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Abstract

Objective—To identify whether abnormal neural activity, in the form of epileptiform discharges
and rhythmic or periodic activity, which we term here ictal-interictal continuum abnormalities
(IICAs), are associated with delayed cerebral ischemia (DCI).

Methods—Retrospective analysis of continuous electroencephalography (cEEG) reports and
medical records from 124 patients with moderate to severe grade subarachnoid hemorrhage
(SAH). We identified daily occurrence of seizures and I1CAs. Using survival analysis methods, we
estimated the cumulative probability of IICA onset time for patients with and without delayed
cerebral ischemia (DCI).

Results—Our data suggest the presence of IICAs indeed increases the risk of developing DCI,
especially when they begin several days after the onset of SAH. We found that all 1ICA types
except generalized rhythmic delta activity occur more commonly in patients who develop DCI. In
particular, 1ICAs that begin later in hospitalization correlate with increased risk of DCI.

Conclusions—Thus, 1ICAs represent a new marker for identifying early patients at increased
risk for DCI. Moreover, IICAs might contribute mechanistically to DCI and therefore represent a
new potential target for intervention to prevent secondary cerebral injury following SAH.

Significance—These findings imply that ICAs may be a novel marker for predicting those at
higher risk for DCI development.
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1. Introduction

Subarachnoid hemorrhage (SAH) patients are at risk for early and late post-hemorrhage
complications, including seizures, rebleeding and delayed cerebral ischemia. Among these,

Correspondence to: M. Brandon Westover, MD, PhD, mwestover@mgh.harvard.edu; Massachusetts General Hospital, 55 Fruit Street,
Boston, MA, 02114.

Conflict of Interest: None of the authors have potential conflicts of interest to be disclosed.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 2

delayed cerebral ischemia (DCI) is the primary source of long-term neurologic disability
(Hijdra et al. 1986; Roos et al. 2000; Dupont et al. 2010; Vergouwen et al. 2011; Rowland et
al. 2012; Sanchez-Porras et al. 2013). Until recently most believed that DCI is caused by
vasospasm of large cerebral arteries (Rowland et al. 2012). Consequently, transcranial
doppler (TCD) monitoring to detect signs of vasospasm has been the chief modality for
predicting DCI (Suarez et al. 2002; Naqvi et al. 2013).

However, increasing evidence shows that vasospasm alone predicts DCI poorly, and that
other factors contribute to its development (Dreier et al. 2009, 2013a; Rowland et al. 2012;
Woitzik et al. 2012). The post-SAH injured brain is often in a state of metabolic crises, in
which a tenuous balance of low metabolic reserve coexists with increased metabolic demand
(Macdonald 2014; Chung et al. 2016). If this increased demand can be met, then further
injury may be avoided; otherwise, secondary brain injury ensues. We term this framework
for understanding secondary brain injury the “metabolic supply-demand mismatch
hypothesis for DCI”.

Seizures and to an even greater extent cortical spreading depolarizations (CSDs) increase
metabolic demand (Dreier et al. 2013b). To meet this increased energy demand, cerebral
blood flow in the healthy brain typically increases. However, this neurovascular coupling
can be disturbed in the injured brain. In a rat model of SAH, CSDs are capable of causing a
severe ischemic (inverse neurovascular) response that spreads together with the
depolarization wave in brain tissue, a phenomenon known as spreading ischemia (Hartings
etal. 2011) (Dreier et al., 1998). Spreading ischemia can aggravate the degree of ischemia
already present in the injured brain (Shin et al. 2006; Strong et al. 2007; Bere et al. 2014), or
can start from a relatively normal level of cerebral blood flow (Dreier et al. 1998). There are
a number of different patterns and hybrid phenomena between CSDs and electrographic
seizures (see for example, Fig. 1 in Fabricius et al or Fig. 2 in (Dreier et al. 2012), and in
animals epileptiform activity is capable of triggering CSDs (Koroleva and Bures, 1983).
Recent studies have shown that the reverse phenomenon can also be observed such that
CSDs can trigger epileptiform discharges, possibly via facilitating synchrony (Eickhoff et al.
2014). The foregoing discussion highlights a series of complex links from CSD and
(although less well studied) epileptiform abnormalities to secondary brain injury following
SAH (Dreier et al. 2009; Claassen et al. 2013).

Continuous electroencephalography (CEEG) is increasingly used to monitor for early signs
of DCI. Several groups have found that pathological low frequency activity increases and
normal higher frequency activity decreases hours to days before DCI (Claassen et al. 2004a,
2005; Stuart et al. 2010; Foreman and Claassen 2012; Gollwitzer et al. 2015). Seizures occur
in approximately 10-15% of SAH cases, and recent studies suggest that longer or more
frequent seizures lead to worse outcomes (Claassen et al. 2013; De Marchis et al. 2016).

Less is known about ictal-interictal continuum (I11CAs), which include sporadic epileptiform
discharges (spikes and sharp waves), periodic epileptiform discharges, and rhythmic patterns
(Sivaraju and Gilmore 2016). I1ICAs share some features with seizures and are common in
all types of acute brain injury, including ischemic stroke, but their significance is less clear
(de Curtis and Avanzini 2001; Claassen et al. 2004a; Chong and Hirsch 2005; Staley et al.
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2011; Maciel and Gilmore 2016). Critically ill patients with periodic discharges tend to have
poorer outcomes in some studies, though not consistently (Pohlmann-Eden et al. 1996;
Claassen et al. 2006; Ong et al. 2012; Crepeau et al. 2013; Punia et al. 2015). The presence
of early epileptiform abnormalities makes subsequent electrographic seizures more likely
(Shafi et al. 2012; Westover et al. 2015). However, the time course of epileptiform
abnormalities and its impact on secondary neuronal injury has yet to be explored.

Evidence suggests that lateralized periodic discharges (LPDs) originate from the peri-
lesional zone (Schwartz et al. 1973). Indirect observations indicate that LPDs increase local
cerebral blood flow and cause focal hypermetabolism on PET imaging and microdialysis
recordings of lactate/pyruvate ratios (Theodore et al. 1983; Pohlmann-Eden et al. 1996;
Struck et al. 2016; Vespa et al. 2016). These studies suggest that, like CSDs, abnormal
neural activity is metabolically taxing.

In light of these observations, we hypothesize that IICAs are associated with increased risk
of DCI in SAH patients, perhaps via increased metabolic stress (directly or indirectly, e.g.
via triggering CSDs) on the injured brain. Two testable predictions of this hypothesis are
that 11ICAs will be more common in SAH patients with DCI, and that IICAs will generally
precede DCI. To test these predictions, we compared the prevalence and time-course of
IICAs in patients with and without DCI.

2. Methods

2.1 Study population

We evaluated EEG reports and medical records from 124 consecutive ICU patients at a
tertiary care center (Massachusetts General Hospital Neurosciences ICU) who met study
inclusion criteria between September 2011 and January 2015. Inclusion criteria were: age
>18 years; Hunt Hess 4-5 or Fisher group 3 non-traumatic SAH; continuous EEG data
(cEEG) was available lasting at least 24 hours; and cEEG monitoring had not been
discontinued more than 24 hours before any clinically diagnosed DCI events. We excluded
patients who developed status epilepticus (convulsive or non-convulsive). EEG monitoring
for ischemia detection was performed as part of a clinical protocol in all Hunt Hess 4-5 and
Fisher group 3 patients as part of routine medical care. The recommended protocol was to
begin recording within 48 hours of admission and continue for 10 days, although clinicians
were allowed to override the recommended duration if they felt it would interfere with
clinical care. In practice, the median duration (+standard deviation) of recordings was 7
(£3.1) days with a median start date of 2 (+1.8) days post-SAH. Retrospective collection and
analysis of clinical data was performed under a protocol approved by the local institutional
review board.

2.2 EEG recordings

cEEG data was recorded using conventional 10-20 scalp electrode placement.
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2.3 EEG Report review

Interictal continuum abnormalities were classified according to standardized, validated
nomenclature (Mani et al. 2012; Hirsch et al. 2013) as: seizures, sporadic epileptiform
discharges (EDs), lateralized or generalized periodic discharges (LPDs and GPDs),
lateralized or generalized rhythmic delta activity (LRDA and GRDA). The presence or
absence of these abnormalities on each day as documented in the daily clinical EEG reports
was tallied for each patient with “day of bleed” marked as day 0.

2.4 DCI classification

DCI events were diagnosed according to an international consensus definition (Vergouwen
et al. 2010) as either (1) new focal neurologic deficits and/or decrease in the Glasgow Coma
Scale of at least 2 points, persisting for a minimum of one hour, not explained by other
causes (e.g. complications of a procedure, spike in intracranial pressure, re-rupture,
hydrocephalus, seizures, systemic or metabolic abnormalities) by means of clinical
assessment, imaging or laboratory data, or (2) the presence of cerebral infarction on CT or
MRI imaging of the brain that was not present on any neuroimaging done within the first 48
hours following early aneurysm occlusion, and not attributable to other causes such as
surgical clipping or endovascular treatment.

DCI diagnoses using this definition were determined using a multi-step process of (1)
prospective daily structured research coordinator interview with the clinical team, (2)
independent medical record review by three of the authors (ESR, MBW, SFZ) blinded to
cEEG findings, (3) consensus adjudication by the same three authors in cases of uncertainty
or disagreement.

Patients were followed for the duration of their hospitalization. If a patient experienced a
DCI event at any point during their hospitalization, this was documented, even after the
cessation of EEG recording. Given our focus on the temporal relationship between 1ICAs
and DCI, patients with DCI events occurring >24 hours after discontinuation of cEEG
monitoring were excluded from analysis (see Study Population above).

2.4 Data analysis

For data analysis, we used the mstate package45 written in R (The R Foundation) and
Matlab, including the Matlab Statistics Toolbox (MathWorks; Natick, MA). To estimate the
proportion of the population with 1ICAs on a given day relative to the time of SAH onset, we
used survival analysis. We estimated cumulative distribution functions for the onset of each
IICA type using the Kaplan-Meier method. A key advantage of Kaplan-Meier and survival
analysis methods is the ability to handle right-censored data, which in our data arose from
the variable time of discontinuation of cEEG monitoring in cases where the final outcome of
interest (e.g., an 1ICA or DCI event) had not occurred by the time monitoring was
discontinued. We recorded the times from SAH to beginning of EEG monitoring and the
duration monitoring for patients in DCI and non-DCI groups, and tested for significant
differences using the two-sample Kolmogrov-Smirnov test.
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To investigate the relationship between IICAs, seizures and DCI, we separated the data into
those that did and did not develop DCI, and calculated the cumulative distribution function
(CDF) for the two groups separately. We evaluated statistical differences in the CDFs using
bootstrapping: We calculated 1000 CDF curves for DCI and non-DCI groups using bootstrap
sampling, subtracted the non-DCI curve from the DCI curve to obtain 1000 difference
curves, and then calculated the distribution of these difference curves, which we term the
coverage interval. This procedure yields coverage intervals for each day after SAH. To
interpret these coverage intervals, suppose that most bootstrap CDF difference curves are
greater than zero a given number of days following SAH. This would provide evidence that
the cumulative incidence of epileptiform discharges is greater in patients with DCI at that
timepoint. For the difference between CDFs for the DCI and non-DCI groups to be declared
statistically significant, we required 95% of the coverage interval for the difference curves to
be greater than zero. Alternatively, when this condition is satisfied, we say that the curves
are statistically “well separated.”

In cases where the CDFs for DCI and non-DCI groups do become statistically separated, we
observed that the difference is maximal at the end of the observation period, day 20. We
therefore compared curves at day 20 to determine whether CDFs for DCI and non-DClI
groups ever became statistically separated. In addition, in instances where the CDFs were
significantly separated at day 20, we defined the “time of separation” for the two CDFs as
first day on which the CDFs became statistically separated.

When evaluating the time relationship between IICA onset and DCI occurrence, we used a
one-tail, binomial test to assess whether a significant IICA event preceded the DCI event in a
statistically significant number of cases.

3.1 Prevalence of IICAs

Figure 1 shows the number of patients with any occurrence of seizures and each 1ICA
pattern during EEG monitoring. Over all recording days (mean + standard deviation time
6.9+3.1 days), 5.6% (n=7) of patients have at least one electrographically documented
seizure (one patient has two seizures). Sporadic epileptiform discharges appear in more than
half of cases (54.8%). Lateralized and generalized periodic discharges both occur in 11% of
cases. Generalized rhythmic delta activity, often with frontal predominance, is seen in
43.5%. Lateralized rhythmic delta activity is less common, occurring in 18.5% of cases.
Polymorphic generalized slowing is seen in 92% of patients, and lateralized, polymorphic
slowing is seen in 61%.

3.2 Proportion of IICAs per EEG Day

We next analyze the time course of the appearance and resolution of each type of IICA event
within the population as a whole (Figure 2A-F). GRDA has a peak incidence on day 5 with
a reduction of 50% by day 11 (Figure 2A). LRDA has bimodal peaks at day 7 and later at
14-19 (Figure 2B). EDs peak at day 7 and mostly dissipate by day 12 (Figure 2C). GPDs
peak on day 5, but also exhibit a small uptick at day 11 (Figure 2D). LPDs are more broadly
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temporally distributed with slightly higher incidences on days 4, 9 and 12 (Figure 2E).
Seizures occur both early (day 1-3) and late (day 7-9), similar to previous observations
(Figure 2F) (Lin et al. 2003).

3.3 Time-course of the appearance IICAs

Next, we look at when the initial appearance of each 1ICA type occurs for each patient. The
cumulative distribution curves exhibit these findings (Figure 3). Eighty-three percent of
GRDA patterns occur by post-SAH day 4 (Figure 3A). LRDA accumulates at a relatively
constant rate, slows around day 8, and stops accumulating at day 14 (Figure 3B). Most
epileptiform discharges appear within the first 5 days after their SAH, and the emergence of
new epileptiform discharges halts by day 10 (Figure 3C). The majority of patients who
develop GPDs exhibit them early on in the course (<day 5), but a small percentage of
patients exhibit late GPDs at post-SAH day 11 and 12 (Figure 3D). Lateralized periodic
discharges appear mostly prior to day 4, though a small proportion begin at day 7-9 and
again at day 12 (Figure 3E). Seizures occur in a bimodal pattern, in days 1-3 and again in
days 7-9 (Figure 3F).

3.4 Relationship of IICA appearance and development of DCI event

We next investigate whether patients with DCI have higher rates of 1ICAs. In our study
population, 42.7% patients had DCI, similar to previously reported rates (Karamchandani et
al. 2014). First, there is no significant difference between DCI and non-DCI groups in the
time after SAH before EEG monitoring began (1.7£1.1 vs 1.7+1.2 days), or in the total
duration of EEG monitoring (6.9+£2.9 vs. 7.0£3.0) as measured by the two-sample KS test (p
=0.001). We determine separate cumulative distributions for each 1ICA type for patients with
and without DCI events. LRDA is statistically more common in patients with DCI (Figure
4B). Separation between the curves for those with and without DCI begins early, and the
difference passes our threshold of statistical significance on day 9.

Sporadic epileptiform discharges are also statistically more common in patients with DCI
(Figure 4C). This statistical separation becomes significant after post-SAH day 6.

Both lateralized and generalized periodic discharges are more common in patients with DCI
(Figure 4D-E). As with epileptiform discharges, late-emerging periodic discharges are more
common in patients with DCI, the separation becoming statistically significant after day 12
for lateralized and after day 5 for generalized discharges.

All but one of the patients with seizures also had DCI, as is evident in the cumulative
distribution plot in Figure 4F (note that there is only one step in the no-DCI curve, vs five
steps in the DCI group curve). The one patient without DCI had their first seizure late in the
course, on post-SAH day 9. However, given the small number of patients with seizures, the
differences in cumulative distribution curves for seizures between patients with and without
DClI are not statistically significant. Additionally, unlike the other 1ICAs, the presence of
GRDA is similar in both DCI and non-DCI groups (Figure 4A).

Overall, the presence of most IICAs is substantially higher in those who develop ischemic
events than in those who do not. However, these results do not tell us whether 1ICAs
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generally precede and can therefore predict DCI. Therefore, we next investigate the
relationship between the timing of 1ICAs and the time of DCI.

3.5 Relative appearance of first ICA compared to DCI event

For patients with DCI events, we now compare the timing relationship between the onset of
the 11CA and the time at which DCI was diagnosed. For each 1ICA type we plot the
appearance of the IICAs compared to the day of the DCI event (Figure 5A-F). If more than
one DCI occurred, we use only the first event.

For the majority of cases, each 11ICA type occurs prior to DCI. However, only sporadic EDs,
GPDs and seizures reach statistical significance based upon the one-tailed binomial test
(p<0.05). For patients with seizures and DCI, the first seizure occurred before the DCI
diagnosis in all cases (Figure 5F). For sporadic epileptiform discharges, there is a broad
distribution of times from start of ED to the day of DCI (Figure 5C). Though the sample size
is small, the onset of LPDs is generally closer to the time of DCI events compared to other
IICA events. While rates of GRDA do not differ between patients with and without DCI, if a
patient does have DCI and exhibits GRDA, the GRDA is also likely to occur prior to DCI
(Figure 5A, p<0.05).

Taken together, the results shown in Figures 4 and 5 strongly suggest that, at least in the
cases of sporadic EDs, GPDs, and seizures, IICAs are not only more common in patients
who have DCI, but 1ICAs also generally precede and thus predict DCI. For example,
consider the CDF in Figure 4C for sporadic EDs. If a patient develops EDs before day 4 and
has not suffered a DCI event, this does not help us predict whether the patient is more likely
to develop DCI, because up until day 4 the chances of having EDs for DCI and non-DClI
groups are statistically indistinguishable. However, the situation is different if the EDs
appear on day 5 or later. On the one hand, we see in Figure 5C that EDs tend to occur before
DCI. At the same time, we see in Figure 4C that EDs have stopped accruing in the non-DCI
group, whereas they continue accumulating in the DCI group up through day 10. We
conclude that when EDs appear for the first time in a patient after a significant delay, beyond
day 5, they indicate that the patient belongs to the group at higher risk for DCI. Similar
arguments apply to patients with GPDs (Figures 4D, 5D) and seizures (Figures 4F, 5F).
Thus, patients who develop EDs, GPDs, or seizures for the first time later in their course are
more likely to be develop neurological deterioration and be diagnosed with delayed cerebral
ischemia.

4. Discussion

Our results provide new information about the relationship of IICAs to delayed cerebral
ischemia in patients with SAH. We find that a large percentage of SAH patients exhibit at
least one form of 1ICA following SAH onset. Each type of IICA event has a characteristic
time course over which it is most likely to appear and then wane. Most importantly, we find
that DCI is commonly associated with, and generally follows rather than precedes, an
increase in any type of IICAs except GRDA. These findings suggest that the development of
late-onset 1ICAs, particularly sporadic epileptiform discharges, generalized periodic
discharges, or seizures might provide help identifying those at risk for delayed neurologic
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deterioration. Our data, combined with broader clinical experience suggests that same
association might also prove statistically significant in a larger sample for other IICA
patterns, namely lateralized periodic discharges and lateralized rhythmic delta activity.
Taken in the context of prior literature and the current prevailing theory of DCI as the result
of multiple causes leading to metabolic crisis, our findings establish an association between
IICAs and DCI generation. Though not directly addressed in the present study, in the context
of the metabolic supply-demand mismatch hypothesis for DCI, we can speculate that IICAs
might contribute to the pathogenesis of DCI, e.g. by triggering CSDs, or to a lesser extent
directly. This interpretation is illustrated in Figure 6.

We have seen that there is a high prevalence of certain 1ICA subtypes in acute SAH.
Sporadic epileptiform discharges are the most prevalent type of IICA, at a rate of 54.8%.
Few prior studies quantify the prevalence of sporadic epileptiform discharges alone, as they
are usually grouped with other epileptiform discharges including periodic discharges. Given
that caveat, the prevalence we observed appears higher than the range previously reported in
general patients undergoing EEG monitoring in the neurocritical care setting, 28-37%
(Steinbaugh et al. 2012; Westover et al. 2015). Possible explanations for this intriguing
difference are that perhaps sporadic epileptiform discharges are more common in SAH than
in other conditions, or that the longer EEG period employed in monitoring for DCI provides
a greater opportunity for detection, or both (our institutional protocol recommends 10 days;
actual mean = std dev time was 6.9+3.1 days, whereas in general EEG monitoring is
performed for 24-48 hours when used solely for detecting electrographic seizures (Claassen
et al. 2004b; Westover et al. 2015). Overall, the largest increases in cumulative probability
for the first appearance of EDs occurs in the first 3 days after SAH. The first appearance of
EDs in our cohort plateaus after day 10, indicating that those without epileptiform
discharges by this time are unlikely to develop them later. The percentage of epileptiform
discharges present in the population after day 10 also declines substantially (Figure 2),
indicating that in most patients who initially developed them they subsequently resolve near
the end of the high-risk period for DCI. Additionally, these EDs are more common in
patients with DCI compared to those without. Our results suggest that late onset (after post-
bleed day 6) EDs may indicate increased DCI risk.

Both lateralized and generalized periodic discharges appear in about 11% of our study
population. Previously reported prevalence estimates for periodic discharges range widely,
from <1%-37% (Garcia-Morales et al. 2002; Claassen et al. 2006, 2007; Kramer et al. 2012;
Ong et al. 2012; Ng et al. 2014). The wide range likely reflects the different populations
tested and different inclusion criteria. Our results also suggest that differences in the timing
of observation relative to time elapsed since onset of SAH in various studies could lead to
variation in observed rates of epileptiform abnormalities.

The presence of periodic discharges has been widely reported to correlate with increased
risk for seizures (Pohlmann-Eden et al. 1996; Claassen et al. 2006; Ong et al. 2012; Punia et
al. 2015). However, their relationship to DCI has not been previously investigated. Here, we
find that both LPDs and GPDs are more common in patients with DCI compared to those
without DCI. As with sporadic epileptiform discharges, LPDs and GPDs that are /ate onset
after post-bleed day 12 and 5, respectively, correlate significantly with DCI. Interestingly,
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while LPDs have the shortest onset prior to the occurrence of DCI compared to all [ICAs,
they are also much more evenly distributed before and after DCI events compared to the
other IICAs. GPDs almost exclusively precede DCI but their onset may be as far as seven
days prior to DCI.

The presence of LRDA is well known to signify an increased risk for electrographic seizures
(Brigo 2011; Gaspard et al. 2013), but has not been studied in relation to DCI. We found that
LRDA is present in 18.5% of patients with SAH hemorrhage. We report a higher percentage
of LRDA than documented in the above study by Gaspard et al. (2013) (4.7%), but their
cohort included patients with multiple diagnoses rather than SAH alone. Additionally, the
cumulative probability for LRDA in patients with DCI is three times that of patients without
DCI. These results suggest that LRDA may also act as a marker for DCI risk, especially
when it occurs late. However, the relationship of LRDA to DCI onset is variable, with 35%
of patients with DCI and LRDA having LRDA onset after DCI. Thus, while the presence of
LRDA may suggest an increased risk for DCI, it is not invariably antecedent.

Rates of GRDA are also highly variable in the literature ranging from 6-51% (Crepeau et al.
2013). In our SAH cohort GRDA appear in 43.5% of patients. Interestingly, unlike other
IICAs, GRDA is not associated with increased DCI risk. This finding recalls prior studies
showing that, unlike other 1ICA subtypes, GRDA appears not to confer increased risk for
seizures (Accolla et al. 2011). Our results further reinforce the notion that GRDA is a
nonspecific abnormality seen in a broad range of neurologic dysfunction without being itself
predictive of future morbidities such as DCI or seizures.

While this study did not focus on seizures, we did measure seizure rates in our population.
There is a broad range of seizure rates reported in SAH populations, from 7-19% (Claassen
et al. 2005; O’Connor et al. 2014; Kondziella et al. 2015; De Marchis et al. 2016). Our rate
of 5.6% is slightly lower than previous reports, though in concordance with previously
recorded seizure rates using subdural electrodes (Dreier et al. 2012). This is likely due to our
institutional guideline that makes EEG monitoring routine in SAH without the need for
increased suspicion for subclinical seizures as an indication to monitor. Delayed ischemic
events are present in all but one patient with seizures. However, this difference did not reach
statistical significance, given the low prevalence of seizures in our cohort.

Taken together our data suggest that IICAs are correlated with DCI development and may be
useful in identifying increased risk of delayed cerebral ischemia. The trends shown also
suggest that it is late onset 1ICAs that are particularly telling. These observations lead us to
hypothesize a possible causal link between epileptiform abnormalities and DCI. While
vasospasm has long been thought to be the primary causal mechanism for DCI, multiple
studies have shown that vasospasm is neither necessary nor sufficient for DCI (Strong and
Macdonald 2012; Woitzik et al. 2012; Kramer et al. 2016). More recent evidence suggests
cortical spreading depolarization (CSD) is very common in aneurysmal SAH and contributes
ischemia-mediated secondary brain injury (Woitzik et al. 2012; Dreier et al. 2013a; Sanchez-
Porras et al. 2013; Chung et al. 2016; Kramer et al. 2016). Multiple mechanisms by which
this occurs have been thoroughly investigated, from animals (Leao 1947) to humans
(Dohmen et al. 2008) demonstrating the clear translation of CSD-induced ischemia-
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mediated secondary brain injury. In the setting of SAH, normal vasodilatory responses are
impaired. Abnormal vasoconstrictive responses and increased blood-brain-barrier
permeability can be observed in the presence of CSDs (von Bornstédt et al. 2015; Kramer et
al. 2016). Animal studies show that inducing CSD in models of aneurysmal SAH leads to
increased infarct size (Hinzman et al. 2015; Hamming et al. 2016). Other studies suggest
that CSDs cause increased oxygen use within activated cortex either in or near the ischemic
zone, worsening supply-demand mismatch and leading to progression of ischemia (Bosche
et al. 2010; Dreier et al. 2013a; von Bornstadt et al. 2015; Chung et al. 2016).

We hypothesize that IICAs, too, cause a supply demand mismatch, though the mechanism
by which this might occur has yet to be elucidated. Multiple animal studies show that CSDs
increase metabolic demand (O’Connor et al. 1972; Hopwood et al. 2005; Suh et al. 2005;
Ivanov et al. 2015). Metabolic imaging and microdialysis studies suggest a similar increased
demand in humans, though the literature is limited (Theodore et al. 1983; Pohlmann-Eden et
al. 1996; Parkin et al. 2005). While seizures and CSDs are biologically distinct phenomena,
the co-occurrence of these phenomena is well documented (Van Harreveld and Stamm 1953;
Fabricius et al. 2008). A variety of interlinked patterns between CSDs and seizures have
been observed and show that CSDs occur in a majority of patients with electrographic
seizures (Fabricius et al. 2008). Few studies have investigated the relationship between CSD
and periodic discharges (Avoli et al. 1991; Hartings et al. 2011; Broberg et al. 2014;
Eickhoff et al. 2014). Hartings et al. (2011) showed that prolonged direct current shifts, a
model of CSD, were longer when preceded by periodic epileptiform discharges, which
concurs with previously documented spike-triggered spreading depolarization waves in rats
(Koroleva and Bures 1983). It is possible that IICAs trigger CSDs, which in turn worsen
metabolic demand and lead to DCI (Figure 6), but this has yet to be proven. A reverse
phenomena has also been described, in which CSDs themselves can trigger epileptiform
discharges (Eickhoff et al. 2014), similar to the phenomenon previously observed in animal
models (Van Harreveld and Stamm 1953). Thus another possibility is that ICAs may
represent a surface EEG surrogate downstream from CSDs, which themselves are the
primary mediators of increased risk for DCI.

Just as the CSD literature has benefited from the translational work of animal to human
mechanistic exploration, developing animal models of IICAs in SAH may help us to more
directly investigate the mechanism(s) by which IICAs may contribute to DCI. The
relationship between EDs, CSDs and delayed ischemia in SAH is ripe for further
investigation.

An important limitation of the present study is that, while it describes each IICA pattern as
present or absent on each day, we did not directly quantify each IICA waveform. Further
investigation using more detailed IICA quantification, including analysis of frequency,
morphology and spatial extent, may be important in determining how much metabolic
demand each IICA type places on injured tissue, thereby identifying the features placing
susceptible tissue most at risk. Indeed, recent work by Claassen et al (2013) has shown that
increased discharge frequency is associated with a trend in delayed regional cerebral blood
flow. Detailed quantitative studies like this are technically challenging, but are needed to
gain deeper mechanistic insights.
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A second limitation which should be addressed in future studies is how the various ICA
patterns the predict DCI might relate to long-term outcomes. This is a difficult issue to study;,
as DCl is a potentially modifiable outcome for which clinical interventions are routinely
attempted (e.g. induced hypertension, intravascular rescue procedures). Nevertheless,
DeMarchis et al. (2016) recently showed that seizure burden correlated with outcomes in
SAH; it will be important to study whether the same holds true for IICAs.

A third limitation is that while exclusion of alternative explanations for neurological
declines is required as a part of the diagnosis of DCI, clinical confounders such as sepsis,
cardiac stress and drug exposure were not accounted for in detail in the present study. In
particular, their possible effects on the EEG were not analyzed. These issues become of
eminent importance as we hope to develop risk algorithms in the future using IICA burden
in the presence of these variables.

A fourth limitation is that we did not correlate DCI with the presence of ischemic stroke on
imaging. This was in part due to the variability in timing and modality by which patients in
our cohort proceeded to imaging after DCI was clinically identified. However, it would be
helpful in the future to better correlate the development of IICAs with changes detectable
using serial imaging protocols. It may be that certain IICA characteristics are correlated with
clinical decline alone whereas others may be associated with combined clinical-radiographic
decline.

Another limitation of our present study is variability in timing and duration of cEEG
monitoring. Because data were generated under a clinical guideline rather than a strictly
enforced protocol, uniform initiation times and duration of cEEG monitoring was not
possible. Our estimates of the temporal course of risk for epileptiform abnormalities could
be made more precise with more complete EEG coverage of the entire DCI risk period.
Nevertheless, we use principled statistical methodology from survival analysis to account for
censored data to address these limitations.

5. Conclusions

Here, we demonstrate that IICAs are associated with increased DCI risk, and speculate that
this might occur via increasing metabolic demand, either directly or by triggering CSDs. Our
findings show that the presence of IICAs, particularly when they emerge late in the acute
period following SAH, portend development of delayed cerebral ischemic ischemia. Given
this finding, prolonged cEEG monitoring is warranted in the SAH population, and particular
vigilance should be made towards those patients with late onset [ICAs. Our findings also
raise the possibility for future investigation that anticonvulsant drugs or other interventions
to reduce epileptiform abnormalities may ultimately play a role not only in preventing
seizures but also in preventing DCI.
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Highlights

. Ictal-interictal continuum abnormalities (IICAs) are common after
subarachnoid hemorrhage (SAH).

. IICAs are associated with higher risk for delayed cerebral ischemia (DCI),
especially if they emerge late in the acute period after SAH.

. Quantification of IICA features may assist in the development of an algorithm
to predict DCI risk.
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Figure 1.
Percent of patients with IICAs. This bar graph shows the total percentage of patients that
showed an 1ICA at any point during EEG recording. Abbreviations are as follows: GRDA
(generalized rhythmic delta activity), LRDA (lateralized rhythmic delta activity), ED

(sporadic epileptiform discharges), GPDs (generalized periodic discharges), LPDs
(lateralized periodic discharges).
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Percent of 1ICAs per EEG day. The total number of recorded days with 1ICAs was tallied
and the percentage of each IICA that occurred on a given EEG recording day was calculated.
Abbreviations used in legend are the same as those described in Figure 1.
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cumulative distributions for the first day on which an IICA appeared for each patient. A.
Generalized rhythmic delta activity (GRDA), B. Lateralized rhythmic delta activity (LRDA),
C. Epileptiform Discharges (ED), D. Generalized periodic discharges (GPDs), E. Lateralized

periodic discharges (LPDs), F. Seizures (Sz).
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Figure 4.
Presence of 1ICAs on patients with/without ischemic events The cumulative distributions

here are also for the first day on which an IICA appeared for each patient, but separated into
those who developed DCI (red) and those who did not (blue). Abbreviations are the same as
those described in Figure 3. As discussed in the text, all [ICAs except seizures and GRDA
were significantly higher in the subset who later developed DCI events.
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Relationship of DCI event to first appearance 1ICA subtype in each patient. These plots
show the relative onset time of the DCI event (time 0) and the onset of the IICA for each

patient who had both a DCI and each respective IICA.
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Flow diagram for possible contributing factors to the development of DCI. Legend refers to
references as follows: “0” Eikoff et al. 2014, “#” Hartings et al. 2011, “*” Chung et al. 20186,

“+” (Carr et al. 2013).
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