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Abstract

Background: Electroencephalography (EEG) is needed to diagnose nonconvulsive seizures. Prolonged nonconvul-
sive seizures are associated with neuronal injuries and deleterious clinical outcomes. However, it is uncertain whether
the rapid identification of these seizures using point-of-care EEG (POC-EEG) can have a positive impact on clinical
outcomes.

Methods: In a retrospective subanalysis of the recently completed multicenter Seizure Assessment and Forecasting
with Efficient Rapid-EEG (SAFER-EEG) trial, we compared intensive care unit (ICU) length of stay (LOS), unfavorable
functional outcome (modified Rankin Scale score > 4), and time to EEG between adult patients receiving a US Food
and Drug Administration—cleared POC-EEG (Ceribell, Inc.) and those receiving conventional EEG (conv-EEG). Patient
records from January 2018 to June 2022 at three different academic centers were reviewed, focusing on EEG timing
and clinical outcomes. Propensity score matching was applied using key clinical covariates to control for confounders.
Medians and interquartile ranges (IQRs) were calculated for descriptive statistics. Nonparametric tests (Mann-Whitney
U-test) were used for the continuous variables, and the ¥ test was used for the proportions.

Results: A total of 283 ICU patients (62 conv-EEG, 221 POC-EEG) were included. The two populations were matched
using demographic and clinical characteristics. We found that the ICU LOS was significantly shorter in the POC-EEG
cohort compared to the conv-EEG cohort (3.9 [IQR 1.9-8.8] vs. 8.0 [IQR 3.0-16.0] days, p=0.003). Moreover, modified
Rankin Scale functional outcomes were also different between the two EEG cohorts (p =0.047).

Conclusions: This study reveals a significant association between early POC-EEG detection of nonconvulsive seizures
and decreased ICU LOS. The POC-EEG differed from conv-EEG, demonstrating better functional outcomes compared
with the latter in a matched analysis. These findings corroborate previous research advocating the benefit of early
diagnosis of nonconvulsive seizure. The causal relationship between the type of EEG and metrics of interest, such as
ICU LOS and functional/clinical outcomes, needs to be confirmed in future prospective randomized studies.
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Introduction

A significant number of patients with acute brain injury
(ABI) in in-patient clinical settings have nonconvulsive
seizures [1-5]. There is substantial evidence from both
human and animal studies that nonconvulsive seizures
are associated with deleterious effects on neurons and
have a negative impact on clinical outcomes [5-15].

Electroencephalography (EEG) is the gold standard
tool for detecting nonconvulsive seizures, and timely
institution of EEG within 1 h of suspicion of nonconvul-
sive seizures has been recommended in current guide-
lines [16—21]. Conventional continuous EEG monitoring
can be resource intensive and requires technical and clin-
ical expertise for implementation in academic and com-
munity centers [22-25]. This makes continuous access
to EEG challenging in not only community hospitals but
also large tertiary care hospitals. Further, even in insti-
tutions where there is continuous access to EEG, timely
acquisition and interpretation can still be daunting after-
hours. A recent study estimated that at least one seizure
is missed in 17% of high-risk patients [26] while awaiting
EEG acquisition. Variability in the timing of EEG report-
ing can impact treatment and, hence, optimal control of
seizures. The timeliness of therapeutics in seizure man-
agement has been associated with the refractoriness
of seizures and long-term morbidity and mortality [9,
27-29]. It is known that refractory and super-refractory
status epilepticus have been associated with increased
hospital length of stay (LOS) and higher morbidity and
mortality [30].

Mortality is a primary clinical outcome, and the inten-
sive care unit (ICU) LOS potentially reflects the severity
of a patient’s clinical condition and portends a substan-
tial resource burden for the health care systems, patients,
and their families [31, 32]. Longer ICU LOS has been
associated with worse mortality burden, an increased
rate of in-hospital complications, and elevated morbidity
[33-35]. The primary goal of intensive care is to enable
early diagnostic and therapeutic strategies and reduce the
LOS in the ICU.

Point-of-care EEG (POC-EEG) is a recent addition to
our clinical diagnostic arsenal that impacts the timeliness
of EEG acquisition as well as clinical decision-making at
the bedside [36—39]. Further, there is evidence in com-
munity hospitals that POC-EEG leads to an increase in
EEG coverage in ICUs and emergency departments, with
a faster time to its acquisition [40, 41].

The primary objective was to assess the effect of POC-
EEG on patient outcomes, whereas the secondary aim
was to investigate potential factors causing variations
among the groups. We hypothesize that POC-EEG ena-
bles rapid rule-out of seizures and guides timely thera-
peutics for patients with concern for seizures. Hence, it
may shorten their LOS in the ICU.

Methods

This study is a subanalysis of data collected in the Seizure
Assessment and Forecasting with Efficient Rapid-EEG
(SAFER-EEG) trial, which was a retrospective com-
parative effectiveness study recently conducted at four
institutions: Massachusetts General Hospital (MGH),
University of New Mexico (UNM), University of Wiscon-
sin—Madison, and Yale University (YAL). For this retro-
spective observational study, electronic patient records
were reviewed and screened for eligibility. Using consec-
utive sampling from studies performed from January 1,
2018, to June 30, 2022, adult patients were enrolled into
two primary cohorts: those who had received POC-EEG
and those who had received conventional EEG (conv-
EEG). In both cohorts, patients were included if they
were at least 18 years old; if they received EEG during
their hospitalization, including in the emergency depart-
ment for at least 1 h (POC-EEG) or 4 h (conv-EEG);
and if their EEG was deemed as readable. The record-
ing time of 1 h for POC-EEG was chosen based on the
proposed minimum recording duration to estimate the
72-h seizure risk using the 2HELPS2B algorithm [42,
43], whereas the 4-h cutoff was selected as part of the
end points of the original SAFER-EEG trial to investigate
the noninferiority of the seizure risk assessments done
with POC-EEG to those done with conv-EEG. The POC-
EEG cohort included EEG performed with Ceribell EEG
(Sunnyvale, CA), a reduced-montage rapid EEG that can
be placed by any health care provider without any spe-
cialized EEG training [44]. This cohort included either
patients with POC-EEG only or POC-EEG followed by
conv-EEG, in which the patients were monitored first
with POC-EEG followed by conv-EEG. Three of the sites,
YAL, UNM, and MGH, use POC-EEG and conv-EEG
as part of their standard of care per institutional proto-
cols guiding indication for POC-EEG. The institutional
protocol at UNM indicates POC-EEG as a primary EEG
modality in the emergency department and is available
and used round the clock for seizure rule-out in other



parts of the hospital in acute in-patient setting as a stand-
ard of care per clinician discretion. The participating sites
YAL and MGH used POC-EEG similarly in their emer-
gency departments and mostly on weekends and after 5
p.m. through 8 a.m. on weekdays. However, POC-EEG
could be ordered at any time if there were resource limi-
tations as determined by the clinical team and/or EEG
team during business hours. We, therefore, focused our
analysis on the other three sites only. At the time of this
study, POC-EEG had not been integrated into the clinical
workflow at the University of Wisconsin—Madison.

The research team at individual study sites reviewed
electronic records and charts to capture patients’ demo-
graphics, admission scores and diagnosis, and ICU
admission and discharge, along with other clinical vari-
ables; abnormal EEG findings were rereviewed. The EEG
findings were categorized using standard nomenclature
[45], and selected patterns that have been associated
with increased risk of in-hospital seizures were extracted
along with relevant seizure information [42].These EEG
patterns consisted of lateralized periodic discharges,
lateralized rhythmic delta activity, generalized periodic

discharges, brief potentially ictal rhythmic discharges,
and bilateral independent periodic discharges. The key
information that was derived related to seizures con-
sisted of seizure start and stop times, number of seizures,
and seizure classification. All data were entered into a
secure central database that was used for further analysis.
For this analysis, we selected the subset of patients who
were admitted to the ICU at some point during their hos-
pital stay, regardless of initial admission service, and for
whom the EEG was started during or before their ICU
stay. We excluded records with missing ICU admission
or discharge dates and those for which data entry errors
could not be amended with the research team. Figure 1
shows the SAFER-EEG study criteria, and the inclusion/
exclusion criteria followed for this analysis.

Clinical Outcomes

We measured the ICU LOS from the electronic records
documenting the dates of admission to and discharge
from the ICU. To assess functional outcomes, we used
the modified Rankin Scale (mRS) score at discharge.
Patients with an mRS score>4 at discharge, including
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S.A.F.E.R. trial: 1074 patients
e Conv-EEG: 674 (MGH, UNM, UW, YAL)
* POC-EEG: 400 (MGH, UNM, YAL)
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436 conv-EEG
(MGH, UNM, UW,
YAL)

62 conv-EEG

(MGH, UNM, YAL)

221 POC-EEG
(MGH, UNM, YAL):
* 57 POC-EEG —only
* 164 POC-EEG followed by
conv-EEG

221 POC-EEG

(MGH, UNM, YAL)

Fig. 1 Data collection and patient selection flow. From the original S.A.FER. EEG trial to the selection of the ICU cohorts and the sites with access
to conv-EEG and POC-EEG. conv-EEG conventional EEG, EEG electroencephalography, ICU intensive care unit, MGH Massachusetts General Hospital,
POC-EEG point-of-care EEG, S.AFER. Seizure Assessment and Forecasting with Efficient Rapid, UNM University of New Mexico, UW University of
Wisconsin, YAL Yale University




death, were considered to have unfavorable outcomes.
We also estimated the time from general admission to the
start of the EEG.

Addressing Confounding Factors

We mitigated some of the key confounding factors that
could impact the findings of our study. Firstly, given
the triage nature of POC-EEG and its increased use in
the emergency department [40, 41], shorter ICU LOS
could be due to the type of patients who had received
POC-EEG (i.e., early-triage patients for POC-EEG vs.
long-stay patients for conv-EEG). To address this, we
analyzed clinical outcomes in the subset of patients for
whom EEG was started within 24 h of general hospital
admission. Secondly, shorter ICU LOS might occur if the
patients in one cohort were sicker and died earlier, effec-
tively reducing their overall stay. To account for this, the
next subanalysis was on the survivor groups, defined as
study participants who were discharged from the hospital
to home or a long-term care facility. To account for the
impact of primary etiology, particularly those differences
between the EEG cohorts, we split the cohorts into three
primary diagnosis groups: (1) ABI due to structural etiol-
ogy, which included vascular and hemorrhagic (traumatic
and nontraumatic) insults; (2) non-ABI of structural eti-
ology and nonstructural ABI, which included cerebral
mass, cyst, encephalitis, encephalopathies, post car-
diac arrest, seizure, and Status Epilepticus (SE); and (3)
chronic brain injury and other, which included nonpri-
mary central nervous system pathology. Finally, given the
complexities in the care and outcomes of patients post
cardiac arrest [46, 47] and the small number of patients
available to categorize them separately, we performed an
additional subanalysis removing these patients from both
EEG cohorts.

Cohort Matching using Clinical Covariates

To control for the absence of prospective randomization,
we used the clinical variables to find a 1:1 match, with-
out replacement, between the conv-EEG and the POC-
EEG cohorts. The clinical covariates used for matching
were age > 65 years, mRS score at the start of the EEG,
Glasgow Coma Scale (GCS) score at the start of the
EEG, suspected clinical seizure on admission, number
of diagnoses on admission, and hemorrhagic (traumatic
and nontraumatic) or other vascular diagnosis on admis-
sion. We used the Match-It package on R-Studio [48] to
process the data and run the propensity score matching
algorithm to identify matches between our cohorts. The
resulting matching was deemed acceptable if the absolute
standardized difference in means for all clinical variables
between the EEG groups was <0.1.

Statistical Analysis

We report medians and interquartile ranges (IQRs) as
descriptive statistics, and we used nonparametric tests
(Mann—Whitney U-test) for the continuous variables
and the x” test for the proportions to determine statisti-
cal differences across our different populations and sub-
groups. To assess the effect on functional outcomes, we
used a multivariate logistic regression model to estimate
associations of unfavorable outcomes to EEG type. An «
of 5% was used to determine significance; for the multi-
variate model and subanalyses, the reported p values are
uncorrected.

Results

A total of 283 patients admitted to the ICU were included
in the analysis (Fig. 1): 62 in the conv-EEG cohort and
221 in the POC-EEG cohort. Table 1 summarizes the
demographics and admission scores between the two
EEG cohorts.

Comparison of Clinical Characteristics and Outcomes
between the Unmatched Cohorts

Table 1 shows that the two unmatched cohorts were
similar in age, sex, presence of coma measured through
GCS scores, mRS scores on admission, and mortality.
However, the unmatched POC-EEG cohort had a higher
median number of admission diagnoses (conv-EEG 1 vs.
POC-EEG 2, p<0.001) and a lower proportion of pri-
mary diagnosis of ABI of structural etiology (conv-EEG
36% vs. POC-EEG 22%, p=0.033). The proportion of
patients who started their EEG during weekends or out-
side regular working hours (8 a.m. to 5 p.m.) was signifi-
cantly higher for the POC-EEG cohort (conv-EEG 31%
vs. POC-EEG 66%, p <0.001).

We found that patients who had EEG monitoring
started with POC-EEG had, as a group, significantly
shorter ICU LOS than those in the conv-EEG cohort. The
median ICU LOS in the unmatched POC-EEG group was
4.5 (IQR 2.2-11.3) days, in contrast to 8.0 (IQR 3.0-16.1)
days in the conv-EEG cohort (Table 2). In all the subpop-
ulation analyses, we observed the same trend of shorter
median ICU LOS for the POC-EEG cohort, although
some of these differences did not reach statistical signifi-
cance (Supplementary Table 1).

Further, when categorizing the cohorts by their EEG
findings into patients with seizure or epileptiform pat-
terns and those without any of these findings, we meas-
ured a similar trend of lower ICU LOS for the POC-EEG
cohort (Supplementary Table 2). In this table, we demon-
strate two subpopulations: the first with positive seizure
or epileptiform activity, measured in days, and the sec-
ond with negative seizure and epileptiform activity days.



Table 1 Demographics and population summaries in conv-EEG and POC-EEG cohorts

conv-EEG POC-EEG p- value Matched POC-
(unmatched) (unmatched) EEG casespa-
tients
Number of casespatients 62 221 62
Age, averageg. (SDs.d.), years 60.6(17.3) 61.5(17.2) 0.765 62.9 (15.6) 0.304
Sex (% femaleF) 414 537 0.643 46.7 0718
Avgerage. mRS on admission (SDs.d.) 13(1.7) 1.5(1.7) 0.181 14(1.7) 0616
Averagevg. GCS on admission (SDs.d.) 94 (46) 88(46) 0.702 95 (4.7) 0.957
Median number of admission diagnosis (IQR) 1(1-2) 2(1-2) <0.001 1(1-2) 0484
In-hospital mortality (%) 37% 30% 0311 31% 0448
Diagnosis groups
ABI structuralstruct. (%) (ischemic stroke, non-traumatic hemorrhagic, 22 (36%) 49 (22%) 0.033* 13 (21%) 0.073
and TBI), n (%)
Non-ABI structuralstruct. and& other ABI (%) (cerebral mass, cyst, enceph- 28 (45%) 120 (54%) 0.203 31 (50%) 0.590
alitis, encephalopathies, post -cardiac arrest, seizure, and SE), n (%)

Post -cardiac arrest 7 (11%) 22 (10%) 0.759 7 (11%) 1
Seizure or SE 8 (13%) 42 (19%) 0.505 13 (21%) 0.231
Others 13(21%) 56 (25%) 04787 11 (18%) 0.649

Other (%) (cChronic functional [(e.g.. migraines]), movement disorders, 12(19%) 52 (24%) 04821 18 (29%) 0.208

psychiatric diseases, and non-nervous system), n (%)

Demographic comparisons are shown before and after matching was performed using clinical covariates that might impact length of stayLOS

ABl acute brain injury, conv-EEG, conventional EEG, EEG electroencephalography, GCS Glasgow Coma Scale, IQR interquartile range, mRS modified Rankin Scale, POC-
EEG point-of-care EEG, SE xxx, TBI traumatic brain injury, ABl acute brain injury, mRS modified Rankin Scale, GCS Glasgow Coma Scale

Xxx

Table 2 Summary ICU LOS findings in conv-EEG and POC-EEG cohorts

Cohorts conv-EEG POC-EEG p value
Full cohort 0.0111*
Number of patients 62 221
Median ICU LOS (IQR), days 8.0 (3.0-16.0) 45(22-11.3)
Average (SD) days 127 (134) 9.0(10.9)
Matched cohorts
Full cohort 0.003**
Number of patients 62 62
Median ICU LOS (IQR), days 8.0 (3.0-16.0) 39(1.9-88)
Subpopulation: excluding post cardiac arrest 0.015*
Number of patients 48 48
Median ICU LOS (IQR), days 8.2 (3.0-15.7) 3.9(1.9-9.1)
Subpopulation: 24-hour cutoff door-to-EEG time 0.0195*
Number of patients 28 28
Median ICU LOS (IQR), days 6.3(2.9-123) 3.0(1.9-4.6)
Subpopulation: survivors 0.026*
Number of patients 34 34
Median ICU LOS (IQR), days 7.8(2.7-15.3) 3.7(1.9-7.7)

Median ICU length of stay days reported with 25th and 75th percentiles, and the number of subjects for each cohort. The pP- value was from the Mann—--Whitney U-
test for difference in medians. Matching was done using clinical covariates that might impact LOS. For the sub-analyses, matching was done in the cohorts of patients
who received EEG within 24 h of admission (“24-h cut-off door-to-EEG time”), and in patients who did not expiredie (“survivors”)

conv-EEG conventional EEG, EEG electroencephalography, ICU intensive care unit, IQR interquartile range, LOS length of stay, POC-EEG point-of-care EEG, POC-EEG
point-of-care EEG, sub-pop sub-population

" p-value <0.05, **p-value <0.01



In the positive seizure or epileptiform activity group, the
patients in the POC-EEG group had a median ICU LOS
of 4.8 days, whereas the patients in the conv-EEG group
had a median ICU LOS of 13.2 days, with a total of 23
patients (p=0.03), suggesting a statistically significant
difference between the conv-EEG and POC-EEG group
regarding ICU LOS for this subpopulation. Next, in the
subpopulation with negative seizure and epileptiform
activity (measured in days), the conv-EEG group had
a median ICU LOS of 6.7 days, whereas the POC-EEG
group had a median ICU LOS of 4 days (p=0.089), which
suggests that the difference in the ICU LOS between the
conv-EEG and POC-EEG groups for this subpopulation
is not statistically significant. Thus, we can infer that for
the subpopulation with positive seizure or epileptiform
activity days, the use of POC-EEG is associated with a
significantly shorter ICU stay compared to conv-EEG.
However, for the subpopulation with negative seizures
and epileptiform activity days, although the ICU stay is
shorter for the POC-EEG group, this difference is not
statistically significant.

There are two possible explanations for this finding
related to seizures and epileptiform patterns. First, early
detection and hence medical decision-making could
lead to less seizure and epileptiform burden. Addition-
ally, there are differing practice patterns or heuristics that
influence how long a patient remains on EEG independ-
ent of specific EEG patterns, which could introduce bias
related to individual physicians or institutional protocols.

While assessing functional outcomes between the two
cohorts (Table 3), we found that the conv-EEG cohort
had a trend of a slightly larger proportion of patients
with an mRS score of 4 or higher (unfavorable outcome).
However, the difference was not statistically significant
(67% in POC-EEG group vs. 76% in conv-EEG group,
X’ =1.94, p=0.164).

Finally, Table 4 shows a summary of epochs related
to time to EEG acquisition across both cohorts. In the
unmatched groups, the POC-EEG cohort had a sig-
nificantly faster door-to-EEG time than the conv-EEG

cohort (POC-EEG 6.1 [IQR 1.9-24.2] hours vs. conv-
EEG 25.3 [IQR 13.4-96.0] hours, p<0.0001), and this
significantly lower time to EEG for the POC-EEG cohort
was found across the other subpopulations analyzed
(Supplementary Table 3).

Comparison of Clinical Characteristics and Outcomes
between the Matched Cohorts

After controlling for clinical confounds, we found that
the POC-EEG and conv-EEG cohorts were similar across
all the covariates, with equivalent age, sex, and admis-
sion scores (GCS and mRS scores) and similar median
number of diagnoses and distribution of admission diag-
nosis groups (see Table 1). Assessing the ICU LOS in the
matched cohorts, we again observed significantly differ-
ent ICU LOS between the two cohorts (POC-EEG,, ;hed
3.9 [IQR 1.9-8.8] days vs. conv-EEG 8.0 [IQR 3.0-16.1]
days). The median ICU LOS for the POC-EEG cohort was
still significantly shorter than the ICU LOS for the conv-
EEG group (p=0.003). We performed separate matching
in the 24-h door-to-EEG and survivors subpopulations,
which yielded equivalent demographics between the EEG
cohorts. In these subanalyses, the median ICU LOS was
significantly shorter for the matched POC-EEG cohort
compared with the conv-EEG (Table 1). Moreover, in
the matched populations, we found that the proportion
of patients with unfavorable outcomes was significantly
lower for the POC-EEG cohort (58%; x> =3.95, p=0.047)
(Table 3). Similarly, when using a multivariate model in
the unmatched population to control for clinical covari-
ates, we found a strong trend that POC-EEG was asso-
ciated with lower odds of unfavorable outcomes (mRS
score >4). However, this trend did not reach signifi-
cance (adjusted odds ratio 0.52 [95% confidence interval
0.25-1.01], p=0.061) (Table 3). Lastly, we found shorter
door-to-EEG time across the matched POC-EEG cohorts
(POC-EEG,p¢cheq 59 [IQR 1.5-17.1] hours vs. conv-
EEG 25.3 [IQR 13.4-96.0] hours, p<0.0001).This trend
was present in the subset of patients who received EEG

Table 3 Functional outcomes at discharge conv-EEG and POC-EEG

Cohorts conv-EEG POC-EEG
Full cohort: % poor outcome (num- 76% (47) 67% (147)
ber of casespatients)
QOdds ratio ([95% C.1)] Reference 0.52 ([0.25-1.0)]

p-value POC-EEG (matched) p-value
(unmatched) (matched)
0.164 56% (36) 0.047*
0.061 N/A N/A

Poor outcomes were determined as a modified Rankin ScalemRS score > 4 at discharge. For the Oodds rRatio analysis, a multivariate logistic regression model was
used, with the same clinical covariates used for propensity -score matching. p- values for the comparison of proportions are from the x?Chi-square test, and for the

coefficient of the logistic model in the Oodds Rratio estimation

Cl confidence interval, conv-EEG conventional EEG, EEG electroencephalography, N/A not applicable, POC-EEG point-of-care EEG

" Xxx



Table 4 Summary of times to EEG in conv-EEG and POC-EEG cohorts

Cohorts conv-EEG
Full cohort
Number of patients 62

Median time to EEG (IQR), hours
Matched cohorts

253 (13.4-96.0)

Full cohort

Number of patients 62

Median time to EEG (IQR), hours 25.3(13.4-96.0)
Subpopulation: 24-hour cutoff door-to-EEG time

Number of patients 28

Median time to EEG (IQR), hours 13.5(7.1-184)
Subpopulation: survivors

Number of patients 34

Median time to EEG (IQR), hours 25.3(12.1-98.3)

POC-EEG p value

< 0.0001**
221
6.1 (1.9-24.2)

< 0.0001%*
62
59(1.5-17.1)

< 0.0001%*
28
29(0.6-7.3)

< 0.0001**
34
29(1.6-12.5)

Median time to EEG in hours, reported with 25th and 75th percentiles, and the number of subjects for each cohort. Matching was done using clinical covariates that
might impact LOS. Similar to the ICU LOS sub-analyses, matching was done in the full cohort and in the subpopulation of patients who received EEG within 24 h of
admission (“24-h cut-off door-to-EEG time”), and in patients who did not expiredie (“survivors”). *p-value < 0.5; **p-value < 0.01

conv-EEG conventional EEG, EEG electroencephalography, ICU intensive care unit, QR interquartile range, LOS length of stay, POC-EEG point-of-care EEG, sub-pop sub-

population
" p<0.5,*p <001

within 24 h of admission and those who survived their
hospital stay (Table 4).

Discussion

To the best of our knowledge, this is the first study
assessing the impact of the type of EEG tool on ICU LOS
of adult patients admitted to the hospital. In this study,
we demonstrated shorter ICU LOS for patients in whom
POC-EEG was chosen as an initial EEG modality com-
pared to conv-EEG. These results were consistent in both
unmatched and matched cohorts (matching for popula-
tion and controlling for clinical variables). This suggests
that the results are not an artifact of differences in patient
demographics, disease etiologic states, or clinical factors,
such as disease severity. The diagnosis group of ABI was
significantly different between POC-EEG and conv-EEG
cohorts; however, once the populations were matched
based on disease etiologic states, ICU LOS remained
lower for the POC-EEG cohort. It is important to note
that all three academic centers (MGH, YAL, and UNM)
have close to 24/7 conv-EEG coverage and technicians
and staff, in addition to POC-EEG availability. Neverthe-
less, we observed a consistent difference in the ICU LOS
between the two different EEG cohorts in the patients
across these centers and a significant difference in
favorable functional outcomes (mRS score <4) between
cohorts. Also, in the matched populations in Table 3, we
found that the proportion of patients with unfavorable

outcomes was significantly lower for the POC-EEG
cohort (58%; x>=3.95, p=0.047).

The differences we found in ICU LOS and functional
outcomes in the POC-EEG group compared with the
conv-EEG group may be partly explained by the find-
ings summarized in Table 4. The door-to-EEG acquisi-
tion time was significantly lower in the POC-EEG group
compared with the conv-EEG group, even in these
institutions with nearly 24/7 conv-EEG coverage. This
could imply that patients possibly had sooner diagnos-
tic information and therapeutics instituted in the POC-
EEG group. We note in Supplementary Table 2 that in
the subpopulation with positive seizure or epileptiform
activity, the use of POC-EEG was associated with a sig-
nificantly shorter ICU LOS compared to the use conv-
EEG. This could suggest that we detect seizures and
epileptiform abnormalities faster in the POC-EEG group,
leading to a reduction in refractoriness because time to
diagnosis is directly related to refractoriness of seizures
[27]. Furthermore, because we observed that the trend
held in patients without seizure or epileptiform activity,
rule-outs may also contribute to the overall reduction in
ICU LOS for the POC-EEG cohort. This could be due
to patients receiving less empirical treatment and expe-
riencing fewer unnecessary interventions, such as medi-
cations, intubation, and mechanical ventilation, among
many others.

We did not find any difference regarding mortality
between the two EEG cohorts, POC-EEG and conv-
EEG. The SAFER-EEG trial included patients who



survived the hospital course beyond the first 24 h. As
seen over the last decade in various studies surround-
ing neuromonitoring and advanced monitoring, mortal-
ity is a challenging outcome to study because it can be
impacted by various clinician-driven and patient-driven
factors, including prognostication of outcomes and sec-
ondary complications in the hospital, among many oth-
ers [49]. Further, it is the clinical decision-making based
on the type of monitoring tools and the timeliness of it
that impacts patient outcomes [50-52]. It has been dem-
onstrated in the prospective observational study, Does
Use of Rapid Response EEG Impact Clinical Decision
Making? “DECIDE” trial, that POC-EEG can assist with
bedside decision-making for clinicians [40]. Our results
demonstrate a difference in functional outcomes (mRS
score<4: favorable outcomes) between the conv-EEG
and POC-EEG cohorts that was statistically significant
in the matched cohort (Table 3). These findings can be
explained by the optimal timing and accessibility of the
data, which can drive clinical decision-making (quicker
in the case of POC-EEG application and usage). The bio-
logical plausibility could be related to the early institution
of therapeutics and preventing refractory states in seizure
management. We were not able to elucidate details of the
intensity of therapeutics because this part of the clinical
data was not available as a part of the SAFER-EEG trial.

This study is hypothesis generating, and the retrospec-
tive nature of the study is rate limiting. Heterogeneity is
also a commonplace among different health care centers
and providers that can drive decision-making for the type
of EEG as a first choice. Most of the patients in this study
received a higher number of POC-EEG during after-
hours (after 5 p.m.) and on weekends, which are usually
time areas with clinical challenges and resource limita-
tions surrounding obtaining conv-EEG. Further, prospec-
tive studies probing this hypothesis could yield a better
understanding and exploration of the type of EEG and
timeliness of treatment and the rate of interventions that
patients receive and could provide further validation of
the study findings.

This is a retrospective multicenter study, and there could
be inherent bias in patient groups that is not accounted
for in the current analysis. The large academic centers
participating in the study may also receive patient trans-
fers, generating a pool of patients who may have a higher
clinical acuity and have more complex medical conditions
and comorbidities than in other smaller/community hos-
pitals. Because of the study’s retrospective nature, there
are additional limitations surrounding data/information
about EEG order and read times, antiseizure medica-
tion dosage and administration times, intubation, and
other factors that might affect LOS, complicating more
in-depth analysis to explain the difference in ICU LOS. It

is possible that patients receiving POC-EEG versus conv-
EEG first had differences in therapeutic intensity, qual-
ity, and consistency of interventions based on EEG data.
These factors can influence clinical outcomes. Addition-
ally, selection bias for the type of EEG by the provider and
variability among different institutions could impact this
analysis. Such granular data that can provide insights into
these possibilities were not collected in the SAFER-EEG
trial. The study collected information on time of admis-
sion, etiology of admission, time to EEG order, and time
to acquisition from admission, among others. However,
time of onset of symptoms to EEG acquisition and granu-
lar EEG data from symptom onset to resolution would be
difficult to obtain with accuracy in a retrospective study
and were not collected. We have highlighted the necessity
for future prospective studies to fill this gap in the liter-
ature and to provide a more definitive understanding of
the correlation between clinical manifestation onset and
EEG acquisition timing as well as the impact on clinical
decision-making and clinical outcomes. Lastly, we used
matching in this study to control for known confounders
by pairing study participants with similar characteristics
in both the POC-EEG and conv-EEG groups. However, it
only accounts for the confounders that we selected for the
matching process. Unmatched confounders can still influ-
ence the outcome, potentially leading to biased results.
This method might also inadvertently highlight the con-
founding effect of unselected variables, such as specific
causes within a broader category.

Conclusions

In this study, we found significant differences in the ICU
LOS and functional outcomes between the POC-EEG
cohort and the conv-EEG cohort when adjusting for pop-
ulation differences and accounting for the clinical factors.
The study once again demonstrated a significant delay in
time to conv-EEG, which could be one of the factors driv-
ing this association. Future prospective studies or rand-
omized trials may assist in validating this study’s findings
and understanding the rationale supporting it.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1007/512028-024-02039-6.

Author details

! Department of Neurology, University of New Mexico, Albuquerque, NM,

USA. 2 Department of Neurology, University of Wisconsin, Madison, Wi, USA.

* Epilepsy Division, Department of Neurology, Massachusetts General Hospital,
Boston, MA, USA. 4 Comprehensive Epilepsy Center, Department of Neurology,
Yale University, New Haven, CT, USA. 5 Epilepsy Division, Department of Neu-
rology, Beth Israel Deaconess Medical Center and Harvard Medical School,
Boston, MA, USA. © Comprehensive Epilepsy Team, Neurology Department,
University of New Mexico, Albuquerque, NM, USA. 7 Department of Neurology,


https://doi.org/10.1007/s12028-024-02039-6
https://doi.org/10.1007/s12028-024-02039-6

Massachusetts General Hospital, Boston, MA, USA.  Beth Israel Deaconess
Medical Center, Boston, MA, USA.

Acknowledgements

We thank Ahmed Abd Elazim, MD, and Natasha Khan, MD, for their contribu-
tion to data acquisition. We thank Michelle Armenta Salas (Ceribell, Inc.) for
assisting in the statistical analysis and review of this article.

Author contributions

MD: drafting/writing manuscript, revision of manuscript, site investigator for
SAFER trial, sub-analysis design and planning, data analysis and interpretation.
MKA: Major role in data acquisition, assisted in manuscript revision; ISS: Major
role in data acquisition; JC: Major role in data acquisition; KG: Major role in data
acquisition; OMH: Major role in data acquisition; JC: Major role in data acquisi-
tion; LJH: Site Principal Investigator (PI) for SAFER trial, assisted in manuscript
revision; BW: Site Principal Investigator (Pl) for SAFER trial; AFS: Main Principal
Investigator for SAFER Trial, assisted in manuscript revision.

Source of Support
Funded by Ceribell, Inc.

Conflicts of interest
The authors declare no conflicts of interest.

Ethical Approval/Informed Consent
This study was approved by the local institutional review boards, and the
requirement for informed consent was waived.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 29 January 2024 Accepted: 5 June 2024
Published online: 09 July 2024

References

1. Towne AR, Waterhouse EJ, Boggs JG, Garnett LK, Brown AJ, Smith JR
Jr, et al. Prevalence of nonconvulsive status epilepticus in comatose
patients. Neurology. 2000;54(2):340-5.

2. Dennis LJ, Claassen J, Hirsch LJ, Emerson RG, Connolly ES, Mayer SA.
Nonconvulsive status epilepticus after subarachnoid hemorrhage.
Neurosurgery. 2002;51(5):1136-43.

3. Claassen J, Mayer SA, Kowalski RG, Emerson RG, Hirsch LJ. Detection of
electrographic seizures with continuous EEG monitoring in critically il
patients. Neurology. 2004;62(10):1743-8.

4. Vespa PM, Nuwer MR, Nenov V, Ronne-Engstrom E, Hovda DA,
Bergsneider M, et al. Increased incidence and impact of nonconvul-
sive and convulsive seizures after traumatic brain injury as detected
by continuous electroencephalographic monitoring. J Neurosurg.
1999;91(5):750-60.

5. Laccheo |, Sonmezturk H, Bhatt AB, Tomycz L, Shi Y, Ringel M, et al. Non-
convulsive status epilepticus and non-convulsive seizures in neurological
ICU patients. Neurocrit Care. 2015;22(2):202-11.

6. Sloviter RS. Status epilepticus-induced neuronal injury and network
reorganization. Epilepsia. 1999;40(Suppl 1):534-9.

7. Young GB, Jordan KG. Do nonconvulsive seizures damage the brain?—
yes. Arch Neurol. 1998;55(1):117-9.

8. Abend NS, Arndt DH, Carpenter JL, Chapman KE, Cornett KM, Gallentine
WSB, et al. Electrographic seizures in pediatric ICU patients: cohort study of
risk factors and mortality. Neurology. 2013;81(4):383-91.

9. Payne ET, Zhao XY, Frndova H, McBain K, Sharma R, Hutchison JS, et al.
Seizure burden is independently associated with short term outcome in
critically ill children. Brain. 2014;137(Pt 5):1429-38.

10. De Marchis GM, Pugin D, Meyers E, Velasquez A, Suwatcharangkoon S,
Park S, et al. Seizure burden in subarachnoid hemorrhage associated with
functional and cognitive outcome. Neurology. 2016;86(3):253-60.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

. Chen PM, Stekhoven SS, Haider A, Jing J, Ge W, Rosenthal ES, et al.

Association of epileptiform activity with outcomes in toxic-metabolic
encephalopathy. Crit Care Explor. 2023;5(5):e0913.

Wagenman KL, Blake TP, Sanchez SM, Schultheis MT, Radcliffe J, Berg RA,
et al. Electrographic status epilepticus and long-term outcome in criti-
cally ill children. Neurology. 2014;82(5):396-404.

Parikh H, Hoffman K, Sun H, Zafar SF, Ge W, Jing J, et al. Effects of
epileptiform activity on discharge outcome in critically Il patients in

the USA: a retrospective cross-sectional study. Lancet Digit Health.
2023;5(8):e495-502.

Fung FW, Wang Z, Parikh DS, Jacobwitz M, Vala L, Donnelly M, et al.
Electrographic seizures and outcome in critically Il children. Neurology.
2021,96(22):e2749-60.

Vespa PM, O'Phelan K, Shah M, Mirabelli J, Starkman S, Kidwell C, et al.
Acute seizures after intracerebral hemorrhage: a factor in progressive
midline shift and outcome. Neurology. 2003;60(9):1441-6.

Brophy GM, Bell R, Claassen J, Alldredge B, Bleck TP, Glauser T, et al. Neu-
rocritical Care Society Status Epilepticus Guideline Writing Committee.
Guidelines for the evaluation and management of status epilepticus.
Neurocrit Care. 2012;17(1):3-23.

Herman ST, Abend NS, Bleck TP, Chapman KE, Drislane FW, Emerson RG,
et al. Critical Care Continuous EEG Task Force of the American Clinical
Neurophysiology Society. Consensus statement on continuous EEG in
critically ill adults and children, part I: indications. J Clin Neurophysiol.
2015;32(2):87-95.

Rosenthal ES. Seizures, status epilepticus, and continuous EEG in the
intensive care unit. Continuum (Minneap Minn). 2021,27(5):1321-43.

Le Roux P, Menon DK, Citerio G, Vespa P, Bader MK, Brophy GM, et al,;
Neurocritical Care Society; European Society of Intensive Care Medicine.
Consensus summary statement of the International Multidisciplinary
Consensus Conference on Multimodality Monitoring in Neurocritical
Care: a statement for healthcare professionals from the Neurocritical Care
Society and the European Society of Intensive Care Medicine. Intensive
Care Med. 2014;40(9):1189-209.

Hoh BL, Ko NU, Amin-Hanjani S, Chou SH, Cruz-Flores S, Dangayach NS,
et al. 2023 guideline for the management of patients with aneurysmal
subarachnoid hemorrhage: a guideline from the American Heart Associa-
tion/American Stroke Association. Stroke. 2023;54(7):e314-70. Erratum in:
Stroke. 2023;54(12):e516.

Panchal AR, Bartos JA, Cabanas JG, Donnino MW, Drennan IR, Hirsch KG,
et al,; Adult Basic and Advanced Life Support Writing Group. Part 3: adult
basic and advanced life support: 2020 American Heart Association guide-
lines for cardiopulmonary resuscitation and emergency cardiovascular
care. Circulation. 2020;142(16 Suppl 2):5366-468.

MacDarby L, Healy M, McHugh JC. EEG Availability in the intensive care
setting: a multicentre study. Neurocrit Care. 2021;34(1):287-90.

Sanchez SM, Carpenter J, Chapman KE, Dlugos DJ, Gallentine WB, Giza
CC, et al. Pediatric Critical Care EEG Group. Pediatric ICU EEG monitoring:
current resources and practice in the United States and Canada. J Clin
Neurophysiol. 2013;30(2):156-60.

Abend NS, Topjian AA, Williams S. How much does it cost to identify a
critically ill child experiencing electrographic seizures? J Clin Neurophys-
iol. 2015;32(3):257-64.

Gavvala J, Abend N, LaRoche S, Hahn C, Herman ST, Claassen J, et al. Criti-
cal Care EEG Monitoring Research Consortium (CCEMRC). Continuous
EEG monitoring: a survey of neurophysiologists and neurointensivists.
Epilepsia. 2014;55(11):1864-71.

Fatima S, Krishnamurthy PV, Sun M, Aparicio MK, Gjini K, Struck AF. Esti-
mate of patients with missed seizures because of delay in conventional
EEG. J Clin Neurophysiol. 2024;41(3):230-5.

Sanchez Ferndndez |, Gainza-Lein M, Abend NS, Anderson AE, Arya R,
Brenton JN, et al. Pediatric Status Epilepticus Research Group (pSERG).
Factors associated with treatment delays in pediatric refractory convul-
sive status epilepticus. Neurology. 2018;90(19):e1692-701.

Cheng S. Non-convulsive status epilepticus in the elderly. Epileptic
Disord. 2014;16(4):385-94.

Hillman J, Lehtimaki K, Peltola J, Liimatainen S. Clinical significance of
treatment delay in status epilepticus. Int J Emerg Med. 2013;6(1):6.
Sutter R, Marsch S, Fuhr P, Riiegg S. Mortality and recovery from refractory
status epilepticus in the intensive care unit: a 7-year observational study.
Epilepsia. 2013;54(3):502-11.



31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

Gruenberg DA, Shelton W, Rose SL, Rutter AE, Socaris S, McGee G. Fac-
tors influencing length of stay in the intensive care unit. Am J Crit Care.
2006;15(5):502-9.

Rosenberg AL, Zimmerman JE, Alzola C, Draper EA, Knaus WA. Intensive
care unit length of stay: recent changes and future challenges. Crit Care
Med. 2000;28(10):3465-73.

Mazzoni M, De Maria R, Bortone F, Parolini M, Ceriani R, Solinas C, et al.
Long-term outcome of survivors of prolonged intensive care treatment
after cardiac surgery. Ann Thorac Surg. 2006;82(6):2080-7.

Delle Karth G, Meyer B, Bauer S, Nikfardjam M, Heinz G. Outcome and
functional capacity after prolonged intensive care unit stay. Wien Klin
Wochenschr. 2006;118(13-14):390-6.

Laupland KB, Kirkpatrick AW, Kortbeek JB, Zuege DJ. Long-term mortal-
ity outcome associated with prolonged admission to the ICU. Chest.
2006;129(4):954-9.

Wright NM, Madill ES, Isenberg D, Gururangan K, McClellen H, Snell S,

et al. Evaluating the utility of rapid response EEG in emergency care.
Emerg Med J. 2021;38(12):923-6.

Madill ES, Gururangan K, Krishnamohan P. Improved access to rapid
electroencephalography at a community hospital reduces inter-hospital
transfers for suspected non-convulsive seizures. Epileptic Disord.
2022,24(3):507-16.

McKay JH, Feyissa AM, Sener U, D’Souza C, Smelick C, Spaulding A, et al.
Time is brain: the use of EEG electrode caps to rapidly diagnose noncon-
vulsive status epilepticus. J Clin Neurophysiol. 2019;36(6):460-6.

Vespa PM, Olson DM, John S, Hobbs KS, Gururangan K, Nie K, et al.
Evaluating the clinical impact of rapid response electroencephalography:
the DECIDE multicenter prospective observational clinical study. Crit Care
Med. 2020;48(9):1249-57.

Eberhard E, Beckerman SR. Rapid-response electroencephalography in
seizure diagnosis and patient care: lessons from a community hospital. J
Neurosci Nurs. 2023;55(5):157-63.

Kozak R, Gururangan K, Dorriz PJ, Kaplan M. Point-of-care electroencepha-
lography enables rapid evaluation and management of non-convulsive
seizures and status epilepticus in the emergency department. J Am Coll
Emerg Physicians Open. 2023;4(4):e13004.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Struck AF, Ustun B, Ruiz AR, Lee JW, LaRoche SM, Hirsch LJ, et al. Associa-
tion of an electroencephalography-based risk score with seizure prob-
ability in hospitalized patients. JAMA Neurol. 2017;74(12):1419-24.
Struck AF, Tabaeizadeh M, Schmitt SE, Ruiz AR, Swisher CB, Subramaniam
T, et al. Assessment of the validity of the 2HELPS2B score for inpatient
seizure risk prediction. JAMA Neurol. 2020;77(4):500-7.

Kamousi B, Grant AM, Bachelder B, Yi J, Hajinoroozi M, Woo R. Comparing
the quality of signals recorded with a rapid response EEG and conven-
tional clinical EEG systems. Clin Neurophysiol Pract. 2019;4:69-75.

Hirsch LJ, Fong MW, Leitinger M, LaRoche SM, Beniczky S, Abend NS, et al.
American Clinical Neurophysiology Society’s standardized critical care
EEG terminology: 2021 version. J Clin Neurophysiol. 2021;38(1):1-29.
Walker AC, Johnson NJ. Critical care of the post-cardiac arrest patient.
Cardiol Clin. 2018;36(3):419-28.

Hirsch KG, Abella BS, Amorim E, Bader MK, Barletta JF, Berg K, et al,;
American Heart Association and Neurocritical Care Society. Critical care
management of patients after cardiac arrest: a scientific statement from
the American Heart Association and Neurocritical Care Society. Circula-
tion. 2024;149(2):e168-200.

Ho DE, Imai K, King G, Stuart EA. Matching as nonparametric preproc-
essing for reducing model dependence in parametric causal inference.
Political Anal. 2007;15(3):199-236. https://doi.org/10.1093/pan/mpl013
Fischer D, Edlow BL, Giacino JT, Greer DM. Neuroprognostication: a con-
ceptual framework. Nat Rev Neurol. 2022;18(7):419-27.

Chesnut RM, Temkin N, Carney N, Dikmen S, Rondina C, Videtta W, et al,;
Global Neurotrauma Research Group. A trial of intracranial-pressure
monitoring in traumatic brain injury. N Engl J Med. 2012,367(26):2471-81.
Nattino G, Gamberini L, Brissy O, Carrara G, Chesnut R, ChiariniV, et al,;
CREACTIVE Consortium. Comparative effectiveness of intracranial
pressure monitoring on 6-month outcomes of critically ill patients with
traumatic brain injury. JAMA Netw Open. 2023;6(9):e2334214.

Rossetti AO, Schindler K, Sutter R, Riiegg S, Zubler F, Novy J, et al. Continu-
ous vs routine electroencephalogram in critically ill adults with altered
consciousness and no recent seizure: a multicenter randomized clinical
trial. JAMA Neurol. 2020;77(10):1225-32.


https://doi.org/10.1093/pan/mpl013

	Evaluating the Impact of Point-of-Care Electroencephalography on Length of Stay in the Intensive Care Unit: Subanalysis of the SAFER-EEG Trial
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Clinical Outcomes
	Addressing Confounding Factors
	Cohort Matching using Clinical Covariates
	Statistical Analysis

	Results
	Comparison of Clinical Characteristics and Outcomes between the Unmatched Cohorts
	Comparison of Clinical Characteristics and Outcomes between the Matched Cohorts

	Discussion
	Conclusions
	Acknowledgements
	References


