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Abstract

Patients with drug refractory temporal lobe epilepsy frequently accumulate cognitive impairment
over time, suggesting neuronal loss induced by seizures. We measured serum levels of neuron-
specific enolase (NSE), a neuronal injury marker, relative to levels of S100p, a marker of glial
injury, at 6 AM, 9 AM, noon, 3 PM, and 6 PM over the course of several days in 7 epilepsy
patients and 4 healthy controls. All epilepsy patients exhibited significant deviations in NSE
levels through time, and 4 of the epilepsy patients exhibited large sample entropy values and
large signal variation metrics for NSE relative to S1008. Controls did not exhibit such changes.
Correlation analysis revealed that NSE levels were significantly elevated after clinical seizure
events. There was also a highly significant relationship between increased EEG spike frequency
and an increase in serum NSE levels measured 24 hours later. The detection of large but
transient post-ictal increases in NSE suggests that even self-limited seizures may cause an
injury to neurons that underlies cognitive decline in some patients. Post-ictal assessment of
serum NSE may serve as a biomarker for measuring the efficacy of future acute neuroprotective
strategies in epilepsy patients.
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Introduction

More than 30% of all patients with epilepsy continue to experience seizures despite treatment
with a wide range of anti-epileptic drugs’. In these refractory patients, a subset exhibit a
progressive disease phenotype, both with regard to increasing seizure frequency over time and
from the perspective of accumulating cognitive impairment® . Indeed, epilepsy for some
patients is effectively a neurodegenerative disorder®. This is particularly true in patients with
temporal lobe epilepsy marked by mesial temporal sclerosis®, and several studies indicate that
progressive hippocampal atrophy as assessed by MRI correlates with increasing seizure
frequency and cognitive decline in these patients®'°. In experimental models of epilepsy,
induction of status epilepticus, not surprisingly, leads to hippocampal neuron loss'". However,
spontaneously recurring seizures in such models are also associated with neuronal loss'?,
suggesting that individual seizures may induce neurodegeneration. In humans, neuronal injury
induced by trauma, hypoxia, and stroke can be detected by measuring levels of neuron-specific
enolase (NSE) in serum™. Building on previous work assessing NSE levels following seizures'
7 'in this study we collected serial blood samples from epilepsy patients and healthy control
subjects and measured changes in both NSE and the glial injury marker S100p'® through time in
an effort to correlate seizures and electroencephalographic events with neuronal injury.

Materials and Methods

Subjects and study design

Study protocols were approved by the Mayo Clinic institutional review board and all experiments
were performed in accordance with the relevant guidelines and regulations. All subjects
provided written informed consent. Patients with intractable focal epilepsy were admitted to the
Mayo Clinic epilepsy monitoring unit (EMU) for routine diagnostic computer-assisted continuous
video-EEG recording. Control subjects were admitted to the Mayo Clinic clinical research unit
(CRU). Subjects in both groups were between 18 and 65 years old. Individuals were excluded
on the basis of pregnancy, weight less than 110 Ibs, history of chronic iliness (other than
epilepsy), active malignancy, active infection, or history of immunosuppressive therapy within 6
months of the study. Control subjects were further excluded on the basis of seizure history.
Patients and controls received a peripheral venous catheter at the start of the study and a blood
sample was collected immediately for complete blood count and differential. For all subjects,
blood was collected at 6 AM, 9 AM, noon, 3 PM, and 6 PM throughout the study duration.
Contingencies included delaying sample collection by 30 minutes during an active clinical
seizure at the normal draw time, up to two replacement intravenous lines during the study, and
conversion to venipuncture upon repeated intravenous line failure. Samples were collected into
rapid serum separator tubes (BD 368774), immediately inverted 6 times, then transported to the
research lab at room temperature. Within 30 minutes of collection the samples were centrifuged
and the serum fraction was aliquoted and stored at -80°C.

Serum analysis

Frozen samples were thawed on ice and clarified by high speed centrifugation (10000 x g, 5
min). Once thawed, sample aliquots were never refrozen or reused. All samples were visually
inspected for hemolysis (none exhibited obvious signs); a subset of samples were analyzed for
hemolysis using the method of Harboe'®. Briefly, serum was diluted 11-fold in PBS and
hemoglobin was measured based on the following equation: Cyg = 1.65(A415) - 0.93(Ass0) -
0.73(A4s0). Samples exhibited 0.03 + 0.02 mg/mL hemoglobin (n=25), which is within the normal
range (0.02 + 0.02 mg/mL)'®. Levels of NSE (Alpco 43-NSEHU-E01) and S100p (Millipore
EZHS100B-33K) were determined by enzyme-linked immunosorbent assay following
manufacturer's directions. Standard curves were analyzed for all assays. Across all analyses
the intra- and inter-assay coefficient of variation was less than 15%.
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Seizure and spike frequency analysis

Continuous video-EEG was collected over multiple days using 32 scalp electrodes (modified 10-
20 montage; 250 Hz sampling rate) (Natus Medical Inc). Differential amplifiers with band-pass
filters between 1 and 70 Hz were used to minimize the effects of high frequency and low
frequency artifacts. A vertex recording reference and ground was used during acquisition.
Clinical seizure events were identified by visual inspection of the EEG coupled to video analysis.
Interictal epileptiform discharges were assessed by visual review in referential, bipolar, and
Laplacian montages using digital reformatting of the EEG. For automated analyses the archived
EEG files from the EMU were pre-processed in Natus Xltek software and the individual files
were aligned by timestamp to permit association with the serum measurements. The continuous
spike frequency was quantified using the automated spike detection algorithm available in
Persyst 13 (www.persyst.com). This algorithm uses approximately 20 feedforward neural
network rules to characterize relevant events on a common electrode referential montage and,
in parallel, on montages referenced to (Fp1+Fp2), (T3+T4), and (O1+02). A detailed
methodology and performance assessment for this spike detector was recently published'.

Analysis of sample entropy and relative signal variation

To assess the significance of dynamic changes in the level of NSE measured in patient samples
we calculated sample entropy following the protocol of Richman and Moorman?. This method,
which reveals "novelty" in time series data, is based on the conditional probability that two
vector sequences derived from the same time series will be roughly similar, to within some
predefined tolerance. Sample entropy, derived from the original concept of approximate
entropy?', provides an entropy measure for relatively short and noisy biological time series data.
Following the guidelines established by Yentes and colleagues®, we determined the optimal
tolerance parameter for the very short time series data collected in our patient and healthy
control cohorts. The very short series in our study did tend to display extreme behavior under
certain parameter constraints (blowing up to infinity, for example), but the use of an iterative
modeling process using random and patterned sequences provided a working algorithm. In
brief, using a script written in Matlab, each time series was parsed into an array of overlapping
vectors comprised of 2 and 3 sequential points. The Chebyshev distance between each vector
in the array was calculated and compared to a tolerance factor, r, that was empirically
established as 0.6 times the standard deviation of all the experimental measurements in the
study (NSE or S1008). Explicitly following the procedure of Richman and Moorman, the
probability of vector similarity at length 2 and length 3 was calculated and the sample entropy
was taken as the negative natural logarithm of the ratio of the 3-length probability to the 2-length
probability?’. The algorithm was validated on sequences of 5000 random numbers drawn from a
normal distribution with the mean and standard deviation of the experimental samples, with the
average sample entropy of 1000 iterations of this calculation matching the Richman and
Moorman values®. In addition, because the sample entropy was sensitive to time series length,
we established a normalization factor for series of lengths between 5 and 13 values using
signals with no entropy (sequences of the same repeated number). Because the absolute
sample entropy values are lacking in context, we also calculated a relative signal variation
metric (SVM) by taking the ratio of the NSE sample entropy (SEnse) to the S1008 (SEs100,)
sample entropy measured in the same patient:

(1 + SEysg)

SVYM = —— %
(1 + SEs100p)

To prevent division by zero (when the S100p series displayed essentially no variation), all
sample entropies were scaled such that no variation (low entropy) was equivalent to one.
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Analysis of changes in NSE levels and spike frequency

Serum NSE levels were recast as the change in concentration relative to the preceding NSE
measurement. This delta was then recast as the number of standard deviations in NSE derived
from the 4 CRU subjects. This value was binarized so that NSE changes greater than or equal
to 3 standard deviations were set to 1 and all other values were set to zero. The absolute
number of EEG spikes was organized into one hour epochs preceding each NSE measurement.
This frequency value was binarized so that any frequency greater than 10 spikes/hr was set to 1
and all other values were set to zero. Missing values (due to the absence of sufficient EEG
collection time prior to the first several NSE measurements) were maintained as empty cells.
The relationship beween these binarized values was assessed using an estimated maximum
likelihood logistic model on a binomial distribution to generate the X2 significance values shown
in Figure 5E. A standard least squares linear regression model was used to determine R? and
measure the analysis of variance; this model was also used to visualize the associations shown
in Figure 5D. Power was determined from the leverage plot.

Statistics

Curran-Everett guidelines were followed?. Statistical analyses were performed using JMP Pro
12 (SAS Institute Inc). Post hoc power analysis was performed for all experiments. Normality
was determined by the Shapiro—Wilk test and normally distributed data were checked for equal
variance. Parametric tests were only applied to data that were both normally distributed and of
equal variance. NSE measurements in the EMU and CRU samples were analyzed by one-way
ANOVA using Dunnett's pairwise comparison to the aggregated CRU values (Bonferroni
adjusted P-value). Correlations between NSE and S100p deviations from median, NSE vs
S1008 levels through time, and NSE vs seizure time were performed using least squares linear
regression modeling with effect leveraging and analysis of variance. Correlations for NSE vs
spike epoch were generated using a generalized logistic model on a binomial distribution. The
single variable reduction that resulted from calculation of the signal variation metric was
analyzed by t-test (data normally distributed). Ranges in all graphs reflect the 95% confidence
interval. Where reported, all R? values are adjusted for sample size.

Results

Study subject characteristics.

Between 2013 and 2016 seven patients admitted to the Mayo Clinic epilepsy monitoring unit
(EMU) for continuous video-electroencephalography (EEG) monitoring as part of standard
clinical care for intractable focal epilepsy were enrolled in a research study to longitudinally
collect serum samples for analysis of systemic neural injury markers (Table 1). Inclusion in the
subsequent analysis required evidence of at least one clinical seizure during the study. Subjects
ranged in age from 25 to 49 years, were evenly distributed by sex, and had disease durations
that ranged from 5 months to 41 years. Of the 7 subjects, 5 had clear evidence of mesial
temporal sclerosis. Between 2016 and 2017 four control subjects were enrolled at the Mayo
Clinic clinical research unit (CRU) for longitudinal collection of serum samples to compare to the
EMU subjects (Table 2). Subjects ranged in age from 19 to 61 years (3 females, 1 male) and
had no history of seizures or epilepsy; other chronic disease conditions were not screened. In
addition to the longitudinally sampled control subjects, 41 non-neurological control serum
samples were acquired from the Mayo Clinic Center for Individualized Medicine Biobank
biorepository. These controls (HC) ranged in age from 19 to 75 (34 females, 7 males).
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Table 1. Demographic information for subjects with intractable focal epilepsy

55178

Study ID | Age' | Sex Ethnicity Primary Diagnosis” Disease Disease | MTS®
Onset® Duration*
E001 31Y F White Intractable focal epilepsy; 8 YO 23y L MTS by pathology
Not Hispanic / Latino | temporal lobe epilepsy;
prior history of L temporal
lobectomy (2012)
E002 25Y M White Intractable focal epilepsy; 25Y0 5m MRI evidence of
Not Hispanic / Latino | temporal lobe epilepsy; bilateral MTS
history of febrile illness-
associated encephalitis
E003 49Y F White Intractable focal epilepsy; 17 YO 32y No evidence of MTS
Not Hispanic / Latino | temporal lobe epilepsy on MRI
E004 42Y M White Intractable focal epilepsy; 1YO 41y R parietal lobe
Not Hispanic / Latino | temporal lobe epilepsy; sclerosis and
remote history of prior R neuronal
temporal lobectomy (2001); karyorrhexis by
right parietal lobectomy pathology
(2016)
E005 3Y F White Intractable focal epilepsy; 24 YO 9y MRI evidence of
Not Hispanic / Latino | temporal lobe epilepsy; bilateral MTS
remote history of severe
limbic encephalitis
E006 38Y F White Intractable focal epilepsy; 14YO 24y No evidence of MTS
Not Hispanic / Latino | temporal lobe epilepsy
EO007 41Y M White Intractable focal epilepsy; 6 MO 29y R MTS by pathology
Not Hispanic / Latino | temporal lobe epilepsy;
prior history of R anterior
temporal lobectomy (2008)

'Age at time of enrollment. °L = left; R = right °YO = years old; MO = months old. “Disease duration at time of
enrollment; y = years; m = months. *MTS = mesial temporal sclerosis; changes on MRI (hippocampal atropy and
increased T2 signal) or pathological diagnosis.

Table 2. Control subject demographic information

Study ID Age* Sex Ethnicity Primary Diagnosis
C001 19Y F White Abnormal uterine bleeding
Not Hispanic/ Latino
C002 40Y M White Head Tremor (Essential Tremor)
Not Hispanic/ Latino Remote history of visual loss (migraine equivalent for
visual loss)
C003 61Y F White Conjunctivitis, OS likely related to dry eyes
Not Hispanic/ Latino
C004 53Y F White Asthma
Not Hispanic/ Latino

*Age at time of study enroliment.
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NSE and S100p levels in epilepsy patients versus healthy controls.

NSE and S100p were measured by ELISA in clarified serum samples. The distributions of both
factors failed normality testing (NSE, Shapiro-Wilks W=0.6415, P<0.0001; S100p, Shapiro-Wilks
W=0.9645, P=0.0023) so only non-parametric statistical tests were applied. The CRU controls,
grouped irrespective of collection time, had 17.1 £ 1.3 ng/mL [13.3, 22.0] NSE and 66.3 + 6.9
pg/mL [45.5, 90.3] S1008. Figure 1 shows the mean + 95% CI for NSE (Figure 1A) and S100p
(Figure 1B) in the grouped CRU samples (light blue band) overlaid with each individual
measurement in the control and experimental groups. Statistical analysis of the NSE
measurements (across all draws irrespective of time) revealed that only EMU subject EO05 was
significantly different from the grouped CRU controls (F=4.3228, P=0.0004 by one-way ANOVA;
E005 vs CRU at P=0.0024 by Dunnett's pairwise method vs control; power = 0.986). The
absence of significant differences in the epilepsy patients as compared to the controls, despite
more dispersion in the NSE measurements in the EMU subjects, suggests that analysis of NSE
levels in the absence of consideration for temporality is insufficient to discriminate patients with
epilepsy from healthy controls.

A 125 NS NS NS NS # NS NS
° Figure 1. Serum levels of NSE and S1008 in epilepsy
patients and healthy controls are not different when
analyzed in aggregate.
A) Multiple serum samples were collected from 7
patients in the epilepsy monitoring unit (EMU) at
different times (6 AM, 9 AM, noon, 3 PM, and 6 PM)
during several days of monitoring; each sample is
° represented by one dot. NSE was measured in serum
(§ o & ° o collected from 4 healthy control subjects in the clinical
§ o B & & & § ¢ & |oru research unit (CRU) at 6 AM, 9 AM, noon, 3 PM, and 6
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normally distributed (W=0.6415, P<0.001 by Shapiro-
Wilk test). One-way ANOVA with Dunnett's pairwise
comparison to group CRU controls revealed that NSE
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Temporal changes in NSE are not correlated with S1008 levels.

The primary goal of this study was to measure serum markers of neural injury repeatedly in the
same subject over time in order to capture transient changes associated with acute seizure-
induced injury. Figure 2 shows that all 7 EMU patients exhibited apparent "spikes" in NSE
detected within serum over the course of several days (Figure 2A-2G; note the extended y-axis
scale in 2E). At the same time points, S100p levels in the same subject were relatively stable. In
contrast, the levels of both NSE and S1008 measured in the CRU control subjects over the
course of one day remained relatively stable (Figure 2H). The pattern of NSE levels in the CRU
subjects suggested that diurnal rhythmicity did not explain the transient changes observed in the
EMU patients. However, to verify that the changes in NSE levels were not tied to a daily cycle,
the absolute level of NSE measured at each timepoint was normalized to the maximum NSE
level measured across all timepoints to give an intrasubject percent of maximum value. Plotting
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these relative levels across time revealed no apparent cyclic pattern of maxima or minima in the
NSE levels (Figure 3A). Likewise, given the age range in the study, the amount of NSE (Figure
3B) and S100p (Figure 3C) for each single draw healthy control (HC) subject was plotted
against age and a line was fit by regression analysis. Neither factor exhibited an age-
dependency, though a very weak trend between increasing serum S100p and age may be
present in the control population. Finally, to verify that the response profile observed in the EMU
patients was not the result of age, the median amount of NSE (Figure 3D) and S100p (Figure
3E) measured for each subject was plotted against age at the time of collection. No obvious
trends were observed (NSE: R?=0.05; S100p: R?<0.0001), suggesting that the transient spikes
in serum NSE observed in the EMU cohort were not a factor of either time-of-day or subject
age.
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Figure 2. "Spikes" in serum NSE levels are observed in epilepsy patients but not in healthy controls or in S1008 levels.
Serially drawn blood samples from epilepsy patients (E001-E007, panels A-G) and healthy controls (C001-C004, panel
H) were used to establish individual patterns of NSE (red lines) and S1008 (blue lines) in serum through time. Sampling
times were restricted to 0600, 0900, 1200, 1500, and 1800 hours; for EMU patients the draws continued throughout the
duration of EEG monitoring. All panels are scaled to 50 ng/mL NSE (left axis) and 100 pg/mL S100p (right axis), except
for E005 (E; 120 ng/mL NSE). The horizontal light red bars in all panels represent meanx 95% CI for NSE in single-draw
healthy controls (HC); the horizontal light blue bars in all panels represent meanx 95% CI for S100p in single-draw
healthy controls (HC). Vertical gray bars represent clinical seizure events.
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1004 g 000Q@e Co , )
0P g0 8 § o Figure 3. NSE and S100p levels are not associated

804 O with time-of-day or age of subject.
704 © e % oR A) Each NSE measurement for all EMU and CRU
604 oo subjects was converted to percent of maximum for
50 8 00 the individual and plotted against time-of-day (CRU
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0l o o O o o NSE levels, suggesting that time-of-day did not drive
the variations observed in the EMU patients. B)
S 8| Time Absolute NSE values measured in 40 single-draw
22 of healthy controls were plotted against age at time of
Day blood collection, revealing no relationship (R>=0.002).
C) S1008 levels in 34 single-draw healthy control
B C subjects were also not correlated with age (R>=0.07).
D) The median NSE level for each individual EMU
(red) and CRU (green) subject was also plotted
against age and overlaid with the single sample
healthy control values (blue). Again, no apparent
relationship between age and serum NSE was
revealed. E) Similarly, no relationship between
median serum S100p and age was apparentin EMU
or CRU subjects.
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In order to evaluate the significance of the temporal changes measured in the EMU patients, we
employed four strategies to determine whether the variation in NSE levels was independent of
and greater than that observed in S100p. In the first, each of the measurements for NSE and
S100p in the EMU subjects were converted to the absolute value of the deviation from the
median across all measurements within the same subject. An ANOVA was then performed
using a standard least squares fit with patient and serum analyte as model effects. This analysis
revealed that there was a significant effect in the cohort (F=3.3184, P=0.0017) and that the
deviations in NSE were significantly larger than the S100p deviations (P=0.0064 by t-test). In
the second, the linear dependence between NSE and S100p time series was assessed for each
EMU subject by calculating the correlation coefficient. None of the patients exhibited a
significant correlation between serum analytes (R range [-0.3708, 0.4594], P range [0.2135,
0.9060]), indicating that the changes in NSE levels were not associated with similar changes in
S100p levels. However, only one of the CRU subjects showed a significant correlation between
NSE and S100p (C002, R=0.9529, P=0.024), suggesting that this method is not sufficiently
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sensitive to robustly rule out a relationship between the serum analytes. In the third strategy, the
time series data were converted to percent of maximum value measured for each analyte in
each patient. Centering the normalized curves on the maximum measurement for NSE (time 0)
revealed a high degree of signal variation for this factor that is not observed in the S100p curves
(Figure 4A). Building on this, in the fourth strategy we calculated the sample entropy for each
time series in each patient and used these values to calculate a signal variation metric (Figure
4B). None of the EMU or CRU S100p time series exhibited high sample entropy values (taken
as >0.5; though see C001). In contrast, E001, E004, E005, and E006 had large NSE sample
entropies and these same subjects exhibited large signal variation metrics. Using the signal
variation metric to reduce each factor in each patient to a single value revealed that the EMU
subjects were significantly different from the CRU controls (Figure 4B; P=0.0004 by t-test;
power = 0.905).

A B
100
Sample Entropy
80 NSE S1008 25—t
e E0OT | 087 000 | o o
5 E002 | 030  0.01 £ 20
I ap
£ E003 | 009 005 | =
X 60 E004 | 1.05 0.09 & 1.5
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o E006 | 132  0.05 § 104 o
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time relative to peak NSE

Figure 4. NSE levels exhibit high sample entropy and large signal variation in epilepsy patients but not healthy controls.
A) NSE (red lines) and S1008 (blue lines) measurements were converted to percent of maximum for each individual.
The time at which the peak NSE value (100%) was measured in each subject was defined as t=0 and the remaining
measurements were plotted relative to this timepoint. S100 measurements were aligned based on the t=0 set for NSE.
While the NSE measurements exhibit a clear spike phenotype centered on t=0, the S100f values show no pattern,
indicating that the high signal variability in NSE is not the result of non-specific serum changes. B) Sample entropy was
calculated for NSE and S100p measurements in each subject. Most of the EMU patients exhibited high sample entropy
(>0.5) while all of the CRU subjects had zero entropy in the NSE measurements. All S1008 measurements showed low
sample entropy. To further reduce the measurements to a single metric, the signal variation was calculated for each
individual. Signal variations less than or equal to 1.0 indicate either no variability in the NSE measurements or variability
present in both the NSE and S100p values. All of the CRU subjects had signal variation metrics below 1.0; all of the
EMU patients had signal variations above 1.0, with E001, E004, E005, and E006 showing high signal variation.

Changes in NSE level are temporally associated with clinical seizures and with
electroencephalographic spiking.

To characterize the relationship between clinical seizure events and serum NSE levels, the
absolute NSE concentrations were converted to percent of the maximum measured for each
patient and these values were temporally realigned to the first, second, or third seizure event
determined by video scalp EEG (Figure 5A-5C). In effect, the first seizure was set to time zero
for each patient and all of the NSE measurements were plotted relative to this time (time before
seizure and time after seizure). The distribution of NSE against relative seizure time was then
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analyzed by least squares linear regression. Relative to the first seizure, a positive correlation
(R?=0.143) was observed between time after seizure and increased NSE levels (Figure 5A).
This effect was significant at P=0.0064 by ANOVA (F=8.0948; power = 0.797) and at P<0.0001
by %2 analysis. Likewise, relative to the second seizure, a positive correlation (R?>=0.127;
P=0.0105; F=7.0613; power = 0.741) was still observed between time after seizure and
elevated NSE (Figure 5B). However, by the third seizure event no correlation was detected
(R?=0.015; P=0.5238; F=0.3855; power = 0.093; Figure 5C). This suggests that, in general,
NSE levels increased after the first or second clinical seizure event.

While changes in NSE levels were temporally correlated with preceding overt seizures, there
were also NSE spikes that exhibited an apparent disconnection from clinical events. Moreover,
the limited number of clinical seizure events prevented fine resolution analysis of the time from
seizure to NSE changes. In order to determine if electroencephalographic events that did not
necessarily manifest as seizures were also related to NSE changes we measured the
continuous spike frequency in the EEG from four EMU patients (E004-E007; data were not
available for EO01, E002, E003). For this analysis the data were reduced as described in the
methods to yield a unitless measure of increased NSE level (relative to the preceding
measurement) and a unitless measure of increased spike frequency. The spike frequency
values were binned into one hour epochs relative to the NSE measurements (e.g. 0-1 hr before,
1-2 hr before). Due to the length of the recordings available for the patients the longest time
used for analysis was 30 hr before each NSE measurement. The relationship between NSE
changes and spike frequency was characterized using an estimated maximum likelihood model
on a binomial distribution and by least squares linear regression. The regression fits for every
epoch from -1 hr to -30 hr relative to the NSE measurement revealed a strong association
between increased serum NSE and spiking on the EEG 24 hr earlier (R>=0.595; Figure 5D).
Associations were also detected at 23 hr before the serum measurement and at-18 and -15 hr
(Figure 5D). The 24 hr association was highly significant by ANOVA (F=22.056; P=0.0003;
power = 0.992; Figure 5E). The other associations were significant at P<0.05 but were
underpowered. These findings suggest that a period of spiking activity results in elevated serum
NSE levels after a delay of about 24 hr.
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Figure 5. NSE levels increase after seizures and after increased spiking on the EEG.
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A) NSE measurements were converted to percent of maximum for each individual. The time of the first clinical seizure
was set to t=0 and the normalized NSE measurements were plotted against number of hours before or after the seizure
(each circle represents one NSE measurement). The distribution was analyzed by least squares linear regression to fit a
line (red). The 95% ClI for the regression is shown in solid light red. The fit (R>=0.143) indicates that NSE values were
higher after the first seizure than before. B) The same process was applied to values relative to the second seizure time.
As with the first seizure, NSE levels were higher after the second seizure than before (R?=0.127). C) The same process
was applied to the the third seizure time. By the third seizure there was no longer a relationship between time after
seizure and elevated NSE levels (R?=0.015). D) Continuous spike frequency data were available from EMU patients
E003-E007. These data and the NSE measurements were recast as unitless values indicating increased serum
concentrations or increased spike frequencies. Using standard least squares linear regression the NSE values were
modeled relative to time of spike frequency measurement. Each panel shows the fitted line (red) and 95% CI for the
regression (solid light red) from 0-1 hr ("-1 hr) before the serum measurement through to 29-30 hr ("-30 hr) before the
serum measurement. E) The P-value derived from the 2 analysis of a binomial maximum likelihood estimator is plotted
against time relative to NSE measurement to reveal the most significant temporal epochs. The gray region shows P-
values greater than 0.05; the dashed marks P=0.05.
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Discussion

Neuron-specific enolase, representing 1.5% of total soluble brain protein, is a ~78 kDa enzyme
found predominantly in neurons and neuroendocrine cells?*%. Enolases (2-phospho-D-
glycerate hydrolases) are catabolic glycolytic enzymes that convert 2-phosphoglycerate to
phosphoenolpyruvate as part of the cellular mechanism for ATP production?®. Functional
enzymes are formed by homo- and heterodimerization of a, §, and y subunits differentially
expressed in every cell type, with the neuron-specific form of enolase comprised of a y-y
homodimer?®#’. Under normal conditions NSE levels in serum should be zero. However, ELISA-
based methods for measuring NSE rely upon antibody recognition of the y subunit, which is also
found in platelets and erythrocytes, predominantly as an a-y heterodimer®. As a result, baseline
levels of y-enolase in serum are approximately 10 ng/mL?°; in our study, healthy control values
ranged from 3-22 ng/mL. During neurologic disease states, increased serum NSE is predictive
of outcome and correlated to injury severity. For example, in closed-head traumatic brain injury
(TBI), ~80 ng/mL NSE correlated with severe TBI, ~55 ng/mL correlated with moderate injury,
and ~20 ng/mL was associated with mild head trauma®. Moreover, in this same study the level
of serum NSE was 87% sensitive and 82% specific in predicting poor outcome. For the majority
of trauma-related studies, including extracorporeal circulation-induced injury associated with
cardiac surgery, the peak level of NSE was measured within 6-12 hours of the inciting event,
slowly decaying with an apparent half-life of 24-48 hours®'. This pattern suggests an
accumulative building of NSE in the serum over the first few hours after injury followed by a
gradual decline that is the sum of ongoing injury-dependent release and catabolic degradation
of the enzyme in circulation. However, this pattern is at odds with our observations, in which
large increases in NSE were detected within the space of 3 hours and large decreases occurred
over similar time frames. Our findings suggest acute but transient neuronal injury events that
result in a rapid spike of serum NSE followed by rapid decay of the existing NSE without
ongoing replacement by continuous neuronal injury.

The assessment of NSE levels at multiple timepoints over the course of several days provided
an unbiased dataset that upon post hoc analysis revealed a correlation between seizure and
spike events and concomitant rises in serum NSE levels. By comparison to simultaneous
measurement of S100p in the same subject along with similar temporal profiling in healthy
control subjects, we identified statistically significant NSE signal changes in the epilepsy
patients in our study. These findings are strengthened by the general stability of the S100p3
measurements through time, which rules out sample quality variability as an explanation for the
NSE changes. Moreover, while all four control subjects exhibited signal variation values
indicative of no change (1.0 or less), all 7 epilepsy patients had values above 1.0 (Figure 4B).
Comparison of the 3 patients with low values (<1.5) versus the 4 patients with high values (>1.5)
revealed no effect of age ([25 - 49 y] vs [31 - 45 y]) or disease duration ([5 mo - 29 y] vs [4 - 41
y]). The low variation in at least one patient (E007) is likely the result of an algorithmic false
negative caused by the presence of two spikes in NSE level separated by a time window that
masks the sample entropy difference (Figure 2H). Likewise, the low variation score in E003 may
arise from the relative "noisiness" of the NSE measurements in this individual (Figure 2C), while
the lower variation value measured in EO02 may arise from the narrow dynamic range of the
change in this patient (Figure 2B). Alternatively, these individuals may have different underlying
etiologies or seizure foci/semiologies that preclude neuronal injury or there may be masking
effects associated with different drug regimens or comorbidities. Overall, we are unable to
determine whether all patients with temporal lobe epilepsy experience ongoing neuronal injury
associated with seizures, but our findings support the presence of such injury in at least some
patients.
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Others have measured NSE and S100p in epilepsy patients, though none of these studies
employed the same longitudinal profiling strategy in both patients and healthy controls. A study
from Palmio and colleagues showed a statistically significant increase in both NSE and S10083
at around 6 hours after a seizure and provided evidence that this change occurred in patients
with temporal lobe epilepsy but not in individuals with extra-temporal lobe epilepsy”. While this
supports our findings, it is notable that the change in NSE following seizures in this study was
from 8.4 pg/mL to only 13.5 pg/mL, averaged across all of the patients with temporal lobe
epilepsy, and the maximum NSE value measured in the study was around 22 pg/mL. In
contrast, our averaged measurements ranged from 7.6 pg/mL to 35.0 pg/mL and the maximum
NSE level we measured was 117 pg/mL. Whether this difference reflects aspects of the patient
cohort, the unbiased sampling strategy employed in our study, or variations in sample
processing is unknown. Nonetheless, the Palmio findings along with a number of other
published studies'® %% *® support the contention that at least some patients with epilepsy
experience ongoing neurodegeneration triggered by individual seizures. This concept is nicely
reviewed by Pitkanen and Sutula?.

While this study was strengthened by the direct comparison of epilepsy patient measurements
to repeated samples collected from healthy control subjects under similar conditions (e.g.
intravenous line placement rather than repeated venipuncture, collection under in-patient-like
conditions), a number of potential weaknesses require cautious interpretation of the findings.
The most significant caveat regards the absence of overnight serum samples. This precludes
continuous evaluation of the changes in NSE, especially in patients with clinical seizure events
that occurred outside of the 6 AM to 6 PM collection window. Likewise, the absence of overnight
serum samples may alter the correlation of spike frequency to NSE level. Obviously, these
experiments are logistically quite challenging and expensive to perform. In addition to the
demands on clinical personnel required for continuous sampling every 3 hours for up to 72
hours or more, the need to prepare each serum sample immediately after collection requires a
concerted round-the-clock laboratory effort. In the absence of some sort of indwelling NSE
sensor, however, all such studies will be limited by the sampling frequency and the difficulty of
comparing a continuous measurement (EEG) to a discontinuous measurement (serum factors).
In addition, another potential issue in this study was the collection of clinical quality EEG rather
than research quality data. While we were able to perform automated spike frequency analysis
in four of the seven EMU subjects, it is possible that the lower quality EEG restricted the
sensitivity of the analysis. This suggests that future studies may benefit from either higher
quality EEG, better algorithms for analysis of noisy EEG, or serum sampling in patients with
intracranial electrodes. Finally, the methods employed for measuring NSE and S100p signal
variation are challenged by the small number of samples and by sampling gaps. While our
strategy for measuring sample entropy and signal variation accounts for the small sample size,
this metric would benefit from more measurements and finer temporal resolution. A key example
of the difficulties presented by a small sample size is the apparent false negative finding in
EO07, as discussed above. This patient exhibits a clear spike in NSE at the beginning of the
study, but the second, albeit smaller, spike that occurs during the second day of measurements
resulted in a low sample entropy score. Presumably, the availability of overnight serum samples
would have filled the gap between these two spikes and enhanced the accuracy of entropy
analysis. However, this problem at least suggests that the identification of high sample entropies
and large signal variation metrics in the other patients are not false positives and were made
despite a tendency of the algorithm and the gapped data to underestimate information content.
The early NSE spike in patient EO07 also reduced our ability to assess the impact of preceding
seizures and EEG spiking events on changes in NSE levels, as we had less than 3 hours of
EEG data collected before the NSE spike. Due to the post hoc nature of the serum analyses we
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were also unable to ascertain whether the subject had any relevant clinical seizures over the 24
hr preceding their enroliment into our study.

Despite these issues we did obtain several compelling associations. Increased levels of serum
NSE were associated with increased time after the first seizure at P=0.0064. The coefficient of
determination for this linear regression is 0.143, indicating that the relationship between time
after seizure and increasing NSE levels is noisy. However, 100 iterations of 20% k-fold
crossvalidation confirmed that this R? value was significantly different from zero (95%
confidence interval of the k-fold R% 0.07 to 0.14; P<0.0001 by Wilcoxon signed rank test against
a null hypothesis that R?=0; power = 0.999). Due to the discrete nature of both the seizure
events and the serum measurements it is difficult to identify a specific post-ictal time domain for
the increase in NSE. However, simple inspection of the plot in Figure 5A suggests that the NSE
levels trend upward at around 20 hr after the first seizure. This time domain also appears to be
relevant to the detection of increased NSE levels following increased spiking on the EEG. Visual
inspection of Figure 5D suggests a broad, albeit low signficance, trend toward increased serum
NSE from about 15 to 21 hr after an increase in spike frequency. Statistically, the strongest
association between a preceding increase in EEG spiking and detection of increased serum
NSE occurs at 24 hr. This time domain exhibited a strong coefficient of determination
(R*=0.595), high statistical significance (P=0.0003), and high statistical power (0.9922),
suggesting that despite the limitations of our current data we revealed a strong association
between an electrophysiological disturbance and a concomitant rise in a neuronal injury marker
in the serum after about 24 hr. Unfortunately, our ability to determine the length of time over
which this rise in serum NSE persists after 24 hr is limited by the length of the EEG recording
session for the EMU patients. Analysis of Figure 5D shows that by 27 hr after an increase in
spike frequency our data are too sparse to draw interpretable conclusions (indicated by the
broad 95% confidence interval bands (light red) around the regression fit (red line)). This
suggests that future studies will need to retain the EMU subjects for longer EEG recording. This
would also permit more serum measurements, further strengthening our ability to detect
significant associations. Nonetheless, our current data support the strong, biologically relevant
conclusion that an increase in serum levels of the neuronal injury marker NSE is detected
approximately 24 hr after an electrophysiological event consistent with neuronal hyperactivity.

If our interpretation of these findings is correct, then post-ictal assessment of serum NSE may
serve as a surrogate biomarker for measuring the efficacy of acute neuroprotective therapies
aimed at preserving neurons in patients with epilepsy34. We recently reported that treatment of
mice with an oral calpain inhibitor after the start of behavioral seizures induced by the
neuroinflammatory response to acute viral infection resulted in preservation of hippocampal
CA1 pyramidal neurons, preservation of cognitive performance, and abrogation of further
seizure events®. Likewise, calpain inhibitor therapy started after onset of status epilepticus
reduced seizure burden in the rat pilocarpine model®® and preserved CA1 neurons in the kainic
acid model*’. Because loss of hippocampal neurons, whether excitatory or inhibitory, may
underlie the transition from spontaneous seizures to epilepsy as well as the persistence or
spread of epileptic foci®, neuroprotective drugs may block epileptogenesis, prevent cognitive
sequelae associated with seizures and epilepsy, and facilitate maintenance of seizure-free
outcomes following brain resection surgery. However, directly measuring the efficacy of such
neuroprotective drugs is challenged by time-to-effect and by the difficulty of correlating the
absence of subsequent seizures, etc, to drug efficacy. We therefore propose that measurement
of serum NSE will provide causal evidence of drug efficacy, particularly during acute post-ictal
windows and perhaps especially in the context of a trial involving calpain inhibitor therapy
delivered immediately after a seizure.
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Finally, our findings provide further evidence of ongoing neuronal injury in patients with mesial
temporal sclerosis, even in subjects with long disease durations. Because our study explicitly
involved patients with intractable epilepsy, the measurement of seizure-associated NSE spikes
in serum raises the question of whether neuron loss in these individuals is the cause of their
intractable disease state. In other words, does the ongoing and accumulative low level injury of
hippocampal neurons in these patients propagate neural circuit disruptions that render the
system refractory to current drug strategies? If so, then initiation of neuroprotective therapy may
effectively short-circuit a pathogenic feedback loop and convert even patients with long-standing
intractable disease to a state that is amenable to standard treatment. Coupled with the obvious
benefits for preventing cognitive decline, the potential to reverse intractability suggests that
neuroprotective strategies must be more aggressively pursued in patients with temporal lobe

epilepsy.
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