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Introduction 

Successful language comprehension depends not only on the involvement of different 
domain-specific linguistic processes, but also on their respective time-course. Therefore, a 
large part of the recent work in psycholinguistics has focused on trying to determine which 
processes might play a role in language processing and how these processes interact in time. 
To tackle issues pertaining to underlying linguistic processing domains and their temporal 
processing characteristics, event-related potentials (ERPs) can be measured throughout the 
presentation of words/sentences thereby providing a continuous record of language 
comprehension processes as they unfold. Within this electrophysiologically based 
methodological approach, for example, a centro-parietal negativity with a maximum at 
approx. 400 ms post critical word onset could be identified (N400; Kutas & Hillyard, 1980). 
Until recently, the N400 was regarded as general and unambiguous marker of lexical-
semantic processes (e.g. Kutas & Federmeier, 2000) and it has even been used as ‘diagnostic 
tool’ in cases where the nature of the observed processing difficulty could not be established 
straightforwardly. Unfortunately, recent findings from ERP experiments revealed that 
precisely the N400 with its seemingly unequivocal functional interpretation, has been found 
in a number of areas which are not only not confined to language-related processes (e.g. 
Niedeggen & Rösler, 1996) but clearly independent of the lexical-semantic domain (e.g. 
Bornkessel et al., 2002; Osterhout, 1997).   
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The fact that the N400 component cannot be attributed to a single specific language 
processing domain therefore shows that the desired one-to-one mapping between ERP 
components and linguistic processes cannot be upheld. However, previous studies (Roehm et 
al., 2004) indicate that the interpretative uncertainty related with the interpretation and 
attribution of the N400 can be resolved by means of frequency-analytical dissociations. More 
specifically, it was shown that it is possible to dissociate N400 components that are 
indistinguishable on the surface on the basis of their respective underlying frequency 
characteristics. The present paper aims to provide a systematic extension to this line of 
research. Specifically, we will provide evidence that (a) a surface ERP effect resulting from 
the superposition of an N400 and a simultaneously occurring P300 can be decomposed into 
its component parts by means of a frequency-based analysis, and (b) two instances of an 
N400 effect that call for clearly different functional interpretations (semantics vs. syntax) 
show distinct frequency characteristics. 

The paper is structured as follows. In the first section, we will provide a brief 
introduction to the traditional ERP analysis methods and the assumptions on which this 
method is based. Section 2 discusses the frequency-based EEG analysis approach employed 
here and introduces the basic measures evoked power (EPow), whole power (WPow) and 
phase-locking index (PLI). The third section of the paper is empirical in nature and comprises 
three experiments that provide evidence for the two major claims outlined above. Finally, we 
conclude with a general discussion of the major findings and their consequences. 

1. The ERP Analysis Method 

The most accepted model of ERP analysis in the time domain is based on the general 
assumption that ERPs are signals generated from neural populations, which become active 
time-dependent to a stimulus. These signals are summed up to the ongoing EEG activity 
(Rugg & Coles 1995). Hence, the following basic premises underlie ERP-analyses:  

 
i)  the evoked electrical activity (response) is time invariant with regard to a stimulus 
ii) the ongoing EEG activity is basically constant stationary noise 
 
Therefore ERPs are regarded as a signal (Sk), contaminated through additional noise (Nk) 

which consists of the ongoing background activity (with k as discrete time variable): 
 
 Xk = Sk + Nk  (the underlined variable is stochastic) 
 
Consequently, the measurement of ERPs becomes largely a matter of improving the 

signal-to-noise ratio, for example by means of averaging (cf. Basar 1980). 
However, a completely different view is hidden behind the hypothesis that ERPs are – at 

least partly – due to a reorganisation of already existing ongoing EEG activity (Basar, 1998, 
1999). Such a model is supported by a number of recent findings. Already at the beginning of 
the seventies, Sayers et al. (1974) showed with the help of Fourier-analysis applied to single 
EEG segments, that auditory stimuli with either high or low intensity could be distinguished 
from prestimulus activity on the basis of their respective phasic spectral values, whereas this 
was not possible on the basis of their respective amplitude values. They concluded that 



The Internal Structure of the N400: Frequency Characteristics … 367

auditory stimuli primarily generate an ERP due to a reorganisation of the phase-spectrum of 
existing ongoing EEG activity. According to such a view, ERPs are the result of a process 
comprising phase control. Recent findings strongly support the hypothesis that at least some 
ERP components are due to phase resetting mechanisms in specific frequency bands (Makeig 
et al., 2002; Basar, 1999). Furthermore, it was shown repeatedly that ERP components are 
strongly dependent on ongoing prestimulus EEG activity (Basar, 1998, 1999; Schürmann et 
al., 2001). In addition, recent findings from Truccolo et al. (2002) showed that the assumption 
of a stereotype time-invariant ERP signal is not warranted. Their findings revealed a large 
trial-to-trial variability of the evoked response with regard to latency as well as amplitude. 

Consequently, the above stated premises which underly the calculation of ERPs have to 
be taken with some caution. That is, a simple additive model, as in the case of the averaging-
method, in which ERPs are regarded as the sum of a deterministic signal and uncorrelated 
background noise, seems to be valid merely in ideal cases (Lopes da Silva, 1999; Basar 
1980). Notwithstanding, it is beyond question that the application of the ERP methodology 
not only led to a vast number of important experimental findings in language-related research, 
but also entailed crucial insights with regard to psycholinguistic theory (e.g. Kutas & Van 
Petten, 1994) and neurocognitive model building (e.g. Friederici, 1999, 2002; Bornkessel, 
2002). Nevertheless, it should already become clear on basis of the above examples that 
complementary analyses in the frequency domain seem to be a valuable and recommendable 
supplementation of common ERP analyses. Therefore, in the following paragraph, an analysis 
paradigm will be introduced which lies in the description of EEG frequency characteristics as 
correlates of corresponding cognitive processes. Such an approach is already well established 
in other domains of higher-level cognition (Basar, 1998, 1999; Klimesch, 1996, 1997, 1999). 
Various studies have provided a first indication that the investigation of frequency band 
characteristics in relation to language comprehension processes indeed represents a new and 
promising methodological access (e.g. Roehm et al., 2002; Roehm, 2004; Pulvermüller et al., 
1996, 1999; Eulitz et al., 2000). More specifically, Roehm, Klimesch, Haider, & Doppelmayr 
(2001) showed a correspondence between activity in different frequency bands and linguistic 
sub-domains, thereby paving the way for a dissociation of language-related sub-components 
in terms of frequency band characteristics. Nevertheless, up to now there are only very few 
studies who reported a direct association between the ERP components and the frequency 
band characteristics elicited by a specific linguistic phenomenon (Roehm et al., 2004).  

2. Frequency-Based EEG Analysis Approach 

Although the observation that rhythmic electrophysiological brain activity might play an 
important role in the basic functioning of mammal brains can be traced back to findings from 
the late nineteenth century (Caton, 1875; Danilewsky, 1877; Beck, 1890a,b), it was not before 
1929 that the German Hans Berger reported the first successful recording of electrical activity 
from the intact human skull (Berger, 1929). He thereby not only confirmed and extended 
prior findings from animal research to human brain functioning, but furthermore provided an 
extensive description of the conditions under which these human rhythmic EEG activities can 
be observed. However, most importantly, he was the first to find an objective correlate of 
mental states in humans by observing and describing the well-known alpha-blocking effect 
during cognitive processing. Therefore, the so-called ‘Berger-effect’ (alpha-blocking) is 
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regarded as the crucial starting point of psychophysiological EEG-research (Altenmüller & 
Gerloff, 1999). Subsequently, research in this ‘new’ discipline focused on the relation 
between EEG-frequencies (natural brain rhythms) and behaviour. In 1951, the ‘summation 
method’ (superimposition method) as an averaging-technique was introduced into EEG-
research by Dawson. This method led to the improvement of the signal to noise ratio, which 
subsequently led to the discovery of small endogenous event-related potentials (ERPs). When 
the psychophysiological significance of these ‘endogenous’ potentials was recognised in the 
mid-sixties, research concentrated on the investigation of ERP-components and, as a 
consequence, frequency analysis receded more and more. Nonetheless, in recent years the 
frequency-analytical approach has experienced a renaissance. On the one hand, this “return to 
the neurobiological roots of psychophysiology” (Altenmüller & Gerloff, 1999:637) was due 
to the development of new analytical techniques based on the calculation of FFT (Basar, 
1980), as for example event-related desynchronisation/synchronisation (ERD/ERS) which 
allow for a calculation of the percentage of event-related power changes for different 
frequency bands (for the caluculation of ERD/ERS see Pfurtscheller & Aranibar, 1977 or 
Pfurtscheller, 1999). On the other hand, the finding that coherent periodic neural activity in 
the high-frequency gamma band (40 Hz range) accompanies information processing in the 
olfactory bulb (Freeman, 1975) and visual cortex of vertebrates (Freeman & van Dijk, 1987; 
Gray & Singer, 1987; Eckhorn et al., 1988) led to a tidal wave of experiments searching for 
gamma oscillations as a correlate of cognitive processes in animals and humans (for an 
overview see Tallon-Baudry & Bertrand, 1999). The significance of oscillatory brain activity 
in different frequency bands was emphasized in Basar’s monograph EEG-Brain Dynamics 
(1980), in which he proposed the working hypothesis that EEG is not simply ‘background 
noise’ or ‘idling of the brain’, but a crucial signal for the understanding of brain function (i.e. 
oscillations as brain codes). Furthermore, he suggested that evoked potentials (EPs) should be 
defined as the result of a superposition of induced or evoked oscillations in various frequency 
bands. 

 
The concept of phase resetting 

We already mentioned that Sayers et al. (1974) showed in a seminal ERP study that 
auditory stimuli reorganise spontaneous activity in the EEG by changing the distribution of 
phase. More recent studies provide further evidence that at least some ERP components might 
be generated by stimulus-induced changes in the phase of ongoing brain oscillations. There is 
ample evidence from animal studies that a phase resetting mechanism could be operative in 
hippocampal theta (e.g. Givens, 1996). In human EEG, Brandt (1997) showed that, after the 
presentation of a visual or auditory stimulus, alpha waves undergo a partial phase resetting. 
This phase resetting was coincident with the visual and auditory evoked N1 component. 
Makeig et al. (2002) showed that the visual evoked N1 component arises from stimulus-
induced partial phase resetting of multiple ongoing EEG rhythms. Klimesch et al. (2004) 
investigated the P1-N1 components during memory performance. In comparison to a 
prestimulus reference, they found a significant increase in phase locking for the alpha and 
theta band during the time windows of the P1 and N1. More importantly, the significant phase 
locking for alpha was accompanied by a decrease in power, which clearly suggests oscillatory 
phase resetting. It has been suggested that there is a basic distinction between amplitude 
modulation (AM) and phase modulation (PM) (Penny et al., 2002). An example for amplitude 
modulation (AM) would be the ERP generation under its ‘classical’ conception, i.e., as a 
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stimulus-related amplitude enhancement due to fixed-latency, fixed-polarity brain activities 
(enhancement of neuronal firing rate). On the other hand, the concept of phase resetting or 
partial phase resetting refers to the phenomenon that, following each stimulus presentation, 
the phase of an ongoing oscillation is shifted towards a particular value in relation to the 
stimulus (Tass, 1999). Therefore, considering the distribution of phases over many stimulus-
related trials, one finds a pre-stimulus distribution that is approximately uniform, whereas the 
post-stimulus distribution shows a culmination at a dominant value due to phase modulation 
(PM). It is important to stress that an enhanced phase locking does not per se mean that phase 
modulation was effected. A fixed-polarity, fixed-latency component superimposed on 
(random) oscillations would also lead to a transient reduction in the intertrial phase variability 
and, thus, would mimic phase resetting (cf. Klimesch et al., 2004). However, while phase 
locking can only occur with a concurrent amplitude increase in an evoked model, in an 
oscillatory model, phase resetting/modulation can occur independently of the type of 
amplitude modulation (cf. Klimesch et al., 2004; Penny et al., 2002; Rizzuto et al., 2003). 

It should be mentioned that there also exists preliminary evidence for phase modulation 
with regard to language processing. In a cloze probability task, Roehm et al. (2002) not only 
found a close correlation between the observed N400 effect for low-cloze probability items 
and increased evoked delta power (delta response). They also found that the increase in 
evoked delta power was due to stronger phase locking without concurrent power enhancement 
in single trials. 

Taken together, the above findings provide ample evidence that electrophysiological 
recordings are not purely amplitude-modulated, but rather arise from an interaction between 
sensory input and ongoing brain oscillations. Hence, to address the vagueness of 
interpretation associated with traditional language-related ERP components by means of a 
differentiation of ERP components on the basis of activity in distinct frequency bands, we 
need frequency based measures, which allow us to capture and keep apart the two 
confounding aspects of amplitude and phase modulations. To this end, we will introduce three 
frequency based measures (in supplementation to the calculation of averaged ERPs), which 
permit us to quantify (1) the degree of evoked power (EPow), (2) the degree of phase 
modulation independently of amplitude (phase locking index, PLI), (3) and an estimate of the 
degree of overall amplitude modulation (by means of whole power, WPow).  

 
Gabor Transform analysis 

Temporal localisation of specific frequencies of a signal is constrained by the uncertainty 
principle: the more precise the temporal localisation, the more inaccurate the frequency 
information, and vice versa. Therefore, the two extremes are, on the one hand, the signal itself 
(e.g. an EEG-epoch or average ERP), and its Fourier transformation on the other hand. 
Whereas in the case of an ERP (signal), the temporal resolution is maximal but without 
explicit information about the different frequencies contained therein, the Fourier 
transformation yields exact information about the frequencies of the ERP, but the temporal 
information of the ERP is lost or in fact assumed to be constant (Sinkkonen et al., 1995). 
Fourier analysis is well suited to projecting a signal on infinite sinusoids. The prerequisite is 
that the signal is stationary, i.e. the assumption that spectral characteristics do not change over 
time and therefore a signal x can be decomposed into a sum of sinusoidal waves with constant 
amplitude and phase. However, when a signal is not stationary, as is the case for EEG and 
ERP data sets, Fourier analysis is less adequate. In this case, time-frequency analysis must be 
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used, where the spectrum is estimated as a function of time. Gabor transform analysis was 
devised to analyse signals with rapidly changing spectra. It performs a time-frequency 
analysis of a signal, i.e. the estimation of the spectral characteristics of a signal as a function 
of time. Thereby it provides an optimal compromise between the time and frequency 
accuracies. Each convolution of a Gabor transform with a signal x(t) leads to a time-
frequency (TF) representation of the energy of the signal (TF energy). In addition, it is 
possible to completely separate amplitude and phase information from each other. More 
specifically, the application of Gabor expansion to a signal x(t) yields a transformation into a 
complex time-frequency signal y(fn,t) for all frequencies fn of interest. Therefore, the 
amplitude A(fn,t) and phase Φ(fn,t) of a signal can be obtained as functions of frequency and 
time (Re[.] and Im[.] denote the real and imaginary parts of the complex signal): 

 
 A(fn,t) =  |y(fn,t)|  
 Φ(fn,t) = arg{Re[y(fn,t)], Im[y(fn,t)]} 
 
In the following experiments we will apply three different frequency measures based on 

Gabor transform (with a fixed window width for all frequencies): evoked power (EPow), 
whole power (WPow), and phase locking index (PLI). 

 
Evoked Power (= EPow) 

Evoked power is calculated on the basis of individual ERPs (i.e. averaged per participant, 
condition and electrode site) and then averaged over all participants (cf. Figure 1A, B, and C). 
More precisely, the Gabor expansion is applied to individual ERPs, thereby yielding a 
complex time-frequency signal y(fn,t). From this, the amplitude A(fn,t) = |y(fn,t)| of the 
individual ERP is obtained as a function of frequency and time. Subsequently, the evoked 
power is calculated according to 

 
 S(fn,t) = A2 (fn,t) = |y(fn,t)|2 
 

and then averaged over all participants. Hence, EPow measures the proportion of evoked 
EEG activity in a specific frequency band (evoked TF energy) relative to the onset of a 
critical stimulus.  
 
Whole Power (= WPow) 

Whole power is calculated on the basis of single trial power estimates (i.e. individual 
trials for each condition and participant) with subsequent averaging (cf. Figure 1D and E). 
Thus, whole power is calculated analogously to evoked power, but, importantly, Gabor 
expansion is already applied to single trials and then subsequently averaged. In this way, 
whole power measures the total power in a respective frequency band (i.e. phase-locked and 
non-phase-locked activities are summed).1 WPow is therefore similar but not identical to 
traditional band power. 
                                                        
1 Strictly speaking, noise energy is also added up, so that only high signal-to-noise ratio activities will emerge. 

Therefore, it has been proposed to subtract the mean TF energy of a prestimulus interval (considered as 
baseline level) from pre- and poststimulus TF energy (e.g. Tallon-Baudry et al., 1996). This strategy would be 
similar to the calculation of event-related de/synchronization (ERD/ERS; Pfurtscheller & Aranibar, 1977; 
Pfurtscheller, 1999) which measures the proportional in- or decrease of stimulus-related bandpass-specific 
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Figure 1. Schematic illustration of EPow and WPow calculation. (A) Successive EEG trials. (B) 
Averaging across single trials leads to the conventional event-related potential. (C) Time-frequency 
(TF) power representation of the evoked frequency responses. The x-axis represents time and the y-axis 
frequency. The colour scale codes the degree of power. The non-phase-locked activity is cancelled out. 
When the time-frequency power is computed for each single trial (D), and then averaged across trials 
(E), the phase-locked and non-phase-locked activity is revealed. 

Phase Locking Index (= PLI) 
The PLI  measures the degree of inter-trial variation in phase between the responses to 

critical stimuli (e.g. Schack & Klimesch, 2002). It thereby quantifies phase-locking of 
oscillatory activity irrespective of its amplitude. To rate the phase variation across trials (with 
respect to stimulus onset), Gabor expansion is applied to single trials in order to calculate the 
phases Φ k(fn,t), k = 1, …, K  for each single trial k and subsequently averaged over trials and 
participants (cf. Figure 2). The PLI is defined by 

 

 PLI(fn,t) = 

),( tfj n
k

e Φ

, j = 1−   
 
The PLI is a normalised measure which ranges between 0 and 1, i.e. if PLI = 1 (or close 

to 1) there is no (or little) variance in phase across trials whereas a PLI = 0 (or close to 0) 
reflects maximal (or close to maximal) variance across trials. It is determined per condition, 
time-point, frequency and electrode site for each participant and then averaged over 
participants. A very similar measure had been proposed by Tallon-Baudry et al. (1996). They 
calculated a phase-locking factor on the basis of the ‘phase-averaging’ methods previously 
proposed in the frequency domain by Jervis et al. (1983). In addition, Lachaux et al. (1999) 
introduced the phase-locking value (PLV) to detect synchrony in a precise frequency range 
                                                                                                                                                       

energy (power) in relation to a reference interval. An alternative approach (based on subtraction of a baseline 
condition) will be described in the following.  
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between two recording sites. The PLV measures the intertrial variability of a phase difference 
between two signals x and y at time t.  

 

 

Figure 2. Estimation of phase locking index. (A) The convolution of f(t) with a Gabor transform 
centered at frequency F provides the instantaneous phase φ(t) for each time point. (B) By averaging 
these phase differences across the trials, (C) we obtain a complex value u (for each latency t), the 
amplitude of which (abs (u)) is the phase-locking index (Figure adapted from Lauchaux et al., 1999). 

For all three experiments in the present paper, frequency measures were determined by 
Gabor transform analysis in specific frequency bins. Note that the frequency bin width is 
determined by the length of the EEG single trial time window plus a 25% tapering window 
(Tukey-window tapering) on both sides of the interval (to reduce onset/offset effects; cf. 
Gruber, 2004). For example, if the critical time window is 2000 ms (-600 to 1400 ms relative 
to the onset of the critical item) the overall time window would be 3000 ms (critical time 
window plus 2 x 500 ms) resulting in a frequency bin width of 0.33 Hz. The calculation of the 
frequency resolution is according to the formula: 1/time(s) = frequency(Hz). All frequency 
measures are based on Gabor transform with a fixed window width for all frequencies (with 
the parameter α = 2*π2 resulting in a ∆f = 0.5 Hz and ∆t = 159 ms). For the graphical 
representation of the Gabor transform-based TF plots, the coefficient matrices (EPow, 
WPow) or PLI values of the baseline condition were subtracted from those of the critical 
conditions, thereby resulting in TF difference plots (cf. Figure 3). Note that, on the basis of 
this strategy, positive difference values indicate higher coefficients or PLI values for the 
critical conditions, whereas negative difference values indicate lower values.2 

It is important to stress that, although the Gabor transformation provides an optimal 
compromise between time and frequency resolution, it is nevertheless subject to the 
uncertainty principle and therefore still leads to a smearing and interaction of effects in both 
the time and the frequency domain (Samar et al., 1999; Gruber, 2004). Thus, the edges of the 
effects shown in the TF figures should be interpreted with caution. For the statistical analysis 
of the frequency band characteristics, multivariate analyses of variance (MANOVAs) were 
computed per value of interest for each participant, condition, time window and averaged 
frequency bin. For EPow, analyses were computed using the Gabor coefficients of the 
averaged conditions. In the case of WPow, Gabor coefficients were determined per trial for 
each participant, condition, time window and frequency bin and then averaged before entering 
the statistical analysis. The PLI was determined by comparing single trials per condition, 
participant, time window and frequency bin, with the average values for each participant 

                                                        
2 As a matter of course, all statistical analyses were conducted on the basis of absolute Gabor transform coefficients 

or PLI values. Difference values were only calculated for an improved graphical illustration of the relative 
effects.  
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entering the statistical analysis. Note that, on the basis of this analysis, only relative effects 
between the conditions can be interpreted, with the baseline condition serving as the control 
condition. 

 

 

Figure 3. Calculation and graphical illustration of TF difference plots. (A) Averaged ERPs for control 
condition x and critical condition y as a function of time (xt, yt). (B) Calculation of evoked power 
(EPow) and representation of the coefficients as TF plot for each condition. The x-axis represents time, 
and the y-axis, frequency. (C) Upper part: TF evoked power difference representation. The control 
condition is subtracted from the critical condition. Hot colours denote positive and cold colours 
negative difference values. Note that the colour scale is not symmetrical. Lower part: To enhance the 
clarity of the graphical illustration, positive and negative difference values are depicted in separate TF 
power difference plots. The colour scale codes the degree of power or power difference.  

For all experiments, analyses were restricted to lower frequency bands (< 14 Hz). 
Furthermore, the present results were constrained to the electrode PZ (for Experiment 1 and 
2) and CZ (for Experiment 3).3 

3. Experiments 

3.1. Experiment 1: Antonyms in Sentence Context 

The first experiment was designed to elicit a graded standard semantic N400 effect by means 
of what we propose to call an ‘antonym mismatch paradigm’. The antonym mismatch 
paradigm involves the explicit or implicit processing of antonym relations in comparison to 
non-matching but semantically related words from the same word category and non-matching 
non-related words from the same word category (for more details see Roehm et al., in press).  

The present antonym mismatch paradigm can be related to a study from Federmeier & 
Kutas (1999) who compared the response to congruent sentence completions which are 
expected on basis of context information from the prior sentence (e.g. They wanted to make 
the hotel look more like a tropical resort. So along the driveway they planted rows of palms) 
with the response to two types of equally incongruent completions: those that came from the 

                                                        
3 A more extensive display of the statistical results (including four more electrodes) and further illustrations (for the 

electrodes FZ, CZ, PZ) can be found on the following webpage: http://www.brain-oscillations.com/figures. 
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same semantic category as the expected completion (within category violations, e.g. pines) 
and those that did not (between category violations, e.g. tulips). The authors argued that, 
although equally plausible in the local context (i.e. intra-sentential), the within-category 
violations share more features with the expected exemplar than the between-category 
violations. The results of this study showed that, although both unexpected endings 
engendered larger N400s than the expected endings, those elicited by within-category 
violations were significantly smaller than those elicited by between-category violations. 

Based on findings such as these, we expected that antonym relations (cf. Table 1) should 
provide an ideal paradigm to elicit a strong and graded semantic N400 effect. Because we 
presented the antonym relations in a stereotypical sentence frame (“The opposite of X is Y“) 
the expectation with regard to the upcoming sentence final word was highly constrained to the 
effect that there was only one reasonable outcome. In addition, there was a strong semantic-
associative relationship between the prime and the expected target of an antonym word pair. 
Furthermore, participants were instructed that they would have to decide if a given sentence 
proposition was true or not (antonym sentence verification task). Therefore, our condition 
manipulation resembled that of the Federmeier & Kutas (1999) study, in the sense that 
antonyms can be regarded as ‘highly expected sentence completions’ in contrast to related 
and non-related category violations, which can be regarded as ‘within’ and ‘across category 
violations’. However, in our study we deployed a much higher contextual constraint and 
expectancy by focusing solely on the processing of antonym relations.    

Table 1. Example sentences for each of the experimental conditions. 
The critical word is underlined. 

Condition Example 

A. Antonyms Das Gegenteil von schwarz ist weiss. 
The  opposite    of    black    is white. 

B. Related Das Gegenteil von schwarz ist gelb. 
The  opposite    of    black    is yellow. 

C. Non-related Das Gegenteil von schwarz ist nett. 
The  opposite    of    black    is nice.   

 
Materials 

The three critical conditions for the experiment are shown in Table 1 above. Eighty sets 
(triplets) of these three conditions were created, resulting in 240 experimental sentences. 
These were assigned to 4 lists of 160 critical sentences (80 for the antonyms, 40 for the two 
mismatch conditions each) in a counterbalanced manner such that each participant saw 40 
complete triplets of a given set plus the remaining 40 sentences from the antonym condition. 
Note, that there were no significant differences for the critical word between the conditions 
with regard to word frequency and word length (measured in syllables).   

 
Participants 

Seventeen undergraduate students from the Philipps-University of Marburg participated 
in the Experiment (13 female; mean age 23.7 years; age range 20 – 28 years). In this and all 
of the following experiments, all participants were right-handed (as assessed by an adapted 
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and modified German version of the Edinburgh Handedness Inventory; Oldfield, 1971), 
monolingual native speakers of German and had normal or corrected-to-normal vision. 

 
Procedure 

Sentences were presented visually in the centre of a computer screen in a word-by-word 
manner. Each trial began with the presentation of an asterisk (2000 ms) in order to fixate 
participants’ eyes at the centre of the screen and to alert them to the upcoming presentation of 
the sentence. Single words were presented for 350 ms with an inter-stimulus interval (ISI) of 
200 ms. After the presentation of a sentence, there was a 650 ms pause before participants 
were required to complete the antonym sentence verification task (signalled through the 
presentation of a question-mark), which involved judging whether the proposition was right 
or wrong. Subjects had to respond by pressing the left or right mouse button for ‘yes’ or ‘no’. 
The time window for the button press was restricted to 3000 ms. After the button press there 
was an inter-trial interval (ITI) of 2250 ms before the next trial started. For each participant, 
the antonym sentence verification task required the answer ‘yes’ equally as often as the 
answer ‘no’ (80 sentences with correct antonym pairs, 80 sentences with incorrect second 
word).  

Participants were asked to avoid movements and eye-blinks during the presentation of the 
sentence. The experimental session began with a short training session followed by 4 
experimental blocks comprising 40 sentences each, between which the participants took short 
breaks. The entire experiment (including electrode preparation) lasted approximately 2 hours 
(due to a second experiment which will not be reported here). 

The EEG was recorded by means of 27 sintered Ag/AgCl-electrodes fixed at the scalp by 
means of an elastic cap (Easy Cap International). The ground electrode was positioned at C2. 
Recordings were referenced to the left mastoid, but re-referenced to linked mastoids offline. 
The electrooculogram (EOG) was monitored by means of electrodes placed at the outer 
canthus of each eye for the horizontal EOG and above and below the participant’s left eye for 
the vertical EOG. Electrode impedances were kept below 5 kOhm. All EEG and EOG 
channels were amplified using a BrainVision BrainAmp amplifier (time constant 0.9 s, high 
cutoff 70 Hz) and recorded continuously with a digitisation rate of 250 Hz. 

Average ERPs were calculated per condition per participant from 200 ms prior to the 
onset of the critical stimulus item to 1000 ms post onset, before grand-averages were 
computed over all participants. Trials for which the antonym sentence verification task was 
not performed correctly were excluded, as were trials containing ocular or other artefacts. The 
resulting frequency bin width was 0.55 Hz. For the statistical analysis of the frequency band 
characteristics, MANOVAs were computed using the factor TYPE (antonyms vs. related vs. 
non-related). 

To improve the clarity of the graphical illustrations, positive and negative values of the 
TF-differences are represented in two different figures, i.e. one only revealing task specific 
increases (i.e. positive values = Task minus Base) and the other only task specific decreases 
(i.e. negative values = Base minus Task). It should be apparent that the notions increase and 
decrease should therefore be understood relationally in the present context, i.e. aphoristically 
in the sense of higher (more positive) and lower (more negative) values with regard to the 
control condition. 
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Results 
The basic ERP-findings of Experiment 1 may be summarised as follows (cf. Figure 4; for 

more details see Roehm et al., in press): Firstly, both category violation conditions elicited a 
broad centro-parietal N400 effect between 250 and 450 ms post onset of the critical item in 
comparison to the antonym condition. This effect was less pronounced for related category 
violations: the stronger neuronal activation for non-related category violations resulted in a 
higher N400 amplitude as well as a longer duration of the negative component. More 
crucially, antonyms elicited a pronounced positive shift at posterior electrode sites in the 
N400 time range. Secondly, both category violation conditions elicited a broadly distributed 
P600-like positivity between 500 and 800 ms post onset of the critical item in comparison to 
the antonym condition.  

Visual inspection of the TF plots showed no systematic variations across conditions in 
higher frequency bands. The most conspicuous effect revealed by visual inspection of the 
Gabor transform-based TF plots was an eye-catching activity increase of the antonym control 
condition in comparison to the critical conditions (i.e. ‘Base minus Task’, see Figure 4). 

 

 

Figure 4. Grand average ERPs and Gabor transform-based TF plots in the delta band (1-3 Hz) for the 
non-related category (Fig. 4.1; upper panel) and related category conditions (Fig. 4.2; lower panel) in 
comparison to the antonym control condition at electrode PZ (N=17). In this and all the following 
figures, ERPs are shown in the far left panel, whereas the remaining three panels depict Gabor 
coefficient differences in EPow (second panel from left) and WPow (second panel from right) and PLI 
differences (far right panel). The colour scale depicts the magnitude of the Gabor coefficient differences 
for EPow and WPow and the PLI value difference for PLI. The ERPs show N400 differences (200-500 
ms) in both comparisons and a P600 effect (500-800 ms) for the non-related condition. Note that the 
critical conditions are subtracted from the antonym control condition. Therefore, in terms of EPow, 
WPow and PLI, the antonym control condition shows power and phase locking increases in 
comparison to the non-related category condition (Fig. 4.1) and the related category condition (Fig. 4.2) 
in the N400 time window. 

As is evident from Figure 4, in the delta band (1-3 Hz), the antonym condition shows an 
increased EPow in comparison to the two category violation conditions. This observation is 
confirmed by the statistical analysis, which revealed a main effect of TYPE (F (2,32) = 27.64, 



The Internal Structure of the N400: Frequency Characteristics … 377

p < .001) between 100 and 400 ms (averaged frequency bins: 1.10-2.75 Hz). Single 
comparisons for each category violation condition in comparison to the antonym condition 
revealed a significant difference for non-related category violations (F (1,16) = 29.14, p < 
.001) as well as for related category violations (F (1,16) = 51.53, p < .001), but no significant 
difference between both. This pattern was observable at all electrodes under investigation. 

A consideration of the measures WPow and PLI revealed that the increase in evoked 
power was due to an increase of whole power (main effect of TYPE: F (2,32) = 3.96, p < .03) 
for the antonym condition relative to both violation conditions (NON: F (1,16) = 5.27, p < 
.04; REL: F (1,16) = 5.71, p < .04) as well as an increase of phase locking (main effect of 
TYPE: F (2,32) = 38.70, p < .001), which again applied relative to both violation conditions 
(NON: F (1,16) = 41.29, p < .001; REL: F (1,16) = 55.07, p < .001). As for EPow, there was 
no significant difference between the critical conditions with respect to WPow and PLI. Thus, 
the antonym condition led to an increase of stimulus-evoked activity in the delta band in 
relation to both category violation conditions. Most importantly, it must be stressed that, 
although the increase of delta activity was clearly restricted to the N400 time range, there was 
no difference between the two violation conditions in the delta band.   

In addition, inspection of Figure 5 reveals that, almost concurrently to the increase in 
delta activity, there was a stimulus-evoked increase in lower theta band activity (~3.5-5 Hz; 
main effect of TYPE; F (2,32) = 14.02, p < .001) between 200 and 600 ms (averaged 
frequency bins: 3.30-4.95 Hz). 

 

 

Figure 5. Grand average ERPs and Gabor transform-based TF plots in the lower theta band (3.5-5 Hz) 
for the non-related category (Fig. 5.1) and related category conditions (Fig. 5.2) in comparison to the 
antonym control condition at electrode PZ (N=17). In terms of EPow and PLI, the non-related category 
condition (Fig. 5.1) but not the related category condition (Fig. 5.2) shows a power and phase locking 
increase in comparison to the control condition. With regard to WPow, no power increase is observable 
for both category violations. 

Single comparisons revealed that there was only a marginal effect (and solely confined to 
electrode PZ) in EPow for the related category conditions, whereas, for the non-related 
category condition, there was a highly significant evoked power increase (F (1,16) = 22.68, p 
< .001) at all electrode sites. Moreover, there was a significant main effect of TYPE for PLI 
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(F (2,32) = 21.77, p < .001), which was due to an increase in PLI for non-related conditions 
(F (1,16) = 35.89, p < .001). This finding suggests that the EPow increase for non-related 
conditions was primarily a result of an enhanced phase-locking in the N400-time range.  

In this frequency band, it was therefore the non-related category violation that led to a 
higher degree of stimulus-evoked activity due to a higher degree of phase-coupling. These 
findings show that the graded N400 elicited by non-related category violations and that 
elicited by related category violations can be correlated with two different processes 
interacting with each other and mirrored in clearly separable frequency bands with different 
inherent processing characteristics.  

A more complex picture appeared with regard to the time range of the late positivity. 
Statistical analyses of the TF matrices in the P600 time range between 600 and 800 ms 
revealed significant main effects in the upper delta band (averaged frequency bins: 1.65-3.30 
Hz) for the factor TYPE for all three measures, i.e. EPow (F (2,32) = 11.70, p < .001), WPow 
(F (2,32) = 7.58, p < .005), and PLI (F (2,32) = 12.82, p < .001). The resolution of the main 
effects showed that these effects were due to a significant enhancement of EPow, WPow and 
PLI for the non-related category violations (in comparison to antonyms), but not for related 
category violations (at posterior electrode sites). Hence, in the P600-time range, the non-
related category condition led to a higher degree of stimulus-evoked upper delta activity (for 
posterior electrode sites) which was due to stronger phase-locking along with an increased 
whole power.  

 
Discussion 

The present experimental manipulation elicited a strong and graded N400 effect in the 
predicted direction, that is, the N400 was more pronounced for non-related category 
violations than for related category violations in comparison to antonyms. With regard to the 
analysis in the frequency domain we could distinguish three different EPow effects: (i) a 
pronounced increase in the delta band for antonyms in comparison to both category violation 
conditions in the N400 time range; (ii) an increase in the lower theta band for non-related 
category violations in comparison to antonyms and the related category violation condition in 
the N400 time range; (iii) an increase in the upper delta band for the non-related category 
violation condition in comparison to antonyms in the P600 time range.  

In Roehm et al. (in press) we hypothesised that a large portion of the present N400 might 
be due to an enhanced positive ERP deflection for antonyms. That is, the N400 effect might 
not simply have been due to a reduced negativity for antonyms in comparison to both 
category violation conditions, but rather might have been the reflection of a nested positive 
component for antonyms. This hypothesis is strongly supported by the present findings from 
the applied frequency measures. Under the assumption that the N400 effect is the result of a 
reduced negativity for antonyms in comparison to both category violations, the subtraction of 
the EPow Gabor coefficients of the antonym condition from the two category violation 
conditions should reveal a visibly enhanced activity for the latter. Furthermore, this enhanced 
activity should be graded, that is, more pronounced for non-related category violations than 
for related category violations. 

However, as was evident from Figures 4 and 5, there was no single correlate of the 
graded N400 effect observable in the frequency domain (in the time range of the N400 
effect), which conformed to the above assumptions. The most important and eye-catching 
observation was that the EPow TF difference maps indicated a large positive difference in 
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evoked delta power for antonyms in comparison to both category violation conditions (cf. 
Figure 4). In addition, this positive difference showed no graduation between related and 
non-related category violations. It was also evident that this difference was confined to the 
time range of the N400 effect. Note that, in principle, the observed difference in evoked delta 
power must not necessarily reflect a delta power increase for antonyms in contrast to category 
violations. It also could be due to a more pronounced power decrease for category violations 
in comparison to antonyms. However, a comparison of the time course of delta power 
activation by means of TF plots based on absolute EPow coefficient values revealed a clear 
event-related increase in delta power for antonyms. Hence, it is tempting to interpret this 
increase as a clear correlate of the positive ERP shift in the N400 time range for antonyms 
and therefore as support for the hypothesis in Roehm et al. (in press) that the present N400 
effect is due to a superposition effect. 

A second correlate of antonym processing was visible in the lower theta band. Here, the 
non-related category violation condition showed an increased evoked power in comparison to 
the antonym and the related category condition. Analogously to the graded N400 effect, this 
pattern allowed one to distinguish the two category violations from each other. However, in 
contrast to the delta band activity, the increase in the lower theta band can only be tentatively 
linked with the N400 effect. As the theta increase appeared between approximately 200 and 
800 ms, it fully overlapped with the biphasic N400-P600 effect. However, visual inspection 
of the EPow TF difference plots of electrode FZ revealed that there were clearly two distinct 
activation peaks for both category violation conditions in comparison to antonyms: an earlier 
increase in lower theta and a later increase in ‘upper delta’ (see supplementary materials). 
Moreover, whereas the early EPow increase in lower theta was clearly due to an enhanced 
phase locking (without a concurrent increase in WPow), the picture for the late effect was 
more complex. 

In summary, the above observations constitute further evidence against the hypothesis 
that the present N400 effect is a monolithic effect. Instead, we showed that the major 
proportion of the present N400 effect was due to an increased activity in the delta band for 
antonyms in comparison to the violation conditions, thus reflecting an embedded positive 
component for antonyms. Further implications of the present results as well as a possible 
functional interpretation will be discussed in the final section of the paper. 

3.2. Experiment 2: ‘Non-conscious’ Processing of Antonym Relations 

The second experiment was designed under the assumption that the non-conscious processing 
of antonym relations should lead to an N400 effect which is similar to the graded N400 effect 
in the first experiment, but devoid of the previously observed embedded  positivity. To this 
end, we introduced a lexical decision task to draw the focus of attention away from the 
processing of antonym relations. Subjects had to decide whether a presented word was a 
pseudoword or not. Because pseudowords could appear in either the first or the second 
position of a presented word pair, lexical-semantic processing of every single word was 
ensured (cf. Table 2). Furthermore, the task didn’t require any relational processing of the 
presented word pairs. In this way, we assumed that the processing of antonym relations 
should not be subject to expectation or even anticipation-based processes. In addition, there 
should be no target-related effect for antonyms in comparison to non-antonym relations.   
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The five critical conditions for the present experiment are shown in Table 2 below.  

Table 2. Example word pairs for each of the experimental conditions. The critical word 
is underlined. Abbreviations used: Pseudo1 (‘pseudoword in first position’), Pseudo2 

(‘pseudoword in second position’). 

Condition Example 

A. Antonyms schwarz  -  weiss 
black      -  white 

B. Related schwarz  -  gelb 
black      -  yellow 

C. Non-related schwarz  -  nett 
black      -  nice   

D. Pseudo1 
 

zwarschen  -  hinfallen 
zwarschen  -  tumbling   

E. Pseudo2 langsam  -  klenck 
slow        -  klenck   

 
Materials 

The stimulus material for Experiment 2 comprised the same material as for Experiment 1, 
plus additional filler items. From eighty triplets, comprising three critical relational 
conditions, a set of 240 experimental word pairs was created. Additionally, a set of 160 filler 
stimulus pairs was constructed, consisting of a pseudoword and a legal German filler word. 
Half of the pseudowords appeared in the first, the other half in the second word position. 
These items were assigned to 4 lists of 120 critical word pairs (40 for the antonyms, 40 for the 
two mismatch conditions each), plus 80 filler word pairs in a counterbalanced manner such 
that each participant saw 40 complete triplets of a given set plus 80 filler word pairs from the 
pseudoword condition. Stimulus pairs were presented in 5 blocks of 40 stimulus pairs, 
resulting in 200 stimulus pairs (trials) per subject. 

 
Participants 

Seventeen undergraduate students from the Philipps-University of Marburg participated 
in the Experiment (11 female; mean age 24.6 years; age range 20-31 years). None of the 
participants had taken part in Experiments 1.  

 
Procedure 

The word pairs were presented as in Experiment 1, that is in a word-by-word manner. 
The first word (prime) was presented for 400 ms with an ISI of 400 ms, whereas the second 
word (target) was presented for 350 ms and an ISI of 650 ms. Unlike in Experiment 1, 
participants were required to complete a lexical decision task after each word pair, which 
involved judging whether one of the presented words was a pseudoword or not. Subjects had 
to respond by pressing the left mouse button for ‘yes’. As for the previous experiments, the 
time window for the button press was restricted to 3000 ms, whereas the subsequent trial 
started immediately after the button press. For each participant, the lexical decision task 
included 80 word pairs comprising a pseudoword (out of 200 word pairs). Between the trials 
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there was an ITI of 1400 ms. The experimental session began with a short training session 
followed by 5 experimental blocks comprising 40 word pairs each.  

 
Methods 

The EEG was recorded as for Experiments 1 (frequency bin width = 0.5 Hz). The 
statistical analysis comprised the critical factor TYPE (antonyms vs. related vs. non-related 
vs. pseudowords). 

 
Results 

With regard to ERP effects, non-related and related category words elicited a clear N400 
effect in comparison to antonyms (cf. Figure 6). This N400 effect was more pronounced for 
non-related category words than for related category words. However, in contrast to 
Experiments 1, there was no positive shift for antonyms in comparison to the non-antonym 
conditions. Instead, the morphology of the N400 component appeared quite similar for all 
three conditions (i.e., there only seemed to be a quantitive but no qualitative difference 
between the different conditions). In contrast to findings for the word stimuli, pseudowords 
(in second position) elicited a pronounced N400 effect in comparison to antonyms (cf. Figure 
8). This N400 effect was not distinguishable from the N400 effect for non-related category 
words. In addition, and more importantly, pseudowords gave rise to a very strong late 
positivity in comparison to words. 

 

 

Figure 6. Grand average ERPs and Gabor transform-based TF plots in the lower theta band (~3-5 Hz) 
for the non-related category conditions (Fig. 6.1) and related category conditions (Fig. 6.2) in 
comparison to the antonym condition at electrode PZ (N=17). The ERPs show N400 differences (300-
500 ms) in both comparisons (Fig. 6.1 and 6.2). In terms of EPow, WPow and PLI, the non-related 
category condition (Fig. 6.1) showed a significant increase in comparison to the control condition. 

As is evident from Figure 6, in the lower theta band (~3-4.5 Hz), the non-related category 
condition showed an increased EPow and PLI in comparison to the antonym condition in the 
N400 time range (200-500 ms). For the related category condition, there only seemed to be a 
slight increase in PLI but no concurrent increase in EPow. The statistical analysis revealed a 
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main effect of TYPE not only for EPow (F (2,32) = 25.79, p < .001) and PLI (F (2,32) = 
17.25, p < .001), but also for WPow (F (2,32) = 16.29, p < .001; these main effects were also 
observable for the other electrodes).  

Single comparisons for each category condition in comparison to the antonym condition 
only revealed a significant difference for non-related category words in EPow (F (1,16) = 
44.80, p < .001), WPow (F (1,16) = 25.83, p < .001) and PLI (F (1,16) = 32.69, p < .001). 
That is, the EPow increase was due to a concurrent increase in whole power and PLI. 
However, a resolution of the main effects for the related category condition solely revealed a 
marginally significant difference for PLI which was confined to electrode PZ (F (1,16) = 
3.30, p < .09), but no significant effect for EPow (F (1,16) = 2.20, p < .16) or WPow (F < 1).  

In contrast to Experiments 1, visual inspection of Figure 7 revealed no eye-catching 
evidence for a lower delta power and/or PLI decrease in one of the two category conditions 
(in comparison to the antonym condition). This first evaluation was supported by the 
statistical analysis: there were no significant differences with regard to EPow, WPow, and 
PLI for the time and frequency range equivalent to Experiments 1 (averaged frequency bins 
1.0-3.0 Hz, time window 100 - 400 ms).  

 

 

Figure 7. Grand average ERPs and Gabor transform-based TF plots in the delta band (1 – 3 Hz) for the 
related category (Fig. 7.2) and non-related category conditions (Fig. 7.1) in comparison to the antonym 
condition at electrode PZ (N=17). 

However, on the basis of the visual inspection of Figure 7, a more fine grained analysis of 
the small frequency band between 1.0 – 1.5 Hz confined to the time window between 200 – 
400 ms, revealed significant main effects for EPow and PLI (EPow: F (1,16) = 4.54, p < .02; 
PLI: F (1,16) = 3.44, p < .05). Yet, there was no significant main effect for WPow (F (1,16) = 
1.80, p < .19). A resolution of the significant main effects showed that both significant main 
effects were due to an increased activity in the delta frequency for antonyms in comparison to 
related category words (EPow: F (1,16) = 6.14, p < .03; PLI: F (1,16) = 8.33, p < .02) and 
non-related category words (EPow: F (1,16) = 5.48, p < .04; PLI: F (1,16) = 4.51, p < .05). 
Furthermore, there was no significant difference between both categories (EPow: F (1,16) = 
1.01, p < .33; PLI: F < 1). 
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Turning now to the TF analysis of pseudowords in second word position in comparison to 
antonyms and non-related category words, the power and PLI time-frequency difference 
matrices are shown in Figure 8. 

 

 

Figure 8. Grand average ERPs and Gabor transform-based TF plots in the delta band for the 
pseudoword condition in comparison to the antonym condition (Fig. 8.1) and the non-related category 
condition (Fig. 8.2) at electrode PZ (N=17). The ERPs showed P600 differences (500-800 ms) in both 
comparisons (Fig. 8.1 and 8.2), whereas an N400 difference is only observable in relation to the 
antonym condition (Fig 8.1). In terms of EPow, WPow and PLI, the pseudoword condition showed a 
significant increase in comparison to the antonym control condition for both the lower theta and the 
delta band (Fig. 8.1). However, in comparison to the non-related category condition there only was a 
significant increase in delta band (Fig 8.2).  

It is obvious from the visual inspection of Figure 8 that pseudowords showed the same 
pattern with regard to the lower theta frequency band in the N400 time window as non-related 
category conditions. In comparison to antonyms, pseudowords elicited an increase of EPow, 
WPow and PLI (cf. Figure 8).  

The statistical analysis supported this observation. Post hoc single comparisons revealed 
significant main effects for all three measures (EPow: F (1,16) = 23.05, p < .001; WPow: F 
(1,16) = 25.48, p < .001; PLI: F (1,16) = 16.09, p < .001). Furthermore, there was no 
significant difference between pseudowords and non-related category conditions with regard 
to EPow (F < 1) and PLI (F < 1). However, there was a significant difference with respect to 
WPow (F (1,16) = 5.38, p < .04).4 

In addition to the lower theta band power and phase-locking increase, Figure 8 shows a 
very pronounced EPow, WPow and PLI increase for the delta band (1.0-2.5 Hz) in the P600 
time range (400-800 ms). This delta band increase was not only observable in comparison to 
the antonym condition (Fig. 8.1), but also in comparison to the non-related category condition 
(Fig. 8.2). Consequently, it must be regarded as a clear cut correlate of the P600 in the 
frequency domain. Planned pairwise comparisons revealed significant main effects for EPow 
(F (1,16) = 16.61, p < .01), WPow (F (1,16) = 25.26, p < .001) and PLI (F (1,16) = 9.76, p < 
.01). All effects were due to an increase for pseudowords relative to the antonym condition. 

Visual inspection of Figure 9 revelead no evidence for any low frequency decrease in 
EPow, WPow or PLI for pseudowords in comparison to antonyms. Indeed, the statistical 
                                                        
4 Note that this putative difference in whole power could be due to a superposition of WPow activity related to the 

lower theta band and delta band, respectively. That is, the high degree of delta activity, which is obviously 
related to the pronounced late positivity, could overlay and boost the less pronounced lower theta activity.  
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analysis supported this observation: there were no significant effects, neither for the N400 
time range nor for the P600 time range. 

 

 

Figure 9. Grand average ERPs and Gabor transform-based TF difference plots in the delta band (1-3 
Hz) for pseudowords in comparison to the antonym condition (Fig. 9.1) and the non-related category 
condition (Fig. 9.2) at electrode PZ (N=17). There were no significant differences in any of the applied 
measures. 

Discussion 
The two basic findings with regard to the observed N400 effect can be summarised as 

follows: (i) There was a pronounced lower theta EPow increase in the N400 time range for 
non-related category words and pseudowords in comparison to the related category condition 
and antonyms. This EPow increase was due to a concurrent WPow and PLI increase. 
Although it is not possible to quantify the relative contributions of WPow and PLI activity to 
the respective EPow in a specific frequency band on the basis of the present analysis, the 
examination of the time-frequency plots suggested that the EPow increase in lower theta 
activity was mostly due to an increased phase locking. This observation is supported by the 
results of Experiment 1, in which non-related category violations elicited a phase-locking 
based increase in lower theta EPow in comparison to related category violations and 
antonyms. (ii) There was a small but nevertheless significant EPow increase in the delta 
frequency for antonyms in comparison to related and non-related category words. This 
increased delta EPow was due to enhanced phase locking. Taken together, both the lower 
theta increase for non-related categories and the concurrent small delta increase for antonyms 
can explain the observed graded N400 effect. Because related category words didn’t reveal 
any pronounced in- or decreases of activity in comparison to non-related categories or 
antonyms, it has to be assumed that the relative increase in lower theta EPow for non-related 
category words is a reflection of lexical-semantic priming processes. However, the 
interpretation of the relative increase in delta evoked power for antonyms is less clear. For 
example, the increased delta activity could be a reflection of processes which are specific to 
the lexical-semantic organisation of antonyms (e.g. lexical associations or conceptual 
priming; cf. Murphy & Andrew, 1993).5 However, in order to ascribe a more detailed 
functional interpretation further experimental evidence is needed.  

                                                        
5 However, on the basis of the present experiment we cannot entirely exclude that the delta increase might be a 

reflection of strategic processes due to the task manipulations (in this case, the present delta increase could be 
regarded as a highly attenuated instance of the large delta increase for antonyms in Experiment 1) 
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As already pointed out above, the most important findings of the present experiment are 
based on an effect which didn’t show up. That is, the positive shift for antonyms, which was 
previously observed in Experiment 1, was not observable with the present task manipulation. 
On the basis of the findings of Experiment 1, we linked this positive shift with the concurrent 
pronounced increase in evoked delta activity for antonyms in comparison to non-antonyms. 
Furthermore, we hypothesised that this effect might be a reflection of a positive component 
which is embedded in the N400 effect. Hence, the present finding that there is no such delta 
increase in the absence of a positive shift further supports the idea that both effects are closely 
linked and might reflect the same distinct component. In addition, we didn’t observe any late 
positivity for related and non-related category words. This is again supported by the 
frequency analyses. There were no significant activity changes for both category conditions in 
comparison to antonyms in the time range of the late positivity.  

Finally, with regard to the processing of pseudowords, there was a strong evoked delta 
power increase for pseudowords in comparison to words in the P600 time range. This 
increase was due to a concurrent increase in WPow and PLI. However, most importantly, this 
delta increase was highly similar to the delta EPow increase for antonyms found in 
Experiment 1. Both effects not only comprised the same frequency range, but also involved 
the same underlying frequency dynamics. We therefore suggest that both delta increases are 
reflections of the same processes. Because in the present experiment pseudowords were 
clearly task-relevant (in the sense that they were targets), as was also the case for antonyms in 
the antonym verification task, it is evident that the delta evoked power increase must be 
regarded as a reflection of task-dependent processes.     

3.3. Experiment 3: The N400 and Syntactic Reanalysis 

The manipulations in Experiments 1 and 2 showed that a purportedly monolithic language-
related ERP effect can be decomposed into two qualitatively different underlying components 
on the basis of a task manipulation in conjunction with the frequency-based measures applied 
here. By contrast, Experiment 3 aimed to examine the second question posed in the 
introduction, namely whether superficially similar instances of the N400 associated with 
distinct functional domains can be differentiated in terms of their frequency characteristics. 

Table 3. Example sentences for each of the critical conditions in Experiment 3. 

Condition 
Example 

Gestern wurde erzählt, ... 
Yesterday, someone said ... 

A.  SO … dass Maria Sängerinnen folgt, obwohl … 
…  that MariaNOM/ACC/DAT.SG singersNOM/ACC/DAT.PL followsSG , although … 

B.  OS … dass Maria Sängerinnen folgen, obwohl … 
…  that MariaNOM/ACC/DAT.SG singersNOM/ACC/DAT.PL followPL , although … 

 
To this end, we reanalysed the data of an ERP study reported by Bornkessel et al. (2004), 

in which an N400 effect was observed in response to processing difficulties that were clearly 
non-semantic (syntactic) in nature. The critical manipulation involved the disambiguation of 
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temporarily ambiguous sentences towards a (preferred) subject- or a (dispreferred) object-
initial order (cf. Table 3).  

In sentences (A) and (B) of Table 3, both arguments of the subordinate clause are fully 
ambiguous with respect to case and, thereby, subject- or objecthood. Whereas in (A), the 
structure is disambiguated towards a subject-initial (SO) structure by the number agreement 
information of the clause-final verb, in (B) it is disambiguated towards an object-initial (OS) 
structure at the same position. Note that, in contrast to the English subject–verb–object (SVO) 
word order, the finite verb is always placed in clause final position in German subordinate 
clauses. In this way, both subject (S) and object (O) noun phrase precede the verb, either in 
the preferred SOV or in the less-preferred OSV order. However, it is crucial that, due to the 
case ambiguity of the arguments which precede the verb, the arguments of both sentences (A) 
and (B) are ambiguous between subject and object until they are disambiguated by the 
number marking of the sentence final verb. 

There is overwhelming behavioural evidence that subject-object ambiguities are quickly 
resolved in favour of a subject-initial reading both in German (e.g. Bader & Meng, 1999; 
Schlesewsky et al., 2000; Schriefers et al., 1995) and in other languages (e.g. Dutch, cf. 
Frazier & Flores d’Arcais, 1989; and Italian, cf. de Vincenzi, 1991). Hence, in both 
conditions (A) and (B), the first argument ‘Maria’ is assigned the subject grammatical 
function and the second argument ‘Sängerinnen’ the object grammatical function. These 
assignments are confirmed if the clause final verb is singular (‘folgt’). However, if the 
sentence is concluded by a plural verb (‘folgen’), the disambiguating number agreement 
indicates that the clause is, in fact, object-initial and therefore a reanalysis becomes necessary. 

In contrast to other instances of subject-object reanalyses, the revision towards an object-
initial structure such as (B) in Table 3 engenders an N400 effect (Bornkessel et al., 2004). If 
our hypothesis is correct that this instance of a ‘syntactic N400’ can be distinguished from 
semantically-based N400 effects, we should expect to find a different profile of frequency 
characteristics to those observed for the (semantically-based) contrast between the within- 
and across-category violations in Experiments 1 and 2. 

 
Materials 

The two critical conditions for Experiment 3 are shown in Table 3 above. Note that the 
stimulus material was originally part of a larger set of sentences which consisted of eight 
conditions (cf. Bornkessel et al., 2004). In this way, each participant saw 320 sentences (40 
per condition), of which 80 belonged to the two critical conditions of the present analysis (for 
more details see Bornkessel et al., 2004).     

 
Participants 

Sixteen undergraduate students from the University of Leipzig participated in Experiment 
3 (8 female; mean age 23.1 years; age range 20 – 27 years). All participants were right-
handed and monolingual native speakers of German. None of the participants had taken part 
in Experiment 1 or 2. 

 
Procedure 

Sentences were presented visually in the centre of a computer screen. Each trial began 
with the presentation of an asterisk (300 ms plus 300 ms interstimulus interval, ISI) in order 
to fixate participants’ eyes at the centre of the screen and to alert them to the upcoming 
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presentation of the sentence. Single words were presented for 450 ms and phrases for 500 ms 
with an ISI of 100 ms. After the presentation of a sentence, there was a 1000 ms pause before 
participants were required to complete a comprehension task. For each participant the 
comprehension task comprised the answer ‘yes’ equally as often as the answer ‘no’ in each of 
the experimental conditions.  

Participants were asked to avoid movements and to blink their eyes between their 
response to the comprehension task and the presentation of the next sentence. The 
experimental session began with a short training session followed by 8 experimental blocks 
comprising 40 sentences each, between which the participants took short breaks. The entire 
experiment (including electrode preparation) lasted approximately 2 hours (due to the 
remaining experimental conditions which will not be reported here; cf. Bornkessel et al. 2004, 
for more details). 

The EEG was recorded by means of 58 AgAgCl-electrodes fixed at the scalp by means of 
an elastic cap (Easy Cap International). The ground electrode was positioned above the 
sternum. Recordings were referenced to the left mastoid, but re-referenced to linked mastoids 
offline. The electrooculogram (EOG) was monitored by means of electrodes placed at the 
outer canthus of each eye for the horizontal EOG and above and below the participant’s right 
eye for the vertical EOG. Electrode impedances were kept below 5 kOhm.  

All EEG and EOG channels were amplified using Neuroscan Synamps amplifiers (DC to 
50 Hz) and recorded continuously with a digitisation rate of 250 Hz. 

Average ERPs were calculated per condition per participant from 334 ms prior to the 
onset of the critical stimulus item (i.e. the verb) to 1000 ms post onset, before grand-averages 
were computed over all participants. Trials for which the comprehension task was not 
performed correctly were excluded from the averaging procedure as well as the single trial 
analysis, as were trials containing ocular or other artefacts (the EOG rejection criterion was 
40μV). 

All frequency analyses as well as the statistical analysis were carried out as in 
Experiment 2 (confined to the electrode CZ; for more information see: http://www.brain-
oscillations.com/figures).  

 
Results 

Object-initial active verbs in comparison to subject-initial verbs elicited a broad, centro-
parietal negativity between 450 and 650 ms post onset of the critical verb. Figure 10 shows 
that, for object-initial sentences, there was a pronounced increase of evoked upper delta band 
activity (2-3 Hz) in comparison to subject-initial sentences. This increase was confined to the 
time range of the N400 effect of the corresponding ERP analysis. Furthermore, there 
appeared to be a concurrent increase in upper delta phase locking.   

The statistical analyses confirmed these observations. For upper delta EPow (averaged 
frequency bins: 2.0-3.0 Hz; time window: 300-600 ms), there was a significant main effect of 
ORDER (F (1,15) = 5.87, p < .03). Analyses of the measures WPow and PLI revealed that 
this upper delta EPow increase was due to a significant increase of PLI (F (1,15) = 7.76, p < 
.02). However, there was no significant effect for WPow (F < 1). 
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Figure 10. Grand average ERPs and Gabor transform-based time-frequency difference plots in the delta 
band (2-3 Hz) for the object-initial sentences in comparison to subject-initial sentences at electrode CZ 
(N=16). Note that subject-initial sentences were subtracted from object-initial sentences, thereby 
indicating relative increases in activity for the latter. 

In addition to the observed evoked upper delta increase for object-initial verbs in 
comparison to subject-initial verbs, the visual inspection of Figure 11 revealed an increase in 
evoked theta activity for subject-initial sentences in comparison to object-initial sentences. 

 

 

Figure 11. Grand average ERPs and Gabor transform-based time-frequency difference plots in the theta 
band (4-5 Hz) for the subject-initial sentences in comparison to object-initial sentences at electrode CZ 
(N=16). Note that object-initial sentences were subtracted from subject-initial sentences, thereby 
indicating relative increases in activity for the latter. 

Indeed, the statistical analyses revealed a significant difference in evoked theta power 
(averaged frequency bins: 4.0-5.0 Hz; time window: 200-500 ms) for subject-initial verbs in 
comparison to object-initial verbs (F (1,15) = 7.29, p < .02). As for upper delta this EPow 
increase was due to a significant enhancement of phase locking (F (1,15) = 5.74, p < .04), 
whereas there was no significant effect with regard to WPow (F < 1).  

 
Discussion 

The analysis of the time-frequency measures applied here clearly revealed that the 
observed N400 effect for object- in comparison to subject-initial sentences can be attributed 
to a pronounced increase in upper delta EPow for object-initial structures, which was due to 
an increased phase locking. Furthermore, in the beginning of the N400 time window, there 
was a significant but much less pronounced increase in evoked theta power for subject-initial 
structures.  

Returning to the findings from the present frequency analysis, the upper delta evoked 
power increase, which was due to an enhanced phase locking clearly is reminiscent of the 
results obtained in Experiment 1. In Experiment 1, we also observed an evoked power 
increase in the same frequency band. This upper delta EPow increase was elicited in response 
to sentence-final words which not only didn’t match the expected second word (antonym) of a 
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previously presented antonym prime but, furthermore, violated the proposition of the whole 
sentence. Crucially, on the surface, this evoked upper delta increase was observable as a late 
positivity, approximately in the time window between 600-800 ms post onset of the critical 
item. Because the elicitation of the late positivity, and, therefore, also of the underlying upper 
delta increase, appeared to be dependent on structural processes, we interpreted it as an 
instance (or a reflection) of a P600-like positivity which might indicate reanalysis processes. 
More specifically, we proposed that it might reflect final evaluative processes with regard to 
the well-formedness of the sentence. Furthermore, as for the reanalysis N400 in Experiment 3, 
the increased EPow for Experiment 1was due to an enhanced phase locking without a 
concurrent increase in whole power. Therefore, we must conclude that both EPow increases 
(in Experiment 1 and 3) were due to (at least) a partial phase resetting mechanism. Due to the 
surprising analogy between both effects (with regard to the functional interpretation in terms 
of reanalysis, and the underlying frequency dynamics), it is tempting to speculate whether the 
two instances of the upper delta EPow increase might be a reflection of the same functional 
processes. That is, we could hypothesise that both effects might reflect enhanced processing 
costs due to a similar reanalysis process.  

4. General Discussion 

The primary aim of the present paper was to show that the uncertainty associated with the 
interpretation of N400 effects can be resolved by means of frequency-analytical dissociations. 
To this end, we introduced an analysis technique for EEG research on human language 
comprehension, which supplements ERP measures with corresponding frequency-based 
analyses. By employing this technique, we were able to show (a) that a single surface effect 
may result from the superposition of multiple underlying activities and, thereby, distinct 
functional processes (Experiments 1 and 2), and (b) that superficially similar ERP 
components associated with different functional domains can be dissociated on the basis of 
their frequency characteristics. In the following, we will provide a more detailed discussion of 
these observations by focusing on their respective frequency band correlates. 

 
Lower theta increase and the N400 effect 

Regardless of the task demands, i.e. judging antonym relations in sentence context 
(Experiment 1) or performing a lexical decision task (Experiment 2), non-related category 
words elicited a pronounced increase in lower theta EPow in comparison to antonyms and 
related category words. However, pseudowords also showed the same EPow increase in 
comparison to antonyms. Furthermore, there was no difference between pseudowords and 
non-related category words. In all of these cases, the increased evoked theta power was 
observable in the N400 effect time range.  

 
Delta increase and the early positivity 

The explicit instruction to judge antonym relations led to a task-specific increase in delta 
EPow for antonyms in comparison to both related and non-related category violations in the 
antonym sentence verification task (Experiment 1). This increase was elicited in the N400 
time range and, furthermore, was due to a concurrent increase in WPow and PLI. However, 
there was no comparable evoked delta power increase for antonyms in the lexical decision 
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task (Experiment 2). This led us to conclude that the evoked delta power increase for 
antonyms is a reflection of task-specific processes and must not be regarded as a correlate of 
lexical-semantic processes per se. This hypothesis was confirmed through the finding that 
pseudowords in the lexical decision task (Experiment 2) also elicited a pronounced evoked 
delta power increase, due to the same underlying mechanisms, although in a later time 
window which was subsequent to the N400 effect. Yet, the crucial point is that the common 
denominator for the occurrence of the pronounced evoked delta increase not only seemed to 
be task-dependency but more specifically seemed to be related to the fact that, in all cases, the 
critical stimuli were targets of the task. 

In Experiment 1, we proposed that the positive shift for antonyms might be due to a 
positive component which is embedded in the N400. This positive shift was correlated with 
the concurrent increase in evoked delta power for antonyms in comparison to non-antonyms. 
This observation was further corroborated through the results from Experiment 2. There was 
no positive shift and also no concurrent increase in evoked delta power for antonyms in 
comparison to non-antonyms. Instead, there was a pronounced increase in evoked delta power 
for pseudowords in comparison to words. Moreover, this delta power increase was 
unambiguously correlated with a pronounced late positivity for pseudowords which was 
interpreted as a correlate of processes related to target detection. Because this positivity had a 
clear centro-posterior distribution, it was taken as an instance of a late P300-like positivity. 
Hence, by analogy, this observation further supports the hypothesis that the enhanced positive 
shift for antonyms in Experiment 1 was due to an embedded positivity which might also be 
regarded as an instance of a P300. However, if both effects are interpreted as a reflection of 
the same underlying processes, one has to account for the large latency differences between 
the early delta increase (the embedded positivity) and the late delta increase (the P300-like 
positivity). 

A possible scenario to account for this latency difference becomes apparent if the 
properties of pseudowords are considered more closely. In agreement with previous findings 
in the literature (e.g. Holcomb & Neville, 1990), pseudowords elicited a pronounced N400 
effect. This observation led to the suggestion that, in a lexical decision task, pseudowords are 
initially treated as words before they are rejected (e.g. Deacon et al., 2004). Thus, before they 
can be identified as targets, pseudowords must first undergo lexical-semantic ‘processing’, as 
is reflected in the larger N400 amplitude in comparison to antonyms. Hence, the target-related 
P300-like positivity necessarily had to follow the N400. These considerations are supported 
by the observation that true ‘nonwords’ (orthographically illegal strings, which can be 
rejected without a lexical search) - instead of showing a biphasic N400/P300-like pattern - 
elicit an early monophasic P300-like positivity (see Holcomb & Neville, 1990; Donchin & 
Coles, 1988).  

 
Upper delta increase and late positivities 

The frequency analysis revealed that the late positivity complex in Experiment 1 was due 
to an increased evoked upper delta power. Hence, the frequency correlate for the late 
positivity complex was clearly different from the evoked delta power effect which appeared 
in correlation with the late positivity for pseudowords in Experiment 2. Moreover, both 
evoked power effects not only had a different topographical distribution but were also due to 
different underlying processing dynamics (increased phase locking vs. increased whole power 
and phase locking). This strengthens the assumption that the late positivity for related and 
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non-related category violations belong to a different ‘class’ and, hence, reflect different 
processes.  

By contrast, the frequency characteristics of the late positivity complex in Experiment 1 
were very similar to those observed for the syntactic N400 effect in Experiment 3. In this 
regard, we suggested that both components might be related to evaluative processes relating 
to the overall sentence structure, thereby providing a possible unifying functional explanation. 
However, if an explanation along these lines is correct, we are left with the seemingly 
puzzling observation that a similar underlying process may manifest itself in qualitatively 
distinct ERP components (differing in both latency and polarity). 

A possible solution obtains under the premise that both effects are a reflection of the 
same underlying ongoing oscillatory activity. In both cases, the observed frequency range was 
between 2.0 – 3.0 Hz, i.e. the approximate centre frequency was around 2.5 Hz. This means 
that a full oscillatory wave cycle takes approximately 400 ms, whereas a half oscillatory wave 
cycle (from the maximal negative to the maximal positive peak) will be completed roughly 
after 200 ms. Interestingly, 200 ms is approximately the time difference between the peaks of 
the observed N400 component and the late positivity in Experiment 1 (cf. Figure 10 in 
comparison to Figure 4). In this way, the relation between the earlier negative peak and the 
later positive peak could simply be regarded as the result of an 180 degree phase shift due to 
an ongoing upper delta oscillation, i.e. both components could potentially reflect the up and 
down of the same oscillation. In addition, both observed ERP effects were attributed to an 
enhanced phase locking (or to partial phase resetting). Thus, under the assumption that the 
same process, namely phase locking of the ongoing oscillation, merely occurred at different 
points in time, the elicitation of distinct effects with different polarities arises quite naturally. 
Whereas enhanced phase locking at the beginning of the negative phase cycle will lead to an 
increased negativity, the same mechanism will give rise to an enhanced positivity during the 
reversed phase angle. Therefore, it could be speculated that the surface difference in polarity 
between the two observed ERP effects might actually be due to a timing difference in the 
occurrence of phase locking of the underlying upper delta oscillation. This is fully compatible 
with the finding that subject-object reanalyses engendering an N400 effect are associated with 
a faster timecourse of processing than similar reanalyses engendering a P600 effect 
(Schlesewsky et al., 2006), a difference that presumably reflects complexity differences 
between the two reanalysis types. 

In sum, the present findings showed that an N400 effect which was elicited in response to 
structural manipulations could be clearly distinguished from semantically induced N400 
effects on the basis of its underlying frequency characteristics. Moreover, we speculated that 
even superficially distinct ERP effects might be attributed to the same underlying processing 
characteristics. Thereby, the present analysis suggests that presumably disparate findings can 
be reconciled and simplified with regard to their functional interpretation and their inherent 
processing dynamics. 

To conclude, the present findings emphasise the potential benefit of a joint analysis of 
ERP components and their respective frequency characteristics in furthering our knowledge 
with respect to the complexities of higher cognition. 
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