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Abstract

Objective Spontaneous cortical electrical activity critically depends on the extent of the

perfusion deficit in an ischemic lesion. In this study we examined the relationship

between interhemispheric synchronicity in EEG, clinical score and perfusion lesion

volume in acute stroke patients.

Methods Analyzing 2-channel EEG-recordings for synchronous activity in the

frequency band 7-15 Hz, we calculated 3 quantitative numerical indices (range 0-100),

reflecting the degree of fast interhemispheric synchronization (ISI) and the peak

incidence in the power spectra of both individual hemispheres (HIl,r).

Results Despite rapid fluctuations of the EEG's spectral composition, the ISI reached a

stable value after 3 minutes recording time. In 36 normal subjects a mean ISI of 68 was

measured (SD 12). In 28 patients with acute large hemispheric stroke the ISI was

distinctly lower (mean 4, SD 5), and the hemispheric index (HI) was significantly

reduced on the lesion side (mean 11, SD 11). The ISI correlated well with ESS (r=0.87,

N=93) and with the perfusion lesion volume ofthe MRI time-to-peak map (r=M).85,

N=56), and was highly predictive for the absence of an acute large hemispheric lesion.

Conclusions The ISI and HI are simple EEG parameters capable of detecting significant

perfusion deficits and large ischemic hemispheric lesions in their early phase. Beyond

screening of stroke patients in the emergency room, our method provides the

perspective for monitoring their development, especially under therapeutic intervention.



Introduction

Several recent clinical trials have emphasized that stroke is an emergency condition

(ECASS, 1995; NINDS, 1995). Early knowledge about the prognosis of a cerebral

infarction may be important for therapeutic decisions about thrombolysis, surgical

revascularization, or decompressive craniotomy (Schwab et al., 1998; Bamford et al.,

1991). Enormous progress has been made in brain stroke imaging, especially in

magnetic resonance imaging (MRI) registering size and location of structural lesions

and perfusion deficits within hours of symptom onset, thus possibly indicating the

"tissue at risk" (Baird and Warach, 1998; Neumann-Haefelin et al., 1999, Neumann-

Haefelin et al., 2000). SPECT detects hypoperfused tissue around the infarcted core and

may be used to predict infarct growth when combined with diffusion-weighted MRI

(Karonen et al., 2000). However, imaging techniques usually applied in acute stroke

(CT, MRI, SPECT) do not reveal the electrophysiological functional state of ischemic

brain tissue ("penumbra", Astrup et al., 1981), nor do they allow continuous monitoring.

It is well known that the brain's spontaneous electrical activity critically depends on

cerebral perfusion and oxygenation, and that it changes before irreversible structural

lesions occur (Astrup et al., 1981; Sharbrough et al., 1973; Hossmann and Schuir, 1980;

Hossmann et al. 1980). Several reports describe changes in the electroencephalogram

(EEG) associated with functional deficit as well as infarct size in stroke patients

(Cillessen et al., 1994; Giaquinto et al., 1994; Kapelle et al., 1990; McDonnell et al.,

1998). In intensive care units and during surgical interventions EEG is an accepted and

sensitive method to monitor brain function in ischemic situations (Krul et al., 1989;

Nuwer, 1992; Jansen et al., 1993; Vespa et al., 1999, Vespa et al., 1997). However,

conventional 16-32 channel EEG recordings and their interpretations are time

consuming and require expert knowledge. In addition, parameters that are particularly



suitable in the acute stroke setting have not yet been extracted from the EEG signal. As

a result, the current role of the EEG in acute stroke management is negligible and

mostly restricted to the differential diagnosis of stroke (Binnie and Prior, 1994; Faught,

1993).

Starting from the assumption that an acute hemispheric ischemia manifests itself in an

alteration of the spontaneous EEG's symmetry between the ipsi- and contralateral

hemisphere, we have developed a new 2-channel EEG analysis method measuring the

interhemispheric synchronicity in the frequency band 7-15 Hz (FR). This method

condenses information contained in the fast-changing complex spectral EEG-patterns

into 3 quantitative indices, and yields stable results for the indices in real-time after

approximately 3 minutes of recording. We investigated the clinical relevance of these

indices on our stroke unit in consecutive symptomatic patients with acute transient or

persistent ischemia of the anterior cerebral circulation, as well as in normal control

subjects.



Methods

EEG Analysis

In our attempt to find a simple measure of hemispheric dysfunction, we focused on the

left-right asymmetry ofthe spontaneous EEG signal from the two hemispheres. We

refrained from a more topographic approach that would go beyond the identification of

the affected side. Two electrodes were placed between positions C3 and T3, and

between C4 and T4 of the 10-20-system, and over the mastoids, respectively. Thus, two

EEG channels (L, R) were recorded, covering areas mainly supplied by the middle

cerebral arteries.

The spontaneous EEG signal is highly dynamic and exhibits a pronounced variability in

its temporal behavior as well as in its spectral components. Part ofthis variation occurs

synchronously in both hemispheres, and another part originates from a single

hemisphere only. In order to identify the part of the variation common to both

hemispheres ("synchronous" activity) we calculated the cross-correlation function

(CCF) ofthe two EEG channels. The Fourier transform of this function ("CCF-

spectrum") contains the spectral components simultaneously present in both

hemispheric EEG signals. Since even in healthy subjects the synchronous activity is

switched on and offon the time scale ofthe order of a second, synchronicity has to be

detected in the instantaneous signal, prior to any averaging (see Fig. la). If time-

averaged quantities, such as the mean oc-band power, are calculated at this early stage,

information on fast changing synchronicity between the channels is lost.

For the analysis we divided the EEG signal into segments ("epochs") with a fixed

length of 3.2 seconds. Two subsequent segments overlapped by 40%, i.e. by 1.28

seconds. Thus epoch #n comprised 3.2 seconds of EEG, beginning at time nxl.92. The



choice of overlap set the time resolution for the synchronicity calculation: because two

"neighboring" EEG epochs were 1.92 seconds "apart", the spectral properties were

determined every 1.92 seconds during the EEG recording (see Fig. lb).

For each epoch we calculated the entire CCF of the two EEG channels extending over

an interval of-3.2...+3.2 seconds. Its Fourier spectrum served as indicator of

synchronous activity in both hemispheres. If it exhibited single or multiple peaks at

frequencies between 7 Hz and 15 Hz (frequency range, FR), such a characteristic

activity had occurred synchronously in both hemispheres. If signals were similar but

showed only slight differences in frequency or phase, the "peak" in the CCF-spectrum

was suppressed (see Fig. 2). All analyzed spectra were separately normalized to the

maximum ofthe highest peak in the range 0-20 Hz (see Fig. 3).

We defined an epoch to exhibit synchronous activity ("S-epoch") ifthe CCF-spectrum

possessed a single or composite peak-like pattern in the FR (see Fig. 3 for peak

detection criteria). Correspondingly an asynchronous ("A-") epoch lacked such peaks.

There could be several causes for an epoch to become "A": one or both hemispheres

could lack any activity in the FR (e.g., subject asleep, sedated, comatose), or an activity

in the FR was present over the hemispheres, but "mis-aligned" in frequency or phase

(cf. event related desynchronization (Pfurtscheller and Lopez da Silva, 1999)). We

defined the interhemispheric synchronicity index (ISI) as a cumulative average, viz. the

percentage of S-epochs during the recording:

ISI ,= 1QOx
#S- epochs in CCF

Total#epochs analyzed

Thus, we expected the ISI to show initial fluctuations when there were not yet enough

epochs to average, and to eventually become a stable number between 0 and 100

characteristic of the individual subject's EEG-state (see Fig. 4).



In order to distinguish between the different origins ofA-epochs we applied a similar

concept for each individual hemisphere. For the left and right hemisphere we defined

the hemispheric index (HI) as the percentage of epochs containing a single or composite

peak-like pattern within the FR, denominating it HIl,r for the left and right hemisphere,

respectively.

_inn
#Epochs with FR-peak-pattern inLeft I Right Channel

H1L,R '- iUUx
„ . , „

7 } -, (fcq- 2)
lotalwepochs analyzed

Then obviously the inequality HIl,r > ISI holds, since the presence ofhemispheric

activity in the FR is a prerequisite for detection of such activity in the CCF-spectrum.

In addition to the cumulative averages defined by the above equations we also

calculated moving averages of the synchronous occurrence ofpeak-like patterns over

fixed periods of time Tav. In the case of the ISI, e.g., the moving average analyzed only

the most recent Nav = Tav /1.92 sec epochs and was defined as

ISI := lOOx (#S - epochs in CCF during the most recent Nav epochs) I Nav (Eq. 3).

The moving averages of HIl,r were calculated accordingly. In Fig. 4 the cumulative

average ISI is displayed together with ISI for Tav = 1 min and 3 min.

EEGRecording Equipment

As electrodes we used Ag/AgCl cups that were pasted (Grass, UK) on the scalp. They

were located between C3 and T3 versus Ml, and between C4 and T4 versus M2, to

form the following channels: mastoid versus half the distance between vertex and

ipsilateral ear, corresponding to the areas supplied by the middle cerebral arteries. One

electrode on the forehead served as signal ground. The electrical signal was amplified

50uV/V and bandpass filtered between 1 Hz and 40 Hz (1st order Bessel filter,

Jäger/Tönnies, Würzburg, Germany). Electrode/scalp impedance was checked before

and after recording by standard procedures to ensure that it was below 5 KOhm. Each

signal was separately digitized at a sampling frequency of 160 Hz (A/D-Converter



STAC, Erkrath, Germany) with appropriate anti-aliasing filters applied. Parallel to real¬

time analysis the signal was stored on the hard disk of a personal computer for further

"blinded" off-line analysis. A protocol file containing detailed results of the calculation

was also automatically generated.

EEG Artifact Rejection

The two-channel EEG-signals were analyzed separately in blocks of512 samples,

corresponding to an epoch length of 3.2 seconds. An overlap of 40% was chosen

leading to a fraction of 1.92 seconds of „new" samples. Each block was separately

subjected to a 512 lines Fast Fourier Transformation (FFT), as was the cross-correlation

function (CCF) ofthe two channels that was directly calculated from the real time

signal, using a rectangular windowing function.

EEG signal epochs could be contaminated by noise from a multitude of different

sources to an extent that they were no longer suitable for analysis. Among these sources

were eye- or head-movements, chewing, speaking or coughing, electrocardiographic

interferences, and external electric noise. The rejection of such artifacts was based on

two basic mechanisms: blocks containing a signal exceeding a certain amplitude

threshold (roughly 200uV) were rejected as well as those containing nearly „constant"

epochs indicating amplifier saturation or electrodes with poor skin contact.

Subjects, clinical scores, and brain imaging

36 healthy volunteers or outpatients without diseases and symptoms of the central

nervous system (15 female / 21 male, median age 51 years) were examined as normal

subjects. We also studied consecutive patients admitted to our stroke unit with acute or

transient cerebral ischemic symptoms of the carotid artery territory (18 female / 39

male, median age 63 years). However, patients with hemorrhage or ischemic infarcts in



the region mainly supplied by the basilar artery, as well as those with disabling prior

strokes were explicitly excluded. Patients were selected if admitted within the first 48

hours after symptom onset. After clinical examination and recording patients' history

they were scored according to the European Stroke Scale (ESS, Hantson et al., 1994).

Standard computed tomography (CT) or magnetic resonance imaging (MRI, T2*-

weighted) was performed in all patients to demonstrate ischemic lesion topography and

size. 28 of these patients were classified as "large hemispheric stroke", since the

ischemic lesion on MRI/CT scan covered more than 1/3 ofthe area generally supplied

by the middle cerebral artery on the slice showing the greatest extent of the lesion. 29

patients were classified as "minor strokes" or transient ischemic attacks (TIA) having an

ESS>90 and only very small lacunar lesions if any.

The EEG recording was performed close to the clinical scoring, resulting in a mean

latency of 26 hours after symptom onset (SD 22 hours, N=57). 14 of28 patients with

large hemispheric stroke were recorded within 12 hours after symptom onset and 5 of

them even within the first 6 hours.

All subjects were in a supine resting position during the 10 minutes of the recording.

They were asked to keep their eyes closed and care was taken that they stayed awake.

All subjects were free of hypnotic or sedative medications. Informed consent for EEG

recording was given by all subjects or their relatives prior to the recording.

Perfusion-WeightedMRI

In 20 of the 57 patients with acute focal neurological deficit we could obtain a complete

set ofMRI data within 24 hours of symptom onset, including perfusion weighted

imaging (PWI) and diffusion weighted imaging (DWI). All of them had no history of

prior ischemic stroke or other disabling neurological disease. Parametric time-to-peak-

maps (TTP) were generated from axial echo planar perfusion weighted imaging (PWI)



data, with TTP denoting the time between the first T2*-weighted measurement and the

bolus peak. Using the contralateral MCA-territory as a reference region in each slice,

the areas showing a delayed bolus arrival ofmore than 4 seconds compared to

unaffected tissue were determined. In this way the sizes (volume in ml) of cerebral

regions with perfusion delays ofmore than 4 seconds were calculated, denoted as "4-s-

perfusion lesion volume". (For details see Neumann-Haefelin et. al, Stroke, 1999.)

StatisticalAnalysis

For all analyses we used standard exploratory, Pearson or Spearman correlation and chi

square statistics (SPSS Version 8.0, SPSS Inc.). All ratings (neurological scores, CT-

/MRI-scan evaluation, EEG analysis) were done by independent observers blinded for

clinical diagnosis and EEG results.
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Results

Stable recordings of 10 minutes' duration could be achieved in all subjects after an

initial "warm-up" period of up to a few minutes. Most artifacts were due to eye

movements, speaking, chewing or coughing, or head motions by restless patients, and

were satisfactorily rejected by the artifact recognition algorithm. In some subjects with a

"ß-variant" or a low voltage EEG with interspersed electrocardiographic signals the

pattern analysis led to questionable results for the ISI and HI. The quality of the

recording was ensured by controlling the percentage of artifact-free epochs, and by

requiring a minimum length of 100 artifact-free epochs (approximately 3 minutes) for

the index calculation.

In healthy, awake subjects the cross correlation function (CCF) displayed frequent and

sometimes multiple synchronization, expressed by distinct peaks in the CCF spectrum

within the FR (Fig. 3). The frequency distribution in the spectrum dramatically changed

on the time scale ofthe order of 1 second, implying that the peaks signifying the

synchronization changed in amplitude and frequency, or even (dis-)appeared from one

epoch to the next. These fast fluctuations in the spectral properties ("short-term

variability", Oken and Chiappa, 1988) made temporal averaging necessary to obtain

stable and meaningful results. In addition to the cumulative averages defined in (Eq. 1,

2) we applied a moving average, calculating the indices ISI and HILR over a fixed

period oftime Tav (Eq. 3). With an averaging time of Tav=l minute the indices still

exhibited large fluctuations around the respective values of the cumulative averages

(Fig. 4). Choosing Tav=3 minutes yielded moving averages converging sufficiently close

to the cumulative average. Obviously moving averages respond more quickly to

changes of the subject's electrical brain state than the cumulative average. We

considered only those recordings to represent stable physiological conditions, in which
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the graph of the cumulative average approached a horizontal asymptote and the moving

average over Tav=3 minutes remained within a ±10% range ofthe cumulative average

(Fig. 4). In particular, as Fig. 4 suggests, the final value of the cumulative average is

usually found within ±10% of the value after three minutes' analysis time. So under

stable conditions (good signal and horizontal asymptote of ISI) the minimum time

required for the recording is 3 minutes.

ISI andHI in normal subjects

The (cumulative) ISI values ranged from 43 to 87 after 10 minutes recording time in

normal subjects (mean 68, SD 12, N=36, table 1). As expected, the majority of the

hemispheric spectral activity was found within the 7-15 Hz band (a- or ß-rhythm, Fig

2), often confined to sharp peaks. The mean peak frequency in the FR was 9.4 Hz (SD

0.6 Hz) on the left hemisphere, 9.4 Hz (SD 0.7 Hz) on the right one, and 9.2 Hz (SD 0.7

Hz) in the CCF.

The HI ranged from 51 to 99 (mean 83, SD 12, N=72 hemispheres). There was no

significant difference between the left and right HI (mean AHI=| HIl- HIR | 5, SD 4,

N=36, table 1).

In repeated measurements ofthe ISI and HI some intra-individual variance was to be

expected due to different physiological brain activity ofthe subject. To assess the intra-

individual variability of ISI and HI we performed repeated recordings of healthy

subjects (n=8) on different days. Correlation coefficients of subsequent measurements

of ISI and HI were calculated as risi=0,81 for ISI (p=0,015), rL=0,92 for HIL (p=0,001),

and rR=0,82 for HIr (p=0,015). These results lie in the range found in long-term test-

retest reliability studies of quantitative EEG parameters (Kondacs and Szabo, 1999, and

references therein).
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ISIandHI in acute, large hemispheric stroke patients

Compared with the normal subjects, the ISI was markedly and significantly reduced

among the 28 patients who developed large hemispheric strokes (mean ISI 4, SD 5,

N=28, range 0-20, table 1). A clear gap between ISI<20 and ISI>40 separated both

groups (p<0.001, Chi square test). In general, the ISI was stable over the recording time

of 10 minutes. In all patients with large hemispheric stroke, the HI of the affected

hemisphere was well below 40 (mean 11, SD 11). In addition, differences between the

right and left HI ofmore than 20 correctly identified the lesion side in all patients. In a

second recording of these patients with major strokes the ISI value remained low (<20)

on the next day. The mean ISI values assumed in patients recorded within 12 hours, 12-

24 hours and 24-^8 hours of symptom onset were 4.8 (SD 5.6, N=14), 2.4 (SD 3.9,

N=8), and 4.7 (SD 5.4, N=6).

In patients with large stroke it only made sense to calculate the mean peak frequency in

the FR on the unaffected contralateral hemisphere, yielding 10.2 Hz (SD 1.2 Hz) on the

left side, 9.8 Hz (SD 1.2 Hz) on the right side, and 9.5 Hz (SD 1.3 Hz) in the CCF.

These mean values lie sufficiently close to those in normal subjects to exclude a simple

"slowing-down" to be responsible for the decrease in ISI / HI.

ISI andHIin minor stroke and TIAs

Patients admitted to our stroke unit with "minor stroke" or TIA displayed moderately

high ISI values in the range 40 to 95 (mean 59, SD 15, N=29, table 1). The EEG

recordings were performed within 48 hours of symptom onset (mean 26 hours, SD 15).

The differences between the His of the ipsi- and contralateral hemispheres (mean AHI=

| HIl- HIr I 11, SD 10) were larger than in the normal group, but not significantly

different from zero, so that the "affected" hemisphere with a possible lacunar lesion

could not be identified.
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The mean peak frequency was determined as 9.6 Hz (SD 0.9 Hz) on the left side, 9.5 Hz

(SD 0.9 Hz) on the right side, and 9.2 Hz (SD 0.8 Hz) in the CCF. All mean values lie

close to the respective values measured in normal subjects.

Correlation between ISI, HIl,r and clinical score

We examined the relation between ISI, HI of the affected hemisphere (denoted as HIipsi)

and ESS in several combinations of all three above groups. We also considered "mixed"

groups consisting of strokes and control subjects together in order to account for the

variability of EEG indices in the control group alone. In that way a wide range of ESS-

and index values entered the correlation calculation (see table 2).

As a main result the correlation between ESS and ISI was calculated as r=0,87

(p<0,001) both in group "Strokes+Controls" and "Strokes", which was even exceeded

by the correlation r=0,89 (p<0,001) for HI,psi and ESS in these groups. The correlation

between AHI and ESS was considerably smaller, albeit significant at the 1% level in all

groups. This may be attributed to stroke patients with low HI on both hemispheres.

Correlation between ISI, HIl,r andPWI

In 20 patients with a complete set of MRI data we obtained the 4-s-perfusion lesion

volumes from the time-to-peak maps (TTP). To account for the variation of the EEG

indices in the control group (4s-volume = 0), we again formed "mixed" groups of

strokes (with PWI) and controls together. Due to the apparently nonlinear "4s-volume"-

ISI-relation we also calculated a logarithmic regression. A significant correlation of r=-

0.85 (***) was found between the logarithm of ISI and the logarithm of 4s-lesion

volume in group "Strokes(PWI)+Controls". For logarithms ofHIipsi and 4s-lesion we

found r=-0.86 (***) in this group. These values exceeded the correlation between ISI

and ESS (r=0.74), and lie close to the PWI-ESS correlation as calculated in Neumann-

Haefelin et al.(1999). The linear correlations ISI-PWI were smaller (r=-0.72 ***) in

13



"Strokes(PWI)+Controls", as were the HIipsl-PWI-correlations (r=-0.79 ***). Even in

the small group of 20 stroke patients with PWI data with no control subjects included

we registered a moderate correlation ofr=M3.67 (***) between 4s-volume and HIipsi,

and r=M).69 (***) between log HIipsi and log 4s-volume.

The nonlinear relation between PWI lesion volume and ISI suggested a categorization

into the ISI-regions "normal" (ISI>40), "intermediate" (20<ISI<=40) and "abnormal"

(ISI<=20), and 4-s-lesion volume <40 ml and >40ml. The sensitivity of ISI to detect a

4-s-lesion >40 ml was 91%, and the specificity was 87% (table 3). If we adjusted the

threshold for the 4s-lesion volume to be detected to 15 ml, the sensitivity was reduced

to 79%, with a slight increase in specificity to 88%.
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Discussion

In this study two main findings are developed: 1) The complex information contained in

rapidly fluctuating spontaneous EEG signals could be condensed into a single

quantitative parameter (ISI) determining the degree of synchronous electrical activity in

both hemispheres. The ISI, and the related HIl,r could be determined in real-time from

a 2-channel recording of 3 minutes' duration. 2) In acute stroke patients this novel index

correlated well with the "4s-perfusion lesion" volume in the TTP-map of PWI (r=-0.85,

20 strokes and 36 control subjects), and slightly less with the clinical score ESS

(i=0.74).

Methodical aspects

Although there is recent evidence for some non-linearity underlying part of the human

alpha-rhythm (Stam et al., 1999), mathematically the EEG can be regarded as a non-

stationary stochastic point process with specific correlations between different electrode

sites. Indeed, the frequencies on both hemispheres appear not to be independently

distributed, suggesting a coupling between the hemispheres via cortico-cortical

connections, or a common generator possibly located in the thalamus or the brain stem.

The ISI can be looked upon as an integrative parameter reflecting the degree of EEG

synchronicity between both hemispheres in a single value. A decrease in the ISI is likely

to indicate a reduction of interhemispheric coupling, or a dysfunction of the frequency

generator of one or both hemispheres.

For several reasons traditional digital EEG analysis is not well suited to determine

synchronicity, and especially so under emergency conditions. In qEEG methods spectra

are usually averaged over - e.g. classical (5, 0, a, ß) - frequency bands in an early step

of the signal analysis which results in a low frequency resolution and makes the

determination of synchronicity impossible. In ARMA methods time averaging becomes

15



necessary to determine the spectra, which entails the principal disadvantage that one

loses track ofthe fast changes in interhemispheric synchronization (»1 sec). The

Neurometric method employing z-transforms ofqEEG-data transformed to an age-

matched Gaussian distribution can monitor changes in the patients' EEGs (De Weerd et

al., 1988; Jonkmann et al., 1985). Attempts have been made to quantify asymmetry, e.g.

by the multiparametric asymmetry score ("MAS", Kopruner and Pfurtscheller, 1984).

The relations between such classical qEEG-analyses and the present EEG method based

on the concept of synchronicity remain to be examined. In practice, the lower frequency

bands (8, 6) used in the diagnostics of dysfunctional foci are probably more susceptible

to artifact interference than the 7-15 Hz band examined by our algorithm. Detailed

analysis procedures like brain mapping by multi-channel EEG recordings are more

sensitive than visual inspection, but the measurement setup remains time-consuming

and the mapping procedure has not been proven to be specific for ischemia in humans

(Murri et al., 1998; Logar and Boswell, 1991).

Some of these disadvantages can be overcome by the present method. Requiring only 5

electrodes our 2-channel EEG setup yielded stable results for the novel indices ISI and

HIl,r after approximately 3 minutes, thus making neurophysiological information about

brain function available bedside with little effort. On the other hand, there are some

general limitations of EEG methods also applying to the ISI-/HI-calculation. The EEG

is influenced by a variety of factors, such as vigilance, age, medication, and non¬

ischemic brain disorders like e.g. metabolic disorders, infections, tumors or epilepsy.

With no additional information on the patient available, they account for the ISI's

comparatively low specificity for ischemia alone. Frequent speech or movement

artifacts in restless patients could successfully be rejected by our automatic algorithm.

Rare normal variants, such as a predominant ß- or \i-EEG, or a low voltage EEG with a

16



strong interspersed electrocardiogram can disturb the ISI calculation, but are discernible

by the experienced neurologist's examination.

Clincal aspects

Our recordings in normal subjects revealed a high probability for single or multiple,

separate frequencies in the range of 7-15 Hz occurring simultaneously on both

hemispheres and fluctuating on the time scale of 1 second. The average synchronization

probability was approximately 68% indicating a coupling of electrical activity between

both hemispheres. Despite the many physiological and pathophysiological factors

influencing the EEG, the ISI's intra- and intersubject variability in normal subjects is

sufficiently low to allow the identification ofthe ISI-range 40-100 as a "healthy"

regime, a prerequisite for the clinical usefulness of the method.

The sensitivity of conventional EEG analysis with regard to cortical ischemic stroke has

been reported to be 76% (Me Donnell et al., 1988). It has been shown that the

sensitivity ofEEG changes is higher for cortical than subcortical infarcts (Congia et al.,

1994), and that the oc-activity is reduced over the affected region in patients with large

cortical infarcts (Juchasz et al., 1997; for review: Vespa et al., 1999). Thus, in stroke

patients a decrease in synchronization can be expected due to a lack of frequencies

available for coupling. Our results suggest that the interhemispheric electrical coupling

is indeed attenuated under ischemic conditions. The ISI appears to be very sensitive to

detect a large ischemic damage at least 6 hours after symptom onset and allowed us to

positively exclude a large hemispheric stroke in our patients with an ISI>40.

Despite the age difference between the control group and the stroke group the mean

peak frequencies for both hemispheric spectra and the CCF spectrum in normal subjects

lie close to those in the older group of stroke patients. Furthermore we also found the

EEG indices in controls to lie close to those measured in TIA-patients or minor strokes

17



who were consistently older than the controls. Thus the age difference seems to have

negligible influence on the present EEG indices.

Some of the 37 patients not included in the "PWT'-group had mild prior ischemic events

that even led to small lacunar lesions. In the "large stroke"-group minor chronic EEG-

changes that may accompany those prior strokes are masked by the dominant effect of

the current large stroke. In the "minor stroke"-group this argument does not hold, and

the superposition of possibly chronic and acute EEG-changes cannot be resolved. The

combined net effect on our EEG indices, however, is small in these cases.

The mean EEG frequency correlates with oxygen uptake and with gray matter cerebral

blood flow (Ingvar et al.,1979). Vespa et al. (1999) described the application ofEEG in

intensive care units for identifying brain ischemia in its earliest stage. From monitoring

during carotid endarterectomy it is known that EEG can instantly respond to ischemia

(Jansen et al., 1993). Thus, a decrease of ISI could be expected very early after ischemia

probably preceding structural tissue damage. Theoretically, abnormal ISI and HI might

even occur at the very symptom onset caused by ischemia, which we could not examine

due to delayed admission of the patients in our study. Indeed the high sensitivity and

specificity of ISI with respect to a perfusion deficit as measured by PWI-generated

TTP-maps are in accordance with our concepts. In acute stroke a "perfusion lesion"

volume of 40 ml with a delay of >4 seconds probably is relevant for the outcome. Our

results suggest that even a smaller perfusion deficit with a volume of 15 ml affects the

ISI, and can be detected with a sensitivity of 79% and specificity of 88%.

Since the EEG reflects the functional state ofthe brain, we expect the ISI to be related

to clinical scores (e.g. ESS). Indeed we find a good correlation ofr=0.87 between ISI

and ESS. One must bear in mind, however that clinical scores mainly test basic motor

function, whereas complex modalities' dysfunctions given by lesions of the parietal
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cortex or the frontal lobes remain undetected. Thus EEG may in principle be more

sensitive to acute ischemia of the anterior circulation than clinical stroke scores. This is

in accordance with the comparatively wide range of ISI values we found associated with

"high" ESS values (80-100). On the other hand, it is not clear, on which time scale the

"relaxation" of ISI and HI values after transient perfusion deficits (TIA) occurs. Since it

is well known from migraine that EEG abnormalities can still be detected hours or days

after an attack, the ISI and HI may qualify for measuring a "memory ofbrain attack",

and low ISI values may still be found after perfusion has been reinstated. So in addition

to clinical scoring the ISI may help determining the severity of a past perfusion deficit.

Conclusion

In conclusion, our two-channel EEG setup for analyzing interhemispheric

synchronization provides a simple and sensitive marker of lateralized brain dysfunction

in patients with acute stroke. It allows the rapid "bedside" acquisition of

electrophysiologic information within minutes and opens the perspective both to

determine the electrical brain function status in stroke patients in the emergency room

and to subsequently monitor therapeutic effects.
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Table and Figure Legends

Table 1: Statistical Properties of ISI / HI in Normal Subjects vs. Minor stroke/TIAs and Large

Hemispheric Strokes. (**): significant difference with respect to normal group at 1%-level.

Table 2: Correlation of ISI / HI with clinical score ESS in 36 normal subjects, 29 minor

strokes / TIAs and 28 large hemispheric strokes, as well as in the subgroup of 20 patients with

complete PWI-MRI data available. Group label "Strokes+Controls" denotes 28 large and 29

moderate strokes, together with 36 controls. "Strokes" denotes 28 large and 29 moderate

strokes without controls, and "Strokes (PWI)" ("Strokes (PWI)+Controls") 20 strokes with

complete PWI-MRI data (together with 36 controls). Correlations significant at the 1% (0.1%)

level are labeled **
(***).

Table 3: Correlation between ISI and 4s-volume of PWI in group "Strokes(PWI)+Controls
"

(20 strokes, 36 controls). Sensitivity of ISK20 to detect a 4s-volume of >40 ml is 91%, and

specificity is 87%.

Fig. 1:

a) Waterfall diagram offive spectra of subsequent blocks subjected to analysis. Two

successive blocks are 1.92 seconds apart. Note the high variability between neighboring

epochs.

b) Raw EEG signal from left and right hemisphere, resp. Hatched bars indicate overlap

regions between successive blocks used for analysis. Block windows are delimited by double

arrows.

Fig. 2: Spectra of cross-correlation function (CCF) and of individual hemispheric signals

(FFT left, right) in healthy subject. Note the synchronous activity at approx. 11 Hz (right
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arrow), as well as the suppression in the CCF-spectrum, if activity is not simultaneously

present on both hemispheres (left arrow).

Fig.3: Details of peak detection in a single power spectrum. Note the normalization with the

maximumpeak in the range 0-20 Hz. Peaks below the threshold of 0.4 were not detected.

Fig. 4: ISI measured over eight minutes in healthy subject. Note the stable value of the

cumulative average (solid line) after initial fluctuations. Moving averages are calculated over

Tav=60 seconds (gray dots) and Tav=180 seconds (dashes). Note the comparatively small

fluctuations ofthe average over 180 seconds. The graph remains close to the cumulative

average (range ±5%).
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Tables:

Table 1: Statistical Properties ofISI / HI in Normal Subjects vs. Minor stroke/TIAs and Large

Hemispheric Strokes. (**): significant difference with respect to normal group at 1%-level.

Group Normal Minor Stroke / TIAs Large Hem. Stroke

Variable (mean±SD) (mean±SD) (mean±SD)

N 36 29 28

Time after symptom
— 26±15 25±27

onset [hours]

ESS score 100±0 97±3 26+21 (**)

CCF peak frequency in

9.2±0.7 9.2±0.8 9.5+1.3

FR [Hz]

Percentage of EEG

84±13 83±14 71±22

analyzed

Min(HIL, HIR) 80±13 75±12 11±11(**)

Max(HIL, HIr) 86±10 86±9 44±23

ISI 68±12 59±14 4+5 (**)

AHI=|HIL-HIR| 5±4 11±10 32±19
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Table 2: Correlation of ISI / HI with clinical score ESS in 36 normal subjects, 29 minor

strokes / TIAs and 28 large hemispheric strokes, as well as in the subgroup of 20 patients with

complete PWI-MRI data available. Group label "Strokes+Controls" denotes 28 large and 29

moderate strokes, together with 36 controls. "Strokes" denotes 28 large and 29 moderate

strokes without controls, and "Strokes (PWI)" ("Strokes (PWI)+Controls") 20 strokes with

complete PWI-MRI data (together with 36 controls).

Correlations significant at the 1% (0.1%) level are labeled ** (***).

Pearson correlation coefficient (p, significance)

Study group

(N)

ISI

ESS

HIipsl

ESS

AHI

ESS

ISI

4s-vol.

HI,Psi

4s-vol.

log ISI

log 4s-vol.

log HIipsi

log 4s-vol.

Strokes +

Controls (93)

0,88 0,89 -0,55

— — — —

Strokes (57)

0,87 0,90 -0,45
-— — — —

Strokes (PWI)

+ Controls (56)

0,74 0,77 -0,68 -0,72 -0,79 -0,85 -0,86

Strokes (PWI)

(20)

0.43

(p<0.06)

0.562 -0.45

(*)

-0.51 -0.67 -0.57 -0.69
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Table 3:

Correlation between ISI and 4s-volume of PWI in group "Strokes (PWI)+Controls
"

(20

strokes, 36 controls). Sensitivity of ISI<20 to detect a 4s-volume of >40 ml is 91%, and

specificity is 87%.

ISI<20 2(X=ISI<40 ISI>40 Total

4s-volume < 40 ml 3 3 39 45

4s-volume > 40 ml 10 1 0 11

Total 13 4 39 56

28



Figures:

Fig. 1:

a) Waterfall diagram of five spectra of subsequent blocks subjected to analysis. Two

successive blocks are 1.92 seconds apart. Note the high variability between neighboring

epochs.

b) Raw EEG signal from left and right hemisphere, resp. Hatched bars indicate overlap

regions between successive blocks used for analysis. Block windows are delimited by double

arrows.

0 2 4 6 8 10 12 14 16 18
Frequency [Hz]

^\\\\\\\\\S [$KKMK&

3 4 5

Time [sec]

29



Fig. 2: Spectra of cross-correlation function (CCF) and of individual hemispheric signals

(FFT left, right) in healthy subject. Note the synchronous activity at approx. 11 Hz (right

arrow), as well as the suppression in the CCF-spectrum, if activity is not simultaneously

present on both hemispheres (left arrow).
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Fig.3: Details of peak detection in a single power spectrum. Note the normalization with the

maximum peak in the range 0-20 Hz. Peaks below the threshold of 0.4 were not detected.
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Fig. 4: ISI measured over eight minutes in healthy subject. Note the stable value ofthe

cumulative average (solid line) after initial fluctuations. Moving averages are calculated over

Tav=60 seconds (gray dots) and Tav=180 seconds (dashes). Note the comparatively small

fluctuations of the average over 180 seconds. The graph remains close to the cumulative

average (range ±5%).
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