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a b s t r a c t 

Functional neuroimaging assessments of residual cognitive capacities, including those that support language, 

can improve diagnostic and prognostic accuracy in patients with disorders of consciousness. Due to the porta- 

bility and relative inexpensiveness of electroencephalography, the N400 event-related potential component 

has been proposed as a clinically valid means to identify preserved linguistic function in non-communicative 

patients. Across three experiments, we show that changes in both stimuli and task demands significantly 

influence the probability of detecting statistically significant N400 effects — that is, the difference in N400 

amplitudes caused by the experimental manipulation. In terms of task demands, passively heard linguistic 

stimuli were significantly less likely to elicit N400 effects than task-relevant stimuli. Due to the inability 

of the majority of patients with disorders of consciousness to follow task commands, the insensitivity of 

passive listening would impede the identification of residual language abilities even when such abilities 

exist. In terms of stimuli, passively heard normatively associated word pairs produced the highest detec- 

tion rate of N400 effects (50% of the participants), compared with semantically-similar word pairs (0%) and 

high-cloze sentences (17%). This result is consistent with a prediction error account of N400 magnitude, with 

highly predictable targets leading to smaller N400 waves, and therefore larger N400 effects. Overall, our data 

indicate that non-repeating normatively associated word pairs provide the highest probability of detecting 

single-subject N400s during passive listening, and may thereby provide a clinically viable means of assessing 

residual linguistic function. We also show that more liberal analyses may further increase the detection-rate, 

but at the potential cost of increased false alarms. 
c © 2014 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http: // creativecommons.org / licenses / by-nc-nd / 3.0 / ). 
. Introduction 

In recent years it has become increasingly evident that functional 

euroimaging assessments of residual cognitive capacities can im- 

rove both diagnostic and prognostic accuracy following a severe 

rain-injury ( Cruse and Owen, 2010 ; Owen, 2013 ). To this end, it is 

ften desirable to determine the extent to which the neural networks 

hat support language may be preserved in a non-communicative pa- 

ient ( Duncan et al., 2009 ). Indeed, in patients with chronic disorders 

f consciousness – that is, the vegetative and minimally conscious 

tates – the potential for recovery may be predicted from the relative 

reservation of neural responses to speech, as detected with func- 

ional magnetic resonance imaging (fMRI; Coleman et al., 2009, 2007 ). 

owever, many patients are precluded from an fMRI assessment due 

o its cost and issues of scanner availability. Electroencephalography 
* Corresponding author at: Room 237 Natural Sciences Centre, Brain and Mind Insti- 

ute, University of Western Ontario, London, Ontario N6A 5B7, Canada. 

E-mail address: . 
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icenses / by-nc-nd / 3.0 / ). 

ttp://dx.doi.org/10.1016/j.nicl.2014.05.001 
(EEG) has the potential to reach a greater number of patients than 

fMRI because it is considerably less expensive and can be performed 

at the bedside. Moreover, EEG is known to provide an index of lin- 

guistic processing in healthy individuals, with one well-studied com- 

ponent being the N400 event-related potential (ERP) that is sensitive 

to semantic (meaning) processing. 

Following the presentation of a variety of meaningful stimuli, a 

negative-going ERP deflection is observed typically over centropari- 

etal scalp locations that peaks around 400 ms post-stimulus ( Kutas 

and Federmeier, 2011 ). The amplitude of this so-called N400 is pri- 

marily sensitive to the context in which an item occurs. For example, 

when words are presented in pairs, the second word of the pair (the 

target) elicits a larger N400 when the words in the pair are unre- 

lated (e.g., cat–chair ) than when they are related (e.g., couch–chair or 

table–chair ; Bentin et al., 1985 ). Similarly, in sentences, a word elicits 

a larger N400 when it is incongruent with the meaning of the sen- 

tence relative to when it is congruent. Congruency is often measured 

in terms of cloze probability, which is the proportion of participants 

who complete a fragment with a specific word. For example, following 
 open access article under the CC BY-NC-ND license ( http: // creativecommons.org / 
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“I take my coffee with cream and”, sugar has a high cloze probability

whereas mud is incongruent / unexpected. For consistency, here we

refer to the difference in N400 amplitude that is produced by these

types of semantic manipulations as the ‘N400 effect ’ ( Kutas and Feder-

meier, 2011 ). While the precise cognitive processes that are reflected

by this component are still a matter of debate, it is clear from the

extensive body of research conducted over the last 30 years that, at

its simplest, the N400 reflects the “brain’s normal response to words”

( Kutas and Federmeier, 2000 ), and may therefore provide a clinically

viable marker of residual linguistic processes ( Connolly et al., 1999 ). 

The small number of studies that have investigated the presence of

N400 effects in patients with disorders of consciousness has typically

relied on ‘visual inspection ’ to draw their conclusions — i.e., subjective

judgments of the presence or absence of an N400-like waveform in

the averaged ERP ( Connolly et al., 1999 ; Duncan et al., 2009 ; Schoenle

and Witzke, 2004 ; Steppacher et al., 2013 ). According to this method,

12–15% of patients in the vegetative state and 21% of patients in the

minimally conscious state have been considered to elicit N400 effects

( Balconi et al., 2013 ; Schoenle and Witzke, 2004 ; Steppacher et al.,

2013 ). However, while it is a standard clinical approach to ERP inter-

pretation, it is unclear what criteria are employed when these visual

judgments are performed. Indeed, visual inspection of an averaged

ERP waveform does not provide any information about the cross-trial

variance, or the contribution of outlying data-points to the average.

Furthermore, the key aspect of analyses of N400 data concerns the dif-

ference between conditions, rather than a single assumed N400 wave

in and of itself. Due to the noise inherent in the EEG signal, inferential

statistics are vital in order to draw reliable conclusions regarding the

presence of any experimental effect. 

Furthermore, little is known about the sensitivity of the N400

effect. Indeed, the clinical utility of the N400 effect is predicated

on the assumption that it reliably reflects the presence of normal

language processing. Nevertheless, in none of the group studies de-

scribed above was a healthy control group employed, precluding an

estimation of the likelihood of detecting single-subject N400 effects

in the only participant group for whom the presence of linguistic ca-

pacity can be verified. While the vast majority of the N400 literature

involves group-level analyses – i.e., average effects observed across a

group of participants – in a clinical setting, it is necessary to detect a

reliable N400 in the ERPs of a single subject, a situation that suffers

from a relatively lower signal to noise ratio than group-level analyses.

To accurately interpret patient data, therefore, it is crucial to estimate

the single-subject sensitivity of the N400 effect. 

While N400 effects have been observed under reduced levels of

attention in healthy populations, during passive listening, and dur-

ing some stages of sleep, they are consistently smaller than the N400

effects elicited by attended stimuli that are task-relevant ( Ib ́a ̃ nez et

al., 2006, 2009, 2008 ). Nevertheless, in none of the studies described

above were the patients instructed to engage in a task. Therefore, if the

magnitudes of group-level N400 effects are reduced during passive

listening – i.e., when no explicit task instructions are to be followed

– then it is possible that the probability of detecting a single-subject

N400 effect is equally diminished under these circumstances. To com-

pound this problem, a clinical diagnosis of ‘unconscious ’ follows from

an inability to reliably follow task instructions ( Kalmar and Giacino,

2005 ). As a result, many patients with disorders of consciousness

are by definition unable to make task-relevant responses to stimuli

( Giacino et al., 2002 ; Jennett and Plum, 1972 ). While it is known that a

minority of patients with disorders of consciousness have been mis-

diagnosed and are able to covertly follow task instructions ( Owen,

2013 ), the majority who do not possess this ability may thereby be

precluded from exhibiting reliable N400 effects — even if they re-

tain function in those brain networks which are responsible for its

generation. 

To determine the utility of the N400 approach to detecting pre-

served speech processing, we tested the sensitivity of three paradigms
that have consistently elicited N400 effects: (1) priming between

semantically-similar word pairs in Experiment 1, (2) priming be-

tween normatively-associated word pairs in Experiment 2, and (3)

high-cloze sentence completions versus anomalous completions in

Experiment 3. First, in Experiment 1, we investigated the effects of

task-relevance on the probabilities of detecting N400 effects with in-

ferential statistics at a single-subject level. Three groups of healthy

participants completed a word-pair semantic-priming paradigm in

which they were instructed to either: (1) indicate the semantic relat-

edness of each word-pair with a button press (Overt condition), (2)

make a mental judgment of the semantic relatedness of the word pair

without a behavioral response (Covert condition), or (3) passively at-

tend to the stimuli (Passive condition). We investigated whether the

probability of detecting a significant N400 effect at a single-subject

level would decrease when the participants were not engaged in an

active task. 

2. Experiment 1: semantically similar word-pairs 

2.1. Methods 

2.1.1. Participants 

Fifty-one participants were recruited from the University of West-

ern Ontario Psychology Participant, Pool, and were compensated with

course credit. Data from two participants were excluded due to ex-

cessive movement artifacts in their EEG recordings ( > 50% bad trials),

and data from one participant was excluded due to an equipment

fault. Of the remaining 48 participants (mean age: 21.50, SD: 4.95),

24 were male. The first 12 participants that were recruited were

assigned to the Validation task. Each of the subsequent 36 partici-

pants was randomly assigned to one of the three experimental condi-

tions (Overt, Covert, or Passive). Age did not significantly differ across

groups ( F (3,44) = 1.95, p = .14). All participants were right-handed,

native English speakers. The Psychology Research Ethics Board of the

University of Western Ontario, Canada, provided ethical approval for

this study. 

2.1.2. Stimuli 

The goal of stimulus construction was to create as large a set as

possible of word / concept pairs that were as strongly semantically

similar as possible. Four hundred concrete nouns were chosen from

the feature production norms described in Cree and McRae (2003) and

McRae et al. (2005) , of which 120 were creatures (types of animals),

40 were fruits or vegetables, and 240 were various types of nonliv-

ing things. Concepts from McRae and colleagues’ feature production

norms were used because of the huge number of conceptual and lex-

ical variables that are part of the database, enabling strict stimulus

control. From these 400 stimuli, 100 semantically similar word pairs

were generated based on items that have produced semantic priming

effects in previous behavioral studies ( McRae et al., 1997 ; McRae and

Boisvert, 1998 ). The 100 semantically related pairs were composed of

30 creature pairs (e.g., moth–butterfly), 10 fruit / vegetable pairs (e.g.,

lemon–lime), and 60 non-living object pairs (e.g., coat–jacket). The

first and second words in each pair shall be referred to as the prime

and target , respectively. Related primes and targets were chosen on

the basis of semantic similarity. These pairs shared numerous seman-

tic features according to McRae et al.’s (2005) norms, and / or had been

rated as highly semantically similar in previous studies ( McRae and

Boisvert, 1998 ). Because the goal was to construct items that would

show priming effects, we were not concerned with whether or not

related primes and targets also were associated according to word

association norms ( Nelson et al., 1998 ). Many of the 100 related pairs

are associated according to those norms (e.g., lemon–lime, bull–cow,

lamb–sheep). Finally, note that 100 prime–target pairs is a substan-

tially larger stimulus set than is used in priming experiments with
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ealthy adults. All related and unrelated pairs are presented in Ap- 

endix A of the Supplementary materials. 

In a typical priming study, each participant is presented with half 

f the targets preceded by related primes, and half preceded by unre- 

ated primes. Thus, there are two stimulus lists, and each participant 

ees only one of them so that they are presented with each word only 

nce. Because analyses are based on single participants in this study, 

e chose different words to be the unrelated primes and targets so 

hat every participant was presented with every prime–target pair, 

nd no word was presented more than once. While repeating words 

s common in single-subject N400 studies ( Kotchoubey et al., 2005 ; 

otchoubey, 2005 ; Rama et al., 2010 ), doing so in word-pair studies 

an reduce the magnitude of overall N400 effects (see Appendix D). 

herefore, from the remaining 200 stimuli, 100 words were chosen to 

e unrelated targets, and they were matched with the related targets 

n the criteria listed in Supplementary materials Table F1 . The re- 

aining 100 words were matched with the related primes, and were 

hen used as primes for the semantically unrelated pairs. Descriptive 

tatistics for all stimuli can be found in Supplementary materials Table 

1 . There were no significant differences between related and unre- 

ated targets (two-tailed t -tests, all p > .12), or between related and 

nrelated primes (two-tailed t -tests, all p > .09) on any of these vari- 

bles. Signal-correlated noise stimuli were generated from all primes 

ccording to Schroeder (1968) . 

In total, the materials consisted of 100 related word-pairs, 100 

nrelated word-pairs, and 200 signal-correlated noise stimuli. Thus, 

he proportion of related prime–target pairs was 0.5. Stimuli were 

igitally recorded by a male, native Canadian-English speaker, and 

heir amplitudes were normalized (mean stimulus length: 613 ms, 

D: 113 ms, range: 355–978 ms). There were no significant differences 

n the durations of the stimuli between related and unrelated targets 

 t (198) = 0.51, p = .613, two-tailed) or between related and unrelated 

rimes ( t (198) = 1.16, p = .246, two-tailed). 

.1.3. Stimulus validation procedure (validation condition) 

Due to the single-subject nature of the analyses, it was crucial 

o ensure that there were no stimulus-driven differences in the ERPs 

licited by the target stimuli that could confound N400 effects. There- 

ore, the Validation group of participants was presented with each 

ord from the experimental task in isolation from its paired word. 

pecifically, each trial began with the presentation of a signal corre- 

ated noise stimulus followed 1100 ms later by the onset of the word. 

 random period of 1100–2100 ms (uniform sampling on every trial) 

eparated the onset of the word and the onset of the next trial. Care 

as taken to ensure that no adjacent trials contained words that were 

emantically related. 

.1.4. Experimental task procedure (Overt, Covert, and Passive condi- 

ions) 

To signal the onset of a trial and to encourage the pairing of words, 

 signal-correlated noise stimulus was presented 2100 ms prior to the 

nset of the prime word. The target word was presented 1100 ms later 

nd was followed 4000 ms later by the onset of the next trial. Trial 

rder was randomized for each participant. In the Overt and Covert 

onditions, participants were instructed to make a binary judgment of 

he semantic relatedness of each target to its prime (related versus un- 

elated). In the Overt condition, participants signaled this judgment 

ith a button-box under their right-hand. All button presses were 

ade with the index and middle fingers, counterbalanced across par- 

icipants so that exactly half of the Overt group signaled ‘related ’ with 

heir index finger, and the other half with their middle finger. In the 

overt condition, participants were instructed to mentally ‘say ’ their 

udgment silently to themselves following each target. In the Passive 

ondition, participants were simply instructed to pay attention to the 

ords. All participants completed the task with their eyes closed to 
reduce ocular artifacts in the EEG recording. Brief breaks were pro- 

vided upon completion of every 50 trials. 

2.1.5. EEG recording and pre-processing procedures 

Data were acquired from a 129-channel Electrical Geodesics Inc. 

(EGI, OR, USA) EEG cap with a sampling rate of 250 Hz referenced 

to the vertex. Impedances were kept below 50 k �. Data from 91 

channels over the scalp surface were retained for additional analy- 

sis, after excluding those on the neck, cheeks, and forehead. These 

data were subsequently filtered offline between 0.5 and 20 Hz and 

segmented into 896 ms epochs time-locked to the onset of each stim- 

ulus (100 ms pre-stimulus plus 796 ms post-stimulus). Epochs were 

baseline corrected, and trials containing excessive artifacts were vi- 

sually identified and excluded from analyses. Across participants, a 

median of 86 trials (range 62–97) contributed to the related target cat- 

egory, and 85.5 (range 56–97) to the unrelated target category. Bad 

channels were visually identified, removed, and interpolated using 

EEGLAB. The median number of channels interpolated was 2 (range 

0–26). When ocular artifacts remained in the data after these steps, 

they were removed with the Independent Component Analysis (ICA) 

procedure of EEGLAB ( Delorme and Makeig, 2004 ). Specifically, after 

ICA decomposition of the EEG data (EEGLAB extended ‘runica ’ algo- 

rithm), those components with scalp distributions, time-courses, and 

spectral contents indicative of eye-blinks or eye-movements were 

subtracted from the EEG data, and each epoch was again baseline 

corrected. After this step, any remaining trials containing artifacts 

were visually identified and removed. 

A two-way ANOVA was conducted on the log proportions of tri- 

als marked as bad, with factors of condition (Covert, Overt, Passive, 

Validation) and target type (unrelated, related). This revealed no sig- 

nificant effects or interactions (all p > .56), indicating that there were 

no significant differences in the numbers of trials contributing to the 

analyses between conditions or target types. A one-way ANOVA con- 

ducted on the log proportion of channels interpolated, with condition 

as the factor (Covert, Overt, Passive, Validation), also revealed no sig- 

nificant differences ( F (3,44) = 1.04, p = .38). All pre-processing steps 

were performed using MATLAB and EEGLAB ( Delorme and Makeig, 

2004 ). 

2.1.6. ERP analyses 

Data were analyzed using the cluster-mass procedure of FieldTrip, 

described fully in Maris and Oostenveld (2007) . Briefly, this procedure 

compares spatiotemporal data-points across conditions using t -tests. 

For the single-subject analyses, one-tailed independent samples t - 

tests were performed at every spatiotemporal point within each trial 

across conditions. For the within-group analyses, the single-subject 

ERP averages elicited by each stimulus type (related and unrelated 

targets) were compared using one-tailed dependent samples t -tests. 

For the between-group analyses, the differences between the single- 

subject average ERPs elicited by the unrelated and related target con- 

ditions were compared using one-tailed independent samples t -tests. 

Although the t -test step is parametric, FieldTrip employs a sec- 

ondary nonparametric clustering method to address the multiple 

comparisons problem. Specifically, t -values of adjacent spatiotem- 

poral points whose p -values were < .05 were clustered together by 

summating their t -values, and the largest such cluster was retained. A 

minimum of two neighboring electrodes had to pass this threshold to 

form a cluster, with neighborhood defined as other electrodes within 

a 4 cm radius. This entire procedure, that is, calculation of t -values at 

each spatiotemporal point followed by clustering of adjacent t -values, 

was then repeated 1000 times, with recombination and randomized 

resampling of the ERP data before each repetition. This Monte Carlo 

method generated a nonparametric estimate of the p -value repre- 

senting the statistical significance of the originally identified cluster. 

This approach provides increased power relative to other corrections 
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for multiple comparisons such as Bonferroni correction and False-

Discovery Rate. 

When statistically significant differences were observed across

groups of participants, follow-up analyses were performed to de-

termine whether this difference was quantitative or qualitative —

i.e., the result of the same neural processes engaged to different de-

grees, or the result of two distinct neural processes. To accomplish

this, single-subject average ERP amplitudes were averaged across the

time-window of interest and max-min normalized to remove dif-

ferences in the amplitudes of effects across conditions, leaving only

differences in spatial distribution. The group data were then sub-

jected to the same clustering analysis as described above, with the

exception that this analysis reveals spatial clusters rather than spa-

tiotemporal clusters as there is only one averaged time-point under

analysis. Significantly different spatial distributions in this procedure

are considered to reflect the activity of neural generators that do not

entirely overlap across groups ( McCarthy and Wood, 1985 ; Wilding,

2006 ). 

For the three experimental conditions in Experiment 1 (Overt,

Covert, Passive), all analyses were one-tailed to increase power, and

included only data from 200 ms post-stimulus until the end of the

epoch, as this was the time period in which the N400 effect is known

to be maximal ( Kutas and Federmeier, 2011 ). For the Validation group

(in Experiments 1 and 2), all analyses were two-tailed and included

all post-stimulus ERP data to detect any stimulus-driven differences

across conditions. 

2.2. Experiment 1: results 

2.2.1. Behavioral analyses 

In the Overt group, participants judged the semantic relatedness

of the word pairs with a mean accuracy of 97% (SD = 2%). Decision

latencies were significantly shorter for related targets (M = 877 ms,

SD = 176 ms) than for unrelated targets (M = 956 ms, SD = 140 ms;

t (11) = 3.62, p = .004, two-tailed). 

2.2.2. Stimulus validation 

In the Validation condition, there were no significant differences

in the ERPs elicited by those items that formed the unrelated and

related targets in the experimental conditions, or the unrelated

and related primes (all p > .025). This was true for both group-

level (primes’ minimum cluster p = .71; targets’ minimum cluster

p = .09) and single-subject analyses (primes’ median minimum clus-

ter p = .40, range = .11–.71; targets’ median minimum cluster p = .47,

range = .03–.95). These results confirm that any ERP differences found

between unrelated and related targets in the experimental conditions

are due to semantic priming and not other aspects of the stimuli. 

2.2.3. Group ERP analyses 

All three experimental conditions showed significant N400 effects,

defined as greater negativity for unrelated as compared to related

targets. For the Overt condition, this effect started at 304 ms and lasted

until the end of the epoch (796 ms post-stimulus). The same effect

in the Covert condition started at 392 ms and lasted until 796 ms,

whereas in the Passive condition, the effect started at 544 ms and

lasted until 704 ms (see Fig. 1 ). 

The N400 effect was significantly larger in the Overt condition

than in both the Covert (384 versus 688 ms, centro-frontal scalp,

p = .038, one-tailed) and Passive conditions (308–796 ms, central

scalp, p = .005, one-tailed). There were no significant differences in the

magnitudes of the effects between the Covert and Passive conditions

(minimum cluster p = .20, one-tailed). 

2.2.4. Single-subject analyses 

Significant N400 effects were evident in 75% (9 / 12) of participants

in the Overt group, 58% (7 / 12) of the Covert group, and 0% (0 / 12) of
the Passive group ( Fig. 3 ). These proportions were significantly differ-

ent across groups (Fisher’s exact test, p < .001, one-tailed), with the

most striking result being that none of the passive subjects showed

significant priming effects. As shown in Fig. 2 , relative to the Overt

group, the significant N400 effects in the Covert group were of sig-

nificantly shorter duration ( t (14) = 2.45, p = .014, one-tailed) and

lower statistical significance ( t (14) = 1.87, p = .041, one-tailed). All

single-subject N400 effects are presented in Supplementary Fig. 1 . 

2.3. Experiment 1: discussion 

In accordance with previous studies, reliable group-level N400

effects were observed at all levels of task demand ( Kutas and Feder-

meier, 2011 ). However, Experiment 1 shows that on a single-subject

level, the likelihood of detecting a statistically significant N400 effect

is highly dependent on task demands, to the extent that passive lis-

tening was not sufficient to observe significant N400 effects in any of

our demonstrably healthy participants with reportedly normal lan-

guage comprehension skills. These data therefore indicate that the

N400 effect elicited in a semantic-similarity word-pair priming task

does not provide a sensitive marker of preserved linguistic function in

those non-communicative patients who lack the other higher-order

cognitive functions necessary to follow task instructions. 

Significant N400 effects were evident at the group level across all

conditions, with the largest effects elicited when participants overtly

indicated whether or not the prime and target were semantically

related (see Fig. 1 ). Furthermore, relative to this group, the Covert

response condition elicited both group-level and single-subject ef-

fects that were relatively briefer and of lower statistical significance

(see Figs. 1 and 2 ), thus emphasizing the contribution of Overt task

demands to the magnitude of the N400 effect ( Bentin et al., 1993 ).

The finding that passive listening was sufficient to produce a group-

level N400 effect is also consistent with previous demonstrations of

the relative automaticity of the N400 under certain circumstances

( Kiefer, 2002 ; Vogel et al., 1998 ). Indeed, N400 effects have been re-

ported in some stages of sleep ( Ib ́a ̃ nez et al., 2009 ), suggesting that

conscious awareness is not a prerequisite to the generation of an N400

effect. However, it is evident that the magnitude of the N400 effect

is considerably reduced in the absence of explicit task demands, and

is thereby more difficult to detect on a single-subject basis. The hy-

pothetical presence of a statistically significant N400 effect in a non-

communicative patient, therefore, would be indicative of the relative

preservation of aspects of the neural networks that support language,

but would not necessarily be indicative of conscious awareness. How-

ever, according to the current data, there is only a negligible proba-

bility of detecting an N400 effect in a patient who is not able to direct

their attention to the stimuli in service of task demands. Because the

majority of patients with disorders of consciousness are unable to

follow task instructions, they are also unlikely to exhibit N400-based

evidence of residual linguistic and semantic function with a semantic-

similarity task, even if those neural networks that support the N400

are preserved. Indeed, if a patient is able to behaviorally follow verbal

commands, there is no longer any question of the extent to which

they understand speech, thereby rendering the presence of an N400

effect inconsequential. 

Experiment 1 used strongly semantically similar word pairs, and

semantically similar concepts have consistently produced priming

effects. However, manipulating semantic similarity is not the only

method that has been shown to produce group-level N400 effects.

Indeed, there is some evidence to suggest that word-pairs generated

from normative associations may lead to larger effects ( Ortu et al.,

2013 ; Rhodes and Donaldson, 2008 ). In these cases, the target of each

related pair is selected from among the words most commonly pro-

duced as word associates to a prime (stimulus). Some prime–target

pairs will be semantically similar as well, but relations among con-

cepts also drive word association responses ( McRae et al., 2012 ). There
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Fig. 1. Semantically similar word-pairs. Grand average N400 effects (unrelated targets < related targets) in each condition from Experiment 1. Upper panels highlight the spatial 

extent of the significant spatiotemporal cluster (i.e., all electrodes that contributed to the cluster). Color bars show average amplitude differences between unrelated and related 

targets across the temporal extent of the spatiotemporal cluster. Lower panels show the means of the ERPs within the respective spatial clusters ( ± 1 standard error). The temporal 

boundaries of each cluster are shaded in light blue. 

Fig. 2. Time-courses of significant single-subject N400 effects in Experiment 1. Each 

row of each stacked color-plot shows data from one participant. For participants elic- 

iting significant N400 effects, the temporal extents of the significant spatiotemporal 

clusters are highlighted. As can be seen, significant N400 effects were on average of 

longer duration and greater statistical significance in the Overt group than in the Covert 

group. There were no significant single-subject N400 effects in the passive condition. 
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Fig. 3. The proportions of participants returning significant N400 effects across con- 

ditions in Experiment 1. 
s evidence from computational modeling that the magnitude of the 

400 reflects the extent to which prediction error occurs ( Rabovsky 

nd McRae, 2014 ). Under this assumption, when a target is highly 

ikely to be produced in response to a prime – i.e., it is strongly nor- 

atively associated – it may elicit a smaller N400 waveform due to 

ower prediction error. Such a reduction in the magnitude of the N400 

o related targets may thereby lead to a larger difference relative to 

he N400 elicited by unrelated targets, and thereby result in a larger 

verall N400 effect. 

Therefore, to test the hypothesis that this type of stimuli will elicit 

ore reliable N400 effects, in Experiment 2, a new group of 12 par- 

icipants passively listened to word pairs that were taken from word 

ssociation norms ( Nelson et al., 1998 ). As in Experiment 1, to avoid 

rder effects (see Supplementary materials: Appendix D) the stimuli 

ere designed so that targets were never repeated. Therefore, a sep- 

rate group of 12 participants also completed the stimulus validation 

rocedure as in Experiment 1 to verify that the observed N400 ef- 

ects were a reflection of priming, and not other aspects of the words 

hemselves. 
3. Experiment 2: normatively associated word-pairs 

3.1. Methods 

3.1.1. Participants 

Twelve participants completed the validation procedure (mean 

age = 18.6 years, SD = 0.8 years; 6 males). Thirteen participants 

completed the experimental task because data from one participant 

were excluded due to excessive artifact ( > 50% bad trials). The re- 

maining twelve participants (mean age = 18.3 years, SD = 0.5 years; 

7 males) took part in the experimental task. All participants were 

recruited from the University of Western Ontario Psychology Partici- 

pant, Pool, and were compensated with course credit. All participants 

were right-handed, native English speakers. The Psychology Research 

Ethics Board of Western University (Ontario, Canada) provided ethical 

approval for this study. 

3.1.2. Stimuli 

The goal of stimulus construction was to create a large set of the 

most strongly associated pairs that exist in Nelson et al.’s (1998) 

norms without duplicating primes or targets. One hundred of the 

most strongly associated related pairs from Nelson et al.’s norms were 

selected (e.g., left–right, keg–beer, oak–tree). The mean forward asso- 

ciation was 0.81 (SD = 0.05), so that, on average, 81% of their partic- 

ipants produced the target from the prime when asked to “write the 
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first word that comes to mind that is meaningfully related or strongly

associated to the presented word”. Therefore, the items were substan-

tially more strongly forward-associated than is the case in the vast

majority of priming experiments. Furthermore, choosing word pairs

based on forward association means that many of the pairs of words

often directly co-occur in speech or text in the order used in Exper-

iment 2, such as oak–tree and hound–dog. A further 100 word pairs

were chosen from Nelson et al., but they were recombined to form

unrelated pairs. In constructing the unrelated pairs, care was taken to

ensure that there was no phonological, semantic, or associative over-

lap between the unrelated targets and any word that was associated to

the prime in Nelson et al. (1998) . Targets and primes were matched

across the statistics detailed in Supplementary materials Table F2 .

Stimuli were digitally recorded by a male, native Canadian-English

speaker, and their amplitudes were normalized (mean spoken word

length = 638 ms, SD = 138 ms, range = 309–980 ms). There were

no significant differences between the related and unrelated pairs

in the spoken length of targets ( t (198) = 1.28, p = .203) or primes

( t (198) = 0.67, p = .505) between the related and unrelated pairs. 

3.1.3. Experimental task procedure 

The procedure was identical to the Passive condition of Experi-

ment 1. 

3.1.4. EEG recording and pre-processing procedures 

All EEG recording and pre-processing procedures were identical

to those used in Experiment 1. 

Across participants, a median of 88 trials (range = 72–97) con-

tributed to the related target condition, and 87 (range = 68–100)

to the unrelated target condition. The median number of channels

interpolated was 1 (range = 1–13). 

3.1.5. ERP analyses 

The analyses were identical to those used in Experiment 1, ex-

cept that the only condition was passive listening, given that it is the

primary condition of interest. Identical analyses were used for the

Validation condition as well. 

3.2. Experiment 2: results 

3.2.1. Stimulus validation 

In the Validation condition, there were no significant differences

in the ERPs elicited by those items that formed the unrelated and

related targets in the experimental condition (i.e., all p > .025). This

was true for both group-level (primes’ minimum cluster p = .07;

targets’ minimum cluster p = .14) and single-subject analyses (primes’

median minimum cluster p = .49, range = .11–.77; targets’ median

minimum cluster p = .40, range = .03–.91). These results confirm that

any ERP differences found between unrelated and related targets in

the experimental condition are due to priming and not other features

of the stimuli. 

3.2.2. Group ERP analyses 

The ERPs elicited by unrelated targets were significantly more

negative-going than those elicited by related targets from 304 to

796 ms over centroparietal scalp ( p = .002; see Fig. 4 ). 

3.2.3. Single-subject analyses 

Six out of twelve participants (50%) showed significant N400 ef-

fects. All single-subject N400 effects are presented in Supplementary

Fig. 2 . 

3.2.4. Comparison with Experiment 1 

At centroparietal electrodes from 348 to 540 ms, the group-level

N400 effect in the current experiment was significantly larger than

the N400 effect observed in Experiment 1 ( p = .008). This effect likely
reflects the later onset of the N400 effect in Experiment 1 (544 ms)

relative to Experiment 2 (304 ms). 

To determine whether the significant difference between experi-

ments reflected differences in magnitude of the same effect, or quali-

tatively different processing occurring within the same time-window,

a spatial cluster analysis was performed on the max–min normalized

ERP data ( McCarthy and Wood, 1985 ) within this time-window (348–

540 ms). No significant clusters were found (minimum cluster p = .13)

indicating that the difference in ERPs in this time-window reflects a

difference in magnitude rather than in the neural processes engaged. 

A comparison of the scalp distributions of the two significant N400

effects themselves (304–796 ms for Experiment 2 versus 544–704 ms

for Experiment 1) revealed no significant effects either (no clusters).

Together these results indicate that the stimuli in both Experiments

1 and 2 elicited the same ERP-detected processes, but with an earlier

onset in Experiment 2. 

3.3. Experiment 2: discussion 

A reliable group-level N400 effect was again observed over cen-

troparietal scalp electrodes, this time using word-pair stimuli gen-

erated from normative associations ( Fig. 4 ). These stimuli, however,

were considerably more successful at eliciting single-subject N400 ef-

fects than the semantically-similar pairs of Experiment 1, with 50% of

participants returning significant effects during passive listening (0%

in Experiment 1). The increase in sensitivity associated with these

stimuli is consistent with recent evidence that the N400 waveform

reflects prediction error ( Rabovsky and McRae, 2014 ). As the related

targets in this experiment had an extremely high likelihood of be-

ing produced in response to the prime during free association, the

prediction error would have been minimal. When contrasted with

the N400 to unrelated targets, therefore, the magnitude of the N400

effect would be increased. 

As these are two separate groups of participants, it is not appropri-

ate to directly compare the magnitudes of the ERPs to related targets

between Experiments 1 and 2. However, the N400 effects were sig-

nificantly different between these two experiments. Specifically, the

group-level N400 effect started 240 ms earlier in Experiment 2, and

was significantly greater in magnitude than the same effect in Exper-

iment 1. This difference may reflect a greater fluency of processing

highly predictable targets relative to targets that are semantically

related but less predictable. While the effects onset with different

latencies across the two experiments, there was no evidence that the

two N400 effects were generated by non-overlapping regions of cor-

tex. It therefore appears that both semantic similarity and normative

association, as probed in Experiments 1 and 2 respectively, engage

the same N400 processes. However, these processes are more rapidly

engaged when targets are highly predictable. Also note that any com-

parison between semantically-related pairs and associatively-related

pairs is not an absolute one. That is, we did not remove normatively-

associated pairs from the semantically-similar items used in Experi-

ment 1, and we did not remove semantically-similar pairs from the

normatively-associated items used in Experiment 2. 

A third paradigm that also draws on the predictability of target

words to elicit N400 effects is one that features high-cloze words in

sentences. In this paradigm, comparisons are made between words

that are highly predictable – i.e. they have a high cloze probability

– and those that are incongruent with the sentence context. As with

the normatively-associated word-pairs, it is possible that the greater

level of target predictability instantiated by the sentence contexts

will lead to more reliable single-subject N400 effects. Indeed, there

is some evidence that the N400 effect elicited by highly predictable

versus anomalous words is larger on a group level than that elicited in

a word-pair task ( Kutas, 1993 ). In Experiment 3, we therefore investi-

gated whether measuring N400s for words that are highly predictable
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Fig. 4. Normatively associated word-pairs. Grand average N400 effects (unrelated targets < related targets) in Experiment 2. Upper panels highlight the spatial extent of the 

significant spatiotemporal cluster (i.e., all electrodes that contributed to the cluster). Color bars show average amplitude differences between unrelated and related targets across 

the temporal extent of the spatiotemporal cluster. Lower panels show the means of the ERPs within the respective spatial clusters ( ± 1 standard error). The temporal boundaries 

of each cluster are shaded in light blue. 
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ersus anomalous in the local sentence context would further im- 

rove the sensitivity of detecting single-subject N400 effects during 

assive listening. 

. Experiment 3: high-cloze sentences 

.1. Material and methods 

.1.1. Participants 

Twelve participants (mean age: 20.08, SD: 2.84; 6 males) were 

ecruited from the University of Western Ontario Psychology Partici- 

ant, Pool, and were compensated with course credit. All participants 

ere right-handed, native English speakers. The Psychology Research 

thics Board of Western University (Ontario, Canada) provided ethical 

pproval for this study. 

.1.2. Stimuli 

The goal of stimulus construction was to create a large set of items 

n which the sentence produced a context in which a specific word 

as extremely highly expected. Stimuli were taken from the cloze 
norms of Block and Baldwin (2010) . One hundred sentences with 

high cloze targets were selected to form the predictable condition 

(mean cloze = 0.92, SD = 0.04). Therefore, the predictable words 

on which N400s were measured were extremely predictable in that, 

on average, 92% of the participants in Block and Baldwin produced 

that specific word as a continuation of the sentence. An additional 

one hundred sentences were selected from their norms to form the 

frames for the anomalous condition. These frames were paired with 

the sentence endings from the related condition to form 100 anoma- 

lous sentence–target pairs. Using high-cloze sentence frames for the 

anomalous target items is advantageous because specific continua- 

tions are highly expected, and therefore it is relatively straightfor- 

ward to construct highly anomalous target continuations. Care was 

taken to ensure there was no phonological, semantic, or associative 

overlap between the anomalous targets and any high-cloze targets 

that were produced the anomalous sentence frames. For example, 

“class” was preceded by “She graduated at the top of her” in the pre- 

dictable condition, whereas it was preceded by “Diane sank slowly 

into the hot” in the anomalous condition. There were a mean of 8.06 

words in the predictable sentences (SD: 1.69) and 8.26 words in the 
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anomalous sentences (SD: 1.57). This difference was not significant

( t (198) = 0.867, p = .387, two-tailed). 

While repetition-priming effects can be a problem in word-pair

studies (see Supplementary materials: Supplementary experiment),

it is unlikely that they are detrimental in a sentence task due to the

larger number of words involved. That is, rather than experiencing

a set of word pairs, each participant hears many words as part of

the sentence stimuli, with many of them repeated because sentences

naturally overlap in their content overall. However, to investigate po-

tential order effects, each subject heard half of the target words in

a predictable context first (in the first half of the experiment), and

the other half in an anomalous context first. Stimuli were digitally

recorded by a male, native Canadian-English speaker, and their am-

plitudes were normalized. All sentences were spoken naturally, and

the time-point of onset of the target word was identified in the digital

recording and used to mark the stimulus onset in the EEG recording. 

4.1.3. Experimental task procedure 

The procedure was identical to the Passive condition of Experi-

ment 1, except that participants heard sentences rather than word

pairs. 

4.1.4. EEG recording and pre-processing procedures 

All EEG recording and pre-processing procedures were identical to

those used in Experiment 1. Across participants, a median of 69.5 trials

(range = 53–89) contributed to the predictable target condition, and

71 (range = 43–93) to the anomalous target condition. The median

number of channels interpolated was 2.5 (range = 0–5). 

4.1.5. ERP analyses 

The analyses were identical to those used in Experiment 1, ex-

cept that the only condition was passive listening, given that it is the

primary condition of interest. Furthermore, there was no validation

condition because the same targets were used in the predictable and

anomalous conditions. N400 effects were analyzed between 200 and

800 ms post-stimulus in a one-tailed test. Because each target ap-

peared as both a predictable and anomalous ending across the exper-

iment, two subtraction ERPs (predictable targets minus anomalous

targets) were compared between those stimuli for which the target

was presented first in a predictable context, and those stimuli for

which the target was presented first in an anomalous context. These

effects were analyzed from stimulus onset until 800 ms post-stimulus

in a two-tailed test. 

4.2. Experiment 3: results 

4.2.1. Order effects 

At the group level, the order in which targets were heard – i.e.

predictable first, or anomalous first – did not significantly affect the

magnitudes of the differences between related and unrelated targets

(lowest cluster p = .198). Therefore, repeating targets in sentence

paradigms does not appear to induce order effects, and justifies the

analysis of the overall N400 effect across the experiment. 

4.2.2. Group ERP analyses 

A significant N400 effect was observed at the group level from 360

to 756 ms post-stimulus at centroparietal sites ( p = .001; see Fig. 5 ). 

4.2.3. Single-subject analyses 

Significant N400 effects were evident in only two of the twelve

participants (17%). All single-subject N400 effects are presented in

Supplementary Fig. 3 . 

4.2.4. Comparisons with Experiments 1 and 2 

The N400 effect in Experiment 3 was significantly larger than the

N400 effect found in Experiment 1 from 360 to 540 ms ( p = .006) at
centroparietal electrodes. As in Experiment 2, this result appears to

reflect the differences in N400 effect onset between the two experi-

ments (360 versus 544 ms). 

Despite the greater probability of detecting single-subject N400

effects in Experiment 2 relative to Experiment 3 (50% versus 17%),

there were no significant differences between the N400 effects across

these two experiments (lowest cluster p > .21). An average of ̃  16

fewer clean trials contributed to each of the conditions of interest

in Experiment 3 than in Experiment 2 (predictable: t (22) = 3.62,

p = .002; anomalous: t (22) = 6.30, p = .002). This is likely due to the

fact that target words were spoken within a natural sentence and as

such did not have a guaranteed silent baseline or a clear boundary of

word onset due to co-articulation. 

A Fisher’s exact test confirmed that the single-subject hit-rates

differed across the three experiments ( p = .014). Subsequent pair-

wise Fisher’s exact tests indicated that this effect was driven by the

significantly higher hit-rate in Experiment 2 (normatively associated

word-pairs) than in Experiment 1 ( p = 0.013). 

4.3. Experiment 3: discussion 

Consistent with numerous previous studies, a significant N400 ef-

fect was observed between high-cloze and zero-cloze sentence end-

ings (see Fig. 5 ). At the single-subject level, 17% (2 / 12) of partic-

ipants elicited significant N400 effects with this task, indicating a

lower sensitivity when compared with the normatively-associated

word-pair task of Experiment 2 (50%), and a small increase rela-

tive to the semantic-relatedness word-pairs of Experiment 1 (0%).

The time-course of the N400 effect was comparable with that of the

normatively-associated word-pairs (Experiment 2), and onset ear-

lier than that elicited by the semantically-related word-pairs (Exper-

iment 1). 

Despite the lower single-subject hit-rate in Experiment 3, how-

ever, there was no significant difference in the group-level N400 ef-

fect relative to that of Experiment 2. However, lower power to detect

the effect may have occurred as a result of the significantly fewer

clean EEG trials contributing to the analysis in Experiment 3 when

compared with Experiment 2. Several factors may have led to this

difference in trial numbers. First, due to the longer stimuli, the sen-

tence task takes more time to complete than a word-pair task ( ̃ 35 ver-

sus ̃ 20 min, respectively), which may increase participant fatigue and

decrease their ability to remain still during the testing session. Also

note that, for patients with disorders of consciousness, due to poten-

tial fatigue and related concerns, shorter tasks are generally prefer-

able. Second, in keeping with previous sentence studies ( Holcomb

and Neville, 1991 ; Kutas et al., 1987 ), the entire sentence was spoken

naturally and the time-point of onset of the target word was identified

in the digital recording for analysis. As a result, the baseline period

of the ERP is not guaranteed to be silent in a sentence task, while in

a word-pair task this can be ensured. Together these may result in

fewer clean trials being available for analysis, and therefore decrease

the sensitivity of the sentence task to detecting single-subject N400

effects. 

5. General discussion 

Across three experiments we have shown that eliciting a statisti-

cally reliable N400 effect in a single subject is not a trivial undertaking

(see also Appendix D). This is true even when the individual in ques-

tion is demonstrably conscious and in possession of normal linguis-

tic processing abilities, thus highlighting the importance of rigorous

task design when endeavoring to detect residual linguistic function

in non-communicative patients. Specifically, the current data indicate

that word-pair stimuli carefully generated to be as strongly forward-

associated as possible provide the highest level of single-subject sen-

sitivity for the N400 effect (see Fig. 6 ). 
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Fig. 5. High-cloze sentences. Grand average N400 effects (unrelated targets < related targets) in Experiment 3. Upper panels highlight the spatial extent of the significant 

spatiotemporal cluster (i.e., all electrodes that contributed to the cluster). Color bars show average amplitude differences between unrelated and related targets across the temporal 

extent of the spatiotemporal cluster. Lower panels show the means of the ERPs within the respective spatial clusters ( ± 1 standard error). The temporal boundaries of each cluster 

are shaded in light blue. 
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Experiment 1 demonstrated the strong role of task demands on 

he detectability of the N400 effect. The same word-pair stimuli were 

onsiderably more likely to elicit significant single-subject effects 

hen participants were engaged in a task than when they were pas- 

ively listening. While it is not unexpected that the task relevance 

f the stimuli affects the magnitudes of the N400 effect ( Bentin et 

l., 1993 ), it is of critical importance when applied to groups of pa- 

ients who are unlikely to be able to follow commands, such as those 

ith disorders of consciousness. Indeed, if a patient is capable of 

ehaviorally following commands, there is no question regarding the 

resence of linguistic ability, rendering an N400 assessment purpose- 

ess. Non-communicative patients, however, are precisely those for 

hom markers of linguistic processing may be diagnostically and 

rognostically beneficial ( Coleman et al., 2009, 2007 ). While a minor- 

ty of non-communicative patients can covertly follow commands 

 Fernandez-Espejo and Owen, 2013 ), the majority are unable to do so 

nd would thereby be precluded from eliciting evidence of residual 

ognitive function with the passive semantic priming task employed 
in Experiment 1 — even if that function was preserved. The develop- 

ment of paradigms that are reliable in the absence of patient coop- 

eration is therefore crucial to ensuring the acquisition of informative 

data regarding each patient’s residual cognition — be it conscious or 

unconscious. 

Across the three experiments, three classic N400 tasks were 

employed: namely, tasks using semantically-similar word pairs, 

normatively-associated word pairs, and high-cloze sentences. It is 

evident from the current data that a word-pair task generated from 

normative associations is the most sensitive approach to detecting 

single-subject N400 effects during passive listening. This task pro- 

duced significant N400 effects in 50% of healthy participants, com- 

pared with 0% in the semantically-similar word-pair task, and 17% 

in the high-cloze sentence task. As targets in normatively-associated 

word pairs are highly likely to be produced by healthy individuals in 

response to the prime (Experiment 2), prediction of these targets is 

likely to be stronger than that of targets that are semantically-similar, 

but not necessarily associated to the prime (Experiment 1). This would 

thereby minimize the amplitude of the N400 wave elicited by related 
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Fig. 6. The proportions of participants returning significant N400 effects during passive 

listening across the three N400 paradigms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

targets, and maximize the magnitude of the N400 effect — i.e., the dif-

ference between the N400s elicited by related and unrelated targets.

Indeed, at the group level, the associative N400 effect started approx-

imately 240 ms earlier than in the semantically-similar word-pair

task, suggesting a greater fluency of processing of highly predictable

targets. The statistically indistinguishable scalp distributions of the

N400 effects across the three experiments indicate that the processes

indexed by these N400 effects are functionally equivalent, albeit to

differing magnitudes and latencies. The current data therefore sug-

gest that when endeavoring to elicit a statistically reliable N400 effect

in a single subject during passive listening, the optimal choice is to

use pairs of words that are extremely strongly associated according

to the word association task. 

A further important factor to take into consideration when seek-

ing to detect single-subject N400 effects is how the unrelated target

stimuli are generated. It is common in the literature to repeat words

within an experiment such that unrelated word-pairs are rearranged

versions of related word-pairs — e.g. cat–dog and chair–table are re-

combined to form chair–dog and cat–table, ( Kotchoubey et al., 2005 ;

Kotchoubey, 2005 ; Rama et al., 2010 ). This approach has the benefit

of ensuring that the target words are identical in the related and un-

related conditions (and the same primes occur across conditions as

well). However, as shown in Appendix D, repeating targets in this way

leads to significant order effects that reduce the overall amplitude of

the N400 effect. Specifically, the N400 effect between targets heard

in an unrelated pair before being heard in a related pair ( unrelated–

related order) was significantly smaller than that elicited by targets

heard in a related pair before being heard in an unrelated pair ( related–

unrelated order). Indeed, in the experiment reported in Appendix D

only the targets heard in the related–unrelated order elicited a sig-

nificant N400 effect. This difference perhaps reflects a greater level

of unexpectedness (and hence N400 amplitude) for unrelated targets

when the appropriate context has recently been primed — as in the

related–unrelated order. Irrespective of the mechanism, the overall

N400 effect across all target stimuli would therefore be the mean

of the significant related–unrelated effect, and the smaller and non-

significant unrelated–related effect. The differential effects of target

order would therefore reduce the overall N400 effect amplitude, and

thereby its detectability. 

It is therefore optimal to employ unique words throughout the

experiment. This approach is more time-consuming to design, how-

ever. To be able to conclude that differences in target N400s result

from the priming manipulation, it is necessary to carefully control the
stimuli along the range of factors that are known to affect N400 ampli-

tudes, such as word frequency, familiarity, and other lexical variables

( Kutas and Federmeier, 2011 ). For example, the stimuli employed

in Experiment 2 were matched across 10 linguistic measures (see

Supplementary materials Table F2 ). Moreover, to ensure that ERP dif-

ferences between related and unrelated targets are due to priming,

a separate group of participants was presented with each stimulus

in isolation — i.e., in the absence of priming. This validation proce-

dure confirmed the careful matching of related and unrelated targets,

as well as related and unrelated primes, and validated their use in

the word-pair context. Due to the complexities of matching stimuli

in this way, we would encourage researchers to employ the stim-

uli used in Experiment 2 when investigating linguistic processing in

single-subject native English speakers. The full stimulus list can be

found in Appendix B. 

Despite the markedly different levels of single-subject sensitiv-

ity between the normative-association task and the high-cloze task

(17% versus 50%, respectively), there were no significant differences

in the group average N400 effects. The lower single-subject hit-rate

may be due to the significantly lower number of clean trials that were

available for analysis in the sentence task. As the target words in this

task occurred within a sentence of natural speech, they had a less

controlled baseline than the word-pair tasks that have a guaranteed

silent baseline prior to stimulus onset. Similarly, it is less straight-

forward to accurately identify target onsets in sentence designs as

co-articulation causes word boundaries to be less clear than in a

single-word event-related design. The ability to present a large num-

ber of stimuli in a relatively short time ( ̃ 20 min for Experiment 2), and

to have a guaranteed silent baseline, further illustrates the benefit of

the normative-association word-pair task for detecting single-subject

N400s. 

From the clinical perspective, it is known that detecting a range

of covert cognitive capacities in patients with disorders of conscious-

ness can impact diagnosis and prognosis ( Owen, 2013 ). Indeed, there

is evidence to suggest that some fMRI-detected responses to speech

may have prognostic value ( Coleman et al., 2009 ) and may even reflect

processing that requires consciousness ( Davis et al., 2007 ). Due to the

greater clinical utility of EEG, several studies have endeavored to iden-

tify residual linguistic functioning by means of the N400 effect. How-

ever, it is a challenge to interpret the results of many of these studies

as they typically have not statistically verified the presence of N400

effects in their patients, have relied on somewhat unconventional

transformations of the ERP data, or have not estimated the sensitivity

of the technique with a healthy control group ( Hinterberger et al.,

2005 ; Kotchoubey et al., 2005 ; Kotchoubey, 2005 ; Rama et al., 2010 ;

Schoenle and Witzke, 2004 ; Steppacher et al., 2013 ). Furthermore,

poor reporting of the method of stimulus generation is common, as

is the use of inadequate stimulus validation procedures. Indeed, the

current data emphasize the fact that eliciting a reliable N400 effect in

a single subject is not as simple as presenting related and unrelated

words. Rather, there are a number of crucial considerations that have

considerable impact on the reliability of the task outcome. 

While there are no guidelines for an ‘acceptable ’ level of sensitivity

for a specific test, the 50% hit-rate of the normative-association task is

relatively low compared to some other neuroimaging markers of cog-

nition ( Boly et al., 2007 ; Chennu et al., 2013 ; Cruse et al., 2011 ; Naci

et al., 2013 ). It is possible that alternative analysis techniques would

return higher detection rates of linguistic function in single subjects —

thereby making the approach more clinically viable. The analysis ap-

proach employed here has the benefit of being conventional within

the N400 and ERP literature; the effects are analyzed within their

native space, rather than after data transformation ( Connolly et al.,

1999 ; Kotchoubey, 2005 ; Steppacher et al., 2013 ). This ensures that

any observed effects may be interpreted relative to the existing and

extensive body of N400 research. The cluster-mass analyses which we

implemented ( Oostenveld et al., 2011 ) are also entirely data-driven
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n the identification of effects, and as such do not rely on the selective 

onsideration of individual electrodes or time-windows that may be 

nappropriate for the severely injured brain that may have undergone 

ome level of cortical reorganization. These analyses also simultane- 

usly control for the large number of multiple comparisons that are 

nherent in ERP analysis in a way that is both statistically rigorous 

nd ensures maximal power to detect effects ( Maris and Oostenveld, 

007 ). 

However, the level of statistical conservatism required in a clini- 

al setting is proportional to the stakes of the outcome ( Cruse et al., 

n press ). For example, if the detection of an ostensible N400 effect 

n a non-communicative patient will not lead to alterations in their 

are, then a higher level of false positives may be acceptable. How- 

ver, if long-lasting changes to care were to hinge on the result of this 

ssessment, then a low level of false positives may be more prefer- 

ble. A more liberal approach to analyzing the current data would be 

o restrict the single-subject analysis to the time-window in which 

he group average N400 effect was significant. Indeed, our reported 

nalyses were restricted to 200–800 ms post-stimulus on the basis 

f previous studies, while the significant group effects actually onset 

omewhat later – around 300 ms post-stimulus – perhaps due to the 

ariability in the point of identification of spoken words. One possi- 

le method to achieve a higher hit-rate is to select the electrode at 

hich the average difference between related and unrelated target 

RPs is greatest, and test the significance of this difference using a 

ingle t -test. This approach is clearly poor statistical practice because 

t involves double-dipping of the data, thus creating higher false pos- 

tive rates. Nevertheless, when we conducted this analysis on Experi- 

ent 2, the hit-rate increased from 50% to 75% (9 / 12). Ultimately the 

evel of statistical conservatism required from an assessment of lin- 

uistic function is the decision of both clinicians and researchers, and 

hould be balanced against the stakes of the outcome of that statisti- 

al test (see Cruse et al., in press ). Furthermore, with the continuing 

evelopment of sophisticated single-trial ERP analysis methods, it is 

ossible that increasingly more clinically-viable trade-offs between 

it-rates and false-alarms may be achieved ( Geuze et al., 2013 ). 

. Conclusions 

The N400 ERP effect may allow for the bedside identification of 

esidual linguistic function in non-communicative patients, thus pro- 

iding information that can impact both diagnosis and prognosis 

 Coleman et al., 2009, 2007 ; Owen, 2013 ). However, it is not a triv- 

al procedure to elicit a statistically reliable N400 effect in a single 

ubject. Rather, careful control of both stimuli and task demands is 

equired. Specifically, the current data indicate that the most sen- 

itive approach to eliciting significant single-subject N400 effects is 

ith word-pair stimuli that are extremely strongly normatively as- 

ociated. The optimization of assessments of residual cognition in 

his way will not only ensure greater reliability of findings, but may 

lso ultimately increase diagnostic accuracy in those patients whose 

inguistic abilities are entirely unclear from their external behaviors. 

onflicts of interest 

All authors declare no conflicts of interest. 

unding 

This work was supported by generous funding from the Canadian 

nstitutes of Health Research (CIHR), the Canada Excellence Research 

hairs (CERC) program, the Canadian Foundation for Innovation (CFI), 

he James S. McDonnell Foundation and Natural Sciences and Engi- 

eering Council grant OGP0155704 to Ken McRae. 
Appendix A. Supplementary material 

Supplementary material associated with this article can be 

found, in the online version, at http: // dx.doi.org / 10.1016 / 
j.nicl.2014.05.001 . 

References 

Balconi, M., Arangio, R., Guarnerio, C., 2013. Disorders of consciousness and N400 ERP 

measures in response to a semantic task. Journal of Neuropsychiatry and Clinical 
Neurosciences 25, 237–43. http://dx.doi.org/10.1176/appi.neuropsych.12090227 , 

24026717 . 

Bentin, S., Kutas, M., Hillyard, S.A., 1993. Electrophysiological evidence for task effects 
on semantic priming in auditory word processing. Psychophysiology 30, 161–9. 

http://dx.doi.org/10.1111/j.1469-8986.1993.tb01729.x , 8434079 . 
Bentin, S., McCarthy, G., Wood, C.C., 1985. Event-related potentials, lexical decision 

and semantic priming. Electroencephalography and Clinical Neurophysiology 60, 
343–55. http://dx.doi.org/10.1016/0013- 4694(85)90008- 2 , 2579801 . 

Block, C., Baldwin, C., 2010. Cloze probability and completion norms for 498 sentences: 

behavioral and neural validation using event-related potentials. Behavior Research 
Methods 42, 665–70. http://dx.doi.org/10.3758/BRM.42.3.665 , 20805588 . 

Boly, M., Coleman, M.R., Davis, M.H., Hampshire, A., Bor, D., Moonen, G. et al, 2007. 
When thoughts become action: an fMRI paradigm to study volitional brain activity 

in non-communicative brain injured patients. Neuroimage 36, 979–92. http://dx. 
doi.org/10.1016/j.neuroimage.2007.02.047 , 17509898 . 

Chennu, S., Finoia, P., Kamau, E., Monti, M.M., Allanson, J., Pickard, J.D. et al, 
2013. Dissociable endogenous and exogenous attention in disorders of conscious- 

ness. NeuroImage: Clinical 3, 450–61. http://dx.doi.org/10.1016/j.nicl.2013.10.008 , 

24273727 . 
Coleman, M.R., Davis, M.H., Rodd, J.M., Robson, T., Ali, A., Owen, A.M. et al, 2009. 

Towards the routine use of brain imaging to aid the clinical diagnosis of disorders 
of consciousness. Brain: a Journal of Neurology 132, 2541–52. http://dx.doi.org/10. 

1093/brain/awp183 , 19710182 . 
Coleman, M.R., Rodd, J.M., Davis, M.H., Johnsrude, I.S., Menon, D.K., Pickard, J.D. et al, 

2007. Do vegetative patients retain aspects of language comprehension? Evidence 

from fMRI. Brain: a Journal of Neurology 130, 2494–507. http://dx.doi.org/10.1093/ 
brain/awm170 , 17827174 . 

Connolly, J.F., Mate-Kole, C.C., Joyce, B.M., 1999. Global aphasia: an innovative assess- 
ment approach. Archives of Physical Medicine and Rehabilitation 80, 1309–15. 

http://dx.doi.org/10.1016/S0003- 9993(99)90035- 7 , 10527093 . 
Cree, G.S., McRae, K., 2003. Analyzing the factors underlying the structure and computa- 

tion of the meaning of chipmunk, cherry, chisel, cheese, and cello (and many other 

such concrete nouns). Journal of Experimental Psychology. General 132, 163–201. 
http://dx.doi.org/10.1037/0096-3445.132.2.163 , 12825636 . 

Cruse, D., Chennu, S., Chatelle, C., Bekinschtein, T.A., Fernandez-Espejo, D., Pickard, 
J.D. et al, 2011. Bedside detection of awareness in the vegetative state: a cohort 

study. Lancet 378, 2088–94. http://dx.doi.org/10.1016/S0140- 6736(11)61224- 5 , 
22078855 . 

Cruse, D., Gantner, I., Soddu, A., Owen, A.M. (in press), Lies, damned lies, and diagnoses: 

estimating the clinical utility of assessments of covert awareness in the vegetative 
state. BrainInjury 

Cruse, D., Owen, A.M., 2010. Consciousness revealed: new insights into the vegetative 
and minimally conscious states. Current Opinion in Neurology 23, 656–60. http: 

//dx.doi.org/10.1097/WCO.0b013e32833fd4e7 , 20859205 . 
Davis, M.H., Coleman, M.R., Absalom, A.R., Rodd, J.M., Johnsrude, I.S., Matta, B.F. et al, 

2007. Dissociating speech perception and comprehension at reduced levels of 

awareness. Proceedings of the National Academy of Sciences of the United States of 
America 104, 16032–7. http://dx.doi.org/10.1073/pnas.0701309104 , 17938125 . 

Delorme, A., Makeig, S., 2004. EEGLAB: an open source toolbox for analysis of single- 
trial EEG dynamics including independent component analysis. Journal of Neu- 

roscience Methods 134, 9–21. http://dx.doi.org/10.1016/j.jneumeth.2003.10.009 , 
15102499 . 

Duncan, C.C., Barry, R.J., Connolly, J.F., Fischer, C., Michie, P.T., N ̈a ̈at ̈anen, R. et al, 2009.
Event-related potentials in clinical research: guidelines for eliciting, recording, 

and quantifying mismatch negativity, P300, and N400. Clinical Neurophysiology: 

Official Journal of the International Federation of Clinical Neurophysiology 120, 
1883–908. http://dx.doi.org/10.1016/j.clinph.2009.07.045 , 19796989 . 

Fernandez-Espejo, D., Owen, A.M., 2013. Detecting awareness after severe brain in- 
jury. Nature Reviews. Neuroscience 14, 801–9. http://dx.doi.org/10.1038/nrn3608 , 

24088810 . 
Geuze, J., van Gerven, M.A.J., Farquhar, J., Desain, P., 2013. Detecting semantic priming at 

the single-trial level. PloS One 8, e60377. http://dx.doi.org/10.1371/journal.pone. 

0060377 , 23565237 . 
Giacino, J.T., Ashwal, S., Childs, N.L., Cranford, R., Jennett, B., Katz, D.I. et al, 2002. 

The minimally conscious state: definition and diagnostic criteria. Neurology 58, 
349–53. http://dx.doi.org/10.1212/WNL.58.3.349 , 11839831 . 

Hinterberger, T., Wilhelm, B., Mellinger, J., Kotchoubey, B., Birbaumer, N., 2005. A 
device for the detection of cognitive brain functions in completely paralyzed or 

unresponsive patients. IEEE Transactions on Biomedical Engineering 52, 211–20. 

http://dx.doi.org/10.1109/TBME.2004.840190 . 
Holcomb, P.J., Neville, H.J., 1991. Natural speech processing: an analysis using event- 

related brain potentials. Psychobiology 19, 286–300. 

http://dx.doi.org/10.1016/j.nicl.2014.05.001
http://dx.doi.org/10.1176/appi.neuropsych.12090227
http://www.ncbi.nlm.nih.gov/pubmed/24026717
http://dx.doi.org/10.1111/j.1469-8986.1993.tb01729.x
http://www.ncbi.nlm.nih.gov/pubmed/8434079
http://dx.doi.org/10.1016/0013-4694(85)90008-2
http://www.ncbi.nlm.nih.gov/pubmed/2579801
http://dx.doi.org/10.3758/BRM.42.3.665
http://www.ncbi.nlm.nih.gov/pubmed/20805588
http://dx.doi.org/10.1016/j.neuroimage.2007.02.047
http://www.ncbi.nlm.nih.gov/pubmed/17509898
http://dx.doi.org/10.1016/j.nicl.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24273727
http://dx.doi.org/10.1093/brain\protect $\relax /\penalty \exhyphenpenalty $awp183
http://www.ncbi.nlm.nih.gov/pubmed/19710182
http://dx.doi.org/10.1093/brain\protect $\relax /\penalty \exhyphenpenalty $awm170
http://www.ncbi.nlm.nih.gov/pubmed/17827174
http://dx.doi.org/10.1016/S0003-9993(99)90035-7
http://www.ncbi.nlm.nih.gov/pubmed/10527093
http://dx.doi.org/10.1037/0096-3445.132.2.163
http://www.ncbi.nlm.nih.gov/pubmed/12825636
http://dx.doi.org/10.1016/S0140-6736(11)61224-5
http://www.ncbi.nlm.nih.gov/pubmed/22078855
http://dx.doi.org/10.1097/WCO.0b013e32833fd4e7
http://www.ncbi.nlm.nih.gov/pubmed/20859205
http://dx.doi.org/10.1073/pnas.0701309104
http://www.ncbi.nlm.nih.gov/pubmed/17938125
http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15102499
http://dx.doi.org/10.1016/j.clinph.2009.07.045
http://www.ncbi.nlm.nih.gov/pubmed/19796989
http://dx.doi.org/10.1038/nrn3608
http://www.ncbi.nlm.nih.gov/pubmed/24088810
http://dx.doi.org/10.1371/journal.pone.0060377
http://www.ncbi.nlm.nih.gov/pubmed/23565237
http://dx.doi.org/10.1212/WNL.58.3.349
http://www.ncbi.nlm.nih.gov/pubmed/11839831
http://dx.doi.org/10.1109/TBME.2004.840190


D. Cruse et al. / NeuroImage: Clinical 4 (2014) 788–799 799 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ibanez, A., L ́opez, V., Cornejo, C., 2006. ERPs and contextual semantic discrimination:

degrees of congruence in wakefulness and sleep. Brain and Language 98, 264–75,
16782185 . 

Ib ́a ̃ nez, A.M., Mart ́ın, R.S., Hurtado, E., L ́opez, V., 2009. ERPs studies of cognitive pro-
cessing during sleep. International Journal of Psychology: Journal international

de Psychologie 44, 290–304. http://dx.doi.org/10.1080/00207590802194234 ,

22029558 . 
Ib ́a ̃ nez, A.M., San, Mart ́ın R., Hurtado, E., L ́opez, V., 2008. Methodological considerations

related to sleep paradigm using event related potentials. Biological Research 41,
271–5, 19399340 . 

Jennett, B., Plum, F., 1972. Persistent vegetative state after brain damage. A syndrome
in search of a name. Lancet 1, 734–7, 4111204 . 

Kalmar, K., Giacino, J.T., 2005. The JFK Coma Recovery Scale — Revised. Neuropsycho-
logical Rehabilitation 15, 454–60. http://dx.doi.org/10.1080/09602010443000425 ,

16350986 . 

Kiefer, M., 2002Brain Research. Cognitive Brain Research 13 (1), 27–39. http://dx.doi.
org/10.1016/S0926- 6410(01)00085- 4 , 11867248 . 

Kotchoubey, B., 2005. Apallic syndrome is not apallic: is vegetative state vegeta-
tive? Neuropsychological Rehabilitation 15, 333–56. http://dx.doi.org/10.1080/

09602010443000416 , 16350976 . 
Kotchoubey, B., Lang, S., Mezger, G., Schmalohr, D., Schneck, M., Semmler, A. et al,

2005. Information processing in severe disorders of consciousness: vegetative state

and minimally conscious state. Clinical Neurophysiology: Official Journal of the
International Federation of Clinical Neurophysiology 116, 2441–53. http://dx.doi.

org/10.1016/j.clinph.2005.03.028 , 16002333 . 
Kutas, M., 1993. In the company of other words: electrophysiological evidence for

single-word and sentence context effects. Language and Cognitive Processes 8,
533–72. http://dx.doi.org/10.1080/01690969308407587 . 

Kutas, M., Federmeier, K.D., 2000. Electrophysiology reveals semantic memory use in

language comprehension. Trends in Cognitive Sciences 4, 463–70. http://dx.doi.
org/10.1016/S1364- 6613(00)01560- 6 , 11115760 . 

Kutas, M., Federmeier, K.D., 2011. Thirty years and counting: finding meaning in the
N400 component of the event-related brain potential (ERP). Annual Review of

Psychology 62, 621–47. http://dx.doi.org/10.1146/annurev.psych.093008.131123 ,
20809790 . 

Kutas, M., Neville, H.J., Holcomb, P.J., 1987. A preliminary comparison of the N400

response to semantic anomalies during reading, listening and signing. Electroen-
cephalography and Clinical Neurophysiology 39, 325–30. 

Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG- and MEG-
data. Journal of Neuroscience Methods 164, 177–90. http://dx.doi.org/10.1016/j.

jneumeth.2007.03.024 , 17517438 . 
McCarthy, G., Wood, C.C., 1985. Scalp distributions of event-related potentials: an

ambiguity associated with analysis of variance models. Electroencephalography

and Clinical Neurophysiology 62, 203–8. http://dx.doi.org/10.1016/0168-5597(85)
90015-2 , 2581760 . 

McRae, K., Boisvert, S., 1998. Automatic semantic similarity priming. Journal of Exper-
imental Psychology: Learning, Memory, and Cognition 24, 558–72. 

McRae, K., Cree, G.S., Seidenberg, M.S., Mcnorgan, C., 2005. Semantic feature production
norms for a large set of living and nonliving things. Behavior Research Methods 37,

547–59. http://dx.doi.org/10.3758/BF03192726 , 16629288 . 
McRae, K., de Sa, V.R., Seidenberg, M.S., 1997. On the nature and scope of featural

representations of word meaning. Journal of Experimental Psychology. General
126, 99–130. http://dx.doi.org/10.1037/0096-3445.126.2.99 , 9163932 . 

McRae, K., Khalkhali, S., Hare, M., 2012. Semantic and associative relations: examining
a tenuous dichotomy, in: Reyna, V.F., Chapman, S.B., Dougherty, M.R., Confrey, J.

(Eds.), The Adolescent Brain: Learning, Reasoning, and Decision Making. Washing-

ton, DC: American Psychological Association, pp. 39–66. 
Naci, L., Cusack, R., Jia, V.Z., Owen, A.M., 2013. The brain’s silent messenger: using selec-

tive attention to decode human thought for brain-based communication. Journal
of Neuroscience: the Official Journal of the Society for Neuroscience 33, 9385–93.

http://dx.doi.org/10.1523/JNEUROSCI.5577-12.2013 , 23719806 . 
Nelson, D.L., McEvoy, C.L., Schreiber, T.A. (1998), The University of South Florida word

association, rhyme, and word fragment norms. URL 〈 5:underline 〉 http://web.usf.
edu/FreeAssociation/ 〈 /5:underline 〉 

Oostenveld, R., Fries, P., Maris, E., Schoffelen, J.-M., 2011. FieldTrip: open source soft-

ware for advanced analysis of MEG, EEG, and invasive electrophysiological data.
Computational intelligence and Neuroscience, 1–9, 21837235 . 

Ortu, D., Allan, K., Donaldson, D.I., 2013. Is the N400 effect a neurophysiological index
of associative relationships? Neuropsychologia 51, 1742–8. http://dx.doi.org/10.

1016/j.neuropsychologia.2013.05.003 , 23707682 . 
Owen, A.M., 2013. Detecting consciousness: a unique role for neuroimag-

ing. Annual Review of Psychology 64, 109–33. http://dx.doi.org/10.1146/

annurev- psych- 113011- 143729 , 23043305 . 
Rabovsky, M., McRae, K., 2014. Simulating the N400 ERP component as semantic net-

work error: insights from a feature-based connectionist attractor model of word
meaning. Cognition 132 (1), 68–89. 

Rama, P., Relander-Syrjanen, K., Ohman, J., Laakso, A., Naatanen, R., Kujala, T., 2010.
Semantic processing in comatose patients with intact temporal lobes as reflected

by the N400 event-related potential. Neuroscience Letters 474, 88–92. http://dx.

doi.org/10.1016/j.neulet.2010.03.012 , 20226842 . 
Rhodes, S.M., Donaldson, D.I., 2008. Association and not semantic relationships elicit

the N400 effect: electrophysiological evidence from an explicit language compre-
hension task. Psychophysiology 45, 50–9, 17868263 . 

Schoenle, P.W., Witzke, W., 2004. How vegetative is the vegetative state? Preserved
semantic processing in VS patients — evidence from N 400 event-related potentials.

NeuroRehabilitation 19, 329–34, 15671587 . 

Schroeder, M.R., 1968. Reference signal for signal quality studies. Journal of the Acous-
tical Society of America 44, 1735–6. http://dx.doi.org/10.1121/1.1911323 . 

Steppacher, I., Eickhoff, S., Jordanov, T., Kaps, M., Witzke, W., Kissler, J., 2013. N400

predicts recovery from disorders of consciousness. Annals of Neurology 73, 594–
602. http://dx.doi.org/10.1002/ana.23835 , 23443907 . 

Vogel, E.K., Luck, S.J., Shapiro, K.L., 1998. Electrophysiological evidence for a post-
perceptual locus of suppression during the attentional blink. Journal of Ex-

perimental Psychology. Human Perception and Performance 24, 1656–74. http:
//dx.doi.org/10.1037/0096-1523.24.6.1656 , 9861716 . 

Wilding, E.L., 2006. The practice of rescaling scalp-recorded event-related potentials.
Biological Psychology 72, 325–32. http://dx.doi.org/10.1016/j.biopsycho.2005.12.

002 , 16442202 . 

http://www.ncbi.nlm.nih.gov/pubmed/16782185
http://dx.doi.org/10.1080/00207590802194234
http://www.ncbi.nlm.nih.gov/pubmed/22029558
http://www.ncbi.nlm.nih.gov/pubmed/19399340
http://www.ncbi.nlm.nih.gov/pubmed/4111204
http://dx.doi.org/10.1080/09602010443000425
http://www.ncbi.nlm.nih.gov/pubmed/16350986
http://dx.doi.org/10.1016/S0926-6410(01)00085-4
http://www.ncbi.nlm.nih.gov/pubmed/11867248
http://dx.doi.org/10.1080/09602010443000416
http://www.ncbi.nlm.nih.gov/pubmed/16350976
http://dx.doi.org/10.1016/j.clinph.2005.03.028
http://www.ncbi.nlm.nih.gov/pubmed/16002333
http://dx.doi.org/10.1080/01690969308407587
http://dx.doi.org/10.1016/S1364-6613(00)01560-6
http://www.ncbi.nlm.nih.gov/pubmed/11115760
http://dx.doi.org/10.1146/annurev.psych.093008.131123
http://www.ncbi.nlm.nih.gov/pubmed/20809790
http://dx.doi.org/10.1016/j.jneumeth.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/17517438
http://dx.doi.org/10.1016/0168-5597(85)90015-2
http://www.ncbi.nlm.nih.gov/pubmed/2581760
http://dx.doi.org/10.3758/BF03192726
http://www.ncbi.nlm.nih.gov/pubmed/16629288
http://dx.doi.org/10.1037/0096-3445.126.2.99
http://www.ncbi.nlm.nih.gov/pubmed/9163932
http://dx.doi.org/10.1523/JNEUROSCI.5577-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23719806
http://web.usf.edu/freeassociation/
http://www.ncbi.nlm.nih.gov/pubmed/21837235
http://dx.doi.org/10.1016/j.neuropsychologia.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23707682
http://dx.doi.org/10.1146/annurev-psych-113011-143729
http://www.ncbi.nlm.nih.gov/pubmed/23043305
http://dx.doi.org/10.1016/j.neulet.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20226842
http://www.ncbi.nlm.nih.gov/pubmed/17868263
http://www.ncbi.nlm.nih.gov/pubmed/15671587
http://dx.doi.org/10.1121/1.1911323
http://dx.doi.org/10.1002/ana.23835
http://www.ncbi.nlm.nih.gov/pubmed/23443907
http://dx.doi.org/10.1037/0096-1523.24.6.1656
http://www.ncbi.nlm.nih.gov/pubmed/9861716
http://dx.doi.org/10.1016/j.biopsycho.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16442202

	The reliability of the N400 in single subjects: Implications for patients with disorders of consciousness
	1 Introduction
	2 Experiment1: semantically similar word-pairs
	2.1 Methods
	2.2 Experiment 1: results
	2.3 Experiment1: discussion

	3 Experiment2: normatively associated word-pairs
	3.1 Methods
	3.2 Experiment 2: results
	3.3 Experiment2: discussion

	4 Experiment3: high-cloze sentences
	4.1 Material and methods
	4.2 Experiment 3: results
	4.3 Experiment3: discussion

	5 General discussion
	6 Conclusions
	Conflicts of interest
	Funding
	Appendix A Supplementary material
	Appendix A Supplementary materials
	References


