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Abstract
Objective: Spreading depolarization (SD) occurs after traumatic brain injury, subarachnoid hemorrhage, malignant hemispheric stroke and intracranial hemorrhage. SD has been associated with secondary brain injury, which can be reduced by ketamine. In this present study frequency bands of electrocorticographic (ECoG) recordings were investigated with regards to SDs.
Methods: A total of 43 patients after acute brain injury were included in this retrospective and explorative study. Relative delta 0.5-4 Hz, theta 4-8 Hz, alpha 8-13Hz and beta 13-40 Hz bands were analyzed with regards to SD occurrence and analgesic and sedative administration. Higher frequencies, including gamma 40-70 Hz, fast gamma 70-100 Hz and high frequency oscillations 100-200Hz were analyzed in a subset of patients with a sampling rate of up to 400Hz.
Results: A close association of relative beta frequency and SD was found. Relative beta frequency was suppressed up to two hours prior to SD when compared to hours with no SD. This finding was partially explained by administration of ketamine. Even after removal of all patient data during administration of ketamine, SDs occurred predominantly during times with low relative beta frequency in a patient-independent analysis.
Conclusion: Suppression of beta frequency by ketamine or without ketamine is associated with low SD counts.
Significance:  Alteration of beta frequency might help to predict occurrence of SDs in acutely brain injured patients.

Introduction
Spreading depolarization (SD) occurs during the first two weeks after traumatic brain injury (TBI), subarachnoid hemorrhage (SAH), malignant hemispheric stroke (MHS) and intracranial hemorrhage (ICH). In patients with SAH, focal clusters of SDs are observed in brain areas where new ischemia occurs. After SAH and TBI, SDs are associated with DIND (delayed ischemic neurological deficit) and worsened outcome (Dreier et al. 2006; Dreier et al. 2011; Hartings et al. 2011a, Hartings et al. 2011b). In patients with subacute MHS, the incidence of SDs is particularly high (Dohmen et al. 2008). Although SDs are linked to injury of neural tissue and several findings suggest an SD triggered expansion of ischemic zones into previously healthy brain tissue, the  nature and extent of SD contribution to secondary brain injury and outcome remains unclear and might be addressed only in treatment studies trying to eliminate or reduce SD occurrence. If a tool would successfully detect SDs prior to first emergence, such treatment studies could be limited to a much smaller number of patients. In previous years on several conferences of the COSBID group (Co-Operative Study on Brain Injury Depolarisations), SD prediction via changes in frequency bands was suggested. The present explorative and retrospective investigation was conducted with the intent to identify changes in the various frequency bands of the electrocorticogram (ECoG) accompanying or even preceding SDs.  Analysis was based on hourly means and SDs were attributed to the hour upon detection. How ECoG frequency bands relate to SDs has not been previously studied in patients.
A semiautomated approach was used to analyze digital ECoG. After selection of representative recordings, Fast Fourier Transformation was used to quantify delta, theta, alpha, beta, gamma, fast gamma bands and high frequency oscillations. We related changes in frequency bands to phases before, during and following SD. Since analgesic and sedative drugs have major impact on brain activity and SDs, we controlled for drug related changes in the ECoG frequency bands.

Methods
We included a full dataset of 43 patients from three neurointensive care units in our retrospective and explorative analysis (table 1). Of the 43 patients total, 25 patients had SDs during observation.
All patients had been prospectively enrolled in the Co-Operative Study on Brain Injury Depolarisations (COSBID; www.cosbid.org), a multimodal cerebral observational monitoring study. Patients were not randomized or subject to a treatment study. All procedures were carried out in accordance with the ethical standards laid down in the Declaration of Helsinki and were approved by the research ethics committee responsible for each center.
Patients involved in the study all required craniotomies for ruptured vascular malformations, traumatic brain injury, intracranial hematoma or elevated intracranial pressure subsequent to a massive brain infarct. A subdural strip of six or eight platinum disk electrodes, spaced 10mm, was placed over the region of interest with the intention to record SDs for the COSBID study. A reference was placed on the patient’s upper torso. Four referenced bipolar ECoG channels were recorded or calculated from eight single channel recordings using Labchart 7 and older versions of this program (ADInstruments, Oxford, UK). All continuous recordings were made in a high noise ICU environment. Recordings during patient care (e.g. patient positioning, physiotherapy) or absence for CT scans were prospectively marked and removed prior to analysis. Visual (manual) artifact rejection was blinded for SD events and only used to reject obvious artifacts such as empty channels with no recordings. Absolute band powers (µV) were extracted using custom written macro routines in Labchart 7 in the following frequency bands according to the international federation of societies for electroencephalography and clinical neurophysiology (www.ifcn.info, Guidelines of the IFCN Chapter 1.5): delta 0.5-4 Hz, theta 4-8 Hz, alpha 8-14Hz and beta 14-40 Hz. In a second analysis beta1 14-20 Hz, beta2 20-30 Hz and beta3 30-40 Hz sub-bands were analyzed as percentage of beta band. The result of this second analysis is displayed in box plots of figure 2E. Finally, a third analysis for investigation of gamma band 40-70Hz (Guidelines of the IFCN Chapter 1.5), fast gamma 70-100Hz and high frequency oscillations 100-200Hz (Gotman 2010) was conducted (Fig 3). All recordings were performed at a sampling rate at or above 200Hz. Power line interference was eliminated using a notch filter. In 8 patients with recordings at 200Hz a 50Hz low pass filter had been applied. This subgroup of patients was therefore excluded from all investigations above beta band. Of the remaining 17 patients, 12 had recordings at 400Hz with corresponding low pass filter at 200Hz. For this subgroup of 12 patients high frequency oscillations were analyzed.
All ECoG results are based on hourly mean frequencies of all recorded channels, relative to patient's total power within this hour. Relative band power (%) for delta, theta, alpha and beta frequency was computed per channel by division of power of each frequency band by total power and multiplied by 100. For gamma, fast gamma and high frequency oscillations the same approach was used. The mean frequency of all four channels was further analyzed. After semi automated export from Labchart further data processing was done in Excel. The final database holds hourly measurements in an Excel 2007 spreadsheet (Microsoft Corporation, Redmond, WA, USA). 
The database was analyzed using Prism 3.0 (GraphPad Software, San Diego, CA, USA), SPSS 21 (IBM Corporation, Armonk, NY, USA). Individual SDs have a duration of several minutes and fell within the hour of their first detection. We used Bonferroni adjustment for multiple Student’s t-tests (Table 2A and B). Level of significance for corrected t-tests was set to p<0.0125. For column statistics, the median, 25th (lower) and 75th (upper) percentile were tabulated (Fig 1F). Linear regression and correlation analyses were used to investigate data associations (Fig 2E). For Fig 2A to 2D, all measured data-points of each patient with SDs (n=25) were used to calculate intraindividual means for band frequencies. For Fig 2F and Table 3 patient means of all patients (n=43) for frequency and anesthetic drug dose was included. A pooled presentation of all measured data-points  from patients with no ketamine administration during observation was used for Figure 2F. Patient means of all patients with SDs (n=25) was used to calculate Table 2A. For Table 2B, patient means (n=23) were calculated from data corresponding to measurements without concomitant administration of ketamine. For two patients no ketamine free interval was available for this analysis. Patient means of gamma and fast gamma bands was analyzed in n=17 patients (Fig 3A and B). Patient means of high frequency oscillations and how they relate to SD was investigated in n=12 patients (Fig 3C).  Statistical significance was set at p≤0.05.
 


Results
SD is recorded as large potential change with continuous propagation across the cortex (Fig 1). In patients with electrocorticographic activity in higher frequency bands, SD is accompanied by depression of this brain network activity (Fig 1, lower four traces).
To investigate how ECoG changed within close proximity to SD an explorative approach was used. Significant differences in mean relative beta frequency power for all investigated hours before and after SD were calculated, when compared to recordings without SD (Table 2A). For recordings in hours without SD only the recorded hours with at least one SD were excluded prior to calculation of patient mean (Table 2B). Mean measurements delta, theta and alpha frequency power showed no significant change. Using repeated measures ANOVA a significant difference in means was found for beta (p<0.0001) and delta (p<0.02) frequency. The borderline significance for delta in the ANOVA analysis could not be found after Bonferroni adjustment for multiple Student’s t-tests in Table 2A and B. Level of significance for corrected t-tests was set to p<0.0125. The mean beta portion of each patient (n=25) was significantly lower 2h before (mean difference -0.72 95%CI -1.17 to -0.27, p<0.001), 1h before (mean difference -0.61, 95%CI -1.06 to -0.16, p<0.01), during the hour when SD occurred (mean difference -0.67, 95%CI -1.12 to -0.22, p<0.001), and in the hour after SD (mean difference -0.64, 95%CI -1.09 to -0.19, p<0.01; Fig 2D). During SD, delta frequency was increased (mean difference 3.047, 95%CI 0.11 to 5.98, p<0.05; Fig 2A). For all other frequencies no significant mean difference was found. 
To investigate possible impact of sedatives and analgesics we used multivariate regression analysis for all frequency bands. A significant correlation with mean frequency band power was found for the GABAergic drugs midazolam and propofol. Beta frequency band power was significantly correlated with administration of ketamine (Table 3). A weak linear correlation was found for ketamine and beta frequency band power (p=0.03; Fig 2F). 
Since an impact of ketamine on SDs has been found previously, data was reanalyzed after removing all hours with ketamine administration from the database. Using the same approach, no significant difference could be found in frequency bands 2h, 1h before, during SD and 1h after SD when compared to recordings without SD (Table 2B). When analyzing all pooled hourly measurements in a patient independent manner, explorative analysis still revealed close relation of beta frequencys and SDs, even after complete datasets of all patients with ketamine administration during the monitoring were removed. A total of n=1537 remaining measurements was included. For this analysis, SD count was grouped in quartiles of relative beta frequency band power. SD count was highest in the lowest quartile. From 25th percentile to median less SDs were found (Fig 2G). In the two following quartiles from the SD count was subsequently reduced. In the hour prior to SD very similar findings were made (Fig 2F).
Gamma, fast gamma and high frequency oscillations were investigated two hours before, during and after SD. Using repeated measures ANOVA mean frequency power was compared similar to Fig 2A-D but with lower patient numbers due to insufficient sampling rates (or filtering) in some patients. For gamma (n=17 patients), fast gamma (n=17 patients) and high frequency oscillation (n=12 patients) no significant mean difference was found (Fig 3A-C).

Discussion
Spreading Depolarization (SD) has been described as sustained wave of mass depolarization in brain tissue (Sakowitz 2009, Dreier 2011). This wave is recorded as large and propagating slow voltage variation in cortical electrocorticogram after acute brain injury (Leon 1947, Strong et al. 2002, Fabricius et al. 2006). Subdural or depth electrode and even continuous electroencephalography can be used for detection (Jeffcote et al. 2014, Hartings et al. 2014).
Based on the findings regarding consequences of SDs for the injured brain, it became an interesting goal to prevent SD caused secondary damage. Ketamine was identified to suppress the incidence of SDs by more than 70%. This effect of NMDA-receptor blockage had been long known from animal experiments. Still, it was surprising for two reasons. First, when damaging SDs are abolished by the NMDA receptor blocker ketamine, why did NMDA receptor blockage fail to demonstrate a substantial neuroprotective effect in 10 clinical trials with inclusion of more than 6000 patients after ischemic stroke (Muir and Lees 2003)? For patients with acute TBI, two randomized studies found also no benefit after treatment with the competitive NMDA receptor blocker ketamine (Kolenda et al. 1996, Bourgoin et al. 2003). The failure of NMDA receptor blockage promoting neuroprotection was surprising, since a large body of preclinical data strongly supported protection, mostly from compensation of glutamate triggered excitotoxicity via NMDA receptor blockage. Despite methodological issues regarding study design and conduct have been raised, other interpretations offer explanations for the finding (Ikonomidou and Turski 2002). The NMDA receptor can promote both, neurodegeneration and survival (Hardingham and Bading 2003). Blockage of NMDA receptors could therefore be limited to times, when harmful activity is transmitted via the NMDA receptor, hypothetically during SDs. Prediction of SDs could allow such limited NMDA receptor blockage for tissue protection without abolishing activity dependent neuroprotection. 
Second, the impact of ketamine action seems to point towards a NMDA receptor dependent mechanism for initiation and/or propagation of SD. This fits nicely with the model of spreading depolarization where intracellular cationic overload represents the core process of SD (Dreier 2011). Ketamine might block a minor portion of sodium and calcium influx and therefore inhibit depolarization to some extent. On this background it remains also to be determined, why the vast majority of the neurotransmitter release follows SD (Moghaddam et al. 1987) and a secondary role for release of neurotransmitters is likely (Lauritzen et al. 2011). The strong and sustained inhibition of SDs by high dose ketamine could also suggest a specific mechanism triggered by neuronal activity rather than a purely metabolic cause. 
A significant association between beta frequency components of the perilesional ECoG and the occurrence of SDs in patients with acute brain injury was found in this study. A decrease in beta frequency was found prior to, during and after SD. Notably, there was no increase or decrease of beta frequency for the interval two hours before to one hour after SD. The question, when the observed change in beta frequency started could not be answered in this study. If not only two, like in this study, but several hours prior to SD are investigated, many data points are lost, since they fall into an interval with preceding SDs. Data from this patient population did not allow such analysis.
The change in beta frequency was in part explained by administration of ketamine. Exclusion of all data, recorded during administration of ketamine, from our database deleted this finding in our patient-related analysis. As expected, ketamine was correlated with an increase in beta frequency. The association of NMDA receptor antagonists and beta frequency in general (Rampil et al. 1998) and ketamine and beta frequencies in particular (Saletu et al. 1975, Bojak et al. 2013) or at least in parts of the beta band (Maksimow et al. 2006) has been previously described. This strong connection between ketamine and beta frequency in the literature is only partly reflected by the data presented here. In fact, the correlation between ketamine and increased beta frequency was rather weak. Other factors and parameters might have stronger influence on beta frequency and occurrence of SD. Potential candidates for future studies are body temperature, impaired cerebrovascular autoregulation, tissue oxygenation and tissue metabolism (Hartings et al. 2009, Sakowitz et al. 2013, Tackla et al. 2015).
Interestingly we found increased numbers of SDs during measurements of low beta band activity in an additional patient-independent analysis. For this particular analysis all measurements with concomitant ketamine infusion had been removed. When analyzing quartiles of relative beta measurements there was a sustained and ketamine independent relation to SDs. This points towards a possible causal link since ketamine could reduce SDs by influencing beta activity. Decreased beta frequency might also reflect a general state of focal brain activity smoothing the way for SDs and therefore secondary brain damage. Previously, decreased beta frequency had been associated with acute traumatic brain injury (Moeller et al. 2011). Reduction of activity in the beta, fast beta band or at least reduction of faster frequencies have been also interpreted as signs of major ischemia and bad outcome after malignant stroke and subarachnoid hemorrhage (Cillessen 1994, Burghaus 2007, Diedler 2009, Claassen 2013). 
There were several limitations of this study: First, the number of patients included limited the power of our analysis. This study therefore focused on delta, theta, alpha and beta frequency bands. Higher frequencies including gamma, fast gamma and high frequency oscillations had to be investigated in an even smaller patient cohort and conclusions drawn from this analysis are therefore very limited. The very interesting field of high frequency oscillations and SDs should therefore be subject to additional investigation in a larger patient cohort. Other quantitative ECoG parameters were not investigated or analyzed. Second, the analysis was based on hourly means and might therefore not be able to catch frequency band changes occurring minutes before or after SDs. The hourly approach was chosen as a first estimate and based on clinical routine reaction-times to an envisioned “SD-monitor”. An alternative approach, using spectral densities over time and higher temporal resolution, could not be achieved. The large size ECoG files were found unsuitable for analysis in an octave/matlab/eeglab environment (Delorme and Makeig 2004). Also the number of bands extracted from recorded data was limited due to file size and beta sub-bands were therefore investigated in a second analysis.  In addition, the recording software used, lacked some documentation for automated (macro) analysis and data export. Expert programming might nevertheless have great potential in future investigations, especially when data of more patients could be included.
Additional limitations include the lack of multivariate statistics. Since frequency bands cannot be used as independent variables, the use of advanced multivariate statistical models, such as Hotellings T2 test, was not possible. Instead we used Student’s t-test with Bonferroni correction to neutralize cumulative type 1 error.
SDs are understood as electrochemical reaction to near complete metabolic breakdown in neuronal cells. The basis for SDs is thought to be formed by failure of intracellular energy supply. After ketamine has been shown to be a successful blocker for SDs in patients, involvement of a partly synaptic process including NMDA receptors is likely. The finding of this study further supports the involvement of certain states of brain activity. Elevated ECoG activity in the beta frequency band, with or without ketamine administration, was associated with reduced SD counts. Failure of neuronal beta network activity seem to ease the way for SDs to initiate or at least propagate across the observed cortical brain surface.
In conclusion a close association between reduced beta frequency band power and increased SD occurrence was found. This finding was only partially explained by the effect of ketamine on relative beta frequency band power and SDs. Investigations with higher temporal resolution including evaluation of high frequency oscillation are now needed. Prospective analysis of beta frequency band alteration might help to predict occurrence of SDs in future studies.










Table Titles:
Table 1:	Patient demographics and ECoG data. Three patients had two initially treated aneurysms in different locations as possible cause for subarachnoid hemorrhage.
Table 2: 	Beta frequency band power displayed a significant difference two hours before, during and after SD when compared to patient’s timepoints without SD. This effect could not be demonstrated after removal of all ketamine hours from the data. (A) Only beta frequencies band power changed with close relation to SD. Means of all patients with SDs were included in this analysis. Asterisk and green boxes indicate a statistically significant result. (B) After removing all measurements during administration of ketamine the change in beta frequency band power could not be observed. Red boxes indicate no difference. 	
Table 3: Multiple regression analysis for each frequency band indicated impact of midazolam and propofol on delta and ketamine on beta band power. Green boxes indicate a statistically significant result with regression coefficient and 95% CI, red boxes indicate no influence.
Figure Legend:
Figure 1: Original waveform of Spreading Depolarization (SD). SD can be observed in four channel recordings (ECoG 1-4, upper four traces). It is characterized by large potential change, propagating across the cortex (black arrow). To improve visualization, low frequency bands are filtered (middle four traces). Here an example with attenuation of cortical activity in higher frequencies after onset of SD is shown (black bars, lower four traces). This instance of SD, accompanied with depression of cortical activity has been named Spreading Depression.
Figure 2: Beta and delta frequency band power were changed with close proximity to SDs. The beta frequency change can be in part explained by the effect of ketamine, but remains visible when measurements without concomitant ketamine are analyzed. (A-D) Repeated measure ANOVA of patient means for each frequency at five time points: two hours (n=25) and one hour before SD (n=25), during and one hour after SD (n=25), and corresponding patient means  of all time points without SD (n=25). Asterisks (*) indicates significant result. (E) Beta1 (14-20Hz), beta2 (20-30Hz) and beta3 (30-40Hz) sub-bands are displayed as percentage of beta band (14-40Hz). (F) Univariate linear regression of all patient (n=43) mean ketamine dose and relative beta frequency shows positive correlation. (G) Only data points of patients not receiving ketamine during observation are included in this analysis of measurements. SD count grouping by beta frequency quartiles displays ongoing SD association before and during SD.
Figure 3: Higher frequency bands remained unchanged with close proximity to SD. In subgroups of patients with sufficient recordings, repeated measure ANOVA compared patient mean for each frequency: gamma 40-70Hz (n=17), fast gamma 70-100Hz (n=17) and high frequency oscillation 100-200Hz (n=12) at five time points. No significant difference between means was found. 
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Table 1
Age (median, 95% CI) 54years, 50.19 to 55.81 
type of disease:		
subarachnoid hemorrhage							46 %	(n=20)	
	Aneuysm location:	 anterior communicating artery		52%	(n=12) 
				middle cerebral artery			35%	(n=8)
				internal carotid artery			8%	(n=2)
				posterior communicating artery		4%	(n=1)
	WFNS Grade	II						5%	(n=1)
				III						30%	(n=6)
				IV						25%	(n=5)
				V						40%	(n=8)
				female					55% 	(n=11)
malignant hemispheric stroke						44 % 	(n=19)
				female					47% 	(n=9)
traumatic brain injury (TBI)							7 %	(n=3)
	63 years, male, left frontal contusion, moderate TBI
	55 years, male, acute subdural hematoma, moderate TBI
	44 years, male, bifrontal contusions, mild TBI
intracerebral hemorrhage, basal ganglia, 58 years, female		2 %	(n=1)

relative frequency band (mean, +/-STD)
delta							68.13%,	+/-28.71 
theta							4.85 %, 	+/-16.89 
alpha							6.37 %, 	+/-10.45
beta							6.67 %, 	+/-9.05
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Table 3

	n=43
	midazolam
	fentanyl
	propofol
	sufentanil
	ketamine

	delta
	6.61 (95%CI 1.67-11.55)
	
	11.22 (95%CI 1.70-20.74)
	
	

	theta
	


	
	
	
	

	alpha
	


	
	
	
	

	beta
	
	
	
	
	0.70 (95%CI 0.13-1.28)




















Highlights
- Association between increased SD count and reduced beta frequency was found.
- Ketamine increased relative beta frequency band power and reduced SDs. 
- Prospective analysis of beta frequency band alteration might help to predict occurrence of SDs in future studies.
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