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A B S T R A C T   

Multiplication tables are typically memorized verbally, with fluent retrieval leading to better performance in 
advanced math. Arithmetic development is characterized by strategy shifts from procedural operations to direct 
fact retrieval, which would not necessitate access to the facts’ conceptual meaning. This study tested this hy-
pothesis using a combination of event related brain potentials (ERP) and behavioral measures with 3rd-5th grade 
children and young adults. Participants verified the solutions to simple multiplication problems (2 × 3 = 6 
or = 7) and the semantic fit of word-picture pairs, separately. Children showed an N400 effect to multiplication 
solutions with larger (more negative) amplitude for incorrect than correct solutions, reflecting meaning-level 
processing. A similar ERP response was observed in the word-picture verification task, with larger negative 
amplitude for word-picture pairs that were semantically mismatched compared to matched. In contrast, adults 
showed a P300 response for correct solutions, suggesting that they treated these solutions as potential targets in 
over-rehearsed mathematical expressions. This P300 response was specific to math fact processing, as the word- 
picture verification task elicited a classic N400 in adults. These ERP findings reveal an overlooked developmental 
transition that occurs after fifth grade, and speak to theories of arithmetic that have been based primarily on 
adult data.   

1. Introduction 

Arithmetic facts, like multiplication tables, may be linked to lan-
guage given that children memorize them through verbal rehearsal 
(Siegler, 1988). Neuroimaging studies of exact arithmetic in children 
support this, revealing a developmental shift from relying more on pa-
rietal areas in the brain, associated with estimation and calculation, to 
temporal and frontal regions, associated with verbal retrieval (Kawa-
shima et al., 2004; Peters and De Smedt, 2018; Prado et al., 2014). 
Behavioral findings suggest that this shift to retrieval may happen early 
in learning multiplication facts (Geary, 2011; Jordan et al., 2003). 
Similarly, a small number of event-related potential (ERP) studies have 
suggested that children exhibit an adult-like brain response early on, 
in-line with quickly adopting a retrieval strategy (Prieto-Corona et al., 
2010; Xuan et al., 2007; Zhou et al., 2011). However, some behavioral 
researchers have argued that the developmental transition between 

calculation and retrieval may happen more gradually (LeFevre et al., 
1996; Siegler, 1996). Moreover, recent neuroimaging studies with adults 
have reinterpreted the ERP response observed to mathematical fact 
expressions, implying that children might not process arithmetic like 
adults do (Dickson et al., 2018; Dickson and Federmeier, 2017; Jasinski 
and Coch, 2012). The current study adds critical new evidence to the 
limited literature on the neurocognitive basis of arithmetic in elemen-
tary school children and tests whether a slower developmental trajec-
tory toward adult-like processing has indeed been overlooked. 

Research using ERPs to study how arithmetic is processed has 
revealed robust brain responses to proposed solutions in both children 
and adults. This research has been dominated by studies that include 
adult populations (Dickson et al., 2018; Dickson and Federmeier, 2017; 
Jasinski and Coch, 2012; Jost et al., 2003; Martinez-Lincoln et al., 2015; 
Niedeggen et al., 1999; Núñez-Peña et al., 2006; Salillas and Wicha, 
2012), with a smaller group of studies that have compared child and 
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adult brain responses (Moore et al., 2014; Prieto-Corona et al., 2010; 
Xuan et al., 2007; Zhou et al., 2011). The methods used in these studies 
have varied, with some using verification tasks and others production, 
or different operations (addition vs multiplication, etc.). In turn, the 
brain responses elicited by these paradigms also varied. However, the 
studies have generally reported the same underlying ERP components 
for adults and children, with only differences in where (scalp distribu-
tion) or how large (amplitude) the effect was between the groups. The 
interpretation of the results was never that children and adults showed 
qualitatively different brain responses. For example, Prieto-Corona et al. 
(2010) reported a larger negative-going amplitude for incorrect than 
correct multiplication solutions (e.g., 2 × 4 = 9 vs = 8) in both children 
and adults, with a larger effect (larger amplitude difference between 
correct and incorrect) for children. This ERP effect was interpreted as a 
modulation of a commonly reported ERP component, the N400, in both 
groups. The N400 is a component that emerges in response to any 
potentially meaningful stimulus, like a word or a picture, and decreases 
in amplitude if the stimulus is contextually supported, for example, if a 
word can be anticipated based on preceding sentence context (Kutas and 
Federmeier, 2011; Kutas and Hillyard, 1980; Wicha et al., 2003). As 
such, it has been argued that this N400 effect in children reflects 
meaning-level processing when judging the correctness of arithmetic 
facts (Cerda et al., 2019). 

Seminal ERP studies with adults had similarly argued that arithmetic 
expressions elicit brain responses analogous to the N400 observed for 
words that vary in expectancy within a sentence context (Jost et al., 
2003; Niedeggen et al., 1999). Initial research therefore implied that 
both children and adults construct meaning-level representations for 
simple multiplication problems. However, as alluded to above, more 
recent studies from multiple labs have reexamined the nature of this 
arithmetic correctness effect in adults and came to the same independent 
conclusion that the adult brain response was functionally and morpho-
logically different than the N400 (Dickson et al., 2018; Dickson and 
Federmeier, 2017; Dickson and Wicha, 2019; Jasinski and Coch, 2012; 
Wicha et al., 2018). Essentially, what was originally interpreted as an 
N400 modulation, with larger amplitude for incorrect solutions, was 
more in-line with a modulation of the P300, with larger amplitude for 
correct solutions (see Dickson and Wicha, 2019 for a more in-depth 
discussion of this reexamination of the adult correctness effect). A 
P300 is typically observed during stimulus categorization and is larger 
for task-relevant targets than non-target items (Polich, 1987, 2007, 
2012; Sutton et al., 1965, 1982). Studies that measured the pattern of 
ERPs in adults across multiple methodological manipulations have 
confirmed that the brain response to arithmetic facts is more consistent 
with the P300 than the N400 (Dickson and Wicha, 2019; Dickson et al., 
2018). Thus, to the extent that the reports of the arithmetic N400 effect 
in children are true, this reinterpretation of the adult ERPs implies that 
children and adults may actually engage qualitatively different neuro-
cognitive processes when verifying arithmetic facts, with only children 
reliably building meaning-level expectations for the solutions. 

The N400 response observed in arithmetic fact verification also rai-
ses a potential conflict for current theories of mathematical cognition, 
which have been based primarily on behavioral and brain localization 
findings from adults (Campbell and Clark, 1988; Dehaene, 1992; 
McCloskey et al., 1992). These models do not explicitly speak to the 
N400 congruency effects reported in the literature. However, given that 
the N400 is thought to reflect access to meaning in memory, it may shed 
light on assumptions that these models make. Because memorized 
arithmetic facts are highly automated, it has been hypothesized that 
they do not require access to the conceptual understanding of the facts, 
namely their numerosity (Cipolotti et al., 1991; Dehaene and Cohen, 
1997; Naccache and Dehaene, 2001). However, decades of research 
have demonstrated that the N400 is elicited during attempted access to 
semantic memory for any potentially meaningful stimulus, whether it be 
a picture, word or other item (see Kutas and Federmeier, 2011 for re-
view). Therefore, the N400 effect in children would suggest that their 

memory retrieval of arithmetic facts is not void of meaning, as implied 
by these models. 

In the current study we directly examine the neurocognitive pro-
cesses that children and adults engage using a multiplication verification 
task, and compare their brain and behavioral responses to a language 
task known to generate an N400 response. The goal of the study is to 
determine if children and adults engage similar neurocognitive pro-
cesses when retrieving and verifying learned arithmetic facts, as has 
been suggested to date, or if a developmental difference in processing 
has been overlooked in the literature. 

2. Methods 

2.1. Participants 

Experiment 1a. Child participants’ (n = 99; 46 female) average age 
was 9 years 10 months (range 8 yrs 1 m - 11 yrs 9 m) and average grade 
was 4.6 (range 3.0–5.9). All were right-handed (average 0.80, range 
0.11–1.00; abridged Edinburgh Inventory, Oldfield, 1971) with normal 
hearing and normal or corrected-to-normal vision. None had a history of 
developmental disorders nor took psychoactive medications. All par-
ticipants completed offline measures prior to the EEG recording 
(Table 1). A subset (n = 62) returned for a second EEG session on 
average 4.5 months after the first (range: 2 days – 16 months), to 
complete the word-picture verification task. The returning participants’ 
(30 female) average age was 10 years 6 months (range 8 yrs 8 m – 12 yrs) 
and average grade was 5.1 (range 3.2–5.9). Forty children moved up one 
grade level between session 1 (math verification task) and session 2 
(word-picture task). 

The sample was representative of the local community (San Antonio, 
Texas, USA) with diverse socioeconomic status (SES) (range 16.5–66; 
average 48.4 – considered upper-middle class; Hollingshead, 2011) and 
language backgrounds. Language profiles were established using an 
adapted LEAP-Q questionnaire (Marian et al., 2007). Participants 
included 65 monolinguals (English), as well as 14 English-dominant and 
20 proficient Spanish-English bilinguals. All children provided verbal 
assent, and legal guardians provided written consent in accordance with 
the Institutional Review Board (IRB) of the University of Texas at San 
Antonio (UTSA). 

Experiment 1b. Adult participants (n = 60, 35 female) were a repre-
sentative sample of UTSA students (mean age 21.0 years, range 
18.1 − 26.6 years), and included 32 monolingual English speakers and 
28 fluent Spanish-English bilinguals (assessed via standardized tests and 
the language questionnaire). All were right-handed (average 0.80, range 
0.50–1.00; abridged Edinburgh Inventory), had normal or corrected-to- 
normal vision and no cognitive or neurological disorders or current use 
of psychoactive substances. All participants consented in accordance 
with the UTSA IRB. Adults completed all tasks in a single session, with 

Table 1 
Offline performance on standardized cognitive measures.   

Children (n = 99) Adults (n = 60) 

Assessments Mean^ (SE) Range Mean (SE) Range 

Math fluency1     

Addition 101.60 (1.20) 71− 142 96.27 (1.78) 74− 123 
Subtraction 103.69 (1.25) 76− 152 98.95 (1.75) 75− 122 
Multiplication 106.91 (1.29) 86− 160 97.23 (1.85) 65− 117 

Working memory2 106.05 (1.42) 74− 149 101.37 (1.80) 72− 133 
Phonological awareness3 100.77 (1.45) 68− 134 100.42 (1.92) 66− 130  

^ Standardized scores where 100 is the age-based norm and 15 points reflects 1 
SD outside the norm. 

1 Math fluency test of the WIAT III (Wechsler, 2009). 
2 Numbers reversed test of the Woodcock-Johnson III Tests of Cognitive 

Abilities (Woodcock et al., 2001). 
3 Incomplete words test of the WJ-III Tests of Cognitive Abilities (Woodcock 

et al., 2001). 
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the word-picture verification task last. 

2.2. Offline cognitive assessments 

The same cognitive assessments were administered with children 
and adults. Arithmetic fluency was measured with 1-minute subtests for 
addition, subtraction and multiplication of the Wechsler Individual 
Achievement Test (WIAT III; Wechsler, 2009). To ensure minimum 
competence on the verification task, children had to meet a 3rd grade 
level for multiplication (sample range 9–40 out of 40 problems). Addi-
tional cognitive measures were collected before the EEG recording to 
facilitate comparison with other studies and are reported for 
completeness in Table 1. 

2.3. Stimuli and procedure 

The stimuli, procedures and EEG recording parameters were iden-
tical across both groups (children and adults) with the exception of the 
duration of the response period, as noted below. All experimental 
stimuli were presented using Paradigm (Perception Research Systems, 
2007) on a 19-inch LCD monitor positioned 100 cm away from the 
participant. Auditory stimuli were presented through ER-1 insert 
headphones (Etymotic Research, Inc.). Participants judged the correct-
ness of solutions and picture-matches by pressing one of two buttons on 
a LogiTech F310 Gamepad with their left and right index fingers; 
answer-response mapping was reversed for half the participants. 

Multiplication verification task. All single-digit multiplication prob-
lems were used except those with operands 0 and 1 or ties (e.g., 5 × 5), 
which have been found to create atypical behavioral effects (see 
Campbell and Graham, 1985). The 56 problems were presented twice 
each, ending once with the correct solution and once with an incorrect 
solution, for a total of 112 trials. Incorrect solutions were table-related to 
the problem and generated as 1 or 2 plus or minus one of the operands 
(e.g., correct problem 2 × 4 = 8; add 1 to the first operand 3 x 4 = 12; 
incorrect table-related solution 2 × 4 = 12). 

Multiplication problems appeared sequentially in the center of a 
computer monitor as Arabic numerals with no symbols (4 3 12). Par-
ticipants were instructed to judge if the third number was the correct or 
incorrect product of the first two and respond as quickly as possible 
without sacrificing accuracy. The experiment was framed with a moti-
vating child-friendly cover story about completing a mission on a rocket 
ship with the goal of collecting as many coins as possible. One coin was 
earned for each correctly answered multiplication problem. The number 
of coins collected opened different levels on a treasure box of rewards 
after the experiment. All children received a reward regardless of their 
performance. Feedback was given about how many coins had been 
earned after each block, but not on performance on individual trials. 

Each experimental trial was structured as in Fig. 1. Participants were 
asked to respond as soon as possible after the solution appeared on the 
screen; most responses were recorded during the blank-screen period. 
The next trial began 1000 ms after registering a response, or after a 
maximum response period (5000 ms for children; 3000 ms for adults). 
Participants were asked to keep their eyes focused on the center of the 
screen to avoid eye and head movement as much as possible. Trials were 
presented in 8 blocks of 14 problems with self-paced breaks between 
blocks. Trials were pseudorandomized and fixed for all participants, so 
that no three incorrect or correct problems were presented in a row, and 
the same problem or solution never appeared consecutively. 

Word-picture verification task. The purpose of this task was to generate 
an N400 in children for comparison to the brain response in the multi-
plication verification task. We used a word-picture verification task, 
which generates a robust N400 in this age group (e.g., Friedrich and 
Friederici, 2004). Line drawings of imageable nouns (objects or animals) 
from Snodgrass and Vanderwart (1980) were inverted as white drawings 
on black backgrounds (to reduce eye strain from the brightness of a 
white background). The nouns were the most common names for each 

drawing based on the International Picture-Naming Project (Bates et al., 
2000; Szekely et al., 2004) (mean number of syllables 2, range 1–4; 
mean log frequency 1.43; range 0.36–2.75; Davis, 2005). The nouns 
were prerecorded in a female voice with natural intonation. The sound 
files were normalized in amplitude and cropped to the onset/offset of 
each word. Mismatching (semantically unrelated) trials were created by 
swapping the matching noun with the noun from another trial that 
matched on animacy (e.g., airplane and umbrella). All pictures and 
words appeared in both matched and mismatched conditions across 
participants, so that each participant saw each picture and each word 
only once. A technical error resulted in 39 match and 41 mismatch trials, 
for a total of 80 trials per list. 

Participants were told a cover story that they were helping aliens 
learn English by verifying if the spoken noun was the correct name for a 
given picture or not. The trial structure is shown in Fig. 1. The response 
period was the same as above. The experiment was divided into 4 blocks 
of 20 trials. Children earned coins for correct responses, as above. 

2.4. Electroencephalogram (EEG) recording and processing 

Participants sat alone in a sound attenuating, electrically shielded 
chamber. A closed-circuit wall-mounted camera was used to monitor the 
participants, and an intercom was used to communicate while the 
chamber door was closed. Continuous electroencephalograms (EEG) 
were recorded from 26 Ag-AgCl sintered active scalp electrodes ar-
ranged in a geodesic array in an elastic cap (Electro-Cap International 
Inc.). EEG signals were amplified using a fully DC-coupled BioSemi 
ActiveTwo bioamplifier (BioSemi B.V., Amsterdam, Netherlands). 
Electrodes placed on the outer canthi and under each eye captured 
horizontal eye movements and blinks, respectively. Electrodes placed 
over the left and right mastoid processes were used as an off-line 
reference (average mastoids). All electrode offsets were kept under 25 
millivolts. The data were sampled at 256 Hz (2048 Hz with a decimation 
factor of 1/8) with a fixed first order analog antialiasing filter (-3 dB at 
3.6 kHz) (see https://www.biosemi.com). 

A combination of EEGLab (version 14.1.2) and ERPLab (version 
7.0.0) was used to process the data. Event-related potentials (ERPs) were 
extracted from the continuous EEG data by time-locking to the onset of 
the solution or picture and averaged by condition of interest (correct/ 
match or incorrect/mismatch trials) relative to a 100 ms prestimulus 
baseline. Epochs of raw EEG data (-100 to 900 ms around the onset of 
the solutions) were inspected visually for eye blinks, movements, and 

Fig. 1. Trial structure for the multiplication task (top) and for the word-picture 
verification task (bottom), from left to right across time. 
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drifts to determine individualized thresholds. Automatic artifact rejec-
tion algorithms were applied to exclude epochs from analysis and allow 
for higher participant retention. Participants were included in analysis if 
they had a minimum of 15 trials per critical condition (children average: 
31 trials, range: 15–55; adults average: 47 trials, range: 20–56). Two 2nd 
order Butterworth digital filters, high pass (low cutoff) at 0.1 Hz and low 
pass (high cutoff) at 30 Hz, were applied to the data prior to analysis. All 
statistical analyses were performed in R (R Core Team, 2013) analyses of 
variance (ANOVA) were run using the ezanova package (Lawrence, 
2016). Only trials with accurate responses were included in analyses; 
trials that ended prior to registering a response were excluded. 

3. Results 

3.1. Experiment 1a: children 

3.1.1. Behavior 
Fig. 2 shows the behavioral results for the multiplication and the 

word-picture tasks. Table 2 summarizes the behavioral results for the 
multiplication task. Separate ANOVAs were performed with two levels 
of Correctness (correct, incorrect) for the multiplication task or two 
levels of Match (match, mismatch) for the word-picture task. RTs were 
measured from the onset of the solution or picture for trials with accu-
rate responses. 

For the multiplication task, mean accuracy was 83 % (range: 50–100 
%) and mean RT was 1380 ms (range: 553− 2692 ms). There was an 
effect of Correctness for both accuracy (F(1,98) = 15.75, p < 0.001) and 
RT (F(1,98) = 106.48, p < 0.001), with faster and more accurate re-
sponses for correct (accuracy: 85 %; RT: 1306 ms) than incorrect 
problems (accuracy: 81 %; RT: 1489 ms). For the word-picture task, 
mean accuracy was 93 % (range: 58–100 %) and mean RT was 1039 ms 
(range: 603–1549 ms); there was no effect of correctness for either ac-
curacy or RT, likely a ceiling effect. For the children who performed both 
tasks (n=62), they were significantly faster and more accurate on the 
word-picture verification task than on the multiplication verification 
task (RT: F(1,61) = 22.25, p < 0.001; Accuracy: F(1,61) = 15.13, 
p < 0.001). 

Between-subject factors of real-world significance were also 
analyzed. Separate ANOVAs for Grade (3rd, 4th and 5th), Gender (fe-
male, male), and Language (monolinguals, bilinguals) were performed 
for accuracy and RT. There was an effect of Grade on RT for the 
multiplication task (F(2,96) = 4.99, p < 0.05), where children were 
faster in responding to solutions with increasing grade (and increasing 
age Pearson’s r = 1.00, p < 0.01). No other contrasts were significant for 
either task or dependent measure. 

Pearson’s correlations revealed that higher WIAT III raw scores 
(Wechsler, 2009) and higher working memory scores (numbers 
reversed, Woodcock et al., 2001) were associated with higher accuracy 
(WIAT r = 0.64, p < 0.01; WJ III r = 0.27, p < 0.01) and faster RTs (WIAT 
r= -0.54, p < 0.01; WJ III r= -0.35, p < 0.01) on the multiplication 
verification task, validating that the online judgment task was sensitive 
to arithmetic fluency. 

3.1.2. ERPs Waveform morphology 
Fig. 5 shows the grand-average ERPs from the vertex electrode, time- 

locked to the onset of the solution (multiplication task) or drawing 
(word-picture verification task). For both tasks, sensory components 
(P1-N1-P2) were followed by a negative-going deflection around 400 ms 
post-stimulus onset with larger amplitude for incorrect/mismatch than 
correct/match trials – an N400 effect. 

3.1.3. Peak Latency: N400 
Only the children who completed both tasks (n = 62) were included 

in the analyses that directly compared the multiplication and word- 
picture verification tasks. Peak latency of the N400 effect (incorrect – 
correct solutions) was identified using mean amplitude of all 26 

electrodes between 200 and 600 ms. The N400 effect peaked at 393 ms 
(SE = 7) on average for the multiplication task and 387 ms (SE = 7) on 
average for the word-picture verification task. An ANOVA with two 
levels of Task (multiplication, word-picture) and 26 levels of Electrode 
revealed no significant main effect of Task (F(1,61) = 0.57, p = 0.45), 
indicating that the peak latency of the effect was not significantly 
different across tasks. In turn, a 200 ms measurement window centered 
at 390 ms (290− 490 ms post stimulus onset) was used for analysis in 
both tasks. 

3.1.4. Mean Amplitude: N400 
For the multiplication task, an omnibus ANOVA with two levels of 

Correctness (correct, incorrect) and 26 levels of Electrode revealed a 
main effect of Correctness (F(1,98) = 38.3, p < 0.001) with larger 
negative amplitude for incorrect (1.64 μV, SE = 0.43) than correct so-
lutions (4.24 μV, SE = 4.24). A significant interaction between Cor-
rectness and Electrode (F(25,74) = 3.14, p < 0.001) was explored with a 
subsequent distributional analysis, with factors of Correctness (correct, 
incorrect), Hemisphere (left, right), Laterality (lateral, medial), and 
Anteriority (prefrontal, frontal, parietal, occipital). This analysis 
revealed a maximum N400 correctness effect over medio-central elec-
trodes (Fig. 3; Correctness by Anteriority, F(3,294) = 5.31, p < 0.05; 
Correctness by Laterality, F(1,98) = 16.10, p < 0.05). This distribution is 
consistent with a typical N400 effect (see (Kutas and Federmeier, 2011). 

For the word-picture task, an omnibus ANOVA with two levels of 
Match (match, mismatch) and 26 levels of Electrode revealed a main 
effect of Match (F(1,61) = 30.15, p < 0.001), with larger negative 
amplitude for mismatch (-2.02 μV, SE = 0.84) than match (2.93 μV, SE =
0.87) pictures. A subsequent distributional analysis with the same fac-
tors as above was performed to explain an interaction between Match 
and Electrode (F(25,28) = 4.67, p < 0.001). Significant interactions of 
Correctness with Anteriority (F(3,183) = 4.20, p < 0.05) and Laterality 
(F(1,61) = 36.11, p < 0.05) reflected a maximum N400 correctness ef-
fect over medio-central electrodes (see Fig. 4 for the topographic plots). 

When comparing the effects across tasks (incorrect – correct for the 
multiplication; mismatch – match for the word-picture task), a distri-
butional analysis with factors of Task (Multiplication, Word-picture), 
Hemisphere (left, right), Laterality (lateral, medial), and Anteriority 
(prefrontal, frontal, parietal, occipital) found no main effect of Task (F 
(1,61) = 3.17, p = 0.08). A significant interaction of Task with Ante-
riority (F(3,59) = 5.77, p < 0.01) reflected a more anterior effect for 
pictures in the word-picture verification task than digit solutions in the 
multiplication task (comparison of prefrontal and frontal levels, sepa-
rately, across task, p values <0.01). This is consistent with studies 
showing a more anterior distribution of the N400 for pictures than 
words (Federmeier and Kutas, 2001; Ganis et al., 1996; Mudrik et al., 
2010). There was no significant difference in distribution between the 
effects over the posterior channels (comparison of parietal and occipital, 
separately, levels across task, p values >0.1), or for any other effects. 

3.1.5. Effect of grade 
Single factor ANOVAs with Grade (3, 4, 5) as a between-subject 

factor were conducted to determine the effect of grade on each ERP 
component. Grade did not significantly modulate mean amplitude of the 
P1, N1 or N400 for either task (p > 0.05). The mean amplitude of the P2 
decreased as grade increased on both tasks (multiplication task: F 
(2,96) = 5.52, p < 0.01, word-picture task: F(2,59) = 3.40, p < 0.05), 
consistent with expected decreases in sensory component amplitude 
with increasing age (age by P2 amplitude r =-0.26, p < 0.01; Friedman, 
2012); Fig. 6 shows a representative electrode. None of the standardized 
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measures or task response measures (RT and accuracy) predicted the 
N400 Correctness effect for either task.1 However, additional analyses 
revealed differences in the timing of the onset and offset of the N400 
effect across grades in the multiplication task. The N400 effect became 
significant earlier and ended later for fifth graders than 3rd and 4th 
graders (effect duration 3rd: 314–414 ms; 4th: 306–440 ms; 5th: 
268–490 ms). Mean amplitude and area analyses were run again using 
the wider 5th grade time window (260− 500 ms) to ensure the entire 
effect was captured. The results did not change: grade did not modulate 
the N400 effect for mean amplitude (F(2,96) = 1.32, p = 0.27) or area (F 
(2,96) = 0.77, p = 0.46). 

3.2. Experiment 1b: adults 

Behavior and ERPs were analyzed as above. 

3.2.1. Behavior 
Fig. 2 summarizes the behavioral results for the multiplication and 

the word-picture verification tasks. Mean accuracy for the multiplica-
tion task was 93 % (range: 66–100 %) and mean RT was 905 ms (range: 

481− 1939 ms). The correctness effect reached significance for both 
accuracy (F(1,59) = 4.22, p < 0.05) and RT (F(1,59) = 49.57, p < 0.001). 
Adults were faster and more accurate on correct (accuracy: 94 %; RT: 
876 ms) than incorrect problems (accuracy: 92 %; RT: 987 ms). Children 
were slower and less accurate overall (F(1,157) = 33.45, p < 0.001 for 
accuracy; F(1,157) = 47.07, p < 0.001 for RT), and showed a larger 
correctness effect for RT (F(1,157) = 7.81, p < 0.01) but not accuracy 
compared to adults. 

For the word-picture verification task, mean accuracy was 98 % 
(range: 84–100 %) and mean RT was 736 ms (range: 459–1071 ms). 
There was no correctness effect for either measure, likely reflecting a 
performance ceiling. Adults were faster and more accurate overall 
compared to children (F(1,120) = 18.01, p < 0.001 for accuracy; F 
(1,120) = 76.78, p < 0.001 for RT); there were no differences across 
groups in the correctness effect for either measure. 

Adults were significantly faster and more accurate on the word- 
picture verification task than on the multiplication verification task 
(RT: F(1,59) = 14.01, p < 0.001; Accuracy: F(1,59) = 32.15, p < 0.001). 
Pearson’s correlations revealed that higher WIAT III raw scores 
(Wechsler, 2009) were associated with higher accuracy (r = 0.64, 
p < 0.01) and faster RTs (r= -0.61, p<0.01) on the multiplication veri-
fication task, again validating that the online task was sensitive to 
arithmetic fluency. Higher working memory scores (numbers reversed, 
Woodcock et al., 2001) were associated with higher accuracy (r = 0.29, 
p < 0.05). There were no differences in the adults as a function of gender 
or language-group for either dependent measure on either task. 

3.2.2. ERP waveform morphology 
Visual inspection of the grand-average ERPs (Fig. 5) revealed the 

typical sensory components (P1-N1-P2) in both tasks after the onset of 
either the solution or the drawing. In the digit task, a subsequent P300 
response is visible for correct solutions consistent with Dickson et al. 
(2018); Dickson and Federmeier (2017); Dickson and Wicha (2019), and 
Jasinski and Coch (2012). In contrast, in the word-picture task an N400 
is visible for both match and mismatch trials peaking around 400 ms 
after picture onset. For illustration purposes to appropriately reflect the 
underlying grand average ERPs components visible in the waveforms, 
the difference waves used for the topographic isovoltage scalp maps 
highlight the P300 in the digit task by subtracting the grand average 
ERPs for correct minus incorrect solutions and the N400 in the 
word-picture task by using the opposite subtraction (mismatch – match). 

3.2.3. Peak latency: P300/N400 
To determine the onset of the effects of interest in both tasks, the 

Fig. 2. Behavioral summary for the multiplication verification 
task (left) and the word-picture verification task (right). 
Percent accuracy and response time in milliseconds were 
measured from the onset of the solution/picture. Blacks bars 
indicate trials ending with correct solutions/matching pictures 
and red bars indicate trials ending with incorrect solutions/ 
mismatching pictures. *p < 0.05, **p < 0.001. (For interpreta-
tion of the colors of this figure, the reader is referred to the web 
version of this article.)   

Table 2 
Online response time and accuracy for the multiplication verification task and 
Pearson’s correlation values for each with standardized test scores.   

Children (n = 99) Adults (n = 60) 

Response Time 1379.75 ms 
(SD = 442.68) 

925.10 ms 
(SD = 331.78) 

Math fluency 
(Multiplication) 

r = -0.54** r = -0.61** 

Working memory r = -0.35** r = -0.13 
Phonological awareness r = -0.04 r = -0.06 

Accuracy 82.90 % (SD = 12.97) 93.15 % (SD = 7.16) 
Math fluency 
(Multiplication) 

r = 0.64** r = 0.64** 

Working memory r = 0.27** r = 0.29* 
Phonological awareness r = 0.07 r = 0.09  

* Significant at p < 0.05. 
** Significant at p < 0.01. 

1 Linear Mixed Effects Regression (LMER) models were used to examine if 
individual variability in the ERP data could be explained by grade. Results were 
similar to the ANOVA analysis, with grade not predicting the N400 effect for 
either task. 
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average peak latency of the effect (incorrect – correct solutions) was 
measured between 200 and 600 ms. The P300 effect peaked at 352 ms 
(SE = 5) for the multiplication task and the N400 effect peaked at 388 ms 
(SE = 6) for the word-picture task. An ANOVA with two levels of Task 
(multiplication, word-picture) and 26 levels of Electrode showed a main 
effect of Task (F(1,59) = 25.37, p < 0.001). Namely, the P300 effect in 
the multiplication task peaked significantly earlier than the N400 effect 
in the word-picture task, consistent with the typical timing of these ef-
fects. Accordingly, the measurement windows for the analysis of mean 
amplitude were centered around these peak values: 255− 455 ms for the 
multiplication task and 290− 490 ms for the word-picture task. 

3.2.4. Mean amplitude: P300/N400 
For the multiplication task, an omnibus ANOVA with two levels of 

Correctness (correct, incorrect) and 26 levels of Electrode revealed a 
main effect of Correctness (F(1,59) = 89.25, p < 0.001), with more 
positive amplitude for correct (5.08 μV, SE = 0.36) than incorrect so-
lutions (2.7 μV, SE = 0.36). An interaction between Correctness and 
Electrode (F(25,35) = 4.61, p < 0.001) was inspected with a subsequent 
distributional analysis, using the same factors as in Experiment 1a (see 
section 3.1.4). Significant interactions of Correctness with Anteriority (F 
(3,177) = 15.54, p < 0.05), Laterality (F(1,59) = 60.22, p < 0.05) and 
Hemisphere (F(1,59) = 15.08, p < 0.05) reflected a maximum effect over 

Fig. 4. Grand average ERPs from the word-picture verification 
task for matching (black lines) and mismatching (red lines) 
pictures in children (left) and adults (right). X-axis is time in 
milliseconds with 0 marking the onset of the picture and the Y- 
axis is voltage in microvolts with negative plotted up. The 
electrodes plotted are represented with “X” on the head plot. 
Topographic isovoltage scalp maps represent the effect be-
tween 290-490 ms in both children and adults. (For interpre-
tation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   

Fig. 3. Grand average ERPs from the multiplication verifica-
tion task for correct (black lines) and incorrect (red lines) so-
lutions in children (left) and adults (right). X-axis is time in 
milliseconds with 0 marking the onset of the solution and the 
Y-axis is voltage in microvolts with negative plotted up. The 
electrodes plotted are represented with “X” on the head plot. 
Topographic plots represent the effect between 290-490 ms in 
children and 255-455 ms in adults. (For interpretation of the 
references to colour in this figure legend, the reader is referred 
to the web version of this article.)   
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medial-occipital electrodes, typical of the more posterior distribution of 
the target P300 (Polich, 2007, 2012) (Fig. 3). 

For the word-picture task, an omnibus ANOVA with two levels of 
Match (match, mismatch) and 26 levels of Electrode revealed a main 
effect of Match (F(1,59) = 118.45, p < 0.05), with more negative 
amplitude for mismatched (0.79 μV, SE = 0.50) than matched (4.21 μV, 
SE = 0.57) pictures. An interaction between Match and Electrode (F 
(25,35) = 8.17, p < 0.001) was explored with a distributional analysis, 
as before. A significant interaction of Correctness with Laterality (F 
(1,59) = 184.83, p < 0.05) was driven by a larger effect at medial than 
lateral sites, consistent with an N400 congruency effect (Kutas and 
Federmeier, 2011) (Fig. 4). 

When comparing the effects across tasks (correct – incorrect for the 
multiplication; mismatch – match for the word-picture task), a distri-
butional analysis with factors of Task (Multiplication, Word-picture), 
Hemisphere (left, right), Laterality (lateral, medial), and Anteriority 
(prefrontal, frontal, parietal, occipital) found a main effect of Task (F 
(1,59) = 189.00, p < 0.01), revealing that the amplitude of the N400 
effect for the word-picture task was significantly larger than the effect in 
the multiplication task. There was also an interaction of Task with 
Anteriority (F(2,59) = 5.77, p < 0.01) such that the effect in multipli-
cation task was larger in amplitude at the posterior channels (parietal 
and occipital levels) compared to the anterior channels (prefrontal and 
frontal levels), which is in line with a typical target P300 distribution 
(Polich, 2007, 2012). The word-picture task effect was larger across all 
levels of anteriority compared to the multiplication task effect (p values 
<0.01 across all levels). No other effects reached significance. 

4. Discussion 

This study aimed to determine if children and adults engage similar 
neurocognitive processes when verifying simple multiplication facts. 
Both adults and children were faster and more accurate when judging 

correct than incorrect solutions. Overall, adults were faster and more 
accurate than children (Table 2). Critically, although children had high 
accuracy in their performance on the math task (~83 %), they did not 
show the adult-like brain pattern. The ERP results for trials with accu-
rate responses (i.e., participant made the correct judgement) revealed 
that successful performance on the task was supported by distinct neu-
rocognitive processes across the two populations. Therefore, a devel-
opmental shift in arithmetic processing from childhood to adulthood has 
indeed been overlooked in the literature. 

In children, both correct and incorrect solutions elicited an N400, 
with larger amplitude for contextually unsupported (incorrect) solu-
tions. The word-picture verification task also generated an N400 effect, 
with larger amplitudes relative to arithmetic facts given the richer se-
mantic content elicited by words/pictures, especially over frontal elec-
trodes which is typical for pictures (Federmeier and Kutas, 2001; Ganis 
et al., 1996; Mudrik et al., 2010). Critically, the timing of the N400 ef-
fects did not differ across tasks (390 ms for both), further supporting that 
both tasks elicited comparable N400 responses. Therefore, children 
appear to prepare meaning-level expectations in both tasks and respond 
to the solutions according to the semantic congruency of their contin-
uation for each sequence of numbers (Jost et al., 2003; Niedeggen et al., 
1999; Prieto-Corona et al., 2010). Like children, adults also exhibited an 
N400 effect in the word-picture task, with reduced N400 amplitude for 
contextually supported (match) trials. This N400 effect was smaller in 
amplitude compared to children, which is consistent with a develop-
mental shift toward smaller N400 effects with increasing age (Holcomb 
et al., 1992; Kutas and Iragui, 1998). For multiplication problems, 
however, correct solutions elicited a positive-going ERP in adults, not an 
N400. 

The morphology and timing of the adult response to correct solutions 
is consistent with a typical target P300. The P300 is composed of sub-
components that are sensitive to different cognitive demands. The 
“oddball” P300 is typically a modulation of the P3b, and reflects 

Fig. 5. Summary of the effects at the vertex electrode (MiCe) 
showing the grand average ERPs for the multiplication task 
(top) and the word-picture verification task (bottom) in both 
children (left) and adults (right). Black lines represent the 
brain response to correct solutions and red lines to incorrect 
solutions. Dotted black lines represent the brain response to 
matching trials and red dotted lines to mismatching trials. Grey 
shaded areas represent the window of analysis (290 to 490 ms 
for children in both tasks and for adults in the word-picture 
task; 255 to 455 ms for adults in the multiplication task). 
Topographic maps of the effects observed in these time win-
dows are represented next to each ERP trace. (For interpreta-
tion of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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categorical decision making with larger amplitude for easier decisions. 
In contrast, the P3a, also called the novelty P300, is modulated by 
attention and distractors (see Polich, 2007, 2012). Here, the modulation 
on the P300 amplitude for correct solutions is likely driven by the cat-
egorical decision of correctness (P3b), with the correct solutions being 
easier to categorize. This finding implies that adults processed the cor-
rect solutions as targets for overlearned and rapidly categorized prob-
lems and did not rely on meaning-level representations as the children 
did (i.e., no reduced N400 for correct relative to incorrect solutions). It is 
worth noting that Prieto-Corona et al. (2010), who argued for an N400 
effect in both children and adults, showed similar ERP morphology and 
timing differences across groups as in the current study. Indeed, the 
latency measurements for their negativity peaked at ~400 ms for chil-
dren, consistent with an N400, and ~290 ms for adults, consistent with a 
P300. Critically, this finding is also consistent with the more recent ERP 
studies that have reinterpreted the arithmetic correctness effects in 
adults from an N400 effect to a P300 effect (Dickson et al., 2018; 
Dickson and Federmeier, 2017; Jasinski and Coch, 2012). 

To be clear, arguing for a discrete dichotomy between children and 
adults, with only children eliciting N400 s and only adults eliciting 
P300 s, would be misguided. Given that any potentially meaningful 
stimulus can elicit an N400 (Kutas and Hillyard, 1980), including 
numbers represented as digits (Dickson and Federmeier, 2018), it is 
probable that the adults generated small N400 s to every digit as they 
appeared. Indeed, under the right circumstances, namely when the 
problems can be treated like language, adults can elicit robust N400 
effects to multiplication problems (Dickson et al., 2018; Martine-
z-Lincoln et al., 2015; Salillas and Wicha, 2012). However, the contri-
bution of the N400 generated by each digit on the ERP waveform 
morphology, and on the correctness effect itself, appears to be negligible 
in this and other studies (see Dickson and Federmeier, 2017; Jasinski 
and Coch, 2012). Similarly, both the word-picture verification and the 
multiplication verification tasks are categorical and require 
decision-making. Therefore, it is probable that children generate 
decision-related P300 s in this task like in other studies with children 
(Moore et al., 2014; Riggins and Scott, 2020). The critical finding, 
however, is that the arithmetic correctness effect is driven predomi-
nantly by a modulation on the N400 for children and by a modulation of 
the P300 for adults, alluding to a developmental transition or cognitive 
tradeoff. Moreover, we propose that this transition is gradual and fluid, 
with the possibility of reverting back when task demands change (e.g., 
Dickson et al., 2018). 

For this large sample of children, we also analyzed standardized 
metrics as predictors for performance and the brain measures. Offline 
measures of math fluency (i.e., from the WIAT) correlated with both 
accuracy and response time on the multiplication task in children, 
confirming the validity of the multiplication task. Children responded 
faster on the multiplication task as grade level (and age) increased but 
did not improve in accuracy. Given this improvement in response speed, 
it is reasonable to ask if an experience-based change was also measur-
able in the ERPs. However, the N400 does not typically correlate with 
speed of responding, which is the only real time behavioral measure that 
improved with grade (Heinze et al., 1998). So, it is perhaps not sur-
prising that there was no significant change in the mean amplitude of the 
N400 effect with grade (or age)2 . Similarly, the waveform morphology 
of the ERP response to correct solutions in children did not suggest a 
shift from an N400 to a P300 as grade level increased (Fig. 6), although 
perhaps the increase in onset and offset of the N400 effect for 5th 
graders may allude to the beginning of an underlying morphological 

change. These findings suggest that, unlike adults, children do not 
quickly or confidently recognize correct solutions as target items, and 
instead process arithmetic facts for meaning. This previously unreported 
ERP difference between children and adults appears to resolve at some 
point after fifth grade. Future research will need to determine at what 
point in development, and under what circumstances, children begin to 
show the adult-like brain response to simple arithmetic. 

We hypothesize that the transition from the child-like N400 effect to 
the adult-like P300 effect is driven by experience rather than a matu-
rational change. Maturational changes are clearly observable on earlier 
components, namely the P2 (Fig. 6), but no significant modulation oc-
curs on the N400 with age or grade. The shift from N400 to P300 may be 
analogous to the transition observed in adult second language learning, 
where in early stages of learning adults show an N400 to grammatical 
violations, then as fluency in the language increases, a native-like pos-
itivity is observed to the same sentences (McLaughlin et al., 2010; 
Tanner et al., 2013). Another possible explanation for our results is that 
this difference in brain responses between children and adults is 
generational rather than developmental. 

Early math education typically emphasizes rote memorization for 
learning multiplication tables. However, more recently a greater 
emphasis has been placed on conceptual understanding, given that 
memorization alone can lead to challenges in understanding later math 
concepts, such as division (Dubé and Robinson, 2018; Sullivan and 
McDuffie, 2009). For example, in 2014 the National Council of Teachers 
of Mathematics in the U.S.A. called for a change in core curriculum 
toward more conceptually based learning methods, such as the 
concrete-representational-abstract (CRA) sequence that uses multiple 
representations to help children understand math concepts (NCTM, 
2014). Although Texas, where this study was conducted, does not follow 
the national curriculum, Texas public schools did adopt conceptualized 
learning (Texas Essential Knowledge and Skills for Mathematics: 
implemented in the 2014–2015 school year). Therefore, it is possible 
that our sample of children may have learned their facts with more of a 
conceptual understanding than the young adults in our sample. This 
could, in turn, have led to a difference in engagement of conceptual 
(meaning) level information when verifying multiplication facts on our 
task, potentially leading to an N400 in the younger but not the older 
populations. 

Importantly, however, both children and adults reported primarily 
using retrieval to solve multiplications in our offline strategy assess-
ment, which was based on research showing that self-assessment is a 
valid measure of strategy use (Siegler and Stern, 1998). Moreover, our 
ERP results are consistent with studies conducted with children and 
adults from varied demographics, including populations outside the USA 
(Cerda et al., 2019; Dickson et al., 2018; Dickson and Federmeier, 2017; 
Jasinski and Coch, 2012; Moore et al., 2014; Prieto-Corona et al., 2010). 
This would suggest that it is not (only) the learning methods of our 
samples that lead to this difference across populations. Future experi-
ments using longitudinal studies could determine if the N400-P300 
difference across our groups is related to the strength of conceptual 
understanding of the math facts. 

Also emerging from our results is the question of what this N400 
effect reflects in children, more broadly. The extensive literature on the 
N400 suggests that it is an index of the state of the memory system when 
processing any meaningful or potentially meaningful stimulus (see Kutas 
and Federmeier, 2011 for a review). Although its neural source may vary 
based on the type of information being processed, the N400 is likely 
generated by temporal lobe sources in the brain (Lau and Namyst, 2019; 
Lau et al., 2008). However, researchers have argued that the meaning of 
numbers, in the sense of numerical quantity, is dependent on the parietal 
lobe (Dehaene and Cohen, 1995; Dehaene et al., 2003). For example, 
both the triple code model (TCM; Dehaene, 1992) and the encoding 
complex model (ECM; Campbell and Clark, 1988), which have been 
based on adult data, propose a magnitude representation that is separate 
from the representation of arithmetic facts and number words. Use of 

2 Although P300 latency has been shown to correlate with response latency 
on tasks that involve simple decisions (Kutas et al., 1977; Polich, 2012), this 
relationship becomes less reliable with more complex decisions (Folstein and 
Van Petten, 2011). Similarly, there was no correlation between response time 
and P300 latency in the adult multiplication task (all p values >0.10). 
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this so-called magnitude code arguably relies on the parietal cortex, 
which is engaged during estimation or calculation (Ansari, 2008; Cohen 
Kadosh et al., 2008; Dehaene et al., 2003). In contrast, access to 
memorized arithmetic facts is thought to be mediated through verbal 
memories of idiomized representations of the facts (see Dehaene and 
Cohen, 1995, 1997). Stroke patient data suggest that these systems may 
be dissociable, with temporal lobe damage leading selectively to 
retrieval problems and parietal lobe damage selectively leading to 
estimation or computation problems (Cohen et al., 2000; Delazer and 
Benke, 1997; Lemer et al., 2003). And, in children, a developmental shift 
for multiplication facts from relying more on parietal cortex to relying 
more on temporal cortex is thought to parallel the transition from 
calculating (meaning) to retrieving the facts (Prado et al., 2014). 

The conclusions drawn from these studies, which use measures of 
brain activity with poor temporal resolution, may conflict with the 
present ERPs findings, which reflect real time brain activity. However, 
because the N400 itself reflects meaning-level processing more broadly, 
it cannot distinguish between different sources of meaning (e.g., 
numerosity versus verbal memory). Therefore, the N400 effect in chil-
dren could potentially implicate the parietal lobe as a novel N400 
source, if conceptual processing of the numerical operation is respon-
sible for the effect, or alternatively, implicate the temporal lobe in 
meaningful processing of arithmetic fact retrieval, contrary to what is 
suggested by the models of arithmetic. Furthermore, it is notable that 
adults, who are thought to rely heavily on verbal memory, do not seem 
to show N400 effects in this study, but can show N400 effects when the 
task encourages language-like processing of the math facts (Dickson 
et al., 2018). Therefore, the current findings in children raise important 
theoretical and empirical questions. Is this arithmetic N400 effect, 
which indexes meaning-level processes, generated in parietal cortex? 
Or, do children access meaning for arithmetic facts from temporal cor-
tex, similar to words? If the latter, what then happened to that meaning 
in the adult? Answers to these questions in children would inform cur-
rent models of mathematical cognition, which have been based pri-
marily on findings from adults. 

5. Conclusion 

Arithmetic retrieval fluency is associated with better performance in 
advanced math (Geary et al., 2013; Price et al., 2013; Siegler et al., 
2012). This study measured the neurocognitive processes supporting 

multiplication fact verification in children and adults, and compared the 
results to a language task (word-picture verification). Children showed 
an N400 effect in both tasks, with larger amplitude for the incorrect than 
correct solutions, and for mismatching than matching pictures. Adults 
also showed a reduced N400 response for matching relative to non-
matching pictures in the word-picture verification task, but instead 
showed a qualitatively different ERP in the multiplication task, namely a 
P300 to correct solutions. These results suggest that the faster response 
times and better accuracy in adults is not simply an increase in efficiency 
compared to children, but rather the engagement of a different cognitive 
process. While children rely primarily on meaning-level processes for 
verifying simple multiplication problems, the P300 in adults suggests 
that they treat the solutions as potential targets in over-rehearsed 
problems and categorize them efficiently. This study adds to the cur-
rent math cognition literature by demonstrating that the transition to an 
adult-like brain response is more gradual than suggested by previous 
ERP studies, with a progressive developmental shift happening beyond 
fifth grade (LeFevre et al., 1996; Siegler, 1996). Moreover, these findings 
highlight the need for current models of math cognition to account for 
neurocognitive evidence from children to fully understand the nature of 
arithmetic in the brain. 
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