catastrophic interference with existing representations in the
neocortex (McClelland, 2013).

The lack of lexicalization of novel words may also have been due to the fact
that training was constrained to one session for each set of 20 novel items and
may not have been sufficient for the participants to fully form strong associa-
tions between the novel word forms and their meanings and to integrate these
into lexical-semantic memory. The participants’ at-ceiling test performance for
the 4AFC word recognition task (all Ms > 96%, see Figure S4.1, Panel B, in
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Appendix S4 in the online Supporting Information) on both test days suggests
that they were learning the words and associated concepts, but their definition
recall performance, however, varied (M range: 41–77%, see Figure S4.1, Panel
A, Appendix S4 in the online Supporting Information). Better definition re-
call performance might be needed before N400 lexicalization effects can be
observed in ERP data. Future studies may increase the intensity of training
(number of trials, number of training sessions; e.g., Walker et al., 2019), the na-
ture of the training, or set a high definition recall performance threshold to ex-
amine whether the lack of lexicalization in our study can be ascribed to insuffi-
cient training. Our study materials are available on OSF (https://osf.io/gkd2h/)
and IRIS (iris-database.org) for future studies.

The finding that LPC semantic priming effects were found for words
learned one day previously (remote condition), but not immediately prior to
(recent condition) Day 2 testing, is in line with the CLS model but not with
alternative perspectives proposing a faster scenario for memory consolidation
and rapid integration into the lexicon (e.g., Borovsky, Elman, & Kutas, 2012;
Coutanche & Thompson-Schill, 2014; Kapnoula, Packard, Gupta, & McMur-
ray, 2015; Lindsay & Gaskell, 2013), such as the fast mapping account (for crit-
ical discussion, see Cooper, Greve, & Henson, 2019). For example, Kapnoula
et al. (2015) observed lexical competition effects immediately after training
in a visual world paradigm and Lindsay and Gaskell (2013) observed competi-
tion effects within a single day when novel and existing words were interleaved
during the training phase. These rapid lexicalization effects have been related
to the ease with which prior information can be assimilated to prior knowl-
edge or a schema, suggesting that under certain circumstances learning may
involve only limited, or no, hippocampal contribution and that lexical integra-
tion of newly learned words does not require (an extended period of) offline
consolidation.

An interesting pattern observed in the behavioral definition recall task,
4AFC recognition task, and semantic relatedness judgment d′ scores is that,
on Day 8, novel remote words (learned on Day 1) were better recalled and had
higher d′ scores than recent novel words (learned on Day 2; see Appendix S4
in the online Supporting Information for the full report of this analysis). One
possible interpretation of this finding is related to the classical definition of
consolidation as the development of increasing resistance to interference over
time. Newly encoded information is malleable and fragile and requires grad-
ual stabilization and integration into long-term memory to become resistant
to forgetting (e.g., McGaugh, 2000). Newly encoded memories are subject to
interference and forgetting, and learners recall less when the interval between
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learning and recall is filled with cognitively demanding activities (e.g., Martini,
Martini, Maran, & Sachse, 2018). In our study, unlike learning words on Day 1,
learning words on Day 2 (recent condition) was followed by the Day 2 testing
tasks. This Day 2 testing may have created interference for words encoded on
Day 2—interference that was absent for words encoded on Day 1—that may
have led to better memory performance on Day 8 for words learned on Day
1 versus words learned on Day 2. Alternatively, the first test session (on Day
2) may have served as a restudy session, albeit without feedback as in typi-
cal restudy training regimes, because retrieval during testing has been shown
to enhance retention (e.g., Kim & Webb, 2022; Roediger & Karpicke, 2006).
During Day 2 testing, the participants were exposed to words learned the previ-
ous day (remote words) and words learned immediately before testing (recent
words). Re-exposure to words that had already benefited from offline consoli-
dation (remote words) may have further solidified the memory for these words
relative to re-exposure to words that had been learned immediately before test-
ing, yielding the observed behavioral recall advantage for remote words on
Day 8.

Conclusion

In conclusion, we examined the impact of (written) verbal and visual informa-
tion on the encoding and consolidation of novel word meanings. Monolingual
learners demonstrated LPC (but no N400) semantic priming effects for novel
words after one overnight offline consolidation period and one week later as
was the case for Liu and Van Hell’s (2020) learners who were presented with
verbal definitions only. Neurocognitively, these findings suggest that lexicaliza-
tion of novel word meanings is a gradual process and that one training session
(even when verbal definitions are combined with visualizations) followed by
one day and one week of offline consolidation is not enough for novel word
meanings to become fully lexicalized. In the behavioral definition recall and
semantic relatedness judgment tasks, however, the learners in the definition-
image group (present study) performed significantly better than did those in
the definition-only group (Liu & Van Hell’s, 2020, study). The behavioral and
neurocognitive findings combined suggest that images visualizing the verbal
definition of word meanings are an efficient memory retrieval cue that facil-
itates the recall of novel word meanings (as measured with behavioral mem-
ory tasks), but adding images to definitions does not significantly enhance the
lexical-semantic integration of novel word meanings.

Final revised version accepted 9 February 2022
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Note

1 The prediction here is not that novel words will elicit N400 effects identical to
existing words. Rather, the presence of an N400 effect is predicted, likely with a
smaller magnitude than for the N400 effect for existing words.
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Appendix: Accessible Summary (also publicly available at

https://oasis-database.org)

Novel words learned better with definition and image than definition only,
but no brain activity differences between the two types of training
What This Research Was About and Why It Is Important
Research has shown that when individuals learn new words, a period of con-
solidation (e.g., sleep) aids the association of the new words and their meaning
with known word meanings in the brain. Given that adults continue to learn
new words even after they have gained fluency in a language, it is important to
examine how different training regimes impact novel word learning in adults.
In this study, the impact of images on novel word learning was examined by
training young monolingual adults on one set of novel words paired with novel
definitions and images on Day 1 and another set on Day 2. These participants
(the definition-image group) were tested on all the words immediately after
learning (Day 2) and one week later (Day 8). Tests included a definition re-
call test, a multiple-choice test, and a relatedness judgment test. Brain activity
was recorded during the relatedness judgment test. A previous study (by Liu
& Van Hell, 2020) had trained and tested participants with the same design,
but their participants were only exposed to definitions during the learning (the
definition-only group). We compared the definition-image and definition-only
groups and found that the definition-image group performed better in the defi-
nition recall and semantic judgment test, but there was no brain activity differ-
ence between the two groups.

What the Researchers Did
� Thirty-three participants (the definition-image group) were trained on novel

(made up) words (e.g., ‘jabary’) paired with novel definitions (e.g., a car
with two wheels that can move under water) and matching images.

� Participants were trained on one set of new words on Day 1 and a different
set of new words on Day 2.

� Participants were tested on all trained words on Day 2 and on Day 8.
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� Brain activity was also recorded during the testing sessions on Day 2 and
Day 8.

� Test outcomes of the definition-image group were compared with the test
outcomes of the definition-only group from a previous study (Liu & Van
Hell, 2020).

What the Researchers Found
� After one-night of sleep, brain activity of novel word meanings learned on

Day 1 showed brain activity reflecting association of novel words with ex-
isting words, but that was not the case for words learned on Day 2.

� The definition-image group and the definition-only group did not show dif-
fering brain activity when tested on Day 2 or Day 8.

� The definition-image group showed better performance in the definition re-
call and the relatedness judgment test than the definition-only group.

Things to Consider
� Images appear to have facilitated encoding and might be an efficient mem-

ory retrieval cue that facilities the recall of novel word meanings.
� Additional training might be needed to see differences in brain activity be-

tween the two training paradigms.

Material, data, open access article: Materials are available from IRIS (www.
iris-database.org) and OSF (https://osf.io/gkd2h/).
How to cite this summary: Lei, D., Liu, Y., & Van Hell, J. G. (2022). Novel
words learned better with definition and image than definition only, but no
brain activity differences between the two types of training. OASIS Summary of
Lei, Liu, & Van Hell (2022) in Language Learning. https://oasis-database.org

This summary has a CC BY-NC-SA license.
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