
1SCiENtifiC RepoRts |  (2018) 8:12364  | DOI:10.1038/s41598-018-30684-3

www.nature.com/scientificreports

FN400 amplitudes reveal the 
differentiation of semantic 
inferences within natural vs. 
artificial domains
Changquan Long1, Mingming Zhang1, Ruifang Cui1 & Jie Chen2

Category-based inferences allow inductions about novel properties based on categorical memberships 
(e.g., knowing all trout have genes [premise] allows us to infer that all fish have genes [conclusion]). 
Natural (N) and artificial (A) domains are the most obvious and traditional distinctions in categorization. 
The distinct event-related potential (ERP) responses for N and A domains have not yet been examined 
during category-based inferences. In this study, the differences between ERP inference parameters 
within N and A domains were measured during inductive decision processing, while controlling the 
premise−conclusion similarity and premise typicality between those two domains. Twenty-two 
adults were asked to make a decision on whether a conclusion was definitely weak, possibly weak, 
possibly strong, or definitely strong, based on a premise. The behavioral results showed that semantic 
inferences within the N domain shared similar inductive strength, similar “correct” response rates, and 
similar reaction times with that within the A domain. However, the ERP results showed that semantic 
inferences elicited smaller frontal-distributed N400 (FN400) amplitudes within the N domain than 
within the A domain, which suggested that knowledge of the ontological domain of a category affects 
category-based inferences, and underlaid the increased categorical coherence and homogeneity in the 
N as compared to the A categories. Therefore, we have distinguished the cognitive course of semantic 
inferences between N and A domains.

Categories are essential for human conceptual organization. A central function of categorization is making pre-
dictions1,2. People can use their categorical knowledge to generalize novel properties from categorical examples, 
termed category-based inferences. For example, hearing that “All trout [premise category] have novel property X 
[premise property]”, one may infer that “all fish [conclusion category] would have novel property X [conclusion 
property]”, because trout belongs to the fish category. This type of inference has various names in the literature, 
including category-based induction, categorical induction, property induction, feature induction, and induction 
projection3.

One of the most obvious and traditional distinctions in categorization is between the natural (N) and artificial 
(A) domains. The categories in the N domain include naturally occurring objects (e.g., animal), and the categories 
in the A domain include produced or manufactured objects (e.g., tool)4,5. Researchers suggest that the N and 
A domains are distinct in the nature of their ontology6–11. The categories in the N domain are generally tightly 
structured, coherent, and share many similarities (e.g., animals have similar internal parts, external structure, and 
behaviors). In contrast, the categories in the A domain are typically more loosely structured, less homogeneous, 
and share fewer important features (e.g., tools vary in their shape, color, and their constituents).

However, few studies have directly compared the differences between N and A domains during category-based 
inferences4,5. Many previous studies have examined category-based inferences in the N domain; relatively fewer 
studies include stimuli in both N and A domains during category-based inference tasks. Several studies have 
shown that knowledge about the nature of a category, including its ontological domain, such as N and A catego-
ries, influences inferences6–8,11. For example, in a study by Coley et al.8, only category coherence expectations were 
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found to predict inductive inferences for the N domain, but both knowledge and category coherence expectations 
predicted inductive inferences for the A domain. Moreover, several studies have found that adults drew more 
inferences within the N than within the A domain6–10. Researchers suggested that the varied patterns of inferences 
between the N and A domains can be explained by the differences in the categorical coherence and homogeneity 
between N and A domains (ontological distinction account)6–8,10,12.

However, most previous studies have not matched categories between the N and A domain during infer-
ring. For example, some studies have found that the degree of typicality of premise categories affected infer-
ences13,14, while few studies have matched the typicality of premise categories between the N and A domains 
when comparing inferences within these two kinds of categories. Moreover, several theories have suggested that 
category-based inferences are driven by similarities between premises and conclusions, termed similarity-based 
models of category-based inferences15–18. According to these models, if the degree of similarity between the prem-
ise and conclusion under the N and A domain are similar, then the inference decision in both domains would be 
similar. This hypothesis is supported by Badger and Shapiro4. They found that children’s inferences did not vary 
by domains while controlling for perceptual similarity across those two domains. However, Badger and Shapiro4 
did not test whether or not adults have similar pattern to children in their study.

The present study therefore aimed to compare adults’ inferences within the N and A domains after match-
ing the degree of premise-conclusion similarity and the degree of premise typicality between them, by using 
event-related potentials (ERPs). ERPs can uncover cognitive processes in the brain with high temporal sensitiv-
ity19. Although previous studies have measured the ERP responses to semantic category-based inferences13,14,20–24, 
inferences within the N and the A domains were not directly compared. In the present study, the semantic cate-
gories of both the N and A domains were considered. Participants were asked to decide whether a conclusion was 
definitely weak, possible weak, possible strong, or definitely strong, based on a premise.

Behavioral and ERP responses to the conclusions were recorded and analyzed. As the similarity-based models 
suggested, we predicted that no significant behavior response differences would be found because the degree 
of premise typicality and premise-conclusion similarity between the two domains were matched in the present 
study. However, we predicted that the differences on ERP results would appear, as the ERP measurements are 
more sensitive to processing differences than behavioral data19. More specifically, we predicted that the semantic 
categories from the N domain would elicit smaller FN400 amplitudes than those from the A domain when mak-
ing inferences. FN400 is a negative deflection at 200–600 ms, with frontal scalp distribution. Previous ERP studies 
found that the amplitudes of FN400 were influenced by various factors during sematic category-based infer-
ences13,20–25. The attenuated FN400 amplitudes were associated with elevated conceptual priming26–28. Inferences 
within the N domain would therefore elicit smaller N400 amplitudes than those within the A domain because 
of the enhanced conceptual priming produced by increased categorical coherence and homogeneity in the N 
compared to the A domain.

Methods
Ethical statements. This study was approved by the ethics review board at the Faculty of Psychology, 
Southwest University, Chongqing, China. Written informed consent was obtained from all participants. The 
methods were carried out in accordance with the relevant guidelines and regulations.

Participants. Twenty-two paid undergraduates (mean age: 20.35 years, standard deviation [SD]: 1.45; 14 
women) were recruited for the ERP study. All participants were right-handed, had normal or corrected-to-normal 
eyesight, and had no neurological disorders. Prior to the formal ERP experiment, 35 undergraduates (mean age: 
20.71, SD: 1.81; 17 women) evaluated the degree of experimental items’ familiarity, 35 undergraduates (mean age: 
20.57, SD: 1.58; 18 women) evaluated the degree of experimental items’ typicality, and another 24 undergraduates 
(mean age: 20.41, SD: 1.32; 15 women) evaluated the degree of similarity between each item and its superordinate 
category. The evaluators did not participate in the ERP study.

Experimental design. Two types of premise category domains were used: the N and the A domains. The 
novel properties were presented by a capital letter and an Arabic number (e.g., X1) as blank properties, to reduce 
the influence of background knowledge15. Similar to previous studies14,20, a category and a property were pre-
sented simultaneously, linked by a blank space to indicate that the category had this novel property (e.g., “apple 
X1” means “apple has novel property X1”.).

Two types of conclusion conditions were also involved: congruent (+) and incongruent (−) conclusions. For 
congruent conclusions, the conclusion categories included the premise categories (e.g., premise: apple X1; con-
clusion: fruit X1). For incongruent conclusions, the conclusion categories excluded the premise categories (e.g., 
premise: apple X1; conclusion: furniture X1). The premises and conclusions shared the same properties in each 
trial. Therefore, there were four sub-conditions: congruent conclusions with a natural premise category (N+), 
congruent conclusions with an artificial premise category (A+), incongruent conclusions with a natural premise 
category (N−), and incongruent conclusions with an artificial premise category (A−). Similar to previous stud-
ies14,20, both the conclusion categories and conclusion properties were presented simultaneously, with a question 
mark (?) to ask participants to judge the inference strength of the conclusions, based on a 4-point Likert scale.

Materials
All premise categories were basic level categories and were presented with Chinese characters, involving 48 N 
category items and 48 A category items. The premise categories came from four N (vegetables, birds, fruits, and 
mammals) and four A (tools, furniture, clothing, and household electrical appliances) categories, and these 
eight superordinate categories were used as the conclusion categories, and were presented in Chinese characters. 
Therefore, there were 48 trials for each sub-condition, resulting in a total of 192 trials in the formal experiment. 
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An additional 20 trials (five trials for each sub-condition) were used for training and did not appear in the formal 
experiment.

Previous studies have shown that the repetitions and frequencies of words affected N400 amplitudes29–31. To 
match the repetition times, for premise categories, every 12 basic level categories came from one superordinate 
level category. As a result, the N category items involved 12 kinds of vegetables, 12 kinds of birds, 12 kinds of 
fruits, and 12 kinds of mammals; the A category items involved 12 kinds of tools, 12 kinds of clothing, 12 kinds 
of furniture, and 12 kinds of appliances. Each premise category appeared twice. For conclusion categories, each 
superordinate category (vegetables, birds, fruits, mammals; tools, furniture, clothing, and appliances) appeared 24 
times: 12 times for congruent condition, and 12 times for incongruent condition. Moreover, we checked the char-
acters’ frequencies (times per 100,000) in the formal experiment against the Corpus Word list (www.cncorpus.
org), and found no significant differences between those two domains (N: 51.68 [SD = 7.46]; A: 42.09 [SD = 6.08]; 
F [1, 94] < 1, p = 0.76).

Before the ERP experiment, the familiarity and typicality of stimuli were evaluated. Participants were required 
to determine the degree to which they were familiar with the premise category words based on a 5-point Likert 
scale (1, least familiar; 5, most familiar). For example, participants were instructed to “please judge the degree to 
which you are familiar with the word ‘apple’ on a 5-point Likert scale; 1 represents least familiar, and 5 represents 
most familiar”. The familiarity differences between N and A stimuli were not significant (N: 4.20 [SD = 0.38], 
range: 3.10−4.95; A: 4.08 [SD = 0.51], range: 3.55 – 4.84; F [1, 34] = 1.38, p = 0.25). The degree of typicality of the 
premise categories was evaluated on a 6-point Likert scale (1, least typical; 6, most typical). For example, partic-
ipants were instructed to “please judge the degree to which you think that apples are typical of fruit on a 5-point 
Likert scale; 1 represents least typical, and 5 represents most typical”. The typicality for the two types of stimuli 
were not statistically significantly different (N: 4.80 [SD = 0.36], range: 3.53–5.64; A: 4.80 [SD = 0.53], range: 
4.03–5.48; F [1, 34] < 1, p = 0.99).

Moreover, the degree of global similarity between each item and its superordinate category was evaluated 
on a 7-point Likert scale (1, least similar; 7, most similar). For example, participants were instructed to “please 
judge the degree to which you think that apples are globally similar to fruit on a 7-point scale; 1 represents least 
similar, and 7 represents most similar”. The global similarities of the two types of stimuli were also not statistically 
significantly different between items and their superordinate categories, under congruent conclusions (N+ : 5.75 
[SD = 0.73], range: 4.50–7.00; A+ : 5.83 [SD = 0.80], range: 4.71–7.00; F [1, 23] = 1.90, p = 0.18) as well as under 
incongruent conclusions (N−: 1.22 [SD = 0.33], range: 1.00–2.33; A−: 1.19 [SD = 0.36], range: 1.00–2.29; F [1, 
23] = 1.27, p = 0.27).

Procedures. Figure 1 illustrates the experimental procedure. Participants were seated 80 cm in front of a 
monitor and were instructed to decide on whether a conclusion was definitely weak, possibly weak, possibly 
strong, or definitely strong, based on a premise. In each trial, a “+” was first presented at the center of the screen. 
Following the “+”, as shown in Fig. 1, a premise was presented (e.g., “apple X1”). After the premise, the conclu-
sions (e.g., “fruit X1?”) were presented. Participants were asked to infer the inductive strength of the conclusion 
based on the premise, by pressing four different number keys representing definitely weak, possibly weak, pos-
sibly strong, and definitely strong responses, as accurately and quickly as possible. The experimental trials were 
divided into four blocks, and were presented randomly. Participants were allowed to rest for 60 s after completing 
each block. Moreover, to counterbalance key pressing across participants, 11 participants were instructed that 1 
was “definitely weak”, 2 was “possibly weak”, 3 was “possibly strong”, and 4 was “definitely strong”, while the other 
11 participants were instructed that 1 was “definitely strong”, 2 was “possibly strong”, 3 was “possibly weak”, and 
4 was “definitely weak”.

EEG data acquisition and pre-processing. An electroencephalogram (EEG) was recorded from 64 elec-
trode sites across the scalp using a Neuroscan cap (Neuroscan, Herndon, VA, USA) with Ag/AgCl electrodes 
while participants responded to the conclusions. The electrodes were positioned according to the International 
10–20 system. A ground electrode was placed at the middle of FPz and Fz. The recording was referenced to an 
electrode between Cz and CPz. A vertical electrooculogram (EOG) was recorded supra- and infra-orbitally at 
the left eye; and the horizontal EOG was recorded from the left versus the right orbital rim. The EEG and EOG 

Figure 1. Experimental procedure.

http://www.cncorpus.org
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were amplified using a SynAmps2 amplifier (Neuroscan) and digitized in a 500-Hz sample size. The EEG and 
EOG were amplified with a band-pass filter from 0.05 to 200 Hz in AC mode. All interelectrode impedances were 
maintained below 5 kΩ. Off-line analyses were performed in MATLAB (MathWorks, Natick, MA, USA) using the 
EEGLAB32 and ERPLAB toolboxes33. EEG data were filtered using IIR-Butterworth filters with half-power cutoffs 
at 0.1 and 30 Hz (roll-off = 12 dB/oct)19. Independent component analysis (ICA) was subsequently performed 
to correct components associated with eye movements and eye-blinks. Then, the ICA-corrected EEG data were 
re-referenced to the average of the left and right mastoids19.

The epochs were segmented time-locked to the conclusions. The “definitely strong” and “possibly strong” 
responses to congruent conclusions, and the “definitely weak” responses and “possibly weak” responses to incon-
gruent conclusions were identified as “correct” responses. Only “correct” responses were overlapped and aver-
aged. Each epoch was 1200 ms, including a 200-ms pre-stimulus baseline correction. Trials were excluded as noise 
by using peak-to-peak amplitude sliding window method19, with a window-width of 200 ms, a window step of 
100 ms, and a threshold of 65 μV. This resulted in 36.82 trials (SD: 5.03) for N+, 38.27 trials (SD: 5.17) for N−, 
37.45 trials (SD: 4.65) for A+, and 37.68 trials (SD: 5.75) for A− conditions. There was no significant difference 
among the number of trials under four conditions.

Data analyses. Behavioral and ERP responses to the conclusions were analyzed. Two-factor 
repeated-measures analyses of variances (ANOVAs) were used to analyze the response strength, “correct” 
response rates, and reaction times of “correct” responses. The factors were domains (N or A) and congruencies 
(+ or −). For the response strength, the “definitely weak” response was defined as a score of 1, the “possibly weak” 
response was defined as a score of 2, the “possibly strong” response was defined as a score of 3, and the “definitely 
strong” response was defined as a score of 4.

Figure 2 shows the electrode layout and the region of interest (ROI). According to previous studies14,20,28,34 
and visual observation, the F3, F1, Fz, F2, F4, FC3, FC1, FCz, FC2, FC4, C3, C1, Cz, C2, and C4 electrode sites 
at the fronto-central region were selected, and the mean amplitudes of FN400 were measured in a 250–450-ms 
time-window after conclusion onset. To illustrate relatively precise temporal courses, data analysis was executed 
for each 50 ms. Moreover, to increase the statistical strength, and to reduce false effects35, these electrodes were 
collapsed by averaging. The 2-factor repeated-measures ANOVAs were used to analyze the mean amplitudes of 
FN400. The factors were domains (N or A) and congruencies (+ or −). For all analyses, the p-values of F tests 
were corrected for deviations using the Greenhouse–Geisser method, and post-hoc multiple comparisons were 
performed by the Bonferroni procedure. For the analysis of the mean amplitudes of FN400 at 250–450-ms, the 
p-values were corrected using the false discovery rate for multiple comparisons (p < 0.05 determined statistical 
significance).

Results
Behavioral results. Figure 3 shows the averaged inference strength, “correct” response rates (ACC), and 
reaction times (RTs) of “correct” responses for each sub-condition. For averaged inference strength, no significant 
main effect of domains (F [1, 21] = 3.19, p = 0.09, η2

p = 0.13) suggests that N arguments had similar response 
scores to A arguments. A significant main effect of congruencies (F [1, 21] = 675.76, p < 0.001, η2

p = 0.97) sug-
gests that the response scores under congruent conclusions were greater than those under incongruent conclu-
sions. The interaction of domains and congruencies did not reach significance (F [1, 21] < 1, p = 0.45, η2

p = 0.03).
For both “correct” response rates and reaction times of “correct” responses, the main effects of domains (ACC: 

F [1, 21] < 1, p = 0.85, η2
p < 0.01; RT: F [1, 21] < 1, p = 0.88, η2

p < 0.01) and congruencies (ACC: F [1, 21] = 2.39, 
p = 0.14, η2

p = 0.10; RT: F [1, 21] < 1, p = 0.87, η2
p < 0.01) were not significant. The interactions between domains 

Figure 2. The electrode layout and the region of interest (ROI). The red cluster is ROI that be used for the 
further two-factor repeated-measures analyses of variances (ANOVAs) for ERP data.
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and congruencies also did not reach significance (ACC: F [1, 21] < 1, p = 0.45, η2
p = 0.03; RT: F [1, 21] < 1, 

p = 0.41, η2
p = 0.03). Altogether, inferences within the N and A domain categories had similar response strengths 

(N+: M = 3.63, SD = 0.40; A+: M = 3.67, SD = 0.39; N−: M = 1.07, SD = 0.15; A−: M = 1.08, SD = 0.18), “cor-
rect” response rates (N+: M = 93.42%, SD = 6.15%; A+: M = 94.32%, SD = 5.05%; N−: M = 95.50%, SD = 4.45%; 
A-: M = 94.89%, SD = 4.72), and reaction times for correct responses (N+: M = 830 ms, SD = 199 ms; A+: 
M = 825 ms, SD = 196; N−: M = 827 ms, SD = 203 ms; A−: M = 835 ms, SD = 197 ms).

ERP results. Figure 4 shows the ERP responses to the congruency effects. Figure 5 shows the ERP responses to the 
domain effects. Table 1 shows the results of two-way repeated-measures ANOVAs during 250–450-ms for every 50-ms.

During the 250–300-ms, 300–350-ms, and 350–400-ms time window, the interaction between domains and 
congruencies was not significance (Table 1). However, a main effect of domains reached significance, revealing 
that A arguments elicited more negative amplitudes than N arguments. Also, a main effect of conclusion congru-
ency reached significance, revealing that incongruence arguments elicited more negative amplitudes than con-
gruency arguments (Table 1). During the 400–450-ms time window, no significant conclusion congruency effects 
and domain effects were found (Table 1). Altogether, the results indicated that A arguments elicited more negative 
amplitudes than N arguments under both congruent and incongruent conditions, and incongruent conclusions 
elicited more negative amplitudes than congruent conclusions under both N and A arguments in the 250–400-ms 
time window at the fronto-central region.

Discussion
The present study distinguished between the ERP responses to semantic inferences in the N and A domains 
after matching the degree of premise-conclusion similarity and the degree of premise typicality between the two 
domains. There were no significant differences in inference strength, “correct” response rates, and reaction times 
of “correct” responses between inferences in the N and A domains. However, the ERP results, in terms of the 
FN400 amplitudes, differentiated the inferences between the N and A domains.

Figure 3. The averaged inference strength, “correct” response rates (ACC), and reaction times (RTs) of “correct” 
responses for each sub-condition. N+ indicates “congruent conclusions with a natural premise category”; A+ 
indicates “congruent conclusions with an artificial premise category”; N− indicates “incongruent conclusions 
with a natural premise category”; A− indicates “incongruent conclusions with an artificial premise category”. 
Error bars represent mean ± s.e.m. ***p < 0.001.
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In line with the prediction of the similarity-based models of semantic inference15–17, the behavioral results 
of this study showed that semantic inferences within the N and A domains shared similar inference strength, 
“correct” response rates, and reaction times of “correct” response. The similarity-based models of semantic 
inference15–17 suggested that premise–conclusion similarity and premise typicality play central roles during 
category-based inferences. Badger and Shapiro4 found that 4–9-year-old children did not vary their inferences 
between the N and A domains while matching over perceptual similarity across those two domains. Extending 
to Badger and Shapiro4, in the present study, adults have no significant behavior differences between inferences 
in the N and A domains, after controlling the degree of premise–conclusion similarity and the degree of premise 
typicality between those two domains.

However, a difference in semantic inferences in the N and A domains was found in the 250–400-ms time win-
dow, suggesting that ERP measurements are more sensitive to processing differences than behavioral data19. In the 
present study, incongruent conclusions elicited greater frontal-distributed negative deflections than did congru-
ent conclusions in the 250–400-ms time window. The current ERP effects on conclusion congruent effects were 
similar to previous FN400 effects related to conclusion congruency effects during category-based induction20,21. 
Moreover, in the present study, ERP responses to domain effects were found, and A arguments elicited greater 
negative deflections than did N arguments. The ERP responses to the domain effects differed slightly from the 
FN400 effects shown by the conclusion congruent effects, as the effect sizes were smaller for the former than for 
the later in the 300–400-ms time window. However, the ERP responses to the domain effects strongly overlapped 

Figure 4. The ERP responses to the congruency effects. Figure 4a shows the grandaveraged waveforms elicited 
by N+ and N− arguments and the difference waveform (N− minus N+) in the fronto-central region, and the 
topography of the difference waveform at 250–400-ms. Figure 4b illustrates the grand-averaged waveforms 
elicited by A+ and A− arguments and the difference waveform (A− minus A+) in the fronto-central region, 
and the topography of the difference waveform at 250–400-ms. N+ indicates “congruent conclusions with 
a natural premise category”; A+ indicates “congruent conclusions with an artificial premise category”; N− 
indicates “incongruent conclusions with a natural premise category”; A− indicates “incongruent conclusions 
with an artificial premise category”.
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Figure 5. The ERP responses to the domain effects. Figure 5a shows the grandaveraged waveforms elicited by N+ 
and A+ arguments and the difference waveform (A+ minus N+) in the fronto-central region, and the topography 
of the difference waveform at 250–400-ms. Figure 5b illustrates the grand-averaged waveforms elicited by N− and 
A− arguments and the difference waveform (A− minus N−) in the fronto-central region, and the topography of the 
difference waveform at 250–400-ms. N+ indicates “congruent conclusions with a natural premise category”; A+ 
indicates “congruent conclusions with an artificial premise category”; N− indicates “incongruent conclusions with 
a natural premise category”; A− indicates “incongruent conclusions with an artificial premise category”.

Parameter

Time window (ms)

250–300 300–350 350–400 400–450

Domains (D)

F 7.58 8.24 11.65 2.74

p 0.01 0.01 0.01 0.11

Corrected p 0.02 0.02 0.01 0.17

η2
p 0.27 0.28 0.36 0.12

Congruencies (C)

F 8.30 41.14 23.23 3.28

p 0.01 <0.001 <0.001 0.08

Corrected p 0.02 <0.001 <0.001 0.14

η2
p 0.28 0.66 0.53 0.14

D*C

F 0.01 0.28 0.006 1.49

p 0.91 0.60 0.94 0.24

Corrected p 0.94 0.72 0.94 0.32

η2
p <0.01 0.01 <0.01 0.07

Table 1. Results of 2-way repeated-measures ANOVAs of the 250–450-ms time window for each 50-ms. The 
bold font illustrates a significant corrected p value.
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the FN400 effects in terms of time windows and distributions. From this observation, we inferred that the ERP 
responses to both conclusion congruence effects and domain effects are the FN400 effects.

The current FN400 effects are not due to differences in repetition or word frequency, because the number of 
repetitions and word frequency were controlled for both domains in the present study. Rather, we argue that the 
current FN400 effects between the N and A domains might be related to the ontological distinction between the 
N and A domains. FN400 is related to conceptual priming, with smaller N400 amplitudes in increased conceptual 
priming26–28. According to the ontological distinction account, the categories in the N domain are more coherent 
and homogenous than those in the A domain7–10, which may increase conceptual priming for categories from 
the N domain rather than those from the A domain. As a result, the semantic inferences in the N domain elicited 
smaller FN400 amplitudes than did those within the A domain.

Another potential explanation for the different FN400 effects on semantic inference in the N and A domain 
is that the FN400 amplitude was associated with the degree of similarity. Previous studies have suggested that 
the FN400 amplitudes are associated with familiarity, with greater familiarity eliciting smaller FN400 ampli-
tudes34,36–39. Familiarity can reflect an assessment of the global similarity between items40,41. However, in present 
study, the degree of premise–conclusion similarity within the N domain was similar to that within the A domain. 
Thus, the observed FN400 effects demonstrated here were not related to differences in the degree of premise–con-
clusion similarity between the two domains.

The distinctive patterns between behavior and ERP results for inferences within N vs. A domains do not sug-
gest that the similarity-based account and the ontological distinction account are mutually exclusive. Knowledge 
can form on the basis of perceptual and conceptual experience18. The different representations and processing of 
ontological knowledge for N and A domains can be shaped by their perceived perceptual and conceptual simi-
larity during learning. The ontological distinction was shown by FN400 amplitudes when the premise typicality 
and premise–conclusion similarity were controlled, providing further evidence that the ontological distinction is 
a parameter influencing category-based inferences.

The effects of the FN400 amplitudes between the N and A domains during inference-making was incon-
sistent with previous studies, and provided further evidence that N400 effects between the N and A domains 
were task-dependent. Previous studies have compared the ERP responses between N and A domains, but found 
inconsistent results in terms of N400 amplitudes. Several studies have reported that the N domain elicited greater 
N400 amplitudes in the frontal region, and elicited smaller N400 amplitudes in the central and parietal regions, 
as compared to A domain42–44. However, Satori et al.45 and Fuggetta et al.46 did not find significant differences in 
N400 between N and A domains. In the present study, the N400 difference pattern did not correspond with these 
previous studies.

Devlin et al.47 pointed out that the inconsistency within the differences between N and A domains was due 
to task differences. In previous studies, various tasks were used, involving semantic categorization42,44,48–51, lex-
ical decision43, picture-word matching46, semantic priming51,52, feature-category matching45, picture naming49, 
gender decision44, and visual/functional judgment48. In these studies, participants were required to assess what 
they had learned. In the present study, a categorical inductive inference task was used in which participants 
were required to go beyond what they had learned3,53. During categorical inductive inferences, more flexible rep-
resentations were produced, involving similarity, categorical inclusion, and causal-explanatory categorical rela-
tionships to determine inferences54–56. Distinct task demands may therefore explain inconsistency of the results 
in the literature.

However, the ERP parameter differences between inferences for N and A categories did not provide strong 
evidence for the conceptual representation hypotheses. Whether semantic memory representations of N and A 
categories are supported by single or multiple cortical systems is debated57–59. The single cortical system hypoth-
esis60–63 suggests that various activation patterns correspond to different semantic properties in the perceptual 
and motor systems of the brain. However, the objects’ sensory or motor features will be transformed into a com-
mon amodal representation. The multiple cortical systems hypothesis57 proposes that semantic memories are 
organized in modality-specific semantic subsystems. The multiple cortical systems hypothesis involves two dis-
tinct theoretical approaches. The whole-object account suggests that each semantic category has its own dis-
crete neuroanatomical structure in the brain64, and the feature-based account suggests that sematic categories are 
grounded in different object feature types (e.g., visual, motor)58.

Ković et al.63 suggested that ERP parameter differences between N and A categories may not reflect modality 
specificity, but variability or homogeneity in those two categories, as suggested by the present study. However, 
other studies have suggested that N400 differences between N and A categories support modality-specific hypoth-
eses42–44,48. By this logic, the significant FN400 amplitude differences between N and A categories in our study 
provide further evidence for modality-specific hypotheses of conceptual representations. Therefore, a limitation 
of our study is that it did not provide strong evidence for either amodal or modality-specific conceptual rep-
resentation hypotheses. More research is needed on this issue.

Conclusions
The present study contributed to the elucidation of the complex differential processes underlying semantic infer-
ences within N and A domains. The behavioral results showed that semantic inferences within N and A domains 
shared similar inference strength “correct” response rates, and reaction times after matching the degree of prem-
ise–conclusion similarity and the degree of premise typicality between the two domains. However, the ERP results 
showed that differences existed during semantic inferences within the N and A domain. The N domain elicited 
smaller FN400 amplitudes than the A domain, suggesting a role for increased categorical coherence and homoge-
neity in the N domain, as compared to the A domain, during semantic inferences.



www.nature.com/scientificreports/

9SCiENtifiC RepoRts |  (2018) 8:12364  | DOI:10.1038/s41598-018-30684-3

References
 1. Hawkins, G. E., Hayes, B. K. & Heit, E. A dynamic model of reasoning and memory. J. Exp. Psychol. –Gen. 145, 155–180 (2016).
 2. Markman, A. B. & Ross, B. H. Category use and category learning. Psychol. Bull. 129, 592–613 (2003).
 3. Kemp, C. & Jern, A. A taxonomy of inductive problems. Psychon. Bull. Rev. 21, 23–46 (2014).
 4. Badger, J. R. & Shapiro, L. R. Category structure affects the developmental trajectory of children’s inductive inferences for both 

natural kinds and artefacts. Think Reasoning 21, 206–229 (2015).
 5. Diesendruck, G. & Peretz, S. Domain differences in the weights of perceptual and conceptual information in children’s 

categorization. Dev. Psychol. 49, 2383–2395 (2013).
 6. Brandone, A. C. Changes in Beliefs About category Homogeneity and variability across childhood. Child Dev. 88, 846–866 (2017).
 7. Gelman, S. A. The development of induction within natural kind and artifact categories. Cogn. Psychol. 20, 65–95 (1988).
 8. Coley, J. D., Hayes, B., Lawson, C. & Moloney, M. Knowledge, expectations, and inductive reasoning within conceptual hierarchies. 

Cognition 90, 217–253, https://doi.org/10.1016/s0010_0277(03)00159_8 (2004).
 9. Brandone, A. C. & Gelman, S. A. Generic language use reveals domain differences in children’s expectations about animal and 

artifact categories. Cogn. Dev. 28, 63–75 (2013).
 10. Brandone, A. C. & Gelman, S. A. Differences in preschoolers’ and adults’ use of generics about novel animals and artifacts: A window 

onto a conceptual divide. Cognition 110, 1–22, https://doi.org/10.1016/j.cognition.2008.08.005 (2009).
 11. Tarlowski, A. Ontological constraints in children’s inductive inferences: Evidence from a comparison of inferences within animals 

and vehicles. Front. Psychol. 9, 520 (2018).
 12. Gelman, S. A. Artifacts and essentialism. Review of Philosophy and Psychology 4, 449–463 (2013).
 13. Long, C., Li, X. & Lei, Y. ERP parameters on typicality effect during category-based induction (In Chinese). Scientia Sinica Vitae 47, 

325–340 (2017).
 14. Liang, X., Chen, Q., Lei, Y. & Li, H. How types of premises modulate the typicality effect in category-based induction: diverging 

evidence from the P2, P3, and LPC effects. Sci Rep 6, 37890, https://doi.org/10.1038/srep37890 (2016).
 15. Osherson, D. N., Smith, E. E., Wilkie, O., Lopez, A. & Shafir, E. Category-based induction. Psychol. Rev. 97, 185–200 (1990).
 16. Sloman, S. A. Feature-Based Induction. Cogn. Psychol. 25, 231–280 (1993).
 17. Sloutsky, V. M. & Fisher, A. V. Induction and categorization in young children: a similarity-based model. J. Exp. Psychol. –Gen. 133, 

166–188 (2004).
 18. Fisher, A. V., Godwin, K. E., Matlen, B. J. & Unger, L. Development of category-based induction and semantic knowledge. Child Dev. 

86, 48–62 (2015).
 19. Luck, S. J. An introduction to the event-related potential technique (second edition). (MIT press, 2014).
 20. Long, C. et al. Event-related potential parameters of category and property violations during semantic category-based induction. Int. 

J. Psychophysiol. 96, 141–148 (2015).
 21. Liang, P., Zhong, N., Lu, S. & Liu, J. ERP characteristics of sentential inductive reasoning in time and frequency domains. Cogn. Syst. 

Res. 11, 67–73 (2010).
 22. Wang, X. et al. Categorization method affects the typicality effect: ERP evidence from a category-inference task. Front. Psychol. 7, 

184 (2016).
 23. Wang, X., Ma, X., Tao, Y., Tao, Y. & Li, H. How semantic radicals in Chinese characters facilitate hierarchical category-based 

induction. Sci Rep 8, 5577 (2018).
 24. Lei, Y., Liang, X. & Lin, C. How do the hierarchical levels of premises affect category–based induction: diverging effects from the 

P300 and N400. Sci Rep 7, 11758, https://doi.org/10.1038/s41598-017-11560-y (2017).
 25. Lei, Y. et al. How does typicality of category members affect the deductive reasoning? An ERP study. Exp. Brain Res. 204, 47–56 

(2010).
 26. Paller, K. A., Lucas, H. D. & Voss, J. L. Assuming too much from ‘familiar’ brain potentials. Trends Cogn. Sci. 16, 313–315 (2012).
 27. Voss, J. L. & Federmeier, K. D. FN400 potentials are functionally identical to N400 potentials and reflect semantic processing during 

recognition testing. Psychophysiology 48, 532–546 (2011).
 28. Pergola, G., Bellebaum, C. & Suchan, B. First come, last primed: FN400 reflects post-encoding editing of the memory trace. Behav. 

Brain Res. 266, 63–76 (2014).
 29. Finnigan, S., Humphreys, M. S., Dennis, S. & Geffen, G. ERP ‘old/new’effects: memory strength and decisional factor (s). 

Neuropsychologia 40, 2288–2304 (2002).
 30. Rugg, M. D. & Doyle, M. C. Event-related potentials and recognition memory for low-and high-frequency words. J. Cogn. Neurosci. 

4, 69–79 (1992).
 31. Van Petten, C. & Kutas, M. Interactions between sentence context and word frequency in event-related brain potentials. Mem. Cogn. 

18, 380–393 (1990).
 32. Delorme, A. & Makeig, S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent 

component analysis. J. Neurosci. Methods 134, 9–21 (2004).
 33. Lopez-Calderon, J. & Luck, S. J. ERPLAB: an open-source toolbox for the analysis of event–related potentials. Front. Hum. Neurosci. 

8, 213, https://doi.org/10.3389/fnhum.2014.00213 (2014).
 34. Azimian-Faridani, N. & Wilding, E. L. The influence of criterion shifts on electrophysiological correlates of recognition memory. J. 

Cogn. Neurosci. 18, 1075–1086 (2006).
 35. Luck, S. J. & Gaspelin, N. How to get statistically significant effects in any ERP experiment (and why you shouldn’t). Psychophysiology 

54, 146–157 (2017).
 36. Curran, T. Brain potentials of recollection and familiarity. Mem. Cogn. 28, 923–938 (2000).
 37. Nessler, D., Mecklinger, A. & Penney, T. B. Perceptual fluency, semantic familiarity and recognition-related familiarity: an 

electrophysiological exploration. Cogn. Brain Res. 22, 265–288 (2005).
 38. Curran, T., Tanaka, J. W. & Weiskopf, D. M. An electrophysiological comparison of visual categorization and recognition memory. 

Cogn. Affect. Behav. Neurosci. 2, 1–18 (2002).
 39. Bader, R. & Mecklinger, A. Separating event-related potential effects for conceptual fluency and episodic familiarity. J. Cogn. 

Neurosci. 29, 1402–1414 (2017).
 40. Curran, T. & Hancock, J. The FN400 indexes familiarity-based recognition of faces. Neuroimage 36, 464–471 (2007).
 41. Dennis, S. & Humphreys, M. S. A context noise model of episodic word recognition. Psychol. Rev. 108, 452–478 (2001).
 42. Kiefer, M. Perceptual and semantic sources of category-specific effects: Event-related potentials during picture and word 

categorization. Mem. Cogn. 29, 100–116 (2001).
 43. Kiefer, M. Repetition-priming modulates category-related effects on event-related potentials: further evidence for multiple cortical 

semantic systems. J. Cogn. Neurosci. 17, 199–211 (2005).
 44. Paz-Caballero, D., Cuetos, F. & Dobarro, A. Electrophysiological evidence for a natural/artifactual dissociation. Brain Res. 1067, 

189–200 (2006).
 45. Sartori, G., Mameli, F., Polezzi, D. & Lombardi, L. An ERP study of low and high relevance semantic features. Brain Res. Bull. 69, 

182–186 (2006).
 46. Fuggetta, G., Rizzo, S., Pobric, G., Lavidor, M. & Walsh, V. Functional representation of living and nonliving domains across the 

cerebral hemispheres: a combined event-related potential/transcranial magnetic stimulation study. J. Cogn. Neurosci. 21, 403–414 
(2009).

http://dx.doi.org/10.1016/s0010_0277(03)00159_8
http://dx.doi.org/10.1016/j.cognition.2008.08.005
http://dx.doi.org/10.1038/srep37890
http://dx.doi.org/10.1038/s41598-017-11560-y
http://dx.doi.org/10.3389/fnhum.2014.00213


www.nature.com/scientificreports/

1 0SCiENtifiC RepoRts |  (2018) 8:12364  | DOI:10.1038/s41598-018-30684-3

 47. Devlin, J. T. et al. Anatomic constraints on cognitive theories of category specificity. NeuroImage 15, 675–685 (2002).
 48. Sim, E. J. & Kiefer, M. Category-related brain activity to natural categories is associated with the retrieval of visual features: Evidence 

from repetition effects during visual and functional judgments. Cogn. Brain Res. 24, 260–273 (2005).
 49. Sitnikova, T., West, W. C., Kuperberg, G. R. & Holcomb, P. J. The neural organization of semantic memory: Electrophysiological 

activity suggests feature-based segregation. Biol. Psychol. 71, 326–340 (2006).
 50. Proverbio, A. M., Del Zotto, M. & Zani, A. The emergence of semantic categorization in early visual processing: ERP indices of 

animal vs. artifact recognition. BMC Neurosci 8, 1–16 (2007).
 51. Debruille, J. B. & Renoult, L. Effects of semantic matching and of semantic category on reaction time and N400 that resist numerous 

repetitions. Neuropsychologia 47, 506–517 (2009).
 52. Renoult, L. & Debruille, J. B. N400-like potentials and reaction times index semantic relations between highly repeated individual 

words. J. Cogn. Neurosci. 23, 905–922 (2011).
 53. Heit, E. & Hayes, B. K. Predicting reasoning from memory. J. Exp. Psychol. –Gen. 140, 76–101 (2011).
 54. Deng, W. & Sloutsky, V. M. Selective attention, diffused attention, and the development of categorization. Cogn. Psychol. 91, 24–62 

(2016).
 55. Hoffman, A. B. & Rehder, B. The costs of supervised classification: The effect of learning task on conceptual flexibility. J. Exp. Psychol. 

–Gen. 139, 319–340 (2010).
 56. Sutherland, S. L. & Cimpian, A. Inductive generalization relies on category representations. Psychon. Bull. Rev. 24, 632–636 (2017).
 57. Kiefer, M. & Pulvermüller, F. Conceptual representations in mind and brain: theoretical developments, current evidence and future 

directions. Cortex 48, 805–825 (2012).
 58. Martin, A. The representation of object concepts in the brain. Annu. Rev. Psychol. 58, 25–45 (2007).
 59. Mahon, B. Z. & Caramazza, A. Concepts and categories: A cognitive neuropsychological perspective. Annu. Rev. Psychol. 60, 27–51 

(2009).
 60. Devlin, J. T., Gonnerman, L. M., Andersen, E. S. & Seidenberg, M. S. Category-specific semantic deficits in focal and widespread 

brain damage: A computational account. J. Cogn. Neurosci. 10, 77–94 (1998).
 61. Tyler, L. K. & Moss, H. E. Towards a distributed account of conceptual knowledge. Trends Cogn. Sci. 5, 244–252 (2001).
 62. Ković, V., Plunkett, K. & Westermann, G. Shared and/or separate representations of animate/inanimate categories: An ERP study. 

Psihologija 42, 5–26 (2009).
 63. Ković, V., Plunkett, K. & Westermann, G. A unitary account of conceptual representations of animate/inanimate categories. 

Psihologija 43(2), 155–165, https://doi.org/10.2298/psi1002155k (2010).
 64. Caramazza, A. & Shelton, J. R. Domain-specific knowledge systems in the brain: The animate-inanimate distinction. J. Cogn. 

Neurosci. 10, 1–34 (1998).

Acknowledgements
This work was supported by grants from the Fundamental Research Funds for the Central Universities (grant 
number SWU1709248) and the National Natural Science Foundation of China (grant number 31200780). The 
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the 
manuscript. We would like to thank Editage [www.editage.cn] for English language editing.

Author Contributions
Conceived and designed the experiments: C.L. Performed the experiments: R.C. Analyzed the data: R.C. 
Contributed reagents/materials/analysis tools: M.Z. and R.C. Wrote the paper: M.Z., J.C. and C.L.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.2298/psi1002155k
http://www.editage.cn
http://creativecommons.org/licenses/by/4.0/

	FN400 amplitudes reveal the differentiation of semantic inferences within natural vs. artificial domains
	Methods
	Ethical statements. 
	Participants. 
	Experimental design. 

	Materials
	Procedures. 
	EEG data acquisition and pre-processing. 
	Data analyses. 

	Results
	Behavioral results. 
	ERP results. 

	Discussion
	Conclusions
	Acknowledgements
	Figure 1 Experimental procedure.
	Figure 2 The electrode layout and the region of interest (ROI).
	Figure 3 The averaged inference strength, “correct” response rates (ACC), and reaction times (RTs) of “correct” responses for each sub-condition.
	Figure 4 The ERP responses to the congruency effects.
	Figure 5 The ERP responses to the domain effects.
	Table 1 Results of 2-way repeated-measures ANOVAs of the 250–450-ms time window for each 50-ms.




