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A B S T R A C T   

Purpose: There are multidien patterns of seizure occurrence. Predicting seizure risk may be easier with biomarker 
correlates to multidien patterns. We hypothesize multiday hyper or hypoglycemia contributes to seizure risk. 
Methods: In a type I diabetic (T1D) with focal onset epilepsy with continuous glucose monitoring (CGM) and 
responsive neurostimulation (RNS) devices, we studied multiday interictal activities (IEA), seizures, and glucose. 
Hourly CGM data was matched to hourly RNS captures of interictal and ictal activities over 33 months. RNS 
detection settings were unchanged. Multidien cycles were analyzed, active blocks of IEA and ictal episodes 
defined, and tissue glucose averages studied. 
Results: Average glucose was 161 mg/dl. A 40-day cycle of interictal and ictal activities occurred, though no 
similar glucose cycle was evident. Glucose elevations relative to patient average were associated with increases 
in IEA but not seizure. Frequent seizures were not associated with obvious elevations or decreases of glucose 
from baseline, most seizures occurred at +/- 10 mg/dl of average daily glucose (i.e. 150− 170 mg/dl). 
Conclusion: Tissue glucose may influence IEA but may not influence multiday seizure activity or very frequent 
seizures. In an ambulatory T1D patient multiday hypo or hyperglycemic extremes do not appear to provoke 
seizure activities.   

1. Introduction 

Studies of epilepsy surveillance systems, ictal and interictal epilep
tiform activities (IEA) show circadian and multidien patterns, with 
multiday patterns of rising phase IEA suggesting seizures are more likely 
[1–4]. IEA are non-ictal patterns that Responsive Neurostimulation 
Systems (RNS) may detect via surveillance EEG, patterns could include 
spikes, repeated sharp waves, polyspikes and fast oscillations [3,5]. 
Biomarker studies might clarify how RNS evident mulitidien IEA and 
ictal risk are related [4,6,7]. 

Epilepsy biomarker studies include reactive oxygen species (e.g. 
cyclooxengenases), hypoxia markers (e.g. glutamate or hypoxia induc
ible factor 1), immune and inflammation related micro RNA expression, 
or both cytokine and complement systems [6,7]. These studies focus on 
epileptogenesis. Different biomarker studies focus on ictogenesis, or how 
might seizures be triggered? Human biomarker studies of ictogenesis 

need to be practical with surveillance technologies available, safe and 
reliable, and most importantly, somehow time linked to both long and 
short durations of reliable seizure documentation [4,5,8]. 

Continuous glucose monitoring (CGM) records 5-minute tissue glu
coses, that data helps manage type 1 diabetes (T1D). We studied a T1D 
patient with focal-onset epilepsy with CGM and RNS to identify re
lationships between glucose and seizure, initially by time and location of 
seizure, and later how IEA and seizures map over an average 24 -hs [5, 
8]. We found tissue glucose showed inverse relationships to IEA, with a 
predilection for seizure to occur when IEA were increasing. In addition, 
left vs right-onset seizures occurred at different times and tissue glu
coses, suggesting possible anatomically localized circadian variance in 
glucose pathophysiologies. We concluded tissue glucose might influence 
ictal and/or IEA risk in a time-dependent manner. A follow up hypoth
esis, in light of RNS evident multidien patterns of seizure, would be if 
glucose effects on IEA or ictal activity were apparent over long multidien 
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cycles [4]. 
In a series of CGM- monitored T1D patients without epilepsy, mulit

dien glucose variabilities were seen over 3 menstrual cycles. [9] We 
don’t know what multidien cycles of glucose are in patients without 
diabetes let alone with epilepsy. Pre-CGM-era literature suggests sei
zures are likely in acutely ill patients with hyper or hypoglycemia. This 
literature is based around glucose checks performed largely after seizure 
occurrence. We hypothesize that multidien durations of hyper or hy
poglycemia might promote ictal activities [10–15]. Here we study 33 
months of CGM and RNS data from the same T1D patient to determine if 
multiday cycles of ictal, IEA, or glucose activity occur. 

2. Methods 

With informed consent, continuous RNS and CGM (Dexcom) data 
spanning October 2016-July 2019 were studied from a single patient 
with T1D and focal onset epilepsy. RNS detection settings were un
changed, and her CGM calibrated for accuracy multiple times a day. IEA 
detections and seizure onsets were recorded from hippocampi (Supple
mental Fig. S1). RNS and CGM data were matched by day, month, year 
and hour. Seizure diaries along with epilepsy board-certified assessment 
of available electrocorticography (EEG) of RNS-defined long episodes 
(events that provoked at least 5 stimulations to stop ongoing abnormal 
activity within 90 s) were classified as left or right origin ictal (seizure), 
or uncertain episodes according to examples in Supplemental Fig. S1. 
Uncertain episodes were extremely frequent or sustained runs of non- 
evolving IEA. A seizure was classified as unilateral or bilateral dependent 
on corticography evident spread patterns. As diary entries were dated, 
but not necessarily by hour, they were matched to time of most likely 
recent long episode. Menstrual variability was not studied due to 
insufficient diary. 

2.1. Multidien analysis combining ictal and IEA and Multidien glucose 
cycle verification 

Multidien cycles of glucose, IEA and seizure were assessed using 
time-frequency analysis, decomposing hourly IEA and glucose time- 
series into different rhythms and extracting the power and phase of 
possible multidien rhythms between 7 and 50 days using Matlab’s 
wavelet toolbox [1]. Ictal events were related to IEA (continuous vari
able) via phase analysis and plotted both by left or right onset as well as 
by diary classifications of loss of awareness or not. 

2.2. Multidien Ictal- active vs quiet comparisons 

Independent of wavelet analysis, seizures were noted to sometimes 
occur frequently over short multi-day durations (i.e. an active cycle) or 
occur isolated from other events (i.e. a quiet cycle). Duration between 
episodes allowed a dichotomization into active or quiet cycles. The most 
frequent interval between long episodes was 3.8 days. If a maximum of 4 
consecutive days passed between episodes, both would be classified 
active. Multiple episodes within 24 h were counted in active cycle. If 
episodes occurred in intervals longer than 4 days from the last (or next) 
episode, they were designated quiet. Average hourly glucose for active 
vs. quiet comparisons were T-tested, some events did not have corre
sponding hourly glucose. Regardless of glucose levels, lateralized ictal 
onsets were also tested for active vs. quiet tendencies (Chi-square) 

2.3. Multidien IEA- active vs quiet comparisons 

IEA analysis shows consecutive days where detections were signifi
cantly higher (or lower) than average. Detections occur hundreds to 
thousands of times a day, dichotomizing active vs quiet epochs of IEA 
was via Z-scoring detection number variance. IEA epochs were deemed 
active if Z scoring was ≥1 for four-subsequent days, if Z scores were ≤-1 
for four consecutive days the epoch was quiet. Remaining Z scores were 

neutral. Daily average glucose comparisons between active, quiet and 
neutral IEA were T-tested. 

2.4. Long episode mismatches 

The RNS records long episodes in two ways, counting occurrence, 
and saving EEG. Four long episode EEG per upload are stored before 
episode data is overwritten. If six long episodes occurred between RNS 
uploads, only the last four would be available to review. All six would be 
recorded as “long episodes” but only four would have EEG. If mis
matches between long episode number and available EEG are apparent, 
we would undercount episodes, particularly if episodes are frequent and 
RNS uploads are not. Without accounting for missing long episode EEG, 
undue emphasis on findings might occur. Descriptive statistics were 
used to acknowledge these mismatches. 

3. Results 

3.1. Epilepsy and type I diabetes history 

At study onset, the patient was 45 years old. Her focal epilepsy 
manifested with impaired awareness events that could progress to 
bilateral tonic-clonic seizures. Seizures began at age 19. Seizure triggers 
include fatigue, stress and menses, though a menstrual pattern was not 
appreciated in prior RNS-to-diary correlations. Audiogenic triggers 
could occur, Johnny Cash’s Ring of Fire reliably provokes a seizure. A 
brother and paternal second cousin have epilepsy, an epilepsy panel 
through Ambry genetics, 2018, showed normal LG1 (this gene is asso
ciated with audiogenic seizure) and a DYRK1A gene variant of unknown 
significance at p.H106R. 

During one week of the study period, an elevated anti GAD antibody 
titer unassociated with clinical stiff-person syndrome was treated with 
intravenous immunoglobulin (IVIG) therapies without clinical better
ment in epilepsy or other medical complaints in the ensuing month(s), 
RNS measures during IVIG course were similar to baseline. Failed anti- 
seizure therapies include levetiracetam, topiramate, clobazam, clonaz
epam, lamotrigine, phenytoin, phenobarbital, pregabalin, carbamaze
pine, felbamate, brivaracetam. A vagus nerve stimulator trial failed, the 
device was programmed off a decade prior. She remained on levetir
acetam, topiramate and clobazam, those medications were used in the 
study period with minimal dose adjustments. Intracranial monitoring 
showed hippocampal depth onset for left seizure and an independent 
right temporal seizure though not more discretely localizable. RNS 
detection and stimulation electrode placements were thought to be most 
useful from bilateral hippocampi. After RNS placement, her device was 
optimized for detection and stimulation settings and these were un
changed during the study period. 

T1D was diagnosed at age 31, well after her epilepsy began. Com
plications include gastroparesis and hypoglycemia unawareness. A 
continuous insulin pump was used during the study period, her pump 
required manual inputs to respond to glucose variance, insulin changes 
and dosing data was not available. 

3.2. General findings 

Fig. 1 shows IEA, ictal activities and long episodes represented on a 
timeline that includes the study period. Table 1 shows findings of the 
varied glucose levels based on event and active vs quiet classifications 
along with statistical testing. Average mean glucose was 161 mg/dl, 
median was 157 mg/dl. Hemoglobin A1C ranged from 6.4 to 7.1% with 
an average of 6.8 % (reference range 4–6 %). 

3.3. Multidien rhythm analysis: combining Ictal and IEA 

Wavelet analysis showed periodicity best at approximately 40 days, 
with left and right sided hippocampal IEA peaking in-phase (Fig. 2). Left 
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onset seizures strongly correlated to the rising phase of IEA (phase 
locked variable, PLV = 0.54, p <0.01) (Fig. 2) whereas right onset sei
zures did not (PLV = 0.13, p  = 0.57). 40-day (or other duration) mul
tidien glucose cycles were not seen and no glucose influence on long- 
duration IEA or ictal cycles noted. 

3.4. Multidien Ictal- active vs quiet comparisons 

Ictal activity classified as active had higher (159 mg/dl) glucose than 
quiet (150 mg/dl) though the differences were insignificant (Table 1). 
Left seizure onsets had higher glucose than right, these differences were 
insignificant. However if classified by side of onset and quiet vs active 
alone (i.e. independent of glucose), lateralized differences were signif
icant (X2, p < 0.01). 

3.5. Multidien IEA active vs quiet analysis 

Days when IEAs were active (Z–score ≥ 1, n = 155 days) had an 
average glucose of 167 mg/dl compared to when quiet, (Z-score ≤-1, 
n = 129 days), glucose was 152 mg/dl (p < 0.001). Active IEA epochs 
were incidentally noted to also include 18 of 99 ictal events (19 % of 
total events: 14 left, 4 right) and 50 of 70 (71 %) of unclear episodes. 
Quiet IEA epochs showed 5 of 96 (5%, 3 left and 2 right) ictal events and 
0 of 70 (0%) of unclear events. The remaining ictal events (n = 76) and 
unclear episodes (n = 20) occurred when -1> Z-score < 1 at an average 
glucose of 161 mg/dl. 

3.6. Long episode mismatches 

The RNS recorded 279 long episodes, though only 182 had EEG 
present (65.6 %), 178 of which were classified (four back-to-back “long 
episodes” were continued observances of an invariant non evolving 
IEA). Mismatches were seen on 40 days, 130 long episodes occurred, 33 
had EEG. The 97 remaining long episodes without EEG showed average 
hourly glucose of 171 mg/dl. 

3.7. Patient diaries 

Of RNS evident seizures, 26 % were patient-identified as seizures, 16 
of 66 left,10 of 38 right origin. Of patient identified seizures, regardless 
of EEG capture or not (n = 74), glucose averaged 161 mg/dl. Of 74 RNS- 
evident uncertain episodes, only one was possibly identified as seizure in 
her diary. The majority of remaining diary entries were unassociated 
with any episode e.g. “feel like having a seizure” or “slight seizure 
temptations” or “I feel close to seizures” and may have represented 
auras, overwritten event data from RNS, or symptomatic hyper or hy
poglycemia, though no consistent glucose elevation or diminishment 
was seen. 

4. Discussion 

In this patient with T1D, glucose average was elevated at 161 mg/dl. 
We were unable to show that seizures are more likely when at the ex
tremes of her glucose range. Most seizures occurred in a state of mild 
hyperglycemia i.e. in a 150− 161 mg/dl range, though for her, a range 
which might be considered her homeostatic norm. Very frequent runs of 

Fig. 1. Plots over entire study period of various Responsive Neurostimulation defined long episodes, and interictal activities, IEA. Active epochs of IEA are perhaps 
easiest to see as peaks on the histogram in light blue (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article). 
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IEA (i.e. uncertain episodes) are likely with elevations in glucose. 
Interestingly, when trying to define cycles of events, both the wavelet 
and ictal active vs quiet analysis suggest there may be glucose-indepen
dent lateralized tendencies for cyclic event occurrence, in particular for 
left temporal seizures. 

4.1. Type I diabetes and seizure controls 

Hyper or hypoglycemia are listed as a risk for seizure occurrence. 
[10–15]. In this patient, glucose may yet effect seizure provocation in 
shorter timeframes, perhaps within hours [5,8]. Alternatively, the 
average glucose, at 161 mg/dl, remains too high to study if hypergly
cemia triggers seizures or not, as long-duration states of conventional 
normoglycmia (e.g. 95− 105 mg/dl) were not seen. In this patient, future 
CGM to insulin pump technologies (i.e. closed loop “artificial pancreas” 
systems that auto-adjust insulin to effectively diminish glucose means 
and variability) might permit normoglycemia and clarification if that 
true hypoglycemic or hyperglycemic states change ictal risk [16]. 

Whether RNS could also provide input to glucose control systems 
remains to be seen. In this patient, when her RNS documents active IEA, 
that data could be seen as clinically relevant, not for seizure provoca
tion, but perhaps more for hyperglycemia variance management. 

A different way to study IEA or ictal changes relative to glucose over 

multidien periods could occur independent of CGM. The glycation of 
hemoglobin (HgbA1C) reflects 2–3 months of glucose levels [15]. For 
many diabetics the HGBA1C represents a risk assessment, the higher it 
is, the more likely microvascular, retinal, cardiac and other compro
mises are to occur. Lowering to 6.5 % (48 mmol/mol) or less remains a 
consistent therapy goal. Looking at this patient’s various HgbA1c (range 
6.4–7.1 in this study period) epochs might permit a different look at 
multidien variance based on changes in mean glucose level over months. 

4.2. Pathophysiologic speculations and future clinical directions 

With a limited N-of-1 study and no obvious multidien influence on 
seizure provocation, glucose is probably not a leading candidate for 
understanding ictal triggers over long time periods. Further study should 
address whether hyper and hypoglycemia truly are provocative of 
seizure in broader populations. Perhaps the best way to study this in 
non-diabetic patients where CGM and RNS use could eliminate issues 
similar to this patient’s confounding hyperglycemic homeostasis. 
Another population to study could be people with epilepsy treated with 
ketogenic diet (KD). Specifically, could CGM along with biomarkers 
assessing ketotic states (e.g. urine strip tests for ketosis which many KD 
patients already use) and continuous RNS data better define ictal risk 
and IEA patterns? This particular study could help map if altering 
glucose variance in KD patients lowers seizure burdens. 

Spencer et al. showed circadian and location IEA variance without 
necessarily provoking seizure, they noted IEA were more prevalent at 
night and/or sleep [3]. The finding that IEA vary markedly with glucose, 
location and circadian cycles remains fascinating. An analogy for IEA 
might be sparks in an electrical circuit. We are used to the idea that 
sparks trigger fire, and yet, abundant sparks, or in this case very frequent 
IEA, do not trigger seizure in our patient. If IEA are not epileptic phe
nomena, are they instead some attempt at signaling or switching local
ized network pathways or anatomies on or off in a glucose dependent 
manner? Are increased IEA a biomarker of physiology or at what point 
do they suggest pathophysiology? Might their absence or presence have 
implications for memory or changes like hypoglycemic unawareness or 
hyperglycemic associated cognitive declines in diabetics [17]? Might 
IEA variance, either by circadian timing or with glucose elevations, 
suggest arousal switch contributions to states like post-prandial fatigue 
and somnolence? Or broader still, are IEA present and somehow asso
ciated with cognitive declines or other pathologies in anyone, let alone 
diabetics or people with epilepsy? 

5. Conclusion 

Multidien IEA may increase with glucose elevations, though ictal 
activities do not. Glucose levels that alter seizure risk may be more 
important in shorter time cycles, or when a more conventional normo
glycemic baseline is betrayed. CGM and RNS devices permit correlative 
study of tissue glucose with electrophysiologic data over long durations. 
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Table 1 
Glucose relationships to ictal, interictal activity (IEA) and glucose.   

Average SD t -test comparison, result  
glucose,mg/dl   

Basic findings    
Mean daily glucose 

(n = 977 days) 
161 (range 
66− 343.2) 

35.0  

Median daily glucose 
(n = 977 days) 

157 (range 
50− 340) 

40.4  

Average hourly glucose 
(21,805 available) 

161 (range 
40− 419) 

64.6   

All long episode with 
glucose, n=163 

162 (range 
55− 341) 

62.2  

All ictal with glucose, 
n=94 

157 (range 
62− 310) 

56.12  

Uncertain episodes 
with glucose n=69 

170 (range 
65− 341) 

70.0 Uncertain episodes vs. all 
ictal, t = 1.24, p = 0.21  

Left ictal n=63 161 (range 
62− 310) 

56.7  

Right ictal n=31 150 (range 
55− 243) 

57.3 Left vs. right ictal, t = 0.79, 
p = 0.48  

Unilateral ictal, n=56 154 (range 
55− 264) 

58.8  

Ictal spread bilaterally 
n=38 

162 (range 
62− 310) 

52.1 Unilateral vs. bilateral ictal, 
t = 0.70, p= 0.43  

Active vs. Quiet 
Epochs    

Active Ictal, n = 75 (56 
left, 19 right) 

159 (162 left, 
153 right) 

56.0  

Quiet ictal, n = 19 (7 
left, 12 right) 

150 (152 left, 
148 right) 

57.4 Active vs. quiet ictal, 
t = 0.67, p = 0.50  

Active uncertain 
episode, n=64 

174 (range 
66− 341) 

69.9 Active uncertain vs. all 
ictal: t = 1.35,p = 0.18 

Quiet uncertain 
episode, n=5 

117 (range 
65− 184) 

48.4   

Active IEA, Z > 1 
(n = 155 days) 

167 (range 
93− 293) 

39 Active vs. quiet IEA: 
t = 3.43, p=<0.01 

Quiet IEA, Z <-1 
(n = 129 days) 

152 (range 
93− 264.5) 

33 Neutral vs. active IEA: 
t = 1.72, p =<0.09 

Neutral IEA -1 ≤ Z ≤ 1 
(n = 693 days) 

161 (range 
66− 343) 

35 Neutral vs. quiet IEA: t=- 
2.7, p =<0.01  
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