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You gravitate to that which you secretly love most 
You meet in life the exact reproduction of your own thoughts 

There is no chance, coincidence or accident 
In a world ruled by law and divine order 

Be careful of the thought-seeds you plant in the garden of your mind 
For seeds grow after their kind 

 
 
 
 

From: Good Thoughts, Bad Thoughts 
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Standing On The Verge Of Getting It On 
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The two most common conditions that result in acute brain injury are stroke and head injury. 
Despite the fact that considerable progress has been made in the diagnosis and treatment of 
these disorders, many unsolved problems remain. In the field of stroke, new neuroimaging 
techniques play an important role in diagnosis and management. Major therapeutic 
improvements have been achieved with thrombolytic therapy and improved standard care on 
stroke units 1. However, clearly effective neuroprotective agents are not yet available and a 
long list of promising substances have failed to show any efficacy in human stroke subjects, 
despite spectacular preclinical results 2. A similar situation exists for head injury, where 
standard care and neuroimaging procedures have greatly improved. Furthermore, with the 
introduction of cerebral pressure and perfusion monitoring, a major step forward has been 
achieved in decreasing secondary injury to the brain 3. As is the case for stroke, specific 
neuroprotective drugs are not yet available.  
A major question is why clinical trials with neuroprotective drugs have failed to show any 
efficacy so far. There are several possible explanations why neuroprotective trials have been 
unable to prove an effect. The effects of neuroprotective agents on brain injury are time 
dependent, and treatment has often been initiated much later than in successful experimental 
models. Insufficient doses of the drugs and slow availability of the drug at the target area may 
be other explanations. Too small sample sizes in trials and imbalance of prognostically 
important baseline variables are examples of shortcomings in trial methodology. Furthermore, 
clinical trials have often been limited by insensitive outcome measures, failure to target 
specific pathophysiological subtypes, and in stroke patients, failure to target the ischemic 
penumbra 4, 5. 
New strategies in trial design are needed to compensate for these shortcomings. New 
parameters are needed to assess more accurately several aspects of the pathophysiology and 
consequences of acute brain injury. It is therefore necessary to re-evaluate and optimize all 
phases of acute brain injury care. These include diagnostic classification, selection of eligible 
patients for treatment strategies, adequate monitoring of neuronal function and response to 
treatment, estimation of prognosis, assessment of outcome and rehabilitation strategies.  
Correct diagnosis is often not difficult if a clear history can be obtained from the patient or 
relatives, and when clinical signs and symptoms match the impression that is obtained from 
the history. For example, it is fairly straightforward to conclude towards a large hemispheric 
ischemic stroke in the elderly patient, who has a history of hypertension, diabetes and 
smoking, and who presents in the emergency department with an acute onset global aphasia, a 
right sided hemiparesis and hemianopia. Computed Tomography (CT) scanning may show 
some early signs of cortical infarction such as effacement of sulci and decreased gray/white 
matter differentiation, but even when no abnormality is seen on CT most clinicians will find 
the combination of age, risk factors and neurological signs sufficient for the diagnosis of 
ischemic stroke. In the absence of clear risk factors, or when an adequate history is not 
possible, or when other signs such as nystagmus or myclonus are present (indicating focal 
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seizures), doubt will arise, and the clinician will turn to other diagnostic modalities, such as 
Magnetic Resonance Imaging (MRI) and Electroencephalography (EEG). These may reveal 
other causes for the acute onset focal neurological deficit such as tumor, focal epilepsy, 
migraine, metabolic disturbances or even psychiatric disease. While these procedures will 
usually yield the correct diagnosis, the process is time consuming and may interfere with 
adequate therapy, such as thrombolysis. Much would be gained if a simple and easy 
applicable diagnostic test existed, preferably with very high specificity, so that more time is 
available to proceed with proper acute treatment.   
Selection of patients most likely to benefit from acute treatment. This issue is best illustrated 
by thrombolytic therapy for ischemic stroke. While early thrombolysis trials included many 
patients quite indiscriminately, later trials used increasingly more complicated inclusion 
criteria to select patients, which resulted in better success, but also in very low inclusion rates 
6. This trade-off between wide and easy applicability and time consuming state of the art 
diagnosis is the field where many new diagnostic procedures try to fit in. A good example is 
Transcranial Doppler (TCD) which can be used easily to assess neurovascular status in stroke 
patients, and is more readily available and applicable than for example MRI scanning 7, 8. The 
decision to proceed with therapeutic thrombolysis may depend on the finding of a Middle 
Cerebral Artery (MCA) main stem occlusion, which can be demonstrated with TCD in most 
instances. On the other hand, the opposite situation may arise when normal TCD signals are 
found in the presence of a large hemispheric stroke, which may indicate spontaneous 
reperfusion and a less aggressive treatment strategy. Despite such useful techniques, more 
detailed information on vessel occlusion status and the amount of reversible and irreversible 
neuronal damage is needed to further improve patient selection and therapy results.  
Adequate monitoring of neuronal function and response to treatment is of vital importance in 
stroke, but also in head injury. In stroke, monitoring of occlusion status is necessary for 
establishing the result of thrombolytic therapy. In addition, intensive monitoring of several 
vital parameters such as blood pressure, blood oxygenation levels, cardiac rhythm, blood 
glucose levels and body temperature are now part of routine practice in stroke care units  9, 10. 
Keeping these variables within normal limits may improve outcome in these patients, which 
underlines the importance of adequate monitoring.  
In severe head injury, intracranial pressure monitoring has proved to be valuable in early 
detection of complications such as secondary intracranial hemorrhage, and has provided 
further insight into the dynamics of developing secondary intracerebral edema 11. However, 
deep anesthesia is often necessary, and this precludes clinical assessment of the patient. 
Furthermore, intracranial pressure parameters do not directly reflect neuronal function or 
damage. Neuronal damage may be assessed by repeated imaging studies, but in the severe 
head injury patients this is often impractical.  
Estimation of prognosis remains very difficult in an acute setting, for both stroke and head 
injury patients. If irreversibility of neuronal damage could be determined in an early stage, 
this may help to further separate patient groups who may benefit from therapy from those in 
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which therapy is expected to fail. Furthermore, it may help to identify the patients whose 
cerebral damage is beyond any reasonable chance of recovery. While new imaging techniques 
are being used for this purpose, they are hampered by logistical problems. Here again, the 
need for an easily usable parameter of neuronal damage and function is clear.  
In the post-acute phase, recovery of neuronal function is usually assessed by clinical 
neurological examination. This will reveal major motor and sensory deficits, and a superficial 
impression of cognitive function is obtained. For more detailed analysis of cognitive function, 
neuropsychological investigation is often used. This is especially useful for quantifying subtle 
cognitive deficits, which are not evident in normal situations, but may interfere with 
functioning during work, for example when under time pressure, or when performing multiple 
tasks simultaneously. However, more severe disturbances may also need correct evaluation, 
and this may not always be possible, because patients are unable to complete several tests. An 
extra parameter that quantifies basic cognitive resources would be useful to determine which 
patients should be referred for neuropsychological testing, and could also be used for 
monitoring recovery or cognitive rehabilitation therapy.  
 
In this thesis, two diagnostic modalities are presented, which are both aimed at improving 
several aspects of diagnosis and prognosis of acute brain injury. These are biochemical serum 
markers of brain injury and the event related P300 potential.  
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Biochemical serum markers 
 
Nothing would be easier than to assess aspects of stroke and head injury using simple blood 
tests. Such serum markers will have to be very specific for brain damage, and very sensitive 
for even small amounts of brain damage. For such a test to be clinically useful, fast dynamics 
are required for correct early diagnosis and for monitoring, slower dynamics are needed if 
diagnosis must be made in the subacute phase. Ideally, some aspect of the test indicates the 
degree of reversibility, which may be used for selection of patients who are eligible for acute 
therapy, and for estimation of prognosis. Further requirements are pharmacokinetics that are 
time-locked to the brain injury and low age and sex related variability 12, 13. It is a priori 
unlikely that one simple test will have all these desirable test properties. Therefore, several 
biological markers of brain damage are analyzed in this thesis.  
 
S-100: 
S-100 is a calcium binding protein, which is mainly present in glial cells and Schwann cells, 
but also in other cells, such as melanocytes, adipocytes, chondrocytes and epidermal 
Langerhans cells 14-17. S-100 is also present in certain tumors such as schwannoma, glioma, 
melanoma and neuroblastoma 18, 19. The presence of the S-100 beta isomer (S-100B) is 
restricted to glial cells and Schwann cells. Therefore, brain speficity is probably quite high.  
Recently however, its specificity for brain tissue has been questioned, mainly by the finding 
that in multi-traumatized patients and in cardiac surgery patients S-100B can be raised while 
there is no evidence for brain damage 20-22. Its function is not fully understood, but a variety 
of findings suggest both beneficial functions (induction of reactive synaptogenesis and 
plasticity processes) and detrimental functions (induction of neuronal cell death) 23. It is 
eliminated by urinary excretion and its biological half-life is below 30 minutes. There is no 
significant variation with age or sex. Increased concentrations of S-100B have been found in 
cerebrospinal fluid and serum of both stroke and head injury patients 24, 25.  
 
Neuron Specific Enolase (NSE): 
NSE is a glycolytic enzyme of the cytoplasm of neurons and the cells of the Amine Precursor
Uptake and Decarboxylation (APUD) system (neuroendocrine cells). It is also present in 
substantial amounts in red blood cells and platelets. It can be found in neuroendocrine tumors
such as neuroblastoma and small cell lung carcinoma. Brain specifity is therefore probably 
not very high. Beside its role in glycolysis it also increases neuronal chloride levels during 
onset of neuronal activity. Its biological half-life is between 24 and 48 hours, which indicates
slow elimination from the blood. There is no significant variation with age or sex. Increased
concentrations of NSE have been found in cerebrospinal fluid and serum of both stroke and
head injury patients 24, 25. 
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N-Acetyl-Aspartate: (NAA) 
 N-Acetyl-Aspartate (NAA) is a small amino acid (0,1 kD) present in high concentrations in 
the brain. It is synthesized and stored in neurons, but catabolism is regulated by 
oligodendrocytes 26. Although its exact function is largely unknown, synthesis is directly 
coupled to glucose metabolism, and it may have a role in osmoregulatory mechanisms 27. In 
proton nuclear magnetic resonance spectroscopy (MRS) studies, NAA can be detected and is 
regarded as a marker of neuronal function and integrity. NAA can be detected in serum, urine, 
cerebrospinal fluid and amnion fluid and is used for diagnosis of an inborn error of 
metabolism called Canavans disease 28. Its biological half-life is not known, but is possibly 
quite short given its small molecular size. There is no significant variation with sex, but there 
seems to be a difference in serum NAA content of children and adults, with adults having 
lower values 28. This may be due to a relative abundance in the child's brain of O2A 
progenitor cells, which are precursor cells for both neurons and glia that contain twice as 
much NAA as normal neurons. NAA is released into the serum after stroke 29, but this has not 
been studied extensively yet. 
 
Event related Potentials (P300)  
 
Electrophysiological techniques are frequently used to obtain information about the 
functioning of the human brain. Standard EEG and evoked potentials have been used in a 
clinical setting for many years to aid in the diagnosis of a variety of disorders that affect the 
brain. Cognitive event related brain potentials (ERPs) are not used routinely in standard 
practice, despite a considerable amount of research that demonstrates significant differences 
between patient groups and normal subjects. This is probably due to large variability, which 
limits their diagnostic properties and clinical applicability 30-33. Lack of standardization of 
recording and analysis procedures, a large influence of subject biological variables and 
substantial inherent variability all contribute to large ERP variability. If variability could be 
reduced, this could improve the distinction between normal subjects and patient groups, and 
renewed efforts to examine the true diagnostic possibilities of ERPs would be justified.  
The most frequently studied ERP in a clinical setting is the P300 potential, a large positive 
wave that arises when a subject has to respond to an infrequently occurring stimulus 
embedded in a series of standard stimuli 34. The earlier part of this potential, termed P3A, is 
thought to reflect an orienting response to sudden alterations in the sensory environment. The 
later part, termed P3B, is associated with further higher order stimulus evaluation and the start 
of memory processes. P300 latency is often thought of as a parameter for stimulus evaluation 
time 35, while its amplitude is thought to reflect the amount of attentional resources activated. 
In standard recordings, these components are usually not visible as separate waves. Separating 
these components is one way to try to reduce some of the inherent variability of P300. With 
advancing technology such as Positron Emission Tomography (PET), functional MRI, 
Magnet Encephalography (MEG) and multichannel EEG, several strategies have become 
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available to separate these components, but most existing studies have focused on finding 
the intracranial generators of P300, and have paid little attention to diagnostic applicability. 
In this thesis, a new analysis strategy of P300 is presented and assessed in head injury 
patients, a group in which cognitive complaints are frequently encountered in the post-acute 
phase.  
 
Outline of the thesis 
 
In this thesis, two diagnostic modalities are discussed, which are both aimed at improving 
several aspects of diagnosis and prognosis of acute brain injury. These are biochemical serum 
markers of brain injury and the event related P300 potential.  
In Chapter 2, the temporal profile of a serum parameter of brain damage (S-100) after acute 
head injury, ischemic stroke and Transient Ischemic Attacks (TIA) is assessed. The profiles 
were compared between the different conditions and were correlated with clinical outcome 
scales.  
In Chapter 3, the monitoring potential of serum markers during experimental neuroprotective 
therapy is assessed in ischemic stroke patients. The possible role as a surrogate outcome 
parameter is also evaluated. 
While slow dynamics of serum markers were studied in the first two chapters, Chapter 4 
focuses on fast dynamics to see if serum markers can be used to detect reperfusion in 
ischemic stroke patients who are treated with thrombolytic therapy. A relatively new serum 
marker N-Acetyl-Aspartate (NAA) is introduced for this purpose.  
In Chapter 5, a new method for analyzing the event related P300 potential is introduced, which 
consists of a source analysis strategy, which includes topographic mapping. Variability of 
latency and amplitude parameters is evaluated in a series of normal control subjects and the 
source analysis method is compared with the conventional analysis method.  
In Chapter 6, an unexpected finding is presented that was found after analysis of a head injury 
group with both the conventional method and the source analysis method. The results have 
important consequences for the neurophysiological interpretation of P300 results in head 
injury patients. 
In Chapter 7, the diagnostic properties of conventional P300 analysis are compared with 
source analysis in a group of head injury patients. The implications for use of P300 testing in 
a clinical setting and its place in the diagnosis of cognitive disturbances after head injury are 
discussed.    
In Chapter 8, the results of this thesis are summarized.  
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Abstract 
 
Objective: Temporal changes in serum S-100 protein levels were compared between patients 
with ischemic stroke, transient ischemic attack (TIA) and head injury. In addition, S-100 
levels were correlated with clinical severity and outcome.  
Methods: Measurements were done with a LIA-mat® Sangtec®100 using an automated 
immunoluminometric assay. Serum S-100 was measured in 21 stroke patients, 18 TIA 
patients and 10 head injury patients on days 1 (0-24 hours), 2, 3, 4, 5 or 6 and 8 or 9.  In a 
control group of 28 healthy volunteers 1 measurement was done. For the stroke and TIA 
patients, National Institutes of Health Stroke Scale  (NIHSS) scores were obtained on 
admission and on day 10. For the head injury patients, Glasgow Coma Scale (GCS) scores 
were obtained on admission and Glasgow Outcome Scale (GOS) scores were obtained after 6 
months.  
Results: Changes in serum S-100 levels over the first 3 days were significantly different 
between stroke and head injury patients (p=0,014) and between stroke and TIA patients 
(p=0,006). Peak concentrations of S-100 were most often observed on day 3 or 4 after stroke 
and on day 1 or 2 after head injury. In stroke patients, individual S-100 peak levels correlated 
well with the NIHSS score on admission (r=0,58 p=0,014) and the change in NIHSS score 
between day 10 and day 1 (r=0,65 p=0,005). In head injury patients, a good correlation 
between individual peak levels of S-100 and the GCS score on admission (r=-0,81 p=0,010) 
and the GOS score 6 months after the trauma was found (r=-0,87 p=0,004).  
Conclusions: We conclude that there is a significant difference in temporal changes of S-100 
levels between ischemic stroke and head injury patients. This suggests different 
pathophysiological mechanisms. The results of this study further confirm that peak levels of 
serum S-100 correlate with neurological deficit resulting from either stroke or head injury. 
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Introduction 
 
S-100 is a calcium binding protein, which is mainly present in glial cells and Schwann cells, 
but also in other tissues such as melanocytes, adipocytes, chondrocytes and epidermal 
Langerhans cells 1-5. S-100 is also present in certain tumors such as schwannoma, glioma, 
melanoma and neuroblastoma 6-8. The presence of the S-100 beta isomer is restricted to glial 
cells and Schwann cells 1. 
S-100 has recently been described as a marker for disease severity in ischemic stroke patients 
9-13 and head injury patients 14-18. Increased concentrations have been found in cerebrospinal 
fluid and serum of both stroke and head injury patients 19, 20. Several studies have shown a 
correlation between clinical and radiological data and S-100 levels 9-18. The main objective of 
this study was to compare the temporal profile of changes in S-100 levels between stroke, 
transient ischemic attack (TIA) and head injury patients. In addition, we correlated these 
changes with outcome.  
 
Methods 
 
Patients and Subjects 
Serum was collected from 21 ischemic stroke patients (13 female; mean age ± standard 
deviation (S.D.); 66 ± 10 years), 18 TIA patients (8 female; mean age ± S.D.; 69 ± 15 years) 
and 10 head injury patients (4 female; mean age ± S.D.; 43 ± 21 years) admitted to the 
department of Neurology, University Hospital of Groningen. Stroke and TIA patients who 
suffered a previous stroke, head injury or CNS infection within the last 3 months were 
excluded. Head injury patients with epidural haematoma requiring surgery, previous head 
injury or CNS infection within the last 3 months were excluded. Patients with small epidural 
haematomas, subdural haematomas or subarachnoid hemorrhages as a result of the trauma 
were not excluded.  
The control group consisted of 28 healthy blood donors (12 females, mean age ± S.D.; 44 ± 9 
years) from the Blood Bank Noord Nederland. These samples were used to calculate a 
reference value for serum S-100 levels. Written informed consent was obtained  from all 
patients and blood donors. This study was approved by the local Research Ethics Committee.  
 
Measurement of disease severity and outcome 
For the stroke patients, National Institutes of Health Stroke Scale (NIHSS) scores were 
obtained on admission and on day 10. Outcome was determined by subtracting the score on 
day 10 from the initial score. Patients were considered to have major neurological 
improvement when the difference between these scores was ≥ 4 points, no major change when 
the difference ranged from 3 to -3 and major neurological deterioration when the difference 
was ≤ -4 points 21.   For the head injury patients, Glasgow Coma Scale (GCS) scores were 
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obtained on admission. The outcome was measured with the Glasgow Outcome Scale (GOS) 
score after 6 months (i.e. 1=deceased, 5=good recovery) 22, 23.  
 
Sample collection and measurement 
Samples were taken on days 1 (0-24 hours), 2, 3, 4, 5 or 6 and 8 or 9. In the control group 1 
measurement per subject was done. Within 1 hour of collection, all samples were centrifuged 
and stored at -20°C until analysis. Measurements were done with a LIA-mat® Sangtec®100 
using an automated immunoluminometric assay. This measures S-100 beta only, and not other 
isomers of S-100.  
 
Statistical analysis 
To analyze the data, the direction coefficient of the regression line fitted through the data 
points of the first 3 days and the individual peak levels were used as summary measures 24. 
One-way analysis of variance (one-way ANOVA) was performed to compare the means of 
these summary measures. Correction for multiple comparisons was performed using the 
Dunnett T3 method for unequal variances 25. To investigate the relation between disease 
severity and both summary measures we used Spearman-rank correlation.  
 
Results 
 
Stroke and TIA patients 
All stroke and TIA patients suffered from supratentorial focal cerebral ischemia. Of these 
patients 4 died on day 4 due to transtentorial herniation caused by edema and 2 died between 
day 11 and day 15 because of sepsis and respiratory insufficiency. Data on disease severity 
and outcome are shown in table 1. 
 
Subgroups Stroke: n=21 TIA: n=18 Head Injury: n=10 
Disease severity 
on admission 

NIHSS range: 6-27 
Mean±S.D.:14,1 ± 6,0

NIHSS range: 1-7 
Mean±S.D.:3,3 ± 2,2 

GCS range: 3-13 
Mean±S.D.:10,3 ± 4,3 

Outcome improve: 6 
no change: 10 
deteriorate: 5 
 

improve: 18 
 

GOS 1: 0 
GOS 2: 0 
GOS 3: 4 
GOS 4: 2 
GOS 5: 4 

Table 1. Data on disease severity and outcome 
 
Head injury patients 
CT-scans of the brain were classified according to Marshall et al. 26. Diffuse cerebral edema 
not compressing the cisterns and with little or no focal injury was present in 6 patients 
(diffuse injury II).  A combination of both focal and diffuse injury was found in 4 patients 
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(diffuse injury III). These four patients had small epidural, subdural, subarachnoid or 
intraparenchymal hemorrhages. Data on disease severity and outcome are shown in table 1. 
 
Serum S-100 
Because of 2 outliers, the control group serum S-100 levels followed a non-normal 
distribution (Shapiro-Wilk test for normality in small samples, p=0,010). The mean value was 
0,12 (median: 0,11 S.D.: 0,08 range: 0,01 to 0,34). Values exceeding 0,30 were considered 
abnormal (mean + 2 S.D.). In 16 TIA patients, 18 stroke patients and 8 head injury patients 
the data over the first 3 days were complete. These patients were used for analysis of the 
temporal profile. One-way ANOVA testing revealed a significant difference between the 
means of the direction coefficients (F=8,49 p=0,001). Post hoc testing showed significant 
differences between TIA and stroke patients (p=0,006), stroke and head injury patients 
(p=0,014) but not between TIA and head injury patients (p=0,917). Seventeen stroke patients, 
16 TIA patients and 10 head injury patients were used in analysis of individual peak S-100 
levels. Patients with missing values, but with clearly identifiable peak levels; i.e. those with 
one or more non-peak levels both before and after the missing value, were included in the 
analysis. The four patients who died on day 4 were therefore not included in the peak level 
analysis. One-way ANOVA testing showed significantly different mean peak levels (F=5,753 
p=0,006). Post hoc testing indicated significant differences between TIA and stroke patients 
(p=0,020) and between TIA and head injury patients (marginal, p=0,055) but not between 
stroke and head injury patients (p=0,707).  
In the TIA group S-100 values ranged from 0,01 to 0,73 ng/ml. Five out of 18 TIA patients 
had abnormal serum S-100 values on one or more time points. Out of 16 patients with 
identifiable peak levels, 7 patients had peak levels on day 1, 4 on day 2, 3 on day 3, 1 on day 
4 and 1 on day 5. Most patients showed a curve resembling a straight horizontal line or a 
slightly decreasing line (figure 1).   
 

 
 
Figure 1: Serum S-100 (mean ± S.E.M.) in TIA, Stroke and Head Injury(HI) patients. 
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In the stroke group S-100 levels ranged from 0,08 to 6,73 ng/ml. Nineteen out of 21 stroke 
patients had abnormal serum S-100 levels on one or more time points. Out of 17 patients with 
identifiable peak levels, 1 patient had a peak level on day 1, 2 on day 2, 8 on day 3, 3 on day 4 
and 3 on days 5 or 6. Most patients showed a peaked curve with a maximum on day 3 or 4 
(see figure 1 for summary). Individual S-100 peak levels correlated well with the NIHSS 
score on admission (r=0,58 p=0,014, not shown) and the change in NIHSS score between day 
10 and admission when categorized in three outcome groups (r=0,65 p=0,005)(figure 2a). 
Individual direction coefficients also correlated significantly with outcome (r=0,61 
p=0,007)(figure 2b).  
 

 
 
 
Figure 2. (a) Correlation between outcome after 10 days and peak serum S-100 levels in stroke 
patients (n=17). (b) Correlation between outcome after 10 days and the direction coefficient of the 
regression line fitted through the data points of the first 3 days in stroke patients (n=18).  
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In the head injury group, S-100 values ranged from 0,1 to 3,48 ng/ml. Nine out of 10 patients 
had abnormal serum S-100 levels on one or more time points. All patients had identifiable 
peak levels. Eight patients had peak levels on day 1, one on day 2 and 1 on day 3 (n=10). 
Serum S-100 followed a gradual decline with a peak level on day 1 in most patients (see 
figure 1 for summary). A good correlation between the individual peak levels of S-100 and 
the GCS total score on admission (r=-0,81 p=0,010, not shown) and the GOS score 6 months 
after the trauma (r=-0,87 p=0,004) was found (figure 3a). Individual direction coefficients did 
not correlate significantly with outcome (r=-0,16 p=0,70)(figure 3b). 
 

 

 
 
Figure 3. (a) Correlation between peak S-100 levels and outcome in head injury patients (n=10). (b) 
Correlation between outcome after 6 months and the direction coefficient of the regression line fitted 
through the data points of the first 3 days in head injury patients (n=8).  
 

 
Discussion 
 
This study was primarily conducted to compare the temporal profile of serum S-100 levels 
between stroke patients, TIA patients and head injury patients. Furthermore, we correlated S-
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100 levels with clinical severity and outcome. Almost all stroke patients showed an increase 
in serum S-100 over the first 3 days with peak levels on day 3 or 4. In contrast, most head 
injury  patients showed peak levels on day 1 or 2 with a gradual decrease over the first 3 days. 
TIA patients showed little variation in S-100 levels over time, but sometimes a slight decrease 
over the first few days was observed. We demonstrated that these changes in S-100 levels 
were significantly different between stroke and head injury patients. How can this difference 
be explained?  
S-100 beta is present in glial cells throughout the brain but not in neurons. It is secreted into 
the extracellular space 27. In vitro studies have shown that it can be released from astroglial 
cells in a number of ways: activation of A(1) adenosine or mGlu3 metabotropic glutamate 
receptors 28, by stimulation of astroglial 5-HT1A receptors 29-31 and by adrenocorticotropic 
hormone (ACTH) and corticotrophin-like intermediate-lobe peptide 32. S-100 beta is also 
secreted from proliferating astrocytes 33. Secretion of S-100 by extracellular adenosine occurs 
very rapidly, within 1 hour. Extracellular adenosine levels are elevated early after head injury 
34, 35 and stroke 36 because of rapid intracellular ATP depletion. S-100 release by 5-HT1A 
receptor stimulation and ACTH-like substances is probably somewhat slower. Reactive 
astrocytes appear early after experimental trauma 37-39 and stroke 40, 41 and peak intensities of 
immunohistochemical staining are usually observed after approximately 3 or 4 days in both 
conditions. In humans, the peri-infarct region is intensely stained with antibodies against 
MRP-8 and -14 (which belong to the S-100 protein family) within the first 3 days. Labeled 
cells were found selectively in the peri-infarctional area 42. This is consistent with studies in 
animals 40, 41. Increased adenosine and glutamate levels in the extracellular space can cause 
immediate secretion of  S-100. S-100 reaches the bloodstream easily because of impaired 
blood-brain barrier function. Late release is probably due to release from reactive astrocytes. 
Thus, all four mechanisms of excretion may be present during stroke and during head injury. 
In stroke however, high levels of adenosine occur in a region that is not perfused with blood, 
i.e. the core of the infarct. S-100 accumulated in this region cannot be released into the 
bloodstream. Spontaneous reperfusion could result in an early rise of serum S-100 but usually 
this does not occur in the first few days 43, 44. It is thus likely that the core of the infarct does 
not contribute to any observed rise in S-100 serum levels. The pattern of reactive astrogliosis 
observed in animal studies and in human studies resembles the serum S-100 temporal profile 
in stroke patients, and offers a likely explanation. In head injury patients the acute rise in 
serum S-100 is due to massive adenosine and glutamate induced S-100 release in heavily 
damaged but perfused brain areas. S-100 diffuses into the bloodstream and this accounts for 
raised serum levels shortly after the trauma. Direct mechanical injury to astrocytes could also 
contribute to this. Increased values on day 3 and later reflect reactive astrogliosis as is the case 
for stroke patients, although the intensity might be slightly less when compared to stroke. If 
there is early reperfusion, the core of the infarct releases the S-100 produced by adenosine 
and glutamate, leading to early peak levels comparable with head injury. This is a possible 
explanation for early peak levels in some stroke and TIA patients. If our theory is correct, 
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then S-100 could be used as a serum marker for successful thrombolysis after intravenous 
thrombolytic drugs. Late reperfusion will probably not contribute to any rise in serum S-100 
because of hemostasis and distal clot formation in microvessels in combination with 
proteolysis of S-100.  
Although the number of patients in this study is rather small, it confirms that peak serum S-
100 levels are correlated with neurological outcome in stroke patients and head injury 
patients. The rate of change of S-100 levels during the first 3 days correlates with outcome in 
stroke patients, but not in head injury patients. However, head injury patients with bad 
outcome seem to have larger changes (either positive or negative) compared to those with 
better outcome (see figure 3b). In this study, patients with the highest levels did not always 
have the worst outcome (see figure 2a) and low peak levels were not uniformly correlated 
with a good outcome. Patients with peak levels lower than 1,0 ng/ml did all have a moderate 
to good outcome, for both head injury and stroke patients. Larger studies are needed to further 
determine the usefulness of S-100 and to verify the hypothesis described above. 
In conclusion, we postulate that raised serum S-100 levels reflect peri-infarctional reactive 
gliosis in stroke. In head injury, adenosine induced S-100 release, serotonin and ACTH 
induced release, direct mechanical trauma to astrocytes, and reactive gliosis may all 
contribute to S-100 release. In our opinion, there is a role for S-100 as a co-predictor of 
outcome in stroke patients and head injury patients.  
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Abstract 

 
Objective: S-100B and neuron specific enolase (NSE) serum concentrations can be used as 
peripheral markers of glial cell and neuronal damage, respectively. We investigated these 
markers in a clinical trial with the α-amino-3-hydroxy-5-methyl-4-isoxazole propionate 
(AMPA) antagonist ZK200775 in acute ischemic stroke patients.  

Methods: In a multicenter double blind, randomized, placebo-controlled phase II trial, 
61 ischemic stroke patients were treated with either placebo or active drug in a dose finding 
design. Twenty-five patients received placebo, 12 patients received a total dose of 262,5 mg 
in 48 hours (dose group 1) and 13 patients received a total dose of 525 mg in 48 hours (dose 
group 2). Eleven patients received a total dose of 105 mg over a period of 6 hours (dose group 
3: reduction of total dose and infusion time due to adverse events in group 2). Serum 
concentrations of S-100B and NSE were analyzed using a monoclonal sandwich 
immunoluminometric assay. Neurological outcome was assessed using the National Institutes 
of Health Stroke Scale (NIHSS).  

Results: In group 2 there was a significant transient worsening in the mean NIHSS score 48 
hours after the start of treatment. The mean increase was 11 points. This was due to reduction 
of consciousness (stupor and coma) in 8 out of 13 patients. Neurological deterioration in 
group 2 was associated with a higher increase of S-100B concentrations, but not of NSE 
concentrations, than in the placebo group. The trial was stopped prematurely for safety 
reasons.  

Conclusions: The AMPA antagonist ZK200775 transiently worsened the neurological 
condition in patients with acute ischemic stroke. Our results suggest that besides neuronal 
dysfunction, glial cell toxicity may have occurred. It may be useful to introduce monitoring of 
serum markers of brain damage in phase II trials with glutamate receptor antagonists. 



S-100/NSE monitoring 

 33

 
Introduction 
 
Neuroprotective drugs are effective in animal stroke models, but have failed to show clinical 
efficacy in stroke patients 1-3. In the ischemic penumbra there is a build-up of extracellular 
glutamate, which leads to an overstimulation of N-methyl-D-aspartate- (NMDA) and AMPA-
type glutamate receptors. This is associated with excitotoxicity due to an accumulation of 
calcium in the cells. Among the glutamate receptor blockers, NMDA antagonists have been 
the most frequently studied, but side effects is one of the factors limiting their use in humans 
4. AMPA antagonists also hold promise as neuroprotective compounds in acute ischemic 
stroke, but so far they have not reached phase III clinical trials 5. ZK200775 is a 
quinoxalinedione-like drug with high affinity at the AMPA/kainate receptor site with little 
activity at the NMDA site. It behaves as a neuroprotective drug in rodent models of ischemia 
and head trauma 6. Three phase I studies in healthy subjects showed acceptable side effects at 
dosages required to obtain serum levels that were neuroprotective in the animal models. Side 
effects included mild and reversible sedation, visual disturbances and memory impairments 
(Unpublished Schering Research Reports AG99, AO12 and AO13). 

S-100B and neuron specific enolase (NSE) can serve as peripheral markers of brain damage 
in various neurological diseases 7, 8. S-100B exists predominantly in glial cells, while NSE is 
mainly found in neurons. In patients with acute ischemic stroke, serum levels of these proteins 
correlate with infarct-size, as well as with neurological and functional outcome 9-11. Temporal 
patterns of both proteins are usually of the biphasic type with peak levels around the 2nd to 
4th day after stroke onset 12, 13. It has been suggested that these biochemical serum markers 
could serve as surrogate tools to evaluate neuroprotective therapies 1, 9, 10, 14.  

The AMPA antagonist ZK200775 was studied in a phase II multicenter, double blind, 
randomized, placebo-controlled dose-escalating trial, to evaluate safety in patients with acute 
ischemic stroke. The details of the clinical and pharmacokinetic data will be reported 
elsewhere, but will be briefly mentioned here. In this article we assessed if there were any 
treatment effects on the serum concentrations of S-100B and NSE. Efficacy was not a primary 
goal of this study, but the National Institutes of Health Stroke Scale (NIHSS) was used as a 
secondary outcome parameter. 

 
Methods 
 
Patients  
Patients were included from august 1997 to august 1998 in 10 hospitals across Europe (see 
Appendix). Ethics Committee approval was obtained at each study center. Inclusion criteria 
were a stroke severity on the NIHSS between 2 and 21. For patients who developed 
symptoms overnight, stroke onset was defined as the last time the patient was known to be 
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symptom free. Female patients were included only if they were post-menopausal or surgically 
sterilized. Exclusion criteria included cerebral hemorrhage, renal insufficiency, ventricular 
arrhythmia (atrial fibrillation was not an exclusion criterion), use of thrombolytics, severe 
hypertension and severe concomitant disease likely to influence clinical assessment during the 
study (such as dementia or metastasized cancer). Other drug treatments such as aspirin and 
heparin were allowed.  
All patients gave their written informed consent to participate in this study. Written consent 
was also accepted from the next of kin or close family member if the patient was unable to 
write. Intact ability to understand information and to communicate (best NIHSS language 
score 0 or 1, best NIHSS dysarthria score 0 or 1) was an additional requirement for inclusion. 

Treatment was started within 24 hours of stroke onset in all patients. Patients were randomly 
assigned to either placebo or trial drug. The study was directed by a steering committee and 
safety was monitored by an independent safety board (see Appendix). An interim safety 
analysis was performed after each dose group, after which decisions were made to proceed 
with a higher dose or adjusted dosing. The first dose group received a loading dose of 25 mg 
in 30 minutes followed by a maintenance dose of 237,5 mg over 47 hours and 30 minutes. 
The second group received a loading dose of 50 mg in 30 minutes followed by a maintenance 
dose of 475 mg over 47 hours and 30 minutes. The third group received a loading dose of 50 
mg in 30 minutes followed by a maintenance dose of 55 mg over 5 hours and 30 minutes. 
This reduction of total dose and infusion time was decided after the end of dose step 2 due to 
adverse events in group 2. This study was part of a first phase II study that focused on safety 
and tolerability. Sample size was therefore determined on a pragmatic basis. 

 
S-100B and NSE 
Venous blood samples were taken on admission (baseline), after 24 hours, 48 hours, 72 hours, 
96 hours and after 7 days. Within 1 hour of collection, all samples were centrifuged and 
stored at -20°C until analysis. After clotting and centrifugation at 4000 rpm for 10 min, NSE 
and S-100B were analyzed with the use of monoclonal sandwich immunoluminometric assays 
(Sangtec) and a fully automated LIA-mat system.  
Hemolysis has no influence on serum S-100B levels but can increase serum NSE levels 15,16. 
Therefore, hemolytic samples were identified by visual inspection of the serum and the 
amount of NSE attributable to hemolysis was determined by using the following formula : 
NSE =0,665 × hemoglobin - 0,533. This equation was obtained from earlier experiments in 
which it was shown that increasing levels of free serum hemoglobin correlated highly 
significantly (r=0,998) with serum NSE levels (A. Klaren; unpublished data, 1998). This 
amount was subtracted from the total amount of serum NSE. Samples in which the estimated 
amount of NSE as a result of hemolysis was > 50% were left out of the analysis.  
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Neurological assessment  
Stroke severity was assessed with the NIHSS on admission, after 2 days, after 7 days, and 
after 4 weeks. Efficacy analysis was not a primary goal of this study because of safety aspects 
and a wide admission window of 24 hours, but the difference in NIH stroke scale score 
between week 4 and admission was used as a secondary "outcome parameter". Patients were 
considered to have a neurological improvement when the difference between these scores was 
≥ 4 points, no major change when the difference ranged from 3 to –3, and neurological 
deterioration when the difference was ≤ -4 points 17.  

 
Statistics 
To analyze S-100B and NSE data, the area under the curve (AUC) and the individual peak 
levels were used as summary measures 18. Peak values were not determined if there was a 
missing value directly before or after the peak level, unless the missing value was on day 7, 
since earlier studies showed that this is an unlikely time point for peak levels of both serum 
markers. AUC values were not calculated if there was more then 1 missing value, or if the 
first or last value was missing. Interpolation was used if missing values on other time points 
were present. Log transformation was used when these variables followed a non-normal 
distribution. One-way analysis of variance (one-way ANOVA) was performed to compare the 
S-100B and NSE data between treatment groups. Correction for multiple comparisons was 
performed using the Dunnett T3 method for unequal variances or the Bonferroni method in 
case of equal variances 19. To compare proportions between groups, χ2 tests and Fisher exact 
tests were used. Multiple regression analysis with a backward stepwise strategy (probability 
of F for removal ≥ 0,1, probability of F for entry ≤ 0,05) was used to assess the influence of 
several baseline variables on maximum S-100B values.   
 
Results 
 
Stroke type and severity 
Demographic and baseline characteristics of the placebo group and the 3 active treatment 
groups (termed group 1, group 2, and group 3) are shown in Table 1. With regard to baseline 
characteristics group 1 had a higher percentage of stroke due to small vessel disease (50%) 
than the other groups. In group 1 hypertension and diabetes were present more often and in 
group 2 there were more previous non-disabling strokes or TIA’s than in the placebo group.  
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Characteristics 
 

Placebo 
group 

Dose 
Group 1 

Dose 
Group 2 

Dose 
Group 3 

Total dose  265,5 
mg/48 h 

525 
mg/48 h 

105 
mg/6 h 

Time between stroke onset and 
start trial drug (hours) 

16,3 ± 5,2 15,7 ± 4,6 17,3 ± 6,7 18,2 ± 4,0 

% SAE resulting in 
discontinuation of  trial drug 

4 0 69 9 

Time between start trial drug 
and discontinuation (hours)   

23 NA 21 ± 14 23 

Number of patients 25 12 13 11 
Sex (M/F) 12/13 10/2 8/5 9/2 
Age (mean ± SD) 67,5 ± 11,4 65,9 ± 8,8 69,7 ± 8,8 63,1 ± 13,2 
Weight (kg) 75 ± 17 83 ± 13 75 ± 16 81 ± 17 
Large vessel occlusion 
Vs lacunar infarction (%) 

72 vs 28 50 vs 50 92 vs 8 91 vs 9 

History of (%)     
Cardiac disease  48 50 31 36 
Hypertension  32 67* 54 45 
Diabetes  4 25* 15 0 
Hypercholestrolaemia  28 17 8 18 
Previous Stroke or TIA  8 25 38* 18 
 
Table 1.  Demographic and clinical data. * p<0,05 vs placebo. Note the large percentage of lacunar 
strokes, hypertension and diabetes in group 1. SAE indicates Serious Adverse Event; NA, not 
applicable. 
 
Baseline NIHSS scores were similar for the 58 patients used in the S-100B and NSE analysis 
(F=1,8 p=0,16) with comparable baseline values between the placebo group (6,3 ± 4,4), group 
3 (7,0 ± 4,1) and group 2 (7,5 ± 4,4), but lower baseline values in group 1 (4,0 ± 2,2).  
After 48 hours a highly significant increase was seen in NIH stroke scale scores in group 2 
(p=0,008 compared to placebo, p=0,018 compared to group 3, and p=0,03 compared to group 
1). Eight out of 13 patients in group 2 had a reduction of consciousness, 1 had a confusional 
state, and one showed stroke progression. The maximum incidence and intensity of these 
adverse events usually occurred > 24 hours after the start of infusion (range 4-48 hours). 
These events led to a prompt discontinuation of study medication. In the placebo group and 
group 3, there were 1 and 2 patients, respectively, with events of comparable severity, but 
mild somnolence was more frequently observed. One patient died after 96 hours in group 2 
because of cerebral edema with transtentorial herniation, and 2 patients died of severe 
pulmonary edema and progressive stroke after 4 weeks in the placebo group. Monitoring of 
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vital parameters (blood pressure, pulse, O2 saturation, temperature) and blood glucose 
showed no major differences between the groups. 
The NIHSS score at 4 weeks was highest in treatment group 2, but did not differ significantly 
from the other groups (F=2,423 p=0,07). When categorized in 3 outcome groups reflecting 
deterioration, no change or improvement, there was no difference in outcome between 
treatment groups (Fishers exact test: group 3, vs placebo p=0,81, group 1 vs placebo p=0,08, 
group 2 vs placebo p=0,70). Figure 1 shows the NIHSS scores in the placebo group and the 3 
active treatment groups. 
CT scanning was performed in all patients at baseline and in 77% of patients at day 7, 
depending on the judgement of the investigator. Baseline CT scan results were consistent with 
ischemic stroke in all patients. Two patients had hemorrhagic transformation of the infarct on 
day 7. The trial was stopped prematurely because of safety concerns, especially the reduction 
in consciousness. 

 
Figure 1. Mean ± SEM of NIHSS scores at all time points for all treatment groups (n=58). * p<0,05 vs 
group 2 (ANOVA, Bonferroni adjustment). Deceased patients and patients with hemorrhagic 
transformation of the infarct were excluded (n=3). Group 2 received the highest dose of ZK200775, 
and group 3 the lowest dose. The increase in mean NIHSS score in dose group 2 was due to reduction 
of consciousness (stupor and coma) which was transient in nature. After 4 weeks no differences in 
NIHSS scores were found between the groups. 
 
S-100B and NSE 
S-100B values were obtained for 96% of all intended samples; 4% were lost because of non-
sampling or death of the patient. NSE values were obtained for 94 % of all intended samples; 
5 % were lost because of non-sampling or death, and 1 % were lost because of uncorrectable 
amounts of hemolysis. Nine percent of all NSE samples were hemolytic but could be 
corrected using the correction formula. The patient in group 2 who died after 96 hours was 
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excluded from the analysis because neither peak levels nor AUC could be calculated reliably. 
The maximum serum levels of both markers were very high in this patient (S-100: 11,25 
ng/ml, NSE: 22,18 ng/ml) but were obtained during the stage of transtentorial herniation, and 
were therefore considered unreliable. Two patients with hemorrhagic transformation of the 
infarct were excluded from the analysis because cerebral hemorrhage causes different S-100B 
and NSE patterns 20. The remaining 58 patients entered the S-100B and NSE analysis.  

The evolution over time of the S-100B and NSE levels in all treatment groups between 
admission and day 7 is shown in figures 2 and 3, respectively.  

 
Figure 2. Mean ± SEM of S-100B on all time points for all treatment groups. Peak represents mean of 
individual peak levels and was used as a summary statistic for statistical testing. * p<0,05 vs placebo 
(after log transformation; ANOVA, Bonferroni adjustment).  

 
Figure 3. Mean ± SEM of NSE on all time points for all treatment groups. Peak represents mean of 
individual peak levels. No significant differences were found. 
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Individual peak levels of S-100B could be determined in all but 1 patient and for NSE in all 
but 5 patients (all because of missing values). In 4 patients AUC values for S-100B and in 13 
patients AUC values for NSE could not be determined because of missing values at baseline 
or at 7 days. 

NSE values followed a normal distribution after corrections for hemolysis were done. 
Individual maximum values and AUC did not differ significantly between the treatment 
groups. S-100B values followed a skewed distribution in all groups, which was normalized 
after log-transformation. Compared with the other groups, S-100B levels in group 2 were 
higher between 48 and 96 hours after start of treatment. There was a significant difference in 
individual maximum values between group 2 and the placebo group (F=3,46 p=0,023; post-
hoc p=0,047). AUC analysis showed no significant differences between the groups (F=1,244 
p=0,303). To investigate possible influences of differences in baseline characteristics on S-
100 results, we performed a multiple regression analysis using the NIHSS baseline value, 
stroke type (lacunar versus large vessel occlusion), time between stroke onset and start of 
treatment, and the treatment group variable (ordered according to increasing dose, 0=placebo 
3=highest dose) as independent variables. In the final model, baseline NIHSS score and 
treatment group were included as independent variables, and time of treatment and stroke type 
were excluded (table 2).       
 
Independent Variable P-value 
Final model  

NIHSS baseline < 0,001 
Group variable    0,016 

    Adjusted R2 0,41 
Excluded Variables  

Stroke Type  0,29 
Time stroke onset-treatment 0,74 

 
Table 2. Results of a backward stepwise multiple regression analysis with S-100B maximum levels as 
the dependent variable. In the final model only NIHSS score at baseline and the treatment group 
variable (ordered according to increasing dose) contributed significantly.     
 
Discussion 
 
Several AMPA antagonists have been developed as neuroprotective compounds and entered 
clinical development. None of these compounds has reached phase III clinical trials, and 
unacceptable adverse events can be the main obstacle. The most prominent finding of this 
study was that the administration of the AMPA antagonist ZK200775 in ischemic stroke 
patients resulted in a transient neurological deterioration, which was associated with a higher 
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than expected rise in serum S-100B levels. The level of sedation was more severe in stroke 
patients and occurred later than in normal subjects during the phase I studies. Besides a longer 
infusion time and higher doses in stroke patients, blood-brain barrier disruption, with 
increased tissue concentrations may be responsible for these differences. Although baseline 
stroke characteristics were not equally distributed in all treatment groups, this is not a 
sufficient explanation for the difference in serum S-100B levels between the placebo group 
and dose group 2. In fact, the placebo group, group 2 and group 3 were quite similar, but 
group 1 consisted of less severe strokes. There was a relation between S-100B levels and 
stroke severity, but the results of the multiple regression analysis indicate that ZK200775 
treatment had an independent effect on S-100B levels. In the present study, time to drug 
administration was relatively late for a putative neuroprotective compound, and we cannot 
rule out that the results may have been different when the drug had been given within 3-6 
hours after stroke onset. However, the available data show no significant influence of time to 
treatment on the S-100B levels. The drug did not affect serum NSE levels. 

It is tempting to hypothesize that the drug caused a reversible neuronal dysfunction while 
having a toxic effect on glial cells. This is different from neurotoxicity, which would rather 
lead to an increase in serum NSE levels, as we have previously shown in patients with 
hyperglycemic cortical ischemic stroke 21. Direct suppression of synaptic transmissions via 
neuronal AMPA receptor blockade can explain reduced neuronal activity, as some in vitro 
experiments suggest 6. This has also been demonstrated in animal experiments with AMPA 
antagonists; local glucose metabolism decreases in rats treated with 2,3- dihydroxy-6-nitro-7-
sulfamoyl-benzo(f)quinoxaline (NBQX), a selective AMPA antagonist with a biochemical 
and pharmacological profile similar to that of ZK200775 22,23. This reflects decreased 
neuronal metabolic demands during decreased synaptic transmission. Multiple cortical areas 
but also deeper brain structures such as the thalamus were involved. These phenomena were 
accompanied by side effects similar to those observed in this study. Moreover, brain stem 
structures may also have been involved since subcortical EEG signs were found in healthy 
subjects receiving ZK200775 (Subcortical and cortical signs detected visually in 
pharmacological electroencephalograms of healthy male volunteers are induced by the 
competitive AMPA antagonist ZK200775; H. Ott and W. Scheuler, unpublished data, 2000). 

Glial cell damage can also contribute to neuronal dysfunction since they are very important 
for neuronal homeostasis; there are several known mechanisms by which astroglial damage 
leads to neuronal dysfunction 24. One of these is interference with neuronal glucose 
metabolism in which astrocytes play an important role 25. We can only speculate about the 
mechanism by which ZK200775 may have caused glial cell toxicity. While nothing is known 
about a possible toxic effect of AMPA antagonists on astrocytes, a direct effect cannot be 
excluded. Presynaptic AMPA receptors, which regulate the synaptic release of glutamate, 
exist 26,27. Blockade of these receptors by AMPA antagonists can lead to a decrease in 
extracellular glutamate levels 28. Since glutamate is an essential element for glutathione 
synthesis in astroglia, the consequence is a lowering of the astrocyte antioxidant defense 
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system, leading to an increased vulnerability to free radical damage 29,30. Support for this 
theory is that inhibition of the glutamate transporter by alpha-aminoadipic acid also leads to a 
decreased intracellular availability of glutamate and subsequent selective damage to 
astrocytes 30-32.  

Our study is another example of how toxicity of glutamate antagonists may prohibit their 
clinical use. A trend towards increased mortality was observed in stroke patients treated with 
the NMDA antagonist Selfotel, and this was interpreted as a neurotoxic effect 33. The present 
study suggests that AMPA receptor antagonists may have toxic effects on glial cells, at least 
in patients with brain ischemia. We suggest that monitoring of serum markers of brain 
damage should be included in phase II trials with glutamate receptor antagonists. 

 

 

 

Appendix 

Steering Committee  

The following are in alphabetical order: Dr H.C. Diener, Abteilung Neurologie, Universität Essen, 
Germany. Dr M. Hommel, Service Neurologie, CHU Hopital Michalon, Grenoble, France. Dr M. 
Kaste, Department of Neurology, Helsinki University Central Hospital, Helsinki, Finland. Dr J. De 
Keyser, Academisch Ziekenhuis Groningen, Groningen,  Netherlands. Dr K.R. Lees, University 
Department of Medicine & Therapeutics, Gardiner Institute, Western Infirmary, Glasgow, UK. H. 
Steiner, Schering AG, SBU Therapeutics CV/CNS, Berlin, Germany. Dr M. Versavel, University of 
Antwerp, at that time at Schering AG, SBU Therapeutics CV/CNS, Berlin, Germany. 

Safety Board   

The following are in alphabetical order: Dr W. Hacke, Department of Neurology, University of 
Heidelberg, Heidelberg, Germany. Dr J. Mau, Department of Statistics in Medicine, Heinrich-Heine 
Universität, Düsseldorf, Germany. Dr K. Poeck, Medizinische Fakultät der RWTH Aachen, Aachen, 
Germany. 

Study Centers and Principal Investigators  

The following are ordered according to decreasing numbers of stroke patients contributed to the study; 
see protocol dated February 5, 1999: Dr M. Kaste, Department of Neurology, Helsinki University 
Central Hospital, Helsinki, Finland. Dr Busse, Neurologische Klinik, Klinikum Minden, Minden, 
Germany. Dr K.R. Lees, University Department of Medicine & Therapeutics, Gardiner Institute, 
Western Infirmary, Glasgow, UK. Dr Chr Hedman, Päljät-Häme Central Hospital, Lahti, Finland. Dr 
H.C. Diener, Abteilung Neurologie, Universität Essen, Essen, Germany. Dr P. Marx, Freie Universität 
Berlin, Universitätsklinikum Benjamin Franklin, Berlin, Germany. Dr J. De Keyser, Academisch 
Ziekenhuis Groningen, Groningen, Netherlands. Dr J. Sivenius, Kuopio University Hospital, Kuopio, 
Finland. Dr J. Caekebeke, Onze Lieve Vrouw Ziekenhuis, Aalst, Belgium. Dr M. Hommel, Service 
Neurologie, CHU Hopital Michalon, Grenoble, France. Dr R.L. Haberl, Abteilung für Neurologie und 
Klinische Neurophysiologie, Städt.Krankenhaus München-Harlaching, München, Germany. 
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Abstract 
 
Objective: Conventional ways of monitoring reperfusion in acute ischemic stroke have 
several limitations. In searching for an alternative, we evaluated if biochemical serum markers 
of stroke change in relation to reperfusion.  
Methods:  N-Acetyl-Aspartate (NAA) is a small amino acid synthesized by neuronal 
mitochondria, which can be released in the extracellular space following reperfusion in animal 
models of brain ischemia. S-100B is a well known peripheral marker of brain damage in 
various neurological diseases, including stroke. Serum samples were analyzed from 13 
patients with ischemic stroke who were either treated conservatively or with recombinant 
tissue plasminogen activator (rtPA). Blood was drawn at baseline, after 30 minutes, after 1, 2, 
4, 8 hours, and between 12-24 hours. Serum concentrations of NAA were analyzed using a 
gas chromatography-mass spectrometry method. S-100B was analyzed using an automated 
immunoluminometric assay. Reperfusion was assessed using transcranial doppler (TCD) and 
clinical criteria.  
Results: Reperfusion (n=4) was associated with a transient rapid increase in serum NAA 
levels. Such an early rapid increase of NAA was not observed in patients with persistent 
occlusion at 12-24 hours (n=4) and patients with no occlusion on baseline TCD (n=5). NAA 
peak levels and AUC values were significantly higher after reperfusion in comparison with 
normal TCD findings or persistent occlusion (p=0,003 and p=0,05 respectively). No 
differences were found between these groups for S-100B levels.   
Conclusions: In patients with acute ischemic stroke serum NAA levels transiently raise 
following early reperfusion.  
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Introduction 

Reperfusion is an important goal in acute ischemic stroke therapy. Several imaging and 
ultrasound techniques exist for vascular monitoring during or after thrombolytic therapy. 
Repeated imaging procedures are often not practical in acute stroke care, but several studies 
have shown the feasibility of TCD as a recanalization monitoring tool 1, 2. However, some 
patients do not have sufficient temporal bone windows and distal vessel occlusions may not 
be detected 3. In this study, we explored if biochemical serum markers of brain injury can 
offer an alternative way of monitoring reperfusion. 

N-Acetyl-Aspartate (NAA) is a small amino acid (0,1 kD) present in high concentrations in 
the brain. It is synthesized and stored in neurons, but catabolism is regulated by 
oligodendrocytes 4. Although its exact function is largely unknown, synthesis is directly 
coupled to glucose metabolism, and it may have a role in osmoregulatory mechanisms 5. In 
proton nuclear magnetic resonance spectroscopy (MRS) studies, NAA can be detected and is 
regarded as a marker of neuronal function and integrity. In patients with ischemic stroke, 
MRS has shown reductions of NAA in the infarct region 6. We are only aware of one study 
that measured serum NAA levels in stroke patients 7. This study suggested a correlation 
between infarct size and NAA levels in patients with a Glasgow Outcome Score (GOS) < 5. 
Interestingly, microdialysis experiments in striatum of rodents following transient global or 
focal brain ischemia found that reperfusion induced a transient release of NAA in the 
extracellular space 8. S-100B is not only a peripheral marker of brain damage in various 
neurological diseases, but is probably also released after damage to the blood-brain barrier 9-

11. In patients with acute ischemic stroke, serum levels of these proteins correlate with infarct-
size, and with neurological and functional outcome 12. One study showed that low S-100B 
values obtained 48-96 hours after stroke onset indicated successful clot lysis with high 
accuracy 13. Although such findings may be used as secondary end points in large-scale 
thrombolytic studies, they cannot guide acute stroke therapy decisions. Therefore, serum 
markers must change rapidly in concentration in relation to reperfusion to be clinically useful. 
Frequent sampling before, during and after therapy would be necessary to identify such serum 
markers. 

In the present study, our aim was to investigate whether reperfusion in patients with acute 
ischemic stroke induces early changes in serum NAA and S-100 levels.  

 
Methods 
 
Patients 
The study was approved by the local ethics committee. The study population consisted of 
patients with presumed partial or total anterior circulation ischemic stroke, aged 18 years or 
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older, and known stroke onset time. Minimal stroke severity for inclusion was a NIHSS score 
of at least 2. A Computed Tomography (CT) scan of the brain was performed in all patients at 
baseline.  
Exclusion criteria included cerebral hemorrhage, suggested lacunar stroke, significant pre-
stroke handicap defined as a Rankin score of 3 or higher, and severe concomitant disease 
likely to influence clinical assessment during the study.  
 
NAA and S-100B 
Venous blood samples were taken at baseline within 5 hours after stroke onset. In patients 
receiving rtPA the first sample was taken just before administration of rtPA. Further samples 
were taken after 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, and between 12 and 24 hours. 
NAA was analyzed using a modification of a stable isotope dilution gas chromatography 
mass-spectrometry (GC-MS) method, which has been used previously by Stevens et al 7. This 
method has also been used for analysis of NAA in several body fluids for the diagnosis of 
Canavans disease 14. Reference values for NAA were calculated from a population of 28 
normal subjects (12 females, mean age +/-SD ; 44+/- 9 years). S-100B was analyzed using 
monoclonal sandwich immunoluminometric assays (Sangtec, Bromma, Sweden) with a fully 
automated system. 
 
TCD measurements 
TCD examinations were done using a 2-MHz transducer system (Pioneer WinTCD Version 
2.0, Nicolet Biomedical Inc., Madison, WI, USA) and middle cerebral artery (MCA) flow 
signals were evaluated in the distal MCA segment at depths of 40-54 mm. TCD was 
performed during the 1 hour infusion of rtPA in the emergency department, or the first hour 
after baseline sampling for control patients. When abnormalities persisted at the end of this 
period, repeat TCD was performed between 12 and 24 hours after the baseline sample. TCD 
results were evaluated using the Trombolysis in Brain Ischemia (TIBI) system, which uses 6 
grades: grade 0-1 minimal or absent flow, grade 2-3: dampened or blunted flow signals and 
grade 4-5: stenotic or normal MCA flow signals 2, 15. Reperfusion was defined as an 
improvement from an initial grade 0-1 or grade 2-3 residual flow signal to a grade 4 or 5 
signal, or as an initial grade 0-1 or grade 2-3 residual flow signal followed by early 
neurological recovery on the NIHSS (see neurological assessment). Persistent occlusion was 
defined as persisting grade 0-1 or grade 2-3 signals.   
 
Neurological assessment  
Stroke severity was assessed using the National Institutes of Health Stroke Scale (NIHSS). As 
clinical measure for reperfusion we monitored neurological recovery. Early neurological 
recovery was defined as an improvement on the NIHSS of 10 points or more or complete 
recovery at 24 hours 1.  
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Statistics 

To analyze S-100B and NAA data, the area under the curve (AUC) and the individual peak 
levels were used as summary measures. Mann Whitney U tests were performed to compare 
the S-100B and NAA data between groups, using exact statistics because of the small sample 
size. Baseline NIHSS scores were compared using the Kruskall Wallis test. 
 
Results 
 
Patients 
In all, 16 patients were screened for inclusion in this study. Three patients were excluded 
because temporal bone windows were insufficient for an adequate TCD assessment. CT 
scanning at baseline was consistent with ischemic stroke in all patients. On the initial TCD, 
there were 6 patients with TIBI grade 0 or 1; 2 with TIBI grade 3; and 5 with TIBI grade 4-5. 
Patients were grouped into three categories. Group 1 included those with permanent MCA 
occlusion on follow up TCD done between 12-36 hours after stroke onset (n=4). Group 2 
included those with stenotic (n=1) or normal (n=4) signals on initial TCD. Group 3 included 
those with reperfusion (n=4), two of whom demonstrated such during rtPA infusion on TCD, 
and two with initial complete or partial MCA occlusion on TCD, with early clinical recovery 
(>= 10 NIHSS points), but without TCD evidence. Follow-up TCD could not be performed in 
these 2 patients because 1 patient died of intracranial hemorrhage, and 1 developed agitated 
delirium. Four patients demonstrated early recovery at 24 hours, 3 in group 3 and 1 in group 
2. Figure 1 shows the mean NIHSS scores for all groups.  
 

 
 

Figure 1. NIHSS scores (mean +/- SEM) for the 3 groups. 
 

Baseline NIHSS scores were not different between the groups (p=0,45). One patient of group 
3 died on day 2 of intracerebral hemorrhage in the infarct region with intraventricular 
hemorrhage after early improvement (12 points on the NIHSS) had occurred. In this patient 
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the last available NIHSS was used on other time points (last observation carried forward). 
Demographic and baseline characteristics of the 3 groups are shown in Table 1. Four patients 
were not treated with rtPA on the basis of exclusion criteria.  
 
 

 Group 1 

(persistent 

occlusion) 

Group 2 

(normal 

baseline TCD) 

Group 3 

(reperfusion) 

No. of patients 4 5 4 

Sex (m/f) 1/3 2/3 3/1 

Age (mean+/- SD) 66 +/- 17 68 +/- 9 71 +/- 12 

rtPA treated (n) 2 3 4 

Time stroke onset-

baseline sample (min.) 

202 +/- 70 203 +/- 70 179 +/- 23 

History of (n)    

Hypertension 3 3 0 

Diabetes 1 1 0 

Hypercholesterolaemia 1 0 0 

Atrial Fibrillation (or on 

admission) 

1 0 2 

Previous stroke or TIA 0 1 2 

 

Table 1. Demographic and clinical data.  

 
 
NAA and S-100B 
Individual curves of NAA and S-100B for the different groups are shown in figure 2. For 
NAA, different patterns are visible in the 3 groups. In all patients of group 3, reperfusion was 
associated with a rapid transient increase in NAA serum levels.  Patients of group 1 with 
persistent occlusion showed a slowly increasing and decreasing pattern, with peak levels 
around 4-8 hours after baseline. Patients of group 2 with grade 4 or 5 baseline TCD findings 
had normal or only slightly elevated levels with little variation between the different samples. 
Peak levels of NAA were significantly higher in patients with reperfusion (group 3) than in 
those without reperfusion (group 1 and 2)(mean +/- SD 1,08 +/- 0,65 μmol/l vs 0,44 +/- 0,06 
μmol/l; p=0,003). AUC values were also significantly higher (mean +/- SD 15,0 +/- 8,8 
μmol/l × h vs 8,7 +/- 1,5 μmol/l × h; p=0,050). In all groups S-100B values remained normal 
or slightly elevated over the first 4-8 hours. Peak levels were usually observed at 12-24 hours, 
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but were not always increased above normal. Peak levels and AUC values of S-100B were not 
different between groups (respectively 0,73 +/- 0,68 ng/ml vs 0,60 +/- 0,60 ng/ml; p=0,74 and 
13,5 +/- 11,4 ng/ml × h vs 7,2 +/- 5,4 ng/ml × h; p=0,33).  

 

 
Figure 2. Individual curves for NAA and S-100B for all patients in all groups. Note the change of 
scale in the Y-axis of some of the figures. Thick horizontal lines: upper limit of normal values. B: 
baseline sample. Arrows: moment of reperfusion as detected by TCD. Dotted lines: reperfusion based 
on early neurological recovery. 

 
Discussion 
 
In this study, we have shown that reperfusion following acute ischemic stroke is associated 
with a transient increase in serum NAA levels. This was not observed for serum S-100B 
levels. One earlier study reported that serum NAA was elevated early in the course of 
ischemic stroke and might correlate with infarct size in patients with a GOS score < 5 7. It was 
not the purpose of the present study to correlate serum NAA levels with outcome, but it is of 
interest to note that in this earlier study, the highest serum levels of NAA were found in two 
patients who had the best clinical outcome and smallest infarct size, which rather suggests 
that NAA could be released in large amounts from reversibly affected neurons. This has also 
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been demonstrated in animal studies 16. Furthermore, microdialysis studies have shown that 
during early ischemia extracellular NAA levels in the central nervous system increase rapidly, 
with a more than 10 fold increase after reperfusion, and subsequent normalization after 45 
minutes 8. The serum NAA results of our study are similar to the time course of these 
interstitial NAA changes. Thus, the temporal course of serum NAA changes is rapid, which 
can also explain the lack of changes in serum NAA in patients with grade 4 or 5 findings on 
initial TCD. In some of these patients, spontaneous reperfusion could have occurred before 
baseline sampling, and any increases in serum NAA may have been missed.   
Therefore, increased serum NAA levels after reperfusion probably reflect washout of 
interstitial NAA through a defective blood-brain barrier. It has been proposed that NAA could 
function as an efflux metabolic water pump for the removal of neuronal metabolic water. It 
has been calculated that 1 mol of NAA is synthesized for every 40 mol of glucose equivalent 
oxidized in the brain, and each mol of NAA may transport 121 mol of metabolic water out of 
neurons 5. Enhanced neuronal production and release of NAA after reperfusion might by 
caused by the restoration of energy and serve to remove neuronal water that has accumulated 
during ischemia. 
To accurately assess the value of NAA monitoring in acute ischemic stroke further studies are 
needed. If a consistent relation between the moment of reperfusion and increase in serum 
NAA levels can be established, serum NAA levels could be useful for monitoring reperfusion 
in cases where TCD is not possible or available. However, the analytical method would have 
to be improved because the current method is too time consuming to be used in an emergency 
setting.  
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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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Abstract 
 
Objective: We compared conventional P300 analysis with source analysis in normal subjects 
and head injury patients. Based on earlier findings of improved P300 component 
identification and reduced P3B latency variability with source analysis in normal subjects, our 
aim was to investigate whether source analysis could improve the distinction between these 
groups.  
Methods: In total, 21 healthy control subjects and 21 patients with mild to moderate head 
injury were included in this study. A standard auditory 2-tone oddball paradigm was used. 
Latencies and amplitudes obtained with conventional P300 analysis were compared with 
source analysis results.  
Results: With conventional analysis, head injury patients had delayed P300 latencies and 
reduced P300 amplitudes in comparison to controls, while source analysis showed no latency 
differences for both P3A and P3B components. Instead, source analysis indicated absence of 
P3A components in 43 % of patients.  
Conclusions: The P300 delay in head injury patients, observed with conventional analysis, is 
a pseudodelay caused by decreased P3A amplitudes. Consequently, the unaffected P3B 
component with its later latency determines conventional P300 latency in these patients. 
Conventional P300 latency cannot be used to conclude that there was delayed early stimulus 
processing in head injury patients. 
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Introduction 
 
Soon after its discovery, the use of the P300 potential as a possible diagnostic test for 
cognitive dysfunction was evaluated. Several studies have reported significant group 
differences between normal subjects and patients with, for example, dementia or head injury 
1-3. This was initially received with enthusiasm, since the observed P300 latency prolongation 
in dementia was consistent with cognitive theories of P300 latency as an index for certain 
mental processes, i.e. stimulus evaluation time. Despite these promising results, sensitivity 
and specificity in a clinical setting have been very variable, which has led to a debate 
regarding clinical utility. For example, the sensitivity of an increased P300 latency in 
dementia patients is reported to range from 7 to 83% 4, 5. The literature presents variable 
results for head injury patients. Increased latency 2, 6-10, reduced amplitude 11-13 or no change 
in P300 parameters 14, 15 have all been reported. This is probably, at least in part, related to the 
fact that P300 is subject to considerable variability. Suggestions for improving and reducing 
variability have included the standardization of recording protocols and the identification of 
factors that contribute to the variability of P300 measurements, such as biological variables 16. 
However, another important source of variability is the existence of overlapping P300 
components.  
Recently, efforts have been made to characterize the P300 potential in terms of its 
components. One of these methods is source analysis 17, in which the scalp-recorded wave 
forms are modelled by a number of equivalent dipoles. By iteratively moving and rotating the 
dipoles, the best-fitting solution is obtained. Latencies and amplitudes of the dipoles can then 
be used to identify components of P300, which may not be visible as separate peaks in 
conventional P300 waveforms. The main P300 components are P3A, an earlier and more 
frontocentrally located component, and P3B, a later and more centroparietally located 
component. We demonstrated that, while conventional P300 analysis identifies P3A 
components in only a minority (c. 25%) of subjects, source analysis shows that both P3A and 
P3B almost always contribute to the P300 complex in normal subjects, but to varying degrees 
18. Furthermore, source analysis yielded a later mean P300 latency with a smaller standard 
deviation in a group of control subjects when compared with conventional analysis. 
Therefore, P300 latency in controls was less variable with source analysis. If a similar 
reduction in variability could be obtained in patients, the latency distributions of normal 
subjects and patients could show less overlap, if the same mean difference in latency 
persisted. This could then result in a better distinction between patients and controls, and 
ultimately in better diagnostic properties.  
In the present study, we evaluated the P300 latency distributions of control subjects and 
patients with moderate to severe closed head injury, using both conventional P300 analysis 
and source analysis. We also analyzed amplitude parameters for both methods. Given the 
results in normal subjects, our hypothesis was that, with source analysis, the latency 
distributions of patients and controls would show less overlap due to a decreased variability.   
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Methods 
 
Patients and Subjects 
A total of 21 healthy control subjects (8 female, 13 male; age 30 ± 8 (years ± standard 
deviation) and 21 patients with moderate to severe closed head injury (5 female, 16 males, 
age 29 ± 11 years) were included in this study. None of the control subjects had a history of 
neurological illness or head injury. Glasgow Coma Scale (GCS) total scores ranged from 5-14 
(mean 9,3 ± 2,5) and post-traumatic amnesia duration ranged from 7-60 days (mean 21,8 ± 
12,6). CT scans were carried out on all patients on admission. In 7 patients CT scan results 
were normal, 7 patients showed abnormalities (edema or hemorrhage) in 1 frontal or temporal 
lobe, in 3 patients both the frontal and temporal lobe on one side were affected, and in 3 
patients bifrontal contusional abnormalities were seen. In one patient, abnormalities were 
visible in the left parietal lobe only. In 2 patients, the GCS score could not be determined 
reliably due to the effects of sedatives and/or anesthetics. In all patients, a P300 recording was 
performed between 6 and 12 months after the injury. All subjects and patients gave their 
informed consent. Approval for this research was obtained from the Ethics Committee of the 
University Medical Center Groningen. 
 
P300 recording and analysis 

The entire recording and analysis procedure was described previously in our study on normal 
subjects 18. In short, we followed the recommendations on P300 recordings as outlined by 
Polich 16. A standard oddball paradigm was used, in which subjects were asked to silently 
count 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. 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, 1 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 using Brain Vision Analyzer software (Brain Products GmbH, Munich, 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 
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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 19. A baseline correction procedure was carried out 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. Conventional 
analysis and source analysis of P300 were performed by different investigators, and the 
analysis was ‘blind’ in terms of the subjects’ characteristics.  

 

Conventional P300 analysis 

Fz, Cz and Pz traces 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 20. In cases of bifurcated peaks, the 
second peak with a central/parietal maximum was selected for P300 latency and amplitude 
determination 21. 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, Enschede, the 
Netherlands) using an average reference. All P300 topographical maps were first visually 
inspected in ASA to identify P300 components fields, i.e. the frontocentral P3A component 
and the centroparietal P3B component. The standard realistically shaped head model in ASA 
was used. It takes into account the conductivity of the brain, skull and scalp. A standard 
Talairach coordinate system with 3 perpendicular axes intersecting at x=0, y=0 and z=0 was
used 22. The x-axis had a frontal-occipital orientation, the y-axis ran through both pre-auricular 
points, and the z-axis was oriented towards the vertex. In order 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. A 1-dipole model was also applied, 
which can also identify both components if multiple peaks in dipole activity are found. This 
means that if, at the moment of dipole peak activity, there is a frontocentral P3A field, this 
peak activity is attributed to the P3A component, and if a centroparietal EEG field is seen, it 
is attributed to the P3B component. A starting position of x=0, y=0 and z=0 was used. For 
both dipole models, rotating dipole models were used without any constraints. Dipoles were 
fitted over the interval from 250 ms until 500 ms after target stimulus onset. The following 
criteria were used 18. 

1. Dipoles had to account for at least 75% of the variance in individual EEG data, so 
residual variance up to 25% was accepted.  
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2. Component latency and amplitude were determined using dipole time course 
information in combination with topographical mapping. Dipole peak activity was 
attributed to P300 component activity only if a clear frontocentral P3A or 
centroparietal P3B positive field was seen in the topographical maps. Conversely, 
components were only scored as clearly absent if, in the topographical maps, no clear 
component field was visible. This prevents a faulty dipole model from resulting in an 
incorrect interpretation of absent P300 components.  

3. For the 2-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) were not accepted. 
Instead, the 1-dipole method was used for latency and amplitude determination.  

4. After both dipole methods had been tried, the method with the lowest residual 
variance was 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.  

As was demonstrated earlier 18 , this 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 17 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 or 2 dipoles only. 

Statistics 

Normality of P3A and P3B latency and amplitude distributions was verified using the 
Shapiro-Wilk statistic. Levene’s statistic was used to test differences in latency variability of 
P300 between groups. T-tests or the Mann-Whitney U-test were performed in order to 
compare mean P3A and P3B latencies between groups. Chi-Square tests or Fisher’s Exact 
Tests were used to compare proportions between groups. In order to compare latencies 
between methods, one-sample T-tests were applied to the intra-individual latency differences 
between both methods. 
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Results 

 

In the remainder of the text, P3A and P300 always indicate scalp measures when referring to 
the conventional method, and P3A and P3B dipole estimates when referring to the source 
analysis method. 

 

Comparisons between groups 

In all subjects, a P300 potential could be obtained. The results for the conventional and source 
analysis for both groups can be found in Table 1.  

 

Conventional Analysis  Source Analysis 

P3A Control Head Injury  P3A Control Head Injury 

Lat(ms) 277±19 304±22  Lat(ms) 312±17 315±16 

Amp(μV) 22±5 14±2  Amp(nA) 220±122* 149±153* 

% identified 19 10  % identified 100** 57** 

P300 Control Head Injury  P3B Control Head Injury 

Lat(ms) 331±21* 350±28*  Lat(ms) 359±10 365±11 

Amp(μV) 19±7* 15±6*  Amp(nA) 177±78 244±128 

% identified 100 100  % identified 86 81 

 

Table 1. Results for the conventional and source-analysis methods for both groups. Values are means 
± SD. % identified = percentage of subjects in which the component of interest was identified. In 
head injury patients with absent P3A components, values were left-censored at 34 nA. Lat=latency, 
Amp=Amplitude, nA=nano-ampere. * indicates p<0,05 ** indicates p<0,01.  

 

With the conventional method, head injury patients had delayed P300 latency (350 vs 331 ms, 
p=0,016) and reduced P300 amplitude (15 vs 19 μV, p=0,049) compared to controls. P3A 
components could be identified only very infrequently, precluding statistical comparison. 
With the source analysis method, neither P3A nor P3B component latencies varied between 
patients and controls. However, 43% of head injury patients had absent P3A components, 
whereas a P3A component could be identified in all control subjects (Fisher’s Exact Test: 
p<0,001). A P3B was present in all cases where no P3A could be identified with source  
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Figure 1. An example of source analysis (upper half) and conventional P300 analysis (lower half) for a 
control subject (left-hand column) and a head injury patient (right-hand column). In the control 
subject, a 2-dipole solution identifies both P3A (291 ms) and P3B (346 ms) components. In the 
conventional method, only one P300 component is identified at 296 ms. Closed arrowheads 
correspond with source analysis P3A, open arrowheads with source analysis P3B. In the head injury 
patient there is no clear frontal P3A field, and a 1-dipole solution is obtained with a P3B at 358 ms. In 
the conventional method, the P300 reaches a maximum at 357 ms. The difference in P300/P3B latency 
between both subjects is much larger for the conventional method when compared to the source-
analysis method (61 ms vs 12 ms). 
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analysis. If only patients with identifiable P3A components were included (n=12), there was 
no difference in P3A amplitude between the groups (235 vs 220 nA, p=0,76). Because no 
P3A field could be seen in the topographical maps in these cases, all absent P3A values were 
conservatively left-censored with a value of 34 nano-ampere (nA, lowest P3A value: 35 nA). 
After left-censoring, P3A amplitude was lower in patients compared to controls (149 vs 220 
nA, Mann-Whitney U-test: p=0,020). P3B amplitude did not vary between the groups in the 
source analysis method. Figure 1 shows an example of both analysis methods for a control 
subject and a head injury patient, illustrating the result typically obtained in this study. Figure 
2 shows the conventional P300 target and standard grand averages for both groups.  

 

 
Figure 2. Grand average waveforms for controls and head injury patients. Grand average P300 latency 
in head injury patients is prolonged and P300 amplitude is lower when compared to control subjects. 
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Comparisons within groups 

Variability in terms of standard deviation of P300 latency was significantly smaller with 
source analysis than with conventional P300 analysis, for both the control group (10 vs 21 ms, 
Levene’s test p=0,006) and the head injury group (11 vs 28 ms, Levene’s test p<0,001). 
Within both groups, the difference in component latency between the two analysis methods 
was calculated for each subject. In view of the low percentage of identified P3A components 
with conventional analysis, only P3B (source analysis) – P300 (conventional method) latency 
differences were calculated. In the control group, the mean within-subject P3B-P300 latency 
difference was 28,7 ± 24,7 ms (p<0,001), while in patients this difference was 7,6 ± 24,4 ms 
(p=0,22). The mean within-subject P3B-P300 latency difference was higher in controls than 
in patients (p=0,016).  

 
Discussion 
  
In this study we have shown that different results were obtained for conventional and source 
analysis methods when analyzing P300 results from head injury patients. In line with our 
initial hypothesis, source analysis resulted in reduced P300 latency variability compared with 
conventional analysis in both head injury patients and control subjects. However, contrary to 
our initial hypothesis, the mean P300 latency difference between controls and head injury 
patients was much smaller with source analysis than with conventional analysis. In fact, 
source analysis did not reveal any significant latency differences between patients and 
controls for both P3A and P3B components. Thus, the latency distributions of patients and 
controls actually showed greater overlap with source analysis, despite reduced variability, 
which was exactly the opposite of what we were expecting to find.  

With the conventional method, both decreased mean P300 amplitude and increased mean 
P300 latency were found when compared to controls. Comparable results have been reported 
in other studies that evaluated P300 parameters in head injury patients 10, 23. With source 
analysis, only decreased P3A amplitude was found, with no decrease in P3B amplitude. This 
decrease in mean P3A amplitude was distributed inhomogeneously within the patient group, 
with some having no identifiable P3A components, while the subgroup of patients with 
identifiable P3A components had normal mean P3A amplitude. We hypothesize that the exact 
location of the contusional injury is important in determining the effect on P3A amplitude. 
Damage to areas containing important P3A generators (i.e. anterior cingulate) are likely to 
result in a more dramatic decrease in P3A amplitude than, for example, orbitofrontal damage, 
which was recently associated with increased novelty P3A amplitude 24. The interpretation of 
absent P3A components with source analysis as lower brain activity in the P3A time window 
is reasonable since no clear P3A field could be seen in the topography maps. However, our 
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method may be relatively insensitive for detecting low P3A amplitude, leaving the exact 
difference in amplitude rather imprecise, which is a limitation of this method. However, 
alternative explanations for absent P3A components in terms of generalized decreased signal-
to-noise ratios seem unlikely because in all patients with absent P3A components, a normal 
P3B could be identified. When source analysis of P3B latency and conventional analysis of 
P300 latency results were compared within each group, differences were present only in the 
control group and not in the patient group.  

Bearing in mind the results obtained in normal subjects, it is now questionable whether the 
observed latency difference between head injury patients and controls in the conventional 
method is genuine. Any decrease in P3A amplitude will result in a more prominent 
contribution of P3B to the P300 complex. Consequently, the unaffected P3B component with 
its longer latency determines conventional P300 latency in these patients. It is therefore likely 
that, with the conventional method, the P300 delay in head injury patients is a pseudodelay, 
caused by a decrease in P3A amplitude.  

Similar results from other studies also show significant P300 amplitude reductions in the 
absence of a significant delay in P300 latency 11, 13, 25-27. This may be explained by the fact 
that these studies included patients with only very mild concussion 11, 13, 25, which may 
indicate that a substantial P3A amplitude reduction is needed before significant group 
differences in P300 latency are found with the conventional method.   

The results of the present study have important implications for the neurophysiological 
interpretation of a delayed P300 potential in head injury patients. One of the most consistently 
observed deficits after head injury is mental slowness, which may be an essential factor in 
various other cognitive disturbances after head injury 28, 29. Although it has been recognized 
that cognitive slowing may be more pronounced at the response end of information 
processing, several authors have concluded that delayed P300 latency after head injury must 
reflect slower stimulus processing, which contributes to slower cognitive performance 9, 30, 31. 
This conclusion seems valid across studies based on meta-analyses of P300 latency and 
reaction times after head injury 32. By contrast, our data show that slowing may not occur at 
all in early processing stages, which strongly supports the theory of stage-specific cognitive 
slowing, occurring at the response end of processing 32. Thus, while impaired and 
disorganized stimulus processing may still be a valid interpretation given the decreased P3A 
amplitudes, it is not justified to conclude that there is a slowing of stimulus processing, solely 
on the basis of a delayed P300 latency in conventional P300 analysis. 
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Abstract 
 
Objective: In this study we evaluated diagnostic accuracy of conventional P300 analysis and 
source analysis in head injury patients. We compared P300 results with neuropsychological 
test data and imaging data.   
Methods: In total, 21 healthy control subjects and 33 patients with head injury were included. 
Latency and amplitude parameters were obtained for both analysis methods. 
Neuropsychological evaluation included the Stroop test, the Paced Auditory Serial Addition 
Test (PASAT) and Rey’s Verbal Learing Test (VLT). Diagnostic accuracy was evaluated 
with Receiver Operating Curve (ROC) analysis using the neuropsychological test results as 
the golden standard. Magnetic Resonance Imaging (MRI) was performed between 3 and 9 
months after the injury.  
Results: For both P300 analysis methods, only amplitude parameters were correlated with 
neuropsychological test data. Diagnostic accuracy was better with source analysis when 
compared to the VLT (p=0,03) and the PASAT (p=0,04, only for those patients with imaging 
abnormalities). Correlation with MRI data showed a non-linear trend between contusional 
severity and P3A amplitude. Patients with normal MRI results and patients with severe 
diffuse MRI abnormalities had decreased mean P3A amplitude compared to controls. ERP 
task performance was worse in patients with normal MRI results when compared to controls 
and patients with MRI abnormalities. In patients with focal frontal or temporal injury, the 
presence of mediofrontal lesions was associated with P3A amplitude reduction, while 
orbitofrontal lesions tended to increase P3A amplitude.  
Conclusions: Source analysis of P300 resulted in improved diagnostic accuracy in head 
injury patients. In view of the non-linear trend between contusional severity and P3A 
abnormalities, it is advisable to analyze P300 results in conjunction with imaging results. This 
approach may further facilitate the interpretation and diagnostic applicability of source 
analysis P300 results in head injury patients.   
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Introduction  
 
The major long term consequences of traumatic brain injury are residual neuropsychological 
sequelae. These include fatigue, poor memory and concentration, and emotional symptoms 
such as depression and irritability, together called the postconcussive syndrome. 
Neuropsychological research has revealed reduced information processing speed as one of the 
most fundamental cognitive deficits, which may be essential in producing the attentional and 
memory disturbances 1. This is known as the theory of cognitive slowing, which states that 
there is a reduction of speed at which various cognitive operations can be executed after head 
injury 2, 3. In attempts to elucidate the pathophysiology of these phenomena, Event Related 
Potentials (ERPs) have often been used, because their latency is thought to reflect basic 
central information processing time. In concordance with the cognitive slowing theory, the 
latency of the most widely used ERP, the P300 potential, is usually delayed in patients with 
head injury 4-9. This phenomenon has raised interest in using P300 latency as a diagnostic or 
screening test for cognitive dysfunction. 
In patients with moderate to severe head injury, P300 latency is reported to be delayed 4-9, and 
often P300 amplitude is also reduced. In those studies where P300 latency is not significantly 
delayed, amplitude reduction is usually present 10-13. In mild head injury patients, the results 
are more variable.  Increased latency, reduced amplitude 14-16 or even no change in P300 
parameters 17, 18 have all been reported. Furthermore,  P300 abnormalities can sometimes be 
demonstrated when neuropsychological test results are normal 15.  This suggests that P300 
measurements may be even more sensitive than standard neuropsychological testing for 
detection of mild cognitive abnormalities after head injury.  
Despite these favorable characteristics, sensitivity and specificity in a clinical setting have 
been variable, which casts doubt on the clinical utility of the method 19, 20. Suggestions for 
improvement have included standardization of measurement techniques, adequate artifact 
rejection, screening of individual trials for adequate signal to noise ratio, and identification of 
factors that contribute to the variability of ERP measurements 19, 21. Factors of importance 
during measurement are stimulus characteristics and several subject biological variables, 
which should be standardized for reliable P300 measurements and comparisons between 
patient groups 22, 23. Another important factor that may explain part of the variable success of 
P300 testing in head injury patients, is the influence of injury severity as estimated by 
imaging studies. Mild head injury and focal frontal contusional brain injury do not produce 
similar ERP and cognitive deficits. Surprisingly, several studies have shown that patients with 
mild head injury have more abnormalities in ERP parameters, reaction time data and 
psychometric test scores compared to patients with verified contusional lesions in the frontal 
lobe on imaging studies 24, 25. The cause of this phenomenon remains unclear. Thus, there 
seems to be a non-linear relation between the severity of the head injury and ERP 
abnormalities, with some of the milder injuries having more abnormalities than severe 
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injuries. This is an undesirable property for any diagnostic test, which may obscure the true 
diagnostic potential if left unnoticed. 
Therefore, improvements in diagnostic properties of P300 testing may be achieved by 
reducing variability and by recognizing different pathophysiological subgroups of patients. In 
a previous study we demonstrated that an important cause of  P300 latency variability is the 
existence of overlapping P300 components 26. The main P300 components are P3A, an earlier 
and more frontocentrally located component, and P3B, a later and more centroparietally 
located component. We demonstrated that while conventional P300 analysis identifies P3A 
components in only a minority (± 25%) of subjects, source analysis shows that both P3A and 
P3B almost always contribute to the P300 complex in normal subjects, but to varying degrees 
26. Furthermore, source analysis yielded a later mean P3B latency with a smaller standard 
deviation in a group of control subjects when compared with conventional P300 latency 
analysis. Theoretically this could lead to better diagnostic properties, if the latency 
distributions of normal subjects and patients should indeed show less overlap.  
In this study, we examined a group of head injury patients and controls with both P300 
methods. We also analyzed imaging data to identify subgroups of patients with different 
degrees of head injury severity. Our first aim was to compare diagnostic properties for both 
P300 methods, using neuropsychological test results as the golden standard. Our second aim 
was to compare the P300 results with imaging data, to identify more clearly the relation 
between damaged brain areas and abnormal P300 results.  
 
Methods 
 
Patients and Subjects 
21 healthy control subjects (8 female, 13 male; age 30 +/- 8) and 33 patients with head injury 
(8 female, 25 males, age 29 +/- 11) were included in this study. None of the control subjects 
had a history of neurological illness or head injury. Glasgow Coma Scale (GCS) total scores 
ranged from 5-15 (mean 11 +/- 3,1) and post traumatic amnesia (PTA) duration ranged from 
0-60 days (mean 14,2 +/- 14,2). In 2 patients the GCS score was not reliable due to effects of 
sedatives and/or anesthetics. In all patients a P300 recording and neuropsychological 
evaluation was performed between 3 and 9 months after the injury. All subjects and patients 
gave their informed consent. Approval for this research was obtained from the Ethics 
Committee of the University Medical Center Groningen. 
 

Neuropsychological evaluation 

Stroop test: As measure for cognitive speed and selective attention we used the Stroop test 27. 
This test consists of three subtasks: patients first have to read aloud 100 color names printed 
in black (Stroop word naming), then name the colors of 100 colored squares (Stroop color 
naming), and lastly name the colors of 100 words (printed in color) that are themselves color 
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names, with incongruent color names and ink-colors. The first two tasks reflect general 
cognitive speed, while the last task requires selective attention to suppress the color names.  
The time needed for the completion of each card was recorded, resulting in four parameters: 
Word naming score, color naming score, word-color naming score and the interference score. 
The interference score is calculated by taking the ratio between the color naming score and 
the Word-Color naming score.  Raw test scores were corrected for age, sex and educational 
level.  

Paced auditory Serial Addition task (PASAT): The PASAT is viewed as a measure for divided 
attention. We used a modification of the test developed by Gronwall and Sampson 28. Patients 
are asked to add every pair of successive numbers, which are presented at a fixed rate through 
a headphone, and to respond immediately. Five series of 61 numbers (60 additions) are given 
with interstimulus-intervals of 3.2, 2.8, 2.4, 2.0 and 1.6 seconds. The total test score consists 
of the sum of the number of correct additions in each series made by the patient. The raw test 
scores were also corrected for educational level. In this test, attention must be divided 
between listening, storing numbers in memory, calculations and responding with the correct 
answer.  

Rey’s Verbal Learning Test:  Memory was evaluated using the VLT 29. We used the Dutch 
version of this test, in which patients were required to learn 15 one-syllable words. The words 
are presented five times through a speaker. After each presentation the patient must name the 
words remembered. The direct recall score is the sum of the total number of words that are 
correctly remembered after each presentation. Delayed recall is the number of words 
remembered after 15 to 30 minutes, during which the patient has to perform some other non-
memory or naming task. Test results were corrected for age, sex and educational level.   

 

Imaging 

All patients were evaluated with MRI between 3 and 12 months after the injury. T1 and T2 
weighted sequences were acquired in 10 mm slices in the transaxial and coronal planes. MRI 
scoring was adapted from previously published criteria 30. The approximate localization of 
lesions was scored as orbitofrontal, laterofrontal, mediofrontal, premotor frontal, 
anterior/basal temporal, superior temporal, parietal or occipital. Lesion type was scored as 1: 
focal axonal injury when hemosiderin depositions were present on T2 flash-images, or as 2: 
focal atrophy on T1 or T2 weighted images, or as 3: white matter hyperintensities on T2 
weighted images. Diffuse axonal injury was scored separately when hemosiderin depositions 
were present bilaterally in at least both frontal and temporal lobes.  The size of the lesions was 
estimated by visual inspection and coded as less then 1 cm, 1-3 cm, or more than 3 cm in 
maximal diameter. For comparison with P3A amplitude, patients were grouped into 4 
categories of contusional severity; 1: normal MRI, 2: unilateral frontal or temporal 
abnormalities, 3: bilateral frontal or temporal abnormalities, or unilateral frontal and temporal 
abnormalities, 4: diffuse abnormalities on MRI, defined as presence of bilateral abnormalities 
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in the frontal and temporal lobes. This was aimed specifically at quantifying the amount of 
fronto-temporal damage, since this was considered to reflect increasing probability of damage 
to intracranial P3A generators. Occipital, parietal and basal ganglia lesions are not of 
influence in this classification. This is consistent with current knowledge on brain areas that 
contribute to the scalp recorded P3A 31. 

 

P300 recording and analysis 

Conventional analysis and source analysis of P300 were performed by different investigators, 
and the analysis was ‘blind’ in terms of subject characteristics. All recordings were performed  
under comparable standard test conditions. The entire recording and analysis procedure was 
described previously in our study on normal subjects 26. In short, we followed the 
recommendations on P300 recordings as outlined by Polich 21. A standard oddball paradigm 
was used, in which subjects were asked to silently count auditory target stimuli. EEG was 
recorded from the scalp using a 128-electrode cap. One electrode was placed on each earlobe 
for use as a linked ears reference in the conventional P300 analysis.  

Conventional P300 analysis: Fz, Cz and Pz traces 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 32. 
In cases of bifurcated peaks, the second peak with a central/parietal maximum was selected 
for P300 latency and amplitude determination 33. 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, 
Enschede, the Netherlands) using an average reference.  All P300 topographical maps were 
first visually inspected in ASA to identify P300 components fields, i.e. the frontocentral P3A 
component and the centroparietal P3B component. In order 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. A model with 1 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 without any constraints. Dipoles were fitted over the interval from 250 ms 
until 500 ms after target stimulus onset, using the following criteria: 

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.  
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3. For the 2-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.   

 

Statistics 

For comparison with neuropsychological tests results, both linear and non-linear regression 
analyses were performed using the curve-fit option in the SPSS software (version 10), also 
using the uncorrected test results. To investigate sensitivity and specificity of P300 results, 
Receiver Operating Curve (ROC) characteristics were used with the corrected 
neuropsychological test results operating as the golden standard. Values below the 10th 
percentile were considered abnormal. The area under the ROC curve (AUC-ROC) was used 
for evaluating general diagnostic accuracy, using non-parametric methods for estimating 
standard errors and using the method described by De Long et al.  for comparisons between 
the P300 methods 34. AUC-ROC values were also tested against the value of 0.5, in which a 
significant result indicates better diagnostic accuracy than would be expected by chance.  For 
comparison with imaging data, a Kruskall Wallis test was done, with Bonferroni post hoc 
corrections for multiple comparisons. Furthermore, linear and non-linear trends were tested 
across imaging subgroups. Further analysis of the influence of lesion localization, size, side 
and type was performed with a multiple regression analysis using a backward stepwise 
strategy and a probability of F for removal ≥ 0,1 and probability of F for entry ≤ 0,05.   

 

Results 

 

Neuropsychological test data 

The neuropsychological data are summarized in table 1. Five patients were lost to follow up 
before neuropsychological evaluation could be completed. These were all patients with a mild 
contusion, with GCS total score >=14 and PTA no more than a few hours. In one patient the 
Stroop data were not available. In 10 patients the PASAT data were incomplete, because the 
patients could not complete the test series due to early fatigue.  

 

P300 data 

Task performance quantified as the percentage of correctly identified targets was not different 
between controls (median 100%, 90% central range 96,8-100%) and patients (median 100%,  
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Raw test scores 

     Stroop (n=27)    PASAT (n=18) VLT (n=28) 

                    Score (sec.)       Score (n correct )               Score (n correct) 

Item Mean ± SD Range ISI(sec) Mean ± SD Range Item Mean ± SD Range 

Word card 53,6 ± 16,1 36-112 3,2 48,1 ± 6,1 39-58 Direct 42,5 ± 11,5 21-65 

Color card 67,7 ± 15,3 46-117 2,8 46,7 ± 5,7 36-56 Recall 7,7 ± 3,6 1-14 

WC card 101 ± 29,0 61-200 2,4 42,5 ± 7,7 29-55    

IF score 0,68 ± 0,10 0,47-0,93 2,0 39,6 ± 9,7 26-59    

   1,6 34,3 ± 6,8 22-44    

   Total 207 ± 36,5 134-268    

Scores corrected for age, sex and educational level 

Item Mean ± SD  
(percentile) 

Range ISI(sec) Median +/- 
iqr (decile) 

Range Item Median +/- 
iqr (decile) 

Range 

Word card 19,6 ± 22,3 0-88 Total 2 ± 3,3 1-8 Direct 3 ± 6,8 1-10 

Color card 20,3 ± 21,7 0-86    Recall 4 ± 5,0 1-9 

WC card 36,4 ± 30,1 1-99       

IF score 54,7 ± 27,8 8-99       

 
Table 1. Neuropsychological test data. The upper half of the table shows the uncorrected test scores. 
The lower half shows the data corrected for age, sex and educational level. ISI=interstimulus interval, 
IF score= interference score, WC card= word/color card. Iqr = interquartile range.  

 

90% central range 85,2-100%)(p=0,24). ERP task performance was also calculated in 
subgroups of imaging abnormalities. Median performance was 100% (96,7-100) for controls, 
97% (83-100) for patients with normal MRI results and 100 (96,0-100%) for patients with 
abnormal MRI results. Performance was different between groups of imaging abnormalities  
(KW-χ 10,6: p=0,005), with post-hoc differences between controls and the normal MRI group 
(p=0,018) and  between the normal and abnormal MRI group (p=0,021). 

Using conventional analysis, mean P300 latency was delayed in patients (p=0,04) compared 
to controls, and amplitude was also lower (p=0,01). P3A components were visible very 
infrequently, precluding statistical comparison. With source analysis, P3B latency and 
amplitude were not different between the groups. However, P3A components could only be 
identified in 67% of patients compared to 100% in controls (p=0,001).  When all absent P3A 
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values in the patient group were left censored with a value of 34 (lowest P3A value=35), P3A 
amplitude was lower compared to controls (p=0,002).  

 

 

(figure continued on next page) 
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Figure 1. Relation between and Neuropsychological test results and P300/P3A amplitude 

 

Relation between test results and P300 data 

Stroop test:  No relation could be demonstrated between color and word naming scores and 
latency parameters for both the conventional and the source analysis method. However, an 
inverse linear relation between P300 amplitude and the word naming score was found in the 
conventional P300 method (p=0,049), but this could not be demonstrated for the color naming 
score (p=0,1). For the source analysis method, an inverse relation existed between target P3A 
amplitude and word naming score (p=0,001; figure 1), and color naming score (p=0,011; not  
shown). The interference score was not related to latency or amplitude parameters for both 
P300 methods.  

PASAT:  For the conventional P300 method, no relation between the PASAT total score and 
latency and amplitude measures was found. For the source analysis method, a non-linear 
relation between P3A amplitude and PASAT total score (p=0,025) was present (figure 1), but 
source analysis latency parameters and P3B amplitude were not related to the PASAT score.  

VLT: For both P300 methods, latency parameters were not related to the direct score or 
delayed recall score. P300 amplitude related with the direct score in a non-linear fashion 
(p=0,026), but this could not be demonstrated for the delayed recall score. P3A amplitude for 
the source analysis method also had a non linear relation with the direct score (p=0,055; not 
shown), and with the delayed recall score (p=0,011; figure 1).  



P300: diagnostic properties and imaging 

 97

 

Receiver Operating Curve (ROC) analysis 

Only P300 variables that were significantly related to neuropsychological test scores were 
used for ROC analysis. Figure 2 shows the ROC curves for the amplitude data of both P300 
methods. Table 2 shows the results of the AUC area calculations and comparisons, and shows 
the sensitivity and specificity values for the point of least false-diagnostic classification, 
which is the point nearest to the left upper corner of the ROC figure (figure 2). 

 
 

 
 
Figure 2. ROC curves for both P300 methods. Diagonal segments are produced by multiple patients 
with the same amplitude value. The diagonal reference line with an AUC of 0,5 represents diagnostic 
accuracy that could be expected by chance alone.    
 

  

AUC-ROC values were different from the null hypothesis area under the curve (0,5) for the 
source analysis method when compared with the PASAT results and the VLT results 
(marginally significant). For the conventional method, no significant differences were found. 
AUC areas were not different between both P300 methods for the stroop and PASAT tests, 
but for the VLT a significant difference was found.  
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 All patients  Patients with abnormal MRI 

 Stroop 

Word 

(N= 27) 

PASAT 

(N=18) 

15 W 

recall 

(N=28) 

Stroop 

Word 

(N= 19) 

PASAT 

(N=11) 

15 W 

recall 

(N=19) 

% abnormal test 
score  

41 39 32 58 55 37 

Conventional 
P300 Amplitude 

      

AUC ROC 

Vs area 0,5  

0,65 ± 0,11 

p=0,19 

0,58 ± 0,14 

p=0,56 

0,42 ± 0,12

p=0,52 

0,76 ± 0,12 

p=0,06 

0,63 ± 0,17 

p= 0,47 

0,46 ± 0,15 

p=0,68 

Sensitivity 73 57 89 82 50 43 

Specificity 62 64 22 75 80 50 

Cut off 
point(μV) 

14,1  14,1 20,5 15,3 14,1 14,1 

Source analysis 
P3A Amplitude 

      

AUC ROC 

Vs area 0,5  

0,66 ± 0,12 

p=0,18 

0,81 ± 0,11 

p=0,03 

0,72 ± 0,10

p=0,07 

0,71± 0,13 

p=0,13  

1,0 ± 0,0 

p=0,006 

0,74 ± 0,11 

p=0,09 

Sensitivity 64 86 67 73 100 71 

Specificity 81 73 72 75 100 68 

Cut off 
point(nA) 

no P3A   135  no P3A 76  177  no P3A  

ROC difference NS NS p=0,03 NS p=0,04 p=0,09 

 

 

Table 2. Receiver Operating Curve data. AUC ROC means Area Under the Curve of the receiver 
operating curve ± Standard Error. Vs area 0,5 tests the null hypothesis of no diagnostic value (AUC-
ROC=0,5). The sensitivities and specificities stated are derived from the point closest to the left upper 
corner of the ROC figure, i.e. the point of least false diagnostic classification (see figure 2). NS = not 
significant. ROC difference means the difference between the AUC ROC of the conventional and 
source analysis methods. nA= nano Ampere, μV= micro Volts.    
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Imaging results 

In 2 patients MRI could not be performed due to claustrophobia. In 11 patients normal MRI 
results were obtained. Table 3 summarizes the MRI data obtained in the remaining 20 
patients. A total of 58 lesions were identified, the majority of which were located in the 
frontal or temporal regions, which are known predilection sites for traumatic brain damage.   
Within the frontal lobe, the medial regions were most frequently involved, and within the 
temporal lobe, virtually always the basal temporal areas were involved, with only one patient 
having a lesion in the superior temporal gyrus. There was no predominance of one specific 
lesion type, nor was there a clear left/right difference in the distribution of the lesions.  

 

Localization  Type Size 
(cm)

Side  

Frontal 

     Orbital 

     Lateral 

     Medial 

     Premotor 

30(75) 

8(25) 

6(30) 

14(40) 

2(10) 

Axonal 
injury 

22(70) 0-1 22(55) Left 25(65) 

Temporal 

    Basal 

    Superior 

13(45) 

12(40) 

1(5) 

Focal 
cortical 
atrophy 

19(55) 1-3 17(60) Right 29(70) 

Parietal 6(15) White 
matter 

17(45) >3 19(55) Diffuse 4(20) 

Occipital 2(5)    

Basal ganglia 3(5)       

Diffuse 4(20)       

 

Table 3. Type and distribution of supratentorial intraparenchymal lesions on MR imaging. A total of 
20 patients had abnormalities on MRI. Numbers indicate the total number of observed lesions. 
Numbers in parentheses indicate the percentage of patients (relative to n=20) having that particular 
lesion.   

 

Relation between imaging results and P300 data 

Figure 3 shows the relation between the amount of frontal and temporal abnormalities and 
source analysis P3A amplitude. In all, 11 patients had no abnormalities in the frontotemporal 
regions, 6 had abnormalities in 1 area only, 9 had abnormalities in 2 or 3 frontal and/or 
temporal lobes, and 4 had diffuse axonal injury. One patient with only abnormalities in the 
basal ganglia was not included in this analysis. When controls were included in the analysis, 
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P3A amplitude was different between the groups (Kruskall Wallis; p=0,001), with post-hoc 
differences between controls and patients with normal MRI results (p=0,01) and between 
controls and patients with diffuse abnormalities (p=0,02), but not between other groups. 
When testing for trends in P3A amplitude with increasing imaging abnormalities, a cubic 
curve fitted the data best (p=0,002), illustrating the non-linear relation between contusional 
severity and P3A amplitude.  

 
 

Figure 3. Relation between imaging abnormalities and source analysis P3A amplitude. A cubic curve 
with the equation y= 217,4 -231,5x + 145,8x2 -25,6x3  (p=0,002) was the best fitting curve, with 
category values (x-axis) ranging from 0 to 4. Labels: o=orbitofrontal, m=mediofrontal, 
l=laterofrontal, t=temporal. 

 

In patients with focal contusional abnormalities in frontal and temporal areas, a remarkable 
inhomogeneity was observed, with some patients having low or absent P3A components, 
while others had normal P3A component amplitude. In an attempt to find an explanation, a 
backward regression analysis was performed, using only patients with focal abnormalities on 
MRI in the analysis (n=15). The dependent variable was P3A amplitude and independent 
variables included presence or absence of lesions in orbital, lateral, medial, and temporal 
areas, presence or absence of axonal, focal atrophy and white matter lesions, side (unilateral 
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or bilateral lesions) and cumulative size of all lesions within a patient. In the final model, only 
the absence or presence of mediofrontal abnormalities and cumulative lesion size were 
included. (Adjusted R2=0,39 p=0,02). Presence of lesions in medial frontal areas was 
associated with decreased P3A amplitude, while orbitofrontal lesions tended to increase P3A 
amplitude (figure 3).   

 

Post Hoc ROC analysis 

In view of the non linear relation between contusional severity and P3A amplitude, the ROC 
analysis was repeated in the subgroup of patients with abnormalities on MRI. The results can 
be found in the right columns of table 2. While similar ROC areas were obtained for both 
analysis methods compared to the Stroop test and the VLT, the ROC area for the source 
analysis method vs. PASAT results increased to 1, resulting in a significant difference with 
the conventional method ROC area (p=0,04).   

 

Discussion  

 

The main goal of this study was to evaluate any differences in diagnostic accuracy between 
conventional P300 analysis and source analysis in head injury patients, with 
neuropsychological test results operating as the golden standard. Source analysis showed 
better diagnostic accuracy for detecting memory deficits, and also for detecting divided 
attention disturbances in the subgroup of head injury patients with imaging abnormalities. In 
line with findings from a previous study, the delay in P300 latency with the conventional 
method could not be demonstrated with source analysis. Instead, amplitude reduction of the 
P3A component was present, indicating that the delay found with conventional analysis is a 
“pseudodelay”. Therefore, P300 amplitude reductions are the most relevant abnormality, 
which is further illustrated by the fact that only amplitude parameters were correlated with 
neuropsychological test results in this study.     

When comparing the amplitude parameters and neuropsychological test results for both 
methods, significant correlations were present with measures of cognitive speed (Stroop test) 
for both methods. However, only for the source analysis method significant correlations with 
measures of divided attention (PASAT) and memory were found. This can be interpreted as 
evidence that the P3A component of the source analysis method reflects the amount of 
attentive resource activation better than conventional P300 amplitude. Source analysis P3A 
could reflect contributions of mediofrontal and possibly also temporal areas to attention 31, 35, 
whereas conventional P300 reflects all areas involved in the task. Since impaired attentive 
resource activation may lead to impaired memory function, the relation between decreased 
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P3A amplitude and poor memory task results may be indirect, secondary to impaired 
attention, or direct, reflecting hippocampal damage 35, or both.  

To examine the relation between anatomical abnormalities and P300 results, imaging data 
were analyzed. Comparison with imaging results revealed different results for varying degrees 
of injury severity. Only the patient groups with very severe imaging abnormalities and those 
without imaging abnormalities had significant reductions of  mean P3A amplitude, while 
focal abnormalities in the frontal or temporal regions affected P3A amplitude in an 
inhomogeneous way; either low or absent P3A or normal P3A amplitude was found.  
It remains intriguing why patients with mild head injury without imaging abnormalities have 
lower amplitude P3A components compared to controls and (although not statistically 
significant) patients with more severe injury. Apparently, patients with mild head injury 
allocate less attentional resources to the task than some patients with focal brain injury. 
Although this could be interpreted as evidence for subtle cognitive deficits, motivational 
factors and depression could also play a role in mild head injury patients, as is suggested by 
the reduced ERP task performance. Another important factor may be “diagnostic threat”; 
having attention called to a history of prior head injury can result in negative expectations, 
which results in diminished neuropsychological test performance, as was demonstrated in a 
few recent studies 36, 37. These results are consistent with some earlier studies, were similar 
phenomena for mild head injury patients and frontally damaged patients were demonstrated, 
with mild head injury patients having lower P3 amplitudes compared to controls and patients 
with frontal contusions, combined with decreased performance on the ERP task 25, 38.   
However, our data show evidence for location specific alterations in P3A amplitude, 
suggesting that P3A amplitude decrease is caused by mediofrontal damage in severely injured 
patients, while lesions in the orbitofrontal region may have the opposite effect. Another 
finding reported in the literature in head injury patients, is increased P3A amplitude in 
response to novel sounds (i.e. novelty P3A) employed in a 3-tone paradigm, which was 
interpreted as increased distractibility 39, 40. This suggests some form of disinhibited stimulus 
processing, which could in theory be linked to damage in specific frontal sites, such as the 
orbitofrontal cortex. In recent experiments, patients with orbitofrontal damage showed 
increased P3 amplitude in response to novel sounds, while patients with damage to the 
dorsolateral frontal areas did not 41. To explain these phenomena, a “dynamic filtering” role 
for the orbitofrontal cortex was proposed, in which the orbitofrontal cortex gates or filters 
neural activity associated with arousing events, especially if the stimulus has some emotional 
context. As there is evidence that the same brain processes underlie novelty P3A and target 
P3A 42, it is possible that orbitofrontal lesions result in disinhibition of target processing as 
well.  
It is reasonable to assume that attentional networks that are involved in generating P300 
activitiy are influenced by both anatomical factors and psychological factors. Hypoactivity of 
these networks in mild head injury patients results in reduced P3A amplitude, and is probably 
at least in part a consequence of behavioural and psychological factors. Focal brain injury 
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could cause hypoactivitiy if positioned in the medial frontal areas, or cause an increase in 
network activity, if positioned in the orbitofrontal regions resulting in normalization, or 
possibly even an increase in P3A amplitude.  P300 testing is therefore probably especially 
relevant in head injury patients with attentional disturbances due to medial frontal lesions. In 
a clinical setting, the orbitofrontal phenotype is encountered more often, which is 
characterized by disturbances in social behavior and emotional disinhibition. In these patients 
P300 testing is less useful for quantifying cognitive disturbances, however paradigms with 
novel stimuli may be useful for assessing disinhibition and distractibility.     
One important consequence of the non-linear relation that we found between the amount of 
damage on MRI and P3A amplitude is the need for careful patient selection for P300 testing 
in clinical settings. When applied to the whole spectrum of head injury severity, the finding of 
abnormal amplitude cannot be interpreted in an unambiguous way; it may result either from  
mild head injury, without evidence for brain damage on imaging studies, or from medio-
frontal contusional damage. Based on the results from this study, it would be appropriate to 
consider any P300 abnormality in combination with some or several other measures of injury 
severity (i.e MRI) before conclusions are drawn. Diagnostic properties were better in severely 
injured patients, which suggests that clinical use of P300 testing is especially useful in this 
subgroup of patients.   

From the clinician’s point of view, an essential question would be: does the assessment of 
P300 have additional value over neuropsychological evaluation in providing prognostic 
information in patients with mild to moderate head injury? Is it possible to use P300 as a 
diagnostic test to predict whether patients will experience cognitive disability interfering with 
work? Early after injury, in patients with cognitive disability, an extensive 
neuropsychological assessment is hampered by complaints of extreme fatigability. In general, 
an assessment of several hours is more than a patient can cope with early after injury.  The 
use of P300 results as a quick screening instrument could facilitate the decision of referring 
patients earlier for intensified rehabilitation including cognitive rehabilitation therapy in the 
process of resuming work and daily activities. 

Some limitations of this study need to be mentioned here. Due to the limited number of 
subjects in this study, power was only sufficient for demonstrating large differences between 
the methods. Therefore, a comparison of diagnostic accuracy between head injury groups of 
different injury severity was not performed. Furthermore, neuropsychological test data could 
not be completed in all patients, and this may have had a significant impact on the results, 
especially for the PASAT.  

In conclusion, source analysis resulted in better correlation with measures of divided attention 
and memory than conventional analysis, which increases diagnostic accuracy. However, 
careful patient selection is necessary, since there is a non-linear decrease in P300 amplitude 
with increasing imaging abnormalities, because behavioural and psychological factors may 
play a role in mild head injury. Damage to the mediofrontal areas is associated with a  
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decrease in P3A amplitude, while orbitofrontal lesions may have the opposite effect. Applying 
P300 testing to subgroups of patients with different degrees of injury severity based on 
imaging results may further facilitate the interpretation and diagnostic applicability of P300 
results in patients with head injury.   
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Stroke and head injury are responsible for the majority of acute brain injury cases. While 
there has been considerable progress in the diagnosis and therapy of these conditions, further 
improvements are necessary. New parameters are needed to assess more accurately several 
aspects of the pathophysiology and consequences of acute brain injury. In this thesis, two 
diagnostic modalities are presented which are both aimed at improving several aspects of 
diagnosis and prognosis of acute brain injury.  
The first part of this thesis reviews sequential stages of acute brain injury care. In the 
diagnostic phase, imaging studies are of great value, but also time consuming. The importance 
of an easily applicable diagnostic marker is underlined, which could also serve as a 
monitoring instrument during therapy and as an estimator of prognosis. In the post-acute 
phase, better quantification of cognitive deficits is desirable, to more precisely define 
outcome. S-100, a glial cell marker, and Neuron specific enolase and N-Acetyl-Aspartate, 
both neuronal markers, are introduced as biochemical serum markers of brain damage. The 
event related P300 potential is described as a tool for quantifying cognitive functioning in the 
post acute phase.  
In Chapter 2, the temporal profile of a serum parameter of brain damage (S-100) after 
acute head injury, ischemic stroke and Transient Ischemic Attacks (TIA) is evaluated. 
Different temporal profiles are found for the three conditions. After head injury, early peak 
levels of S-100 are found, while after stroke peak levels occur after 3 to 4 days. In TIA 
patients, S-100 levels showed little variation over time. This is compatible with different 
pathophysiological mechanisms in stroke and head injury. In stroke, raised serum S-100 
levels probably reflect peri-infarct reactive gliosis, while in head injury, direct injury to 
astrocytes and several other biochemical cascades may explain the early rise in S-100 levels. 
Raised serum S-100 levels reflected the degree of neurological deficit in both stroke and TBI 
patients, suggesting a role for S-100 as a co-predictor for outcome.  
This finding is used in Chapter 3, where monitoring of stroke patients with biochemical serum 
markers is introduced during a phase 2 study with an AMPA antagonist in ischemic stroke 
patients. Patients who received the trial drug in the highest dose showed a significant transient 
worsening in their neurological status. This was accompanied by a higher than expected raise 
in serum S-100 levels, but not of serum NSE levels. These results are interpreted as possible 
evidence for glial cell toxicity in addition to neuronal dysfunction in the patients receiving the 
drug. Furthermore, it shows the possible use of biochemical serum markers to monitor 
experimental therapy.  
In Chapter 4, biochemical serum markers are used for detection of reperfusion of the occluded 
vessel in acute ischemic stroke patients. It is demonstrated that serum levels of S-100 do not 
change rapidly in relation to reperfusion. However, reperfusion was associated with a 
transient rapid increase in serum NAA levels. It is suggested that enhanced neuronal 
production and release of NAA might be caused by the restoration of energy and serve to 
remove neuronal water that has accumulated during ischemia. This method of monitoring 
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reperfusion could provide an alternative for TCD monitoring of reperfusion, if the findings 
can be reproduced in a larger cohort of patients.  
 In Chapter 5, a new analysis method of the event related P300 potential is presented, and 
compared with conventional P300 analysis. While conventional P300 analysis relies on 
analysis of the 3 midline electrodes, source analysis uses topographical maps in combination 
with dipole source modelling. It is shown that with source analysis the temporally overlapping 
P3A and P3B components can be identified more often than with conventional analysis. The 
result is a considerable reduction in latency variability in control subjects. The possible 
consequences of this finding is that diagnostic test properties of P300 testing could in theory 
improve as a result of less overlap between the latency distributions of control subjects and 
patients.  
In Chapter 6, the results of both P300 analysis methods are compared in a group of control 
subjects and a group of moderate to severe head injury patients. Based on the findings in 
Chapter 5, the hypothesis was that the latency distributions of controls and head injury 
patients would show less overlap using source analysis as compared to conventional analysis, 
permitting a better distinction between these groups. Using conventional analysis, mean P300 
latency was delayed and P300 amplitude was reduced compared to controls, a finding which 
is often reported in the literature. However, quite contrary to our hypothesis, with source 
analysis, there was no difference in P3A or P3B latency between both groups. Instead, in 43% 
of patients, no P3A component could be identified, indicating reduced activity in brain areas 
involved in P3A generation. It is concluded that the often observed delay in mean P300 
latency in head injury patients is a pseudodelay, caused by reduced amplitude of the P3A 
component, so that the P3B component with its normal later latency determines P300 latency 
in these patients. This result has important consequences for the neuropsychological 
interpretation of a delayed conventional P300 potential in head injury patients. Conventional 
P300 latency cannot be used to conclude that there was delayed early stimulus processing in 
head injury patients.  
In Chapter 7, diagnostic properties of both P300 methods are compared in a group of head 
injury patients, using neuropsychological test results as the golden standard. Furthermore, 
MRI data were used to identify different pathofysiological subgroups of head injury patients. 
Source analysis P300 results correlated better with measures of divided attention and memory 
than conventional analysis results. Diagnostic properties were also better when using source 
analysis instead of conventional analysis. We found a non linear relation between contusional 
severity and P3A amplitude obtained with source analysis, with a trend towards mild head 
injury patients having lower P3A amplitudes when compared with patients with focal frontal 
and/or temporal injury on MRI. Further analysis of MRI results suggested that medial frontal 
damage was associated with low P3A amplitude, while orbitofrontal damage was associated 
with increased P3A amplitude. The finding of reduced ERP task performance in the mild head 
injury group suggested that motivational and other psychological factors may explain reduced 
P3A amplitudes in this group. Applying P300 testing to subgroups of patients with different 
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degrees of head injury severity based on imaging results may further facilitate the 
interpretation and diagnostic applicability of source analysis P300 results in patients with 
head injury. 

In conclusion, both diagnostic modalities presented in this thesis provide further insight into 
pathofysiological phenomena during and after acute brain injury. For biochemical serum 
markers of brain injury, there is a role for monitoring and estimation of prognosis. For the 
P300 event related potentials there is a role in diagnosis and quantification of cognitive 
disorders after acute brain injury.  
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De twee aandoeningen die het meest frequent met acute hersenschade gepaard gaan zijn het 
Ischemische Cerebro Vasculaire Accident  (CVA) en het traumatisch hersenletsel . Hoewel er 
reeds aanzienlijke vooruitgang is geboekt op het gebied van diagnose en therapie, blijft 
verdere ontwikkeling hiervan wenselijk. Om tot een beter begrip van de pathofysiologie en 
een betere inschatting van de gevolgen van acute hersenschade te komen, is het nodig dat er 
nieuwe relevante variabelen gezocht worden. In dit proefschrift worden twee technieken 
besproken die beide gericht zijn op het verbeteren van de inzichten in de pathofysiologie en 
prognosebepaling van acute hersenschade.  

In het eerste gedeelte van dit proefschrift wordt een overzicht gegeven van de verschillende 
diagnostische en therapeutische fasen in de zorg voor patiënten met acute hersenschade. 
Beeldvorming is zeer waardevol, maar ook tijdrovend. Het belang van een gemakkelijk 
toepasbare diagnostische marker wordt benadrukt. Daarnaast is er behoefte aan een 
monitoring instrument en aan variabelen voor het inschatten van de prognose. Na de acute 
fase is het wenselijk cognitieve defecten accuraat te kwantificeren. Het S-100 eiwit, een glia-
cel marker, en Neuron Specifiek Enolase en N-Acetyl-Aspartate, beide neurale markers, 
worden beschreven als serum markers van acute hersenschade. De P300 potentiaal is een 
instrument om de cognitieve restschade te kwantificeren na de acute fase.  

In Hoofdstuk 2 wordt het beloop in de tijd van serum S-100 waarden beschreven na 
traumatisch hersenletsel, CVA en Transient Ischemic Attacks (TIA). Dit blijkt voor deze drie 
aandoeningen duidelijk verschillend te zijn. Na traumatische hersenschade zijn de S-100 
waarden maximaal binnen 24 uur na het ongeval, terwijl na een CVA maximale waarden 
worden gezien 3 tot 4 dagen na het begin van de symptomen. Na een TIA zijn de S-100 
waarden weinig variabel, en nauwelijks verhoogd. Dit is compatibel met de verschillende 
pathofysiologische mechanismen na traumatische en ischemische hersenschade. Verhoogde 
S-100 waarden na een CVA zijn waarschijnlijk een uiting van reactieve gliose in de randzone 
van het infarct, terwijl na een trauma directe schade van astrocyten in combinatie met enkele 
biochemische cascades de belangrijkste mechanismen lijken te zijn. Verhoogde S-100 
waarden correleerden duidelijk met de ernst van de neurologische uitval in beide 
aandoeningen, waardoor er voor S-100 een rol in de prognose bepaling lijkt te zijn.  

In Hoofdstuk 3 worden biochemische markers gebruikt tijdens een fase 2 studie met een α-
amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) antagonist bij CVA patiënten. 
De patiënten die de hoogste dosering van het middel kregen, vertoonden een verslechtering 
van de neurologische symptomen. In deze groep was het serum S-100 verhoogd, terwijl dit 
voor de NSE waarden niet het geval was. Deze bevinding wordt geïnterpreteerd als een 
mogelijke selectieve glia-cel toxiciteit, hetgeen gepaard ging met een  reversibele 
neurologische dysfunctie. Dit illustreert de mogelijke rol van biochemische serum markers 
om experimentele vormen van therapie te monitoren. 
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In Hoofdstuk 4 worden biochemische markers gebruikt om reperfusie van het geoccludeerde 
vat aan te tonen bij ischemische CVA patiënten. Het blijkt dat serum S-100 waarden niet snel 
veranderen na reperfusie. Daarentegen was reperfusie duidelijk geassocieerd met een snelle 
stijging van het serum NAA. Als mogelijke verklaring voor dit fenomeen wordt voorgesteld 
dat verhoogde productie en excretie van NAA door neuronen wordt veroorzaakt door herstel 
van de energiestatus van het neuron, en voorts dient om water uit te scheiden dat zich 
intracellulair heeft geaccumuleerd tijdens ischemie. Deze methode van reperfusie-monitoring 
zou een alternatief kunnen bieden voor TCD monitoring, indien deze bevindingen kunnen 
worden gereproduceerd in een groter cohort patiënten.   
In Hoofdstuk 5 wordt een nieuwe analysemethode van de P300 potentiaal geïntroduceerd. 
Deze nieuwe methode wordt vergeleken met de conventionele analysemethode. 
Conventionele analyse gebruikt de 3 midline elektroden, terwijl bronanalyse gebruik maakt 
van topografische methoden in combinatie met dipoolmodellen. Met bronanalyse kunnen de 
overlappende P3A en P3B componenten vaker worden geïdentificeerd dan met de 
conventionele methode. Hierdoor is er een belangrijke vermindering in de variabiliteit van de 
P300 latentie in gezonde proefpersonen. Dit kan in theorie gevolgen hebben voor de klinisch 
diagnostische eigenschappen van de methode, aangezien een verminderde variabiliteit van de 
latentie zou kunnen leiden tot minder overlap tussen de latentie distributies van gezonde 
proefpersonen en patiënten.  
In Hoofdstuk 6 worden de resultaten van beide P300 analyse methoden vergeleken in een 
groep gezonde proefpersonen en een groep matig tot ernstig aangedane contusio cerebri 
patiënten. Gezien de bevindingen uit Hoofdstuk 5 werd verondersteld dat middels 
bronanalyse de latentieverdelingen van proefpersonen en patiënten minder overlap zouden 
vertonen dan met de conventionele analyse, zodat een beter onderscheid kan worden gemaakt 
tussen gezonden en patiënten. Met de conventionele analyse werd in de patiëntengroep een 
vertraagde gemiddelde P300 latentie verkregen, met een afgenomen amplitudo in vergelijking 
tot de groep proefpersonen. Deze bevinding werd reeds vaak in de literatuur gerapporteerd. In 
tegenstelling tot de aanvankelijke hypothese, werd met bronanalyse geen verschil in latentie 
gevonden tussen de groepen, voor zowel de P3A als de P3B component. In 43% van de 
patiënten kon geen P3A worden geïdentificeerd, hetgeen wijst op verminderde neurale 
activiteit in gebieden die betrokken zijn bij het genereren van de P3A component. De 
conclusie is dat de vaak gerapporteerde vertraging van de P300 potentiaal in contusio cerebri 
patiënten een pseudo-vertraging is. Dit ontstaat door een amplitudoreductie van de P3A 
component, zodat de P3B component met zijn normale latentie en amplitudo de latentie van 
het P300 complex in de conventionele methode bepaalt. Dit heeft belangrijke consequenties 
voor de neuropsychologische interpretatie van een vertraagde conventionele P300 potentiaal 
bij patiënten met traumatische hersenschade. Een conventionele P300 latentie kan dus niet 
worden gebruikt om aan te tonen dat er een vertraagd stimulus verwerkingssysteem bestaat bij 
patiënten met traumatische hersenschade.  
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In Hoofdstuk 7 worden de diagnostische eigenschappen van beide P300 analysemethoden 
geanalyseerd in een groep contusio cerebri patiënten, waarbij het neuropsychologisch 
onderzoek als gouden standaard werd gebruikt. Daarnaast werden MRI gegevens 
geanalyseerd om subgroepen met verschillende pathofysiologie te identificeren. De bron 
analysemethode correleerde beter met neuropsychologische testen voor verdeelde aandacht en 
geheugen dan de conventionele methode, en bovendien waren de diagnostische 
eigenschappen beter. Er bestaat een niet-lineaire relatie tussen de ernst van de contusie en de 
bron analyse P3A amplitudo, waarbij er een trend was tot lagere P3A amplitudo’s in de minst 
aangedane groep, terwijl patiënten met aangetoond letsel op MRI gemiddeld hogere P3A 
amplitudo’s hadden. Bij verdere analyse van de MRI gegevens bleek dat mediofrontale 
schade was geassocieerd met verlaagde P3A amplitudo’s, terwijl orbitofrontale schade eerder 
gepaard ging met toegenomen P3A amplitudo’s. In de groep lichte hersenletsels bleek dat de 
“oddball” taak minder goed was uitgevoerd, wat suggereert dat psychologische factoren mede 
een rol zouden kunnen hebben gespeeld. Wanneer P300 analyse wordt gedaan in subgroepen 
van verschillende traumatische ernst gebaseerd op MRI resultaten, dan kan dit de klinische 
interpretatie en toepasbaarheid van de P300 potentiaal vergroten.  
 
Samenvattend kunnen beide diagnostische modaliteiten die in dit proefschrift worden 
besproken verder inzicht verschaffen in de pathofysiologische fenomenen gedurende en na 
acute hersenschade. Voor biochemische serum markers is er een rol als monitoring 
instrument, en een rol in het bepalen van de prognose. Voor de P300 potentiaal is er een rol in 
de diagnose en het kwantificeren van cognitieve klachten na acute hersenschade.
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