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Figure 53: ARRm – First Group of Sequential Files for the Middle of EMU Stay (06/14/2015) and 

Channels of Interest 

The same patterns of consistent ARRm values over time are observed in these files 

as the previous files. The same pattern when the seizure happens is also observed at 

approximately 04:01. The ARRm values drop across all channels during the seizure, 

then after the seizure they return to their pre-ictal values, but channels TC2, TB3, 

TC5, TD1, and B4 return to higher values than they were pre-ictally. The second 

group of files in the middle of the EMU stay are plotted in Figure 54. 
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Figure 69: Patient DJA-033 Optimal Threshold Tests 

The chosen threshold was 4.0 because although there still were some instances of 

high activity over time, the most consistent interictal activity was highlighted. The 

plot for the file run with this threshold is shown in Figure 70. 
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Figure 70: File AA536176 with Optimal EOI Threshold 

One new threshold of 30.0 was tested for patient JMM-025, and it yielded strong 

consistent inter-ictal activity over time, therefore this threshold was chosen. The 

original plots for the two files chosen for analysis with the optimal threshold are 

shown in Figure 71. 
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Figure 82: Correlation Test – Patient JMM-025, File AA5320YF 

The results of the Pearson and Spearman correlations are shown in Figure 83. 
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Figure 83: Spearman and Pearson Correlation Results - Patient JMM-025, File AA5320YF 

According to these results, the null hypothesis is rejected for channels with 

significant correlations. This indicates that there are some significant linear and 

nonparametric correlations between channels in this file. Channels of interest with 

significant Pearson correlations include: TA3, TC2, TC5 and TB3. Channels of 

interest with significant Spearman correlations include: TA3, TA4, TC2 and TB3. It 

should be noted that the correlation between channel C2 is significantly negatively 
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Figure 85: HFO with High Levels of High Frequency Energy > 250Hz, Possibly Classified as a Fast 

Ripple 

It can be observed from the power spectrum that this HFO has high energy 

>250Hz. This may classify this HFO as a fast ripple. The ARRm residual spikes to a 

level of about -50 or -75 for the duration of this FR. It is interesting to note the 

behavior of other channels after this event in the iEEG (Figure 86). 
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Figure 86: Location of Fast Ripple from Figure 85 in Raw iEEG and Channel TB3 filtered for >80Hz 

It can be noted that some spiking occurs on TA1 and TC4-5, then an epileptic 

discharge follows on all channels, which then leads to sharp spiking, especially on 

channels TB1 and TB2. From observations in the heat plot (Figure 82), channels 

TB1 and TB2 had very high ARRm values over time, and in the patient notes, 

consistent spiking was observed on these channels. The effects of spikes on the 

ARRm residual is examined next. Spikes and an HFO in the iEEG is shown in 

Figure 87. 
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Figure 87: Epileptic Spikes and HFO 

At the moment of each spike, it can be noted that the ARRm residual spikes to 

approximately -50, and when the HFO occurs the residual values are also similarly 

elevated but not quite to -50. The HFO appears to be at a frequency of 

approximately 200Hz. An example of a sharp spike and an HFO in the iEEG is 

shown in Figure 88. 
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Figure 88: Sharp Spike and HFO 

Observing the response of the ARRm residual to sharp spikes, it can be noted that 

the residual spikes to almost -100, and when the HFO occurs the residual reaches 

levels similar to previous observations. Therefore, when sharp spikes occur, the 

residual variation would increase to a very high level. An example of an epileptic  

discharge and a discharge with a superimposed HFO is shown in Figure 89. 



134 

 

 

Figure 89: Epileptic Discharge and HFO 

Comparing the response of the ARRm residual to the epileptic discharge and the 

discharge with a superimposed HFO, it can be seen that the residual does not reach 

as high of a level when the discharge occurs as opposed to the discharge with a 

superimposed HFO. From this observation, it should be noted that the addition of 

an HFO superimposed on a discharge or a spike may elevate the residuals more than 

a discharge or spike alone. 
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Chapter 5: Discussion and Conclusions 
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15. Discussion 

The results of this study have yielded some interesting points of discussion around the 

ARRm algorithm and its relation to HFO detection in iEEG. Both of these methods had results 

where certain channels exhibited a high number of HFOs or high ARRm value throughout the 

EMU study, and these channels were quite often channels of interest identified by the 

epileptologist. In most results, high ARRm values show relation to a high number of HFOs 

detected on channels, but other results have shown an inverse relationship between the ARRm 

value and HFO count. In addition, it has been observed that for a channel that has a high 

number of total HFO detections, the adjacent channel has a high median ARRm value, and vice 

versa. Statistical correlations have revealed that there are significant positive correlations 

between the ARRm Value and the HFO count over time on some channels of interest, but other 

results have shown inverse relationships on channels of interest. The question is raised as to 

what information each method is extracting from the iEEG. The HFO detection method is 

known to identify high frequency oscillations in the iEEG, and the ARRm value is claimed to 

quantify the occurrence of nonharmonic events in the iEEG, which may include spikes, high 

frequency oscillations and more specifically fast ripples.   

Using the previously developed Modified Burnos method of HFO detection, it was 

determined that the original dynamic way of calculating the EOI threshold with the standard 

deviation and mean of the envelope of the signal needs further development for full automation. 

Using this method of calculating the EOI threshold, the threshold was too low, which included 

too much activity in the results. Therefore, channels with the strongest activity over time in the 

heat plots and Total HFO Count plots were not discernable from other activity. Seizures also 

had strong values in the results, showing high HFO counts across all channels during the 

seizure. Another observation was that more activity across all channels was included in the 
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results for 2000Hz patients than the 1000Hz patient, which is expected since higher frequency 

content can be quantified with a higher sampling rate. 

Using a higher optimal constant threshold for EOI detection on each patient, many of the 

extra results were filtered out, and the results showed clear evidence of consistently high HFO 

activity over time on some channels, including channels of interest. Seizure activity also was 

preserved when using a higher optimal threshold and could be seen as high counts of HFOs 

across all channels at one point in time. A lower EOI threshold enhanced seizure activity and all 

other high frequency content in the signal in a wide range of energies. A higher EOI threshold 

enhanced interictal activity with high frequency content in a higher range of energy and also 

preserved seizure activity. In future work, the automated calculation of the EOI threshold 

should be investigated, or a filter should be available in a review tool to change the heat plot 

based on the desired lower or higher EOI threshold.  

The ARRm method showed consistent patterns of high ARRm values that stood out over 

time with minimal epochs where high ARRm values occurred across all channels, regardless of 

patient or sampling frequency. This characteristic pattern observed in multiple patients using 

HFO detection with an optimal constant threshold also was observed for the ARRm value. 

These results indicate that the ARRm value may represent channels with a high number of 

HFOs occurring. The strength of this relationship was measured with a linear and 

nonparametric correlation test. In both instances, several channels of interest showed significant 

positive correlations (p < 0.01) for each patient analyzed.  Some observations were made in the 

heat plots that when a seizure occurred, the ARRm value decreased across all channels, and then 

returned to the interictal levels when the seizure stopped. For one patient file, there was a 

channel of interest that showed a significant negative correlation. Observing the channel on the 

heat plot, it was seen that the HFO rate was high and ARRm value was low before a seizure 
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occurred, then after the seizure ended, the ARRm value was high and HFO rate was low.  In 

other patients and files, the ARRm value also tends to drop when a seizure occurs, which means 

that the ARRm method may be insensitive to seizure activity.  

The investigation into the behavior of the ARRm residual during different epileptogenic 

events revealed some patterns that can explain the relationship between the ARRm value and the 

HFO count. The following events were examined: HFOs (Ripples), Fast Ripple, Spike and 

HFO, Sharp Spike and HFO, Epileptic discharge and HFO. Out of all these events, sharp spikes 

in the iEEG elevated the ARRm residual the most, which would therefore raise the residual 

signal variation as well, in turn increasing the ARRm value.  If sharp spikes are disregarded, it was 

found that spikes or discharges with superimposed HFOs elevated the ARRm residual the most, 

and FRs generally caused a higher residual than Ripples. Assuming the HFO detection algorithm 

is truly only detecting HFOs, and considering these observations, a significantly positive 

correlation between high values of HFO counts and the ARRm value could be relevant to the 

presence of FRs, or the occurrence of HFOs and spikes together. Both FRs and the occurrence 

of HFOs with spikes have been shown in literature to be strongly related to the SOZ. A channel 

with only the highest ARRm values could indicate the presence of consistent sharp spiking in 

the signal. It would be interesting to modify the ARRm method to disregard sharp spiking, 

which would tailor the algorithm to only be sensitive to HFOs, therefore possibly drawing 

stronger correlations between the ARRm value and HFOs detected, or revealing new results . 

Since the ARRm method is solely based in the time domain, it has potential for 

implementation for real time analysis, and is computationally less expensive and less time 

consuming than methods that include analysis in the frequency domain. Some experimentation 

on computation time was done. It is apparent that the speed of both methods is dependent on 

the sampling frequency and number of channels, but the speed of the HFO detection method is 


