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Abstract 
 
Objective: P300 latency variability in normal subjects is a complicating factor in clinical 
Event Related Potential (ERP) studies because it limits diagnostic applicability. The present 
study was conducted to determine if identification of P300 (P3A and P3B) components using 
source analysis techniques can reduce variability in P300 parameters.  
Methods: Data were recorded with a 128-channel EEG system in 18 healthy subjects. We 
used a standard auditory 2-tone oddball paradigm with targets of 2000 Hz and standards of 
1000 Hz. Two simple source analysis models with 1 or 2 rotating dipoles were applied to 
grand average data and individual data. Dipole time courses were combined with mapping 
results to extract P3A and P3B component latencies. Latencies obtained with conventional 
P300 analysis were compared with source analysis results.  
Results: The source analysis method identified both P3A and P3B components in a 
substantially larger percentage of subjects (88 vs. 33 %) than the conventional method. The 
source analysis method yielded a later mean P3B latency (357 vs. 323 ms, p<0,001) with a 
smaller standard deviation (9 vs. 23 ms, p=0,003) than the conventional P300 method. The 
relative contribution of the temporally separate P3A and P3B components to the P300 
complex amplitude is highly variable. This explains the larger latency standard deviation in 
conventional P300 analysis.  
Conclusions: The source analysis method was able to identify P300 components in a large 
percentage of the cases. The result is a considerable reduction of P300 latency variability in 
normal subjects. This could have important consequences for clinical ERP research, because 
diagnostic sensitivity and specificity of P300 latency may improve with this method.      
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Introduction 
 
The P300 event-related potential (ERP) is a widely used test for cognitive function but its 
clinical use remains controversial. Several studies have reported significant differences 
between normal and patient populations in diseases such as dementia, head injury and 
multiple sclerosis 1-4. However, diagnostic sensitivity and specificity have been variable, 
which has led to a debate regarding its clinical utility 5, 6. Differences in stimulus 
characteristics and biological determinants between studies explain some variability of P300 
parameters 7, 8. Individual variation in background EEG activity is also associated with P300 
amplitude and latency variability 9. However, even in studies with low P300 variability low 
sensitivity is reported 5. This may be the result of variability in disease severity, but 
substantial inherent P300 variability is another likely explanation. Although the coefficient of 
variation of P300 is comparable to that of routinely applied biomedical assays 10, a further 
look at other causes of inherent P300 variability seems worthwhile.  
A potential source of inherent P300 variability is the existence of overlapping P300 
components. The most important components are the P3A and the P3B components, as they 
appear in a classical oddball task in response to infrequent stimuli 11. P3A occurs earlier 
around 250 ms and has a frontocentral distribution while P3B tends to occur around 350 ms 
with a centroparietal maximum. Another variant of P3A can be evoked in reaction to ignored 
novel stimuli in 3 tone oddball paradigms. This also consists of early frontocentrally 
distributed activity and is called novelty P3, or novel P3A 12. It is questionable whether the 
novel P3A and target P3A are different phenomena, because recent evidence suggests that 
they are essentially the same process 13. It is thought that P3A activity reflects an initial 
orienting response originating from frontal areas, while P3B reflects subsequent attentional 
resources and the start of memory processes in which parietal and temporal areas are 
involved. In accordance with this theory, imaging techniques show that both frontal and 
temporoparietal brain areas are active during target discrimination 14-17.  

Separating the P3A and P3B components is a logical next step in an attempt to reduce 
variability in P300 recordings. Several strategies have been attempted to separate 
components. One way is to perform a Principal Component Analysis (PCA) 18. PCA is a 
multivariate statistical technique that decomposes the P300 wave into several orthogonal 
components. It is assumed that they have constant waveforms but may vary in amplitude over 
time. A further assumption is that different subjects have identical basic wave shapes. 
However, the interpretation of these waveforms in physiological terms is problematic. 
Furthermore, components that vary in latency cannot be handled easily by PCA. A related 
procedure is independent component analysis (ICA), which is a non-orthogonal 
decomposition method 19. In recent experiments, two major components of P300 were found 
in response to novel and/or target stimuli with both techniques. These were characterized by 
different scalp topographies and different responses to experimental manipulations 20, 21.   
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The other strategy is to perform a source localization 22, which uses physiologic rather than 
statistical constraints. Neuronal activity is modeled by using dipoles that can vary in strength, 
but are stationary in location and orientation. Data derived from functional MRI or positron 
emission tomographic experiments may help in the identification of dipole locations 14, 23. 
Most studies focus on finding the intracranial generators of P300, and pay little attention to 
individual variability of latency parameters 24-27.  
The aim of the current study is to determine whether variability in P300 parameters can be 
reduced by separating P300 components. For this purpose, we developed a source analysis 
strategy that models P300 components in a functional way rather than an anatomically correct 
way. We recorded ERP data with a 128-channel EEG system and a standard 2-tone oddball 
paradigm. We compare the proposed source analysis strategy with conventional P300 analysis 
and specifically compare P300 latency results for both methods. 
 
Methods 
 
Subjects 
A group of 18 healthy volunteers (6 women, 12 men) was used to obtain normal values. None 
of these subjects had a history of head injury or other neurological conditions. Their average 
age was 28,5 years (SD 6,6; range 19-46). All subjects gave their informed consent.  
 

P300 recording 

We followed the recommendations on P300 recordings as outlined by Polich 28. A standard 
oddball paradigm was used, in which subjects were asked to count silently auditory target 
stimuli of 2000 Hz (probability: 0,15) and to ignore standard stimuli of 1000 Hz (probability: 
0,85). All stimuli were 70 ms in duration with a 50 ms plateau-phase and 10 ms rise and fall 
time. Inter-stimulus interval varied randomly between 1,5 and 2,5 seconds. The subject was 
asked to look at a fixation point during the recording, but no blink instructions were given. 
The paradigm was administered in 2 blocks of 100 tones and was repeated in cases of 
frequent blinking until a total of at least 20 blink-free target segments was obtained over all 
blocks. To achieve this, one extra block of tones was needed in 4 subjects. At the end of the 
recording, the total number of targets administered and counted by the subject were recorded. 

EEG was recorded from the scalp using a 128-electrode cap, which was connected to a 128-
channel headbox (Twente Medical Systems BV, Hengelo, the Netherlands). We used 6 
electrodes to monitor eye movements, one above and below each eye for vertical eye 
movements, and 1 lateral to each eye for horizontal eye movements. One electrode was placed 
on each earlobe for use as a linked ears reference in the conventional P300 analysis. 
Impedance values were kept below 10 kΩ. We used Onyx software (Silicon Biomedical 
Instruments BV, Westervoort, the Netherlands) to capture the EEG data. Sample frequency 
was set at 1000 Hz. After storage of the raw data, further processing was performed off-line 
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using Brain Vision Analyzer software (Brain Products GmbH, München, Germany). The low 
pass filter was 30 Hz (48 dB/octave) and the high pass filter was 0,16 Hz (48 dB/octave). We 
segmented the data in epochs of 1000 ms with a 50 ms pre-stimulus interval and a 950 ms 
post-stimulus interval. Segments with blinks were excluded from further analysis. Artifact 
rejection was set at 100 μV. Next, a DC detrend procedure was performed on the individual 
segments using the first 100 ms as the starting point and the last 100 ms as the end point 29. A 
baseline correction procedure was done using the first pre-stimulus 50 ms. Averaging was 
performed on individual channels, excluding those channels for which less than 20 segments 
were available due to the result of the artifact rejection. No more than 12 channels per subject 
were lost as the result of this procedure. The entire recording procedure can be completed 
within 90 minutes. 

 

Conventional P300 analysis 

Fz, Cz and Pz averages were produced using a linked ears reference. The largest positive 
peak occurring after the N1, P2 and N2 components that increases in amplitude from frontal 
to parietal scalp areas was identified as the P300 wave 30. In cases of bifurcated peaks, the 
second peak with a central/parietal maximum was selected for P300 latency and amplitude 
determination 31. In these cases, the earlier peak having a frontocentral maximum was termed 
P3A and was scored separately. Thus, the P3B component latency corresponds with P300 
latency in this method.  

 

Source analysis 

The averaged data were exported to ASA software (ANT software BV, Hengelo, the 
Netherlands) using an average reference.  All P300 topographical maps were first inspected 
visually in ASA to identify P300 components fields (i.e., the frontocentral P3A component 
and the centroparietal P3B component). Standard maps were also inspected to identify N1 and 
P2 component latency and location, because P2 activity has been known to persist up to 250 
ms. The standard realistically shaped head model in ASA was used. It takes into account the 
conductivity of the brain, the skull and the scalp. A standard Talairach coordinate system with 
3 perpendicular axes which intersect at x=0, y=0 and z=0 was used 32. The x-axis has a 
frontal-occipital orientation, the y-axis runs through both pre-auricular points, and the z-axis 
is oriented towards the vertex. To model both P3A and P3B, a 2 dipole model was applied 
using x=60, y=0 and z=0 as a starting position for dipole 1, and x= −60 y=0 and z=0 as 
starting position for dipole 2. These starting positions are based on the available knowledge 
on P300 generators (i.e., P3A is generated in frontal areas and P3B is generated in 
temporoparietal areas). A model with 1 rotating dipole was also applied, which can also 
identify both components if multiple peaks in dipole activity are found. A starting position of 
x=0, y=0 and z=0 was used. For both dipole models, rotating dipole models were used 
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without any constraints. Dipoles were fitted over the interval from 250 ms to 400 ms after 
target stimulus onset. The following criteria were used:  

1. Dipoles need to explain at least 75% of the variance in individual EEG data, so no more 
than 25 % residual variance is accepted.   

2. Component latency and amplitude are determined using dipole time course information in 
combination with topographical mapping. Dipole peak activity is attributed to P300 
component activity only if a clear frontocentral P3A or centroparietal P3B positive field 
can be seen in the topographical maps. For example, if multiple peaks are found in the 
dipole time course, those peaks that can be attributed to phenomena that may overlap with 
P300 activity, such as P2/N2 activity or slow wave activity (no large frontal negative 
field), are not used.  

3. For the two dipole method, crossed dipole solutions (the frontal dipole explains P3B and 
the posterior dipole explains P3A) and solutions in which two dipoles are equal (i.e. rotate 
exactly in the same manner and are in close proximity) are not accepted. Instead, the 1 
dipole method is used for latency and amplitude determination.   

4. After both dipole methods have been tried, the one with the lowest residual variance is 
used for latency and amplitude determination.   

Note that comparison of dipole peak activity with topographical maps is an essential feature, 
especially if there are multiple dipole peaks.   

 

Statistics 

Normality of P3A and P3B amplitude and latency distributions was verified using the 
Shapiro-Wilk statistic. Levene’s statistic was used to test whether variances of P300 latency 
were equal for both methods. Because variances differed significantly, a non-parametric test 
(Mann-Whitney U) was performed to compare mean P3B latencies between both methods. 
We did not compare amplitudes between the methods because they are expressed in different 
units.  

 

Results 

 

All subjects correctly identified more than 95% of the targets. Two subjects were excluded 
from the analysis because very high voltage alpha activity appeared in the EEG, which 
disturbed the averages considerably. These data could not be reliably analyzed with either the 
conventional method or the source analysis method. The remaining 16 subjects entered the 
analysis.  
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Conventional method 

The grand average data are shown in figure 1 (p67). As can be seen in figure 1, P3A and P3B 
components could not be identified from the grand average data. The P300 latency was 314 
ms at Cz (amplitude 19,8 uV). Next, the individual data were analyzed. A P300 latency and 
amplitude could be identified in all subjects. P3A components were present in 5/16 cases.  

 

Source analysis  

All topographical maps were first inspected visually in ASA. The grand average voltage maps 
are shown in figure 1. It is clear that first a frontocentral positive field arises, after which a 
shift towards parietal electrode sites occurs. With 2 dipoles, residual variance was 7 % with a 
midline frontal dipole explaining frontocentral P3A activity and a midline posterior dipole 
explaining parietal P3B activity. With only one dipole, residual variance was 11% and there 
was only a single peak in dipole activity with a central location, which is thought to be mainly 
P3A activity because of its latency and field distribution. The individual data were analyzed 
in a similar way, using both the 1-dipole and 2-dipole methods. In response to targets, all 
subjects had frontocentrally or centrally located P3A activity. This was followed by parietal 
P3B activity in 14 out of 16 cases, which was usually less prominent than P3A activity. For 
target P3A and P3B latency determination the 2-dipole method resulted in a similar solution 
as the grand average solution in 10 cases. In 6 cases, the 2-dipole method failed (crossed 
dipole solution or 2 dipoles functionally the same). With the 1-dipole method 8 subjects had a 
dipole solution similar to the grand average solution, corresponding with frontocentral P3A 
activity. In the other 8 subjects, multiple peaks in dipole activity were present which resulted 
in identification of both components. The results of both dipole methods were combined by 
using the solution with the lowest residual variance for each subject. This resulted in 10 
subjects with a 2-dipole solution and 4 subjects with a 1-dipole solution that identified both 
components. In the remaining 2 subjects, frontocentral P3A activity predominated with a 
minimum in parietal P300 activity. The 2-dipole method failed and the 1-dipole solution 
resulted in a single dipole peak similar to the grand average dipole solution.  

 

Comparing the methods 

The results of the P300 component latency and amplitude determination for both methods on 
individual subjects can be found in table 1. Target P3A and P3B latencies all followed a 
normal distribution for both methods. The source analysis method identified the presence of 
both P300 components in a substantially larger percentage of cases than the conventional 
method. P3B latencies for the source analysis method were significantly later in comparison 
with the conventional P300 method (p<0,001, Mann-Whitney U-test). Standard deviation of
P3B was significantly smaller in the source analysis method when compared to conventional 
analysis (Levene’s test, p=0,003, figure 2). 
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 Conventional 1-dipole 2-dipole Combined 

(1 or 2 dipoles) 

P3A  RV: 19 ± 10 % RV: 11 ± 5 % RV: 14 ± 6 % 

% identified 31 100 63 100 

Latency (ms) 292 ± 23 311 ± 18 305 ± 17 310 ± 18 

Amplitude 22 ± 8 287 ± 113 247 ± 132 254 ± 120 

P3B (P300)     

% identified 100 50 63 88 

Latency (ms) 323 ± 23  357 ± 14 353 ± 6 357 ± 9 * 

Amplitude 21 ± 8 230 ± 83 192 ± 92 198 ± 84 

 

Table 1. The results of the individual data analysis (n=16) with the conventional method and the 
source analysis method.  RV= residual variance. * P<0,001 vs. conventional. Amplitude units are nAm 
for the source analysis method and μV for the conventional method. 

 

Figure 2. Distribution of the P300 latency (conventional method, n=16) and P3B latency (source 
analysis method, n=14). In two subjects no P3B could be identified using source analysis, but P3A 
was present. The source analysis method yields a later P3B latency with a smaller standard deviation 
than the conventional method.   
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Figure 3. Four examples of conventional P300 averages. In Subjects A-C only one P300 component 
can be identified, while subject D clearly exhibits a bifurcated P300 peak, which results in both P3A 
and P3B identification. The source analysis results are indicated with arrowheads. Closed arrowheads: 
Source analysis P3A. Open arrowheads: Source analysis P3B. Note that in subject A and B, the 
timepoint of maximum P300 amplitude corresponds with source analysis P3A, while in subject C and 
D it corresponds with source analysis P3B.  The actual P3B is not visible as a separate peak in subjects 
A and B. (figure 4) 
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Further comparison between the methods showed that in some cases the P300 in the 
conventional method turned out to be a central P3A component in the source analysis method. 
The actual P3B in these cases was not visible in the conventional method, or was only visible 
as a small notch in the downslope of the P300 component (figure 3, p63 and 4, p68; subjects 
A and B respectively). This phenomenon occurred at both Cz and Pz, especially when P3A 
components were large in amplitude in comparison with P3B components. Such large central 
P3A components result in early P300 latencies in the conventional method (around 300 ms). 
Other subjects have relatively large P3B components and smaller P3A components, which 
results in later (350-370 ms) P300 values in the conventional method (see figure 3, p63 and 4, 
p68; subjects C and D).  

To quantify this phenomenon further, we calculated the ratio of P3A and P3B amplitude using 
the corresponding dipole peak-values. Ratios were highly variable, with values ranging from 
0,29 (mainly P3B) to 4,80 (mainly P3A)(mean 1,63 ± 1,18). We found a significant inverse 
relationship (F=8,9 p=0,01) between the ratio of P3A and P3B and P300 latency in the 
conventional method (figure 5). Age and P300/P3B latency were not significantly correlated 
for either method.  

 

Figure 5. Relation between the ratio of P3A and P3B amplitude as determined with the source analysis 
method and P300 latency in the conventional method 
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Discussion  

 

By using source analysis techniques we have shown that P300 components can be identified 
more often than with conventional P300 analysis. In the usual P300 averages there is a clear 
bifurcated P300 only in 10-20 % of the cases, which may result in P3A identification. In all 
other cases only one P300 component is identified at either Pz or Cz . By contrast, our source 
analysis strategy identified P3A in 100% and P3B in 88% of the cases. However, in two cases 
a P3B component could not be identified. Although in the voltage maps small parietal 
positive fields could be seen, this was not visible as a clear dipole peak. Therefore, to obtain 
optimal results further improvement of this strategy is desirable. We are currently testing 
other paradigms. Preliminary results suggest that by using both a 2-tone and 3-tone paradigm 
with novel sounds component identification is further improved. Two other cases could not be 
analyzed reliably by either method because of excessive alpha activity in the EEG. This is a 
known problem that occurs in some P300 recordings despite averaging 31.  

We found that P3B latency variability using source analysis is significantly smaller than 
conventional P300 latency variability. Reduced variability in P300 parameters in normal 
subjects is of interest to clinicians dealing with diseases like dementia or head injury, because 
it may lead to improved diagnostic sensitivity and specificity. Reduced variability is a direct 
consequence of the ability of the source analysis technique to identify both P3A and P3B 
components in most subjects. In conventional P300 analysis, the components are usually not 
visible as separate peaks. Instead, the relative contribution of P3A and P3B components to the 
P300 complex determines P300 latency. This was confirmed by demonstrating a significant 
inverse relationship between the ratio of P3A and P3B amplitudes as determined with the 
source analysis method and P300 latency in the conventional method. 

Our strategy is a functional source analysis method, which is aimed at separating temporally 
overlapping P300 components. The rotating dipoles in our method can be viewed as resultant 
vectors representing the mean effect of several simultaneously occurring bilateral cortical 
processes. When the exact locations of generators of P300 are of interest, this is obviously 
incorrect 22 and more than 1 or 2 dipoles are needed to obtain a credible dipole solution. 
However, to describe P300 components in a functional way (latency, amplitude), exact source 
localization is not needed and bilateral activity can be described using 1 dipole only. An 
argument in favor of this strategy is that P300 dipole solutions are often presented with pairs 
of symmetric dipoles in each hemisphere. The dipoles of such a pair usually have similar 
dipole time courses, which means that they are functionally the same 24, 26, 33. These dipole 
pairs can thus be represented by a single dipole in the midline. For component identification, 
differences in dipole localization are therefore more important in an anterior/posterior 
direction than in a left/right direction in P300 dipole analysis. Thus, one midline-frontal and 
one midline-posterior dipole is the only restriction that we use in the 2-dipole model, which is 
based on the available knowledge on P300 generators. Both components could still be 
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identified in half of the subjects using only 1 dipole, because multiple peaks in dipole activity 
were present. This was usually observed in subjects where P3A activity was clearly distinct 
from P3B activity (P3A activity was already decreasing, while P3B was not yet increasing,  
figure 4). We emphasize that combining P300 topography with dipole time course 
information is essential in such cases, because this ensures that dipole activity corresponds 
with a true P300 component field. This is important because high voltage fields from 
overlapping processes such as the Slow Wave or the P2/N2 complex may result in multiple 
dipole peaks, which may be confusing if topographical information is not available.  

In comparison with other dipole methods 33 we obtained a better result in terms of component 
identification and latency variability. Besides the differences in the dipole models that were 
used, the number of electrodes may offer an explanation for this difference. Although it may 
not be necessary to use 128 channels, the chances of finding overlapping P3A and P3B fields 
and small/ low amplitude component P3 fields are better when more electrodes are used. In 
terms of residual variance, most authors use more than 2 dipoles to obtain residual variances 
below 10%, which is better than the average of this study. Some studies have also described 
the results of 1- and 2-dipole models which produced residual variances ranging from 20 to 
46%, which is poor when compared to this study 24. We used rotating dipoles instead of fixed-
orientation dipoles, which can explain this difference because rotating dipoles can model 
P300 fields that migrate across the scalp.    

In conclusion, this source analysis method is promising because it is able to identify P300 
components in a large percentage of cases. This reduces variability in P300 recordings in 
normal subjects. Theoretically, reduced variability could lead to a better diagnostic sensitivity 
and specificity in clinical settings. This remains to be verified in clinical P300 studies.  
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Figure 1. Grand average data for the conventional P300 method (top-left) and the source analysis 
method (mapping results: top-right). P300 latency was 314 ms at Cz (amplitude 19,8 μV) with the 
conventional method. Using 2 dipoles (Bottom: left two columns) a P3A component can be identified 
at 316 ms and a P3B component at 358 ms, while a single dipole solution (Bottom: right column) 
identifies one component only at 318 ms.  
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Figure 4. The source analysis results for subjects A (left) and D (right) from figure 3. In subject A, a 2-
dipole solution was obtained similar to the solution for the grand average data. Note that central P3A 
activity is very strong and corresponds with the moment of highest P300 amplitude at Cz and Pz in 
figure 3. The actual P3B is not visible as a separate peak in figure 3. There is about 60 ms difference 
between the source analysis P3B and the conventional P300 in this subject. Subject D is an example of 
a case in which the 1-dipole solution identifies both P3A and P3B components. Both components are 
clearly visible as a bifurcated P300 in figure 3. P3B latency is around 350 ms. There is little difference 
with the conventional method in this case. 
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