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Intravenous third-line anaesthetic agents are typically titrated in refractory status epilepticus to achieve either seizure suppression

or burst suppression on continuous EEG. However, the optimum treatment paradigm is unknown and little data exist to guide the

withdrawal of anaesthetics in refractory status epilepticus. Premature withdrawal of anaesthetics risks the recurrence of seizures,

whereas the prolonged use of anaesthetics increases the risk of treatment-associated adverse effects. This study sought to measure

the accuracy of features of EEG activity during anaesthetic weaning in refractory status epilepticus as predictors of successful wean-

ing from intravenous anaesthetics. We prespecified a successful anaesthetic wean as the discontinuation of intravenous anaesthesia

without developing recurrent status epilepticus, and a wean failure as either recurrent status epilepticus or the resumption of anaes-

thesia for the purpose of treating an EEG pattern concerning for incipient status epilepticus. We evaluated two types of features as

predictors of successful weaning: spectral components of the EEG signal, and spatial-correlation-based measures of functional con-

nectivity. The results of these analyses were used to train a classifier to predict wean outcome. Forty-seven consecutive anaesthetic

weans (23 successes, 24 failures) were identified from a single-centre cohort of patients admitted with refractory status epilepticus

from 2016 to 2019. Spectral components of the EEG revealed no significant differences between successful and unsuccessful weans.

Analysis of functional connectivity measures revealed that successful anaesthetic weans were characterized by the emergence of

larger, more densely connected, and more highly clustered spatial functional networks, yielding 75.5% (95% confidence interval:

73.1–77.8%) testing accuracy in a bootstrap analysis using a hold-out sample of 20% of data for testing and 74.6% (95% confi-

dence interval 73.2–75.9%) testing accuracy in a secondary external validation cohort, with an area under the curve of 83.3%.

Distinct signatures in the spatial networks of functional connectivity emerge during successful anaesthetic liberation in status epi-

lepticus; these findings are absent in patients with anaesthetic wean failure. Identifying features that emerge during successful anaes-

thetic weaning may allow faster and more successful anaesthetic liberation after refractory status epilepticus.
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Introduction
Refractory status epilepticus (RSE) is a state of ongoing or

recurrent seizure activity that persists despite treatment with

benzodiazepines and first line anti-epileptic drugs (Brophy

et al., 2012). Failure to adequately control seizures can result

in long-term neurological sequelae or death (Legriel et al.,

2010; Kang et al., 2014; Marawar et al., 2018); the mortal-

ity of RSE is estimated to be 16–39% (Mayer et al., 2002;

Holtkamp et al., 2005; Novy et al., 2010; Rossetti and

Lowenstein, 2011). While it is generally accepted that

prompt treatment with an intravenous third-line anaesthetic

agent (IV-TLA) is an appropriate treatment for RSE

(Holtkamp et al., 2003; Brophy et al., 2012; Glauser et al.,

2016), the optimum treatment paradigm is unknown

(Rossetti and Lowenstein, 2011; Rossetti et al., 2011). Most

commonly, intravenous anaesthetics are titrated to achieve

either seizure suppression or a burst suppression pattern on

EEG (Holtkamp et al., 2003; Rossetti and Lowenstein,

2011; Rossetti et al., 2011; Brophy et al., 2012; Prisco et al.,

2020), but few data exist to guide clinicians to the appropri-

ate duration of anaesthetic treatment and timing of anaes-

thetic weaning. Patients are commonly treated with a

continuous infusion of anaesthetics for 24 h or more before

attempting an anaesthetic wean, but this duration is arbi-

trary and many patients may be able to wean sooner

(Holtkamp et al., 2003; Rossetti et al., 2004; Das et al.,

2019; Muhlhofer et al., 2019). Additionally, periodic and

rhythmic EEG patterns on the ictal-interictal continuum may

emerge during anaesthetic weaning, prompting resumption

of IV-TLA therapy despite their unknown significance (Das

et al., 2018).

Substantial morbidity associated with RSE is attributable

to the prolonged use of IV-TLA (Kowalski et al., 2012;

Hocker et al., 2013; Wijdicks, 2013; Sutter et al., 2014;

Marchi et al., 2015; Sutter et al., 2017), and so interventions

that could minimize its duration have the potential to im-

prove outcomes (Madzar et al., 2017). Prolonged duration

of IV-TLA therapy can expose patients to the risk of ventila-

tor-associated pneumonia (Kang et al., 2014), and IV-TLAs

themselves are associated with hypotension, cardiac arrhyth-

mias, hepatotoxicity, and other agent-specific sequelae, such

as propofol infusion syndrome (Hocker et al., 2013;

Wijdicks, 2013). Periods of prolonged immobility in the in-

tensive care unit also incur the associated risks of deep vein

thromboses, deconditioning, and healthcare-associated infec-

tions. However, prematurely weaning anaesthetics exposes

patients to risks from inadequately treated status epilepticus.

Persistent seizure activity and other ictal-interictal continuum

EEG patterns have been shown to lead to hyperglycolysis,

elevated brain tissue lactate, brain tissue hypoxia, and long-

term structural changes in the brain (Vespa et al., 2010,

2016; Claassen et al., 2013; Struck et al., 2016; Marawar

et al., 2018), which carry the risk of long-term neurological

sequelae. Persistent status epilepticus is also associated with

a number of adverse systemic effects including hypoxia, car-

diac dysfunction, renal failure, and metabolic derangements

(Sutter et al., 2018).

To determine whether quantitative features of continuous

EEG (cEEG) could be used to guide anaesthetic treatment

for RSE, we performed a series of analyses on cEEG data

recorded from patients undergoing weaning of IV-TLA.

Two modes of analysis were performed; a frequency-based

analysis quantifying the power within different spectral com-

ponents of the cEEG, and a spatial-correlation-based ana-

lysis quantifying the correlation structure of cortical activity.

Individual anaesthetic weans were classified as either suc-

cessful or unsuccessful based on clinical outcome, and both

frequency-domain and spatial-domain cEEG features were

compared. We hypothesized that successful and unsuccessful

anaesthetic weans can be reliably distinguished by a set of

quantitative cEEG features that, therefore, could be used to

predict the subsequent outcome of an individual anaesthetic

wean.

Materials and methods

Patient selection and study design

The study was approved by the local institutional review board
and in compliance with STROBE Statement guidelines (von Elm
et al., 2007). From a single-centre prospectively collected cohort
of patients’ continuous cEEG data, we identified a consecutive
series of 34 patients diagnosed with RSE between 2016 and
2019 who were treated with at least one IV-TLA. Patients diag-
nosed with status epilepticus in the setting of cardiac arrest were
excluded; all other underlying diagnoses were included (Table 1
and Supplementary Table 1).

Consistent with recommendations to improve the quality of
reporting of diagnostic accuracy studies, we followed the
Standards for Reporting Diagnostic Accuracy (STARD)
(Bossuyt et al., 2015).

Index tests

For this study, the index test included several prespecified fre-
quency-domain and spatial correlation measures of functional
connectivity on cEEG. Multiple prior investigations have dem-
onstrated an association between changes in relative alpha
power (8–13 Hz) and the alpha-delta ratio and neurological de-
cline in other forms of acute neurological injury including sub-
arachnoid haemorrhage, ischaemic stroke, and post-anoxic
coma (Nuwer et al., 1987; Claassen et al., 2004; Wiley et al.,
2017; Rosenthal et al., 2018). As such, we prespecified power
in the alpha frequency spectrum (8–13 Hz) and the ratio of
alpha to delta power as the main frequency-domain cEEG meas-
ures from several frequency-specific measures including power
in the theta (4–8 Hz) and delta (0.5–4 Hz) frequency spectra.
Given that most network statistics are driven by network dens-
ity, we prespecified network density as the main index test of
functional connectivity from a standard battery of spatial correl-
ation measures of functional connectivity (Faust, 2016). In
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Table 1 Patient and attempted IV-TLA wean characteristics

Age/Sex Aetiology Wean Anaesthetic Summary of EEG findings during anaesthetic wean Outcome

29/F Anti-NMDAR encephalitis 1 Propofol Delta background, intermittent GRDA, rare bioccipital SW Failure

2 Propofol Theta/delta background, intermittent GRDA, rare bioccipital SW Failure

3 Propofol Delta background, runs of 0.5–1.0 Hz GPDs, bifrontal SW Failure

Pentobarbital

Ketamine

Midazolam

4 Pentobarbital Theta background, continuous 2.0 Hz GPDs Failure

5 Pentobarbital Theta/delta background, continuous 2.0 Hz GPDs Failure

6 Pentobarbital Delta background, near-continuous 1.0–3.0 Hz GPDs Success

65/M Hepatic encephalopathy 7 Propofol Theta/delta background, 0.5–2.0 Hz multifocal SW Failure

59/M Post-traumatic brain injury epilepsy 8 Propofol Theta/delta background, rare LPDs Success

Midazolam

67/M Subdural haematoma 9 Propofol Theta/delta background, diffuse SW, occasional 0.5–3.0 Hz LPDs Success

85/F Cryptogenic 10 Propofol Alpha background, continuous LPDs Failure

75/M Subdural haematoma 11 Propofol Delta background, intermittent generalized SW Success

71/F Embolic stroke 12 Propofol Theta/delta background, near-continuous 0.5–2.0 Hz LPDs Failure

28/F Temporal lobe epilepsy 13 Ketamine Delta background, near-continuous 1.0–2.0 Hz LPDs Success

78/F Subdural haematoma 14 Propofol BSP evolving to theta/delta background, occasional 1.0 Hz LPDs, frequent
lateralized SW

Failure

66/F Septic aneurysmal SAH 15 Propofol Theta background, near-continuous 0.5–3.0 Hz LPDs Failure

68/M Encephalitis 16 Propofol Delta background, frequent LPDs, abundant lateralized SW Success

75/F Subdural haematoma 17 Propofol Theta/delta background, frequent BiPDs Failure

72/F Embolic stroke 18 Propofol BSP evolving into theta/delta background, near-continuous 0.5 Hz GPDs Failure

Midazolam

19 Propofol Theta/delta background, rare GPDs, infrequent multifocal SW Success

52/F Idiopathic epilepsy 20 Pentobarbital BSP background, continuous 1.4–3.3 Hz GPDs Failure

Ketamine

21 Midazolam Alpha background Success

Propofol

58/F Meningioma 22 Propofol Theta/delta background, occasional lateralized SW Failure

23 Propofol Alpha/theta background, occasional multifocal SW Success

62/M Post-traumatic brain injury epilepsy 24 Propofol Delta background Success

50/F Epilepsy, medication non-compliance 25 Propofol Theta/delta background, frequent generalized discharges Success

Midazolam

77/F NSCLC metastasis 26 Propofol Alpha/theta/delta background, intermittent LRDA, intermittent LPDs Failure

58/F Hashimoto’s encephalopathy 27 Propofol Theta/delta background, occasional 0.5 Hz LPDs Success

Midazolam

67/F Encephalitis 28 Propofol BSP background, intermittent 0.5–1.5 Hz GPDs, BiPDs, and LPDs Failure

29 Propofol Delta background, intermittent 0.5–2.0 Hz GPDs, intermittent multifocal
SW

Success

Midazolam

66/F Meningioma 30 Propofol Theta/delta background, near-continuous 0.5–1.0 Hz LPDs Failure

31 Propofol Theta/delta background, frequent 0.5–2.0 Hz LPDs Failure

32 Propofol Theta/delta background, frequent 0.7–3.0 Hz LPDs, abundant lateralized SW Success

65/M Post-stroke epilepsy 33 Propofol Delta background Success

62/F NSCLC metastasis 34 Midazolam Delta background, continuous 0.5–1.5 Hz GPDs and LPDs Failure

Ketamine

68/M Glioma 35 Propofol Theta/delta background, abundant 0.5–1.0 Hz LPDs, occasional lateralized
SW

Failure

36 Propofol Theta/delta background, abundant 0.5–1.0 Hz LPDs, occasional lateralized
SW

Failure

57/M Hepatic encephalopathy 37 Propofol Theta/delta background, near-continuous 1.0–2.0 Hz LPDs Failure

20/F Epilepsy 38 Propofol Theta/delta background Success

57/M Toxic-metabolic encephalopathy 39 Midazolam Theta/delta background, frequent 0.5–1.0 Hz LPDs Success

69/F Autoimmune encephalitis 40 Propofol Theta/delta background, intermittent 1.0–2.5 Hz GPDs Failure

41 Propofol Alpha/theta/delta background, intermittent 0.5–1.0 Hz GPDs Failure

Midazolam

66/F Acute disseminated encephalomyelitis 42 Propofol Theta/delta background, intermittent 0.3–1.0 Hz BiPDs Success

Midazolam

44/M Multiple sclerosis 43 Propofol Delta background, occasional LRDA, frequent multifocal SW Success

44/M Alcohol withdrawal 44 Propofol Alpha background, rare 0.25–0.5 Hz LPDs, rare lateralized SW Success

48/F Glioblastoma 45 Propofol BSP evolving into delta background, near-continuous 0.5–1.0 Hz GRDA Success

66/M Intraparenchymal haemorrhage 46 Propofol BSP evolving into theta background, abundant 0.5–1.0 Hz LPDs Success

32/M Epilepsy, medication non-compliance 47 Propofol Alpha background, occasional 2.0 Hz GRDA Success

The EEG summary during anesthetic weaning notes the predominant background activity, the presence and quality of any periodic activity, and the presence of quality of any sporad-

ic discharges. For further details, see Supplementary Table 1. BiPDs = bilateral independent periodic discharges; BSP = burst suppressed; GPDs = generalized periodic discharges;

GRDA = generalized rhythmic delta activity; LPDs = lateralized periodic discharges; LRDA = lateralized rhythmic delta activity; NSCLC = non-small-cell lung cancer; SAH = sub-

arachnoid haemorrhage; SW = sharp waves.
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addition to network density, a standard series of graph-theoret-
ical parameters describing the topology of the functional net-
work were derived: the clustering coefficient, the characteristic
path length, the number of independent components, the num-
ber of non-trivial components, the size of the largest independ-
ent component, the characteristic path length of the largest
component, and the clustering coefficient of the largest compo-
nent (Bullmore and Sporns, 2009).

All cEEG recordings were acquired using a standard 10–20
electrode arrangement at either 256 or 512 Hz using the
XLTEK EEG system (Natus Medical Inc.). For the analysis per-
formed, recordings were low-pass filtered at 125 Hz using a
third-order Butterworth filter, notch filtered at 60 Hz and 120
Hz to reduce line noise, and referenced to the average.

Each of the index test measures was calculated based on
trends of frequency and time-varying maps of the functional
connectivity (Fig. 1). We calculated these measures in 1000-ms
intervals with 500-ms overlap between intervals. Power within
the alpha, theta, and delta bands was normalized relative to the
overall power (0.5–20 Hz) in the EEG signal. For the calcula-
tion of functional connectivity, within each 1000-ms segment,
the signal at each electrode was z-normalized to zero mean and
unit variance over the 1000-ms interval. Normalization was per-
formed on the signal from each electrode independently for each
patient. A cross-correlogram of the EEG activity was then calcu-
lated between all pairs of electrodes using a±250-ms window of
overlap. The peak in the cross-correlogram between each pair of
electrodes was identified, and statistically significant peaks in
the cross-correlation defined a connection (Kramer et al., 2009;
Chu et al., 2012). For each 1000-ms epoch of data, a network
of nodes (the EEG electrodes) and edges (the statistically-signifi-
cant cross-correlations defining the connections between them)
was calculated. From each functional connectivity network, the
graph theoretical measures described above were calculated.
These data were unavailable to the clinical team and the ana-
lysis was performed blinded to the clinical data. As a test
intended for clinical implementation in real-world conditions,
we did not restrict our analysis to data without artefact.

Reference standard clinical outcome

The index test metrics above (alpha power, ratio of alpha to
delta power, and network density) were then tested for differen-
ces between the reference standard of the successful or failed
wean of IV-TLA infusions.

We prespecified both the definition of an attempted wean as
well as the definitions of wean success and wean failure through
the following systematic process. Medication administration
records with time-stamped records of medications, route, con-
centration, and rate were reviewed. An attempted wean was
defined as the cessation of continuous infusion of intravenous
anaesthetics. Medical records were then reviewed to confirm
that each attempted wean was intended for the purpose of liber-
ating the patient from IV-TLA therapy, as opposed to a tempor-
ary pause for a neurological exam. Once confirmed, weans were
then classified as either successful or unsuccessful. We defined a
successful wean as the cessation of intravenous anaesthetics
without the development of recurrent status epilepticus for at
least 48 h. We defined an unsuccessful wean as either recurrent
status epilepticus or the resumption of intravenous anaesthetics
due to clinical or electrographic concern for worsening clinical

features on cEEG (e.g. an increase in ictal-interictal continuum
burden or frequency). However, the resumption of intravenous
anaesthetics specifically for the annotated purpose of patient
comfort during intubation was not considered a wean failure. In
such cases the wean could either be a success if the patient
remained free from recurrent status for 48 h or a failure if recur-
rent status occurred or anaesthetic therapy was subsequently
escalated for the purpose of treating a concerning clinical syn-
drome or ictal-interictal continuum EEG pattern. Recurrent sta-
tus epilepticus was defined according to the American Clinical
Neurophysiology Society ICU EEG Nomenclature (Hirsch et al.,
2013) and International League against Epilepsy (Trinka et al.,
2015), including recurrent seizures with evolution and without
intervening return to baseline, epileptiform activity with a clinic-
al correlate, or, alternatively, periodic discharges with frequency
of 2.5 Hz or greater.

Figure 1 Schematic depicting the calculation of functional

connectivity from cEEG. Top: An example of 11 s of cEEG data

from a patient undergoing an anaesthetic wean. Middle: Two pairs of

1-s long EEG tracings are highlighted. The cross correlations be-

tween pairs are shown. Bottom: Two examples of the functional con-

nectivity maps are shown, with circles (the ‘nodes’ of the functional

connectivity maps) representing each EEG lead and lines (the

‘edges’ of the functional connectivity maps) representing connec-

tions defined by a statistically significant peak in the cross-correlo-

gram between the signals recorded from each lead.
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Primary statistical measures

The primary outcome was the differences in spectral power and
functional connectivity metrics between successful and unsuc-
cessful weans. Initially, to compare successful and unsuccessful
weans, the 30-min period culminating at the time of anaesthesia
cessation was identified. The index tests were then averaged
over this epoch for each wean. The value of each of these
parameters was then compared between successful and failed
weans, allowing for no indeterminate test results. To determine
whether cEEG preceding these 30-min segments was also pre-
dictive at earlier time periods during the wean, we performed
the same comparison over the earlier time series for each param-
eter, specifying time = 0 as the time of cessation of intravenous
anaesthetic. The successful and unsuccessful weans were again
compared

To measure differences in the index test between wean success
and wean failure reference standard outcomes, we measured un-
paired two-tailed Student’s t-test after confirming that parameter
sets were adequately normally distributed by a Kolmogorov-
Smirnov test of normality. Where direct comparisons of multiple
simultaneous parameters were performed, a Holm-Bonferroni
procedure was used to correct for multiple comparisons. We
considered a corrected P-value of 50.05 as statistically
significant.

Predictive model: training and
testing

We last sought to determine whether the differences described
above could be used to train a classifier to predict whether a
given anaesthetic wean was likely to be successful based on
cEEG characteristics. To do this, we trained a support vector
machine using the quantitative parameters calculated above.
Two different tests of this model were performed.

A late-epoch prediction model was calculated based on the
results of the primary statistical measures during the 30 min pre-
ceding the end of each attempted wean. For this 30-min epoch,
the calculated quantitative metrics were used to train a support
vector machine (SVM) (Cortes and Vapnik, 1995) model using
a linear kernel to distinguish between successful and unsuccess-
ful weans. To assess the accuracy of the classifier, a 100-fold
cross-validation process was performed. In each iteration, data
from 80% of the patients were used to train the classifier and
data from 20% of the patients were withheld for testing. The
classifier was then used to predict the outcome on the withheld
20% of data, and the accuracy of the classifier was calculated
by comparing the predicted outcome to the known outcome in
each withheld wean. As a control, a second classifier was
trained on the same 80% of the data after randomly shuffling
the reference standard outcome measures. This process was
repeated 100 times and an average accuracy was calculated for
both the true and control classifier. The predictive accuracy of
the control model was compared to the model trained on true
outcome data.

As an additional test of robustness, the predictive model
trained on the primary dataset and validated in the initial hold-
out dataset was then used to predict the outcome of anaesthetic
weans on an additional validation cohort of 15 anaesthetic
weans. This validation cohort was acquired after the

performance of the initial analysis and included eight weans
(53%) from a second institution. In each of 100 iterations, data
from 80% of the patients from the primary dataset were used
to train both the classifier and control models. These two mod-
els were then used to predict the outcome of 80% of the weans
from the validation cohort; again the predictive accuracy of the
classifier model and control model was compared.

An early-epoch time-varying prediction model was then devel-
oped by applying the classifier to all earlier epochs from each
wean, such that the resulting model was applied to the full cEEG
record to produce a time-varying ‘score’ that could be used to pre-
dict wean success. The model was again trained using data from
the 30-min segments prior to IV-TLA cessation but was then
tested at all preceding time points. As in the late-epoch model, on
each iteration of a 100-fold cross-validation, weans from 80% of
the patients were randomly selected as training data. The trained
model was then applied to the full time series data from the with-
held 20% of the data, and the prediction accuracy was calculated
as a function of time. The model was again compared to a control
model trained on randomly shuffled outcome labels.

We finally reported a time-varying ‘score’ based on the dis-
tance from the discrimination boundary in the SVM; a positive
score predicts successful weaning based on the current EEG con-
nectivity structure, a negative score predicts wean failure, and
the magnitude of the score provides a marker of confidence in
the prediction.

Post hoc analysis for oversampling
bias

Because some of the patients underwent multiple weans, it is
possible that the magnitude of some of the differences we
observed were due to within-subject oversampling. To control
for this possibility, we repeated the initial analysis comparing the
functional connectivity parameters and spectral power between
the two groups using only a single wean from each patient.

Data availability

Data are available for review upon request.

Results

Patient and wean characteristics

A total of 47 anaesthetic weans (23 successful, 24 unsuccess-

ful) in 34 patients met criteria for inclusion (Table 1,

Supplementary Table 1 and Supplementary Fig. 1) and were

included in the primary cohort. The age of the patients

ranged from 20 to 85 years old (median age 65); 20 of the

34 patients were female. The causes of status epilepticus in

this cohort included autoimmune/paraneoplastic and infec-

tious encephalitides, stroke, subdural haematoma, subarach-

noid haemorrhage, metabolic derangement, traumatic brain

injury, primary epilepsy syndromes, and primary and meta-

static brain tumours. Eight of 34 patients underwent more

than one anaesthetic wean; six patients underwent two
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weans, one patient underwent three weans, and one patient

underwent six weans. Following conclusion of the primary

analysis, a secondary validation cohort of an additional 15

anaesthetic weans (including eight weans from a second in-

stitution) was assembled using the same inclusion criteria

(Supplementary Table 2).

The most commonly used IV-TLA was propofol (in 40

weans) and the second most frequently used IV-TLA was

midazolam (in 11 weans). Pentobarbital was used in five

weans and ketamine was used in four weans. Eleven weans

involved the use of more than one IV-TLA. Of the 40

anaesthetic weans that included propofol, 20 (50%) were

successes and 20 (50%) were failure. Of the seven anaesthet-

ic weans that did not include propofol as one of the IV-

TLA, three (43%) were successes and four (57%) were fail-

ures. There was no difference in outcome between weans

that did and did not include propofol (P = 1.0, two-tailed

Fisher’s exact test). The duration of intravenous anaesthetic

weans (measured as the time from peak dose to cessation of

infusion) ranged from 1 min (in cases in which anaesthetics

were discontinued abruptly) to 69.8 h. The median duration

for successful weans was 3.7 h and for unsuccessful weans

Figure 2 Representative examples of the raw data from patients undergoing successful (left column, outcome = 1) and unsuc-

cessful (right column, outcome = 0) anaesthetic weans. Top row: Intravenous anaesthetic infusion rate versus time. Time = 0 indicates the

time of cessation of intravenous anaesthesia. Rows 2–5: Frequency-based quantitative metrics (relative alpha power, relative delta power, relative

theta power, and alpha/delta ratio) versus time. Rows 6–13: Spatial-correlation-based quantitative metrics (network density, number of independ-

ent components, mean clustering coefficient, characteristic path length, number of non-trivial components, size of the largest independent com-

ponent, clustering coefficient of the largest component, and characteristic path length of the largest component) versus time. In both the

successful and unsuccessful cases, the alpha/delta ratio rises as intravenous anaesthesia is discontinued. In the successful but not the unsuccessful

case, as intravenous anaesthesia is withdrawn, there is a gradual rise in network density, clustering coefficient, characteristic path length, and size

of the largest component and fall in the number of independent components as network connectivity rises.
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was 3.0 h. There was no significant relationship between

wean duration and likelihood of success (U = 264, P = 0.80,

two-tailed Mann-Whitney U-test). EEG demonstrated a

burst-suppression pattern prior to weaning in 18 of the an-

aesthetic weans, of which seven (39%) were successful. Of

those anaesthetic weans that did not follow a period of burst

suppression, 16/29 (55%) were successful. There was no dif-

ference in outcome between weans that did or did not follow

a period of burst suppression (P = 0.37, two-tailed Fisher’s

exact test). The conventional anti-epileptic drugs used varied

considerably (Supplementary Table 1); the two most com-

monly used were levetiracetam (used in 43/47 weans) and

phenytoin (used in 32/47 weans).

Examples of the 12 metrics (four frequency-based meas-

ures: relative alpha power, relative theta power, relative delta

power, and alpha/delta ratio; and eight spatial-correlation-

based functional connectivity measures: network density,

clustering coefficient, characteristic path length, number of

independent components, number of non-trivial components,

size of the largest independent component, characteristic

path length of the largest component, and clustering coeffi-

cient of the largest component) are plotted in Fig. 2 and

Supplementary Fig. 2 as time series trends over the course of

the wean; the anaesthetic dose is also plotted for reference.

Visual inspection of the trends demonstrated several consist-

ent observations. In most cases, the cessation of intravenous

Figure 3 Comparison of the quantitative metrics between successful and unsuccessful anaesthetic weans. Values for each wean

are calculated by averaging over the 30-min epoch ending at the time of anaesthesia cessation. Top row: There are no significant differences be-

tween the two groups in the any of the spectral power metrics. [Alpha: t(45) = 0.6619, P = 0.51144; Delta: t(45) = 0.2370, P = 0.8137; Theta:

t(45) = 0.8312, P = 0.41026; ADR: t(45) = 0.3669, P = 0.71543; two-tailed Student’s t-test]. Bottom row: Compared to the unsuccessful anaesthet-

ic weans, successful anaesthetic weans had significantly greater network density [t(45) = 3.2549, P = 0.0021576], characteristic path length [t(45)

= 3.1617, P = 0.0028063], clustering coefficient [t(45) = 2.9903, P = 0.0045068], size of largest component [t(45) = 4.2437, P = 0.00010838], and

characteristic path length of the largest component [t(45) = 3.0867, P = 0.0034591], and significantly fewer independent components [t(45) =

3.8467, P = 0.0003745]. There was no significant difference in the number of non-trivial components [t(45) = 0.4939, P = 0.62376] or the cluster-

ing coefficient of the largest component [t(45) = 1.2350, P = 0.22325]. Within each box plot, the horizontal red line indicates the median value,

blue boxes indicate the interquartile range (IQR), and black bars indicate minimum and maximum values (excluding outliers, defined as either

41.5 times the IQR above the third quartile or 1.5 times the IQR below the first quartile, which are indicated by red plus symbol). All P-values

are calculated by a two-tailed Student’s t-test; *statistical significance after accounting for multiple comparisons with a = 0.05. ADR = alpha/

delta ratio; CC = clustering coefficient; CPL = characteristic path length; CCL and CPLL = clustering coefficient and characteristic path length of

the largest component, respectively; SCL = size of the largest component.
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anaesthesia led to a rise in the alpha/delta ratio, regardless of

wean outcome. In many of the successful weans, an increase

in network density, a decrease in the number of independent

components, an increase in the clustering coefficient, and an

increase in the size of the largest component were apparent.

Overall, the networks appeared to become more spatially

connected in these cases. These same changes appeared large-

ly absent from the unsuccessful weans.

Primary statistical outcome

measures: comparison of the index

test at multiple time points during

weaning

Group differences in cEEG index test measures between the

wean success and wean failure reference standard outcomes

during the 30-min period prior to IV-TLA cessation are

reported in Fig. 3. Between the successful and unsuccessful

weans, there was no difference in the main frequency-specific

outcomes, specifically relative alpha power [t(45) = 0.6619,

P = 0.51144, two-tailed Student’s t-test] or the ratio of alpha

to delta power [t(45) = 0.3669, P = 0.71543; two-tailed

Student’s t-test]. Additionally, there was no difference in

relative delta [t(45) = 0.2370, P = 0.8137, two-tailed

Student’s t-test] or theta power [t(45) = 0.8312,

P = 0.41026, two-tailed Student’s t-test]. Given the differen-

tial effects of intravenous anaesthetics on EEG power within

the beta range, we also compared the power within the

beta1 (12.5–16 Hz) and beta2 (16–20 Hz) bands, and simi-

larly found no difference between successful and unsuccess-

ful weans [beta1: t(45) = 0.1950, P = 0.8463, two-tailed

Student’s t-test; beta2: t(45) = 0.7625, P = 0.4497, two-tailed

Student’s t-test; Supplementary Fig 3]. In contrast, there was

Figure 4 Network connectivity parameters versus time. The four spectral power and eight network connectivity parameters (network

density, number of independent components, clustering coefficient, characteristic path length, number of non-trivial components, size of the larg-

est component, clustering coefficient of the largest component, and characteristic path length of the largest component) are plotted for the suc-

cessful (blue) and unsuccessful (red) weans. Lines indicate mean values, and shaded areas denote the standard error of the mean. The dashed

vertical line at time = 0 indicates the time of anaesthesia cessation. EEG data were not available for every anaesthetic wean at all times (in a few

cases cEEG was only started 2–3 h prior to anaesthetic weaning); the number of weans included versus time is shown in the inset. ADR = alpha/

delta ratio; CC = clustering coefficient; CPL = characteristic path length; CCL and CPLL = clustering coefficient and characteristic path length of

the largest component, respectively; SCL = size of the largest component.
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a difference between the wean success and wean failure

groups for the main functional connectivity index test, net-

work density [t(45) = 3.2549, P = 0.0021576, two-tailed

Student’s t-test]. Overall, there were statistically significant

differences for six of the eight parameters that characterize

the functional connectivity of the network. Specifically, net-

work density, clustering coefficient [t(45) = 2.9903,

P = 0.0045068, two-tailed Student’s t-test], characteristic

path length [t(45) = 3.1617, P = 0.0028063, two-tailed

Student’s t-test], size of the largest component [t(45) =

4.2437, P = 0.00010838, two-tailed Student’s t-test], and

characteristic path length of the largest component [t(45) =

3.0867, P = 0.0034591, two-tailed Student’s t-test] were sig-

nificantly higher during wean success, and the number of in-

dependent components was significantly lower [t(45) =

3.8467, P = 0.0003745, two-tailed Student’s t-test] during

wean success compared with wean failure. There was no sig-

nificant difference in the number of non-trivial components

[t(45) = 0.4939, P = 0.62376, two-tailed Student’s t-test] or

the clustering coefficient of the largest component [t(45) =

1.2350, P = 0.22325, two-tailed Student’s t-test]. As

described in the ‘Materials and methods’ section, a 30-min

Figure 5 Test of oversampling bias. The comparisons for each quantitative metric was repeated using a single wean from each of the 34

patients; 1152 unique combinations were considered. A histogram of the P-values of the differences between the two groups (using a two-sided

Student’s t-test) is shown for each of the four spectral power metrics and each of the eight functional connectivity metrics. Orange bars denote

P-values that are statistically significant (a = 0.05) after accounting for multiple comparisons; blue bars tally the P-values that do not reach statis-

tical significance. For the spectral power metrics, in none of the 1152 combinations are any statistically significant differences between the two

groups observed. For the six functional connectivity metrics in which a statistically significant difference was observed in the initial analysis

(Fig. 3), the majority of the 1152 comparisons yield statistically significant P-values. These six histograms skew strongly to the left, indicating that

in cases that did not reach statistical significance after correcting for multiple comparisons there was still a trend towards a difference between

the groups. ADR = alpha/delta ratio; CC = clustering coefficient; CPL = characteristic path length; CCL and CPLL = clustering coefficient and

characteristic path length of the largest component, respectively; SCL = size of the largest component.
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time segment was used for these comparisons; however,

shorter and longer time periods of comparison yielded simi-

lar results (Supplementary Fig. 4).

Group differences in cEEG index test measures between

the wean success and wean failure reference standard out-

comes during earlier time points is shown in Fig. 4. Because

of the multi-hour duration of these cEEG segments, these

data contain cEEG segments corrupted by ICU artefacts,

and some cEEG records were not available for all time peri-

ods. Nonetheless, these data from real-time clinical record-

ings confirm and extend the findings from the 30-min

analysis, demonstrating that up to 6 h prior to discontinu-

ation of anaesthesia, that network density, clustering coeffi-

cient, and size of the largest component of the network are

consistently greater and that the number of independent

components is consistently lower in the wean success group

than wean failure group. Interestingly, for some parameters,

differences between the reference standard outcome groups

are greatest earlier in the wean course.

As burst suppression may have an impact on network

density and the subsequently evolution of other network fea-

tures, we also explored whether there was any difference in

network parameters between those anaesthetic weans that

did or not follow a period of burst suppression. Similar to

our finding that burst suppression did not significantly im-

pact outcome, we saw no significant difference in network

features between those anaesthetic weans that did or did not

follow a period of burst suppression (Supplementary Fig.

5A) nor any significant difference in network density up to

24 h prior to wean cessation (Supplementary Fig. 5B).

In the post hoc analysis for within-subject oversampling

bias, we identified eight patients who underwent multiple

weans, and a total of 1152 different possible combinations

(6 � 3 � 26 = 1152) of weans using only a single wean

from each patient. For each combination, the comparison of

all 12 metrics was performed, and the P-values of the differ-

ences between the groups were calculated (Fig. 5). In most

cases the differences between the groups persisted. The histo-

grams of the P-values were skewed leftward and P-values

remained 50.05 in the majority cases for the six connectiv-

ity parameters in which a difference was noted in the full

dataset. In some instances of evaluating a single wean per

patient, P-values within each outcome group were not small

enough to be considered significant after both minimizing

the data samples and subsequently correcting for multiple

comparisons.

Predictive model accuracy

The late-epoch prediction model developed in the training

set could correctly predict the outcome of wean success with

76.4% training accuracy (95% CI: 75.7–77.0) and 75.5%

testing accuracy (95% CI: 73.1–77.8%) in the withheld

data; the control model with randomly shuffled labels had

45.9% testing accuracy in the withheld data [v2(1) =

94.5114, P = 2.44 � 10–22, Kruskal-Wallis H-test] (Fig. 6A).

When applied to the second external validation cohort, the

Figure 6 Accuracy of classifier tested by 100-fold cross val-

idation. (A) For each of 100 iterations, the classifier was trained

on data from a randomly selected 80% of patients, and then tested

on the remaining 20% of the data. Data used for training and testing

were calculated by averaging the quantitative metrics for each wean

over the 30-min period ending at the time of anaesthesia cessation.

Results from the true classifier model are shown on the left, and

from a control model trained on randomly shuffled outcome labels

on the right. Median accuracy from 100 iterations is indicated by the

horizontal red line, blue boxes indicate the IQR of the distribution,

and black bars indicate the minimum and maximum values (exclud-

ing outliers, defined as either 41.5 times the IQR above the third

quartile or 1.5 times the IQR below the first quartile, which are

indicated by red plus symbol). The classifier model trained on true

outcome labels accurately predicted wean outcome 75.5% of the

time, significantly greater than the control model [v2(1) = 94.5114,

P = 2.44 � 10–22, Kruskal-Wallis H-test]. (B) Again, for each of 100

iterations, the classifier was trained on weans from a randomly

selected 80% of patients, and then tested on the remaining 20% of

the data. Here the model was then applied to the full time series

for the withheld 20% of data, yielding a prediction (success versus

failure) as a function of time. The accuracy of the model at each

time point was calculated for each iteration, and the mean ± stand-

ard error of the mean (SEM) of the accuracy is plotted as a function

of time. The true classifier model is plotted in blue, and the control

model is plotted in red. The two models begin to diverge at �16 h

prior to wean cessation. The classifier is more accurate than the

control up to 12 h prior to wean cessation and increases in accur-

acy over time.
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prediction model had an accuracy of 74.6% (95% CI: 73.2–

75.9); the control model with randomly shuffled labels had

an accuracy of 47.3% [v2(1) = 111.9262, P = 3.71 � 10–26,

Kruskal-Wallis H-test]. The area under the curve of the re-

ceiver operating characteristic curve was 83.31% in the pre-

dictive model and 47.56% in the control model [v2(1) =

122.0143, P = 2.29 � 10–28, Kruskal-Wallis H-test]

(Supplementary Fig. 6).

The early-epoch time-varying prediction model trained on

the reference standard begins to diverge from that of the

control model ~16 h prior to wean cessation; by ~12 h prior

to wean cessation the prediction model outperforms the

Figure 7 Examples of the classifier applied to time series. For each of six example anaesthetic weans in patients with successful (wean

outcome: 1) and unsuccessful anaesthetic liberation (wean outcome: 0): the top parameter is the anaesthetic dose over time. The second and

third parameters display the alpha delta ratio and network density over time. The fourth parameter displays the prediction ‘score’, demonstrating

the sign (positive, predictive of success, and negative, predictive of failure) and the confidence of the prediction proportionate to the magnitude

of the prediction score. The final parameter demonstrates the time-varying prediction of the wean outcome [success (positive) versus failure

(negative) based on the sign of the prediction score].
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control model and accuracy thereafter improves over time

(Fig. 6B). Several examples of the time-varying score are

reported in Fig. 7.

Discussion
We found that quantitative cEEG measures of functional

connectivity can be used to predict success in weaning from

IV-TLA in RSE. Connectivity parameters distinguishing be-

tween successful and unsuccessful anaesthetic weans can be

detected early in weaning and enable the use of a classifier

tool that can predict wean success in a hold-out dataset be-

fore the anaesthetic weaning attempt is concluded. The pre-

specified measure of network density and several associated

measures of network connectivity showed good predictive

accuracy during multiple time points during anaesthetic

weaning. However, no frequency domain measures discrimi-

nated wean success from wean failure in this cohort. The

model was robust to both a holdout dataset as well as a se-

cond validation cohort including data from a second

institution.

Though certain clinical characteristics, such as the underly-

ing aetiology of status epilepticus, seizure semiology, and

other medical comorbidities all influence the course of treat-

ment in RSE, there is little available evidence to guide deci-

sions regarding the management of IV-TLA, such as the

duration of treatment, the rate of weaning, and which IV-

TLA agents are weaned first. Earlier awareness that a patient

has neurophysiological signatures predicting the successful

withdrawal of IV-TLA could lead to earlier liberation from

coma and mechanical ventilation.

Prior studies have investigated this question using qualita-

tive assessments of cEEG features during treatment of RSE.

Patients in burst suppression while on IV-TLA with epilepti-

form-appearing bursts are more likely to have recurrent seiz-

ures, whereas patients with polymorphic or slow wave

bursts are less likely to have recurrent seizure (Johnson

et al., 2016; Thompson and Hantus, 2016). Similarly, in

patients treated with ketamine for RSE, the resolution of

ictal-appearing discharges and the emergence of a medium-

voltage theta range activity are predictive of therapeutic re-

sponse to ketamine and resolution of RSE (Basha et al.,

2015). In contrast, a more recent study demonstrated that

following cessation of IV-TLA, the emergence of epilepti-

form appearing activity on the ictal-interictal continuum

may not be indicative of wean failure (Das et al., 2018).

These conflicting results suggest that qualitative descriptions

of EEG morphology during anaesthetic weaning may pro-

vide incomplete prognostic information or may be variably

and intermittently assessed, highlighting the potential value

of a quantitative analysis that offers a consistent, objective,

and continuous measurement. Though functional connectiv-

ity has been used extensively as an analytic tool within

neuroscience to study network dynamics in conditions such

as epilepsy (van Mierlo et al., 2014), autism (Matlis et al.,

2015), and depression (Kaiser et al., 2016), and other forms

of automated cEEG analysis have been used to prognosticate

outcome from coma after cardiac arrest (Zubler et al., 2017;

Jonas et al., 2019; Kustermann et al., 2019), this is the first

study to our knowledge demonstrating the use of functional

connectivity to predict outcome and potentially guide treat-

ment in status epilepticus.

We found that successful weaning from intravenous anaes-

thetics and recovery from RSE is preceded by cortical activ-

ity with significantly increased density, fewer independent

components, higher clustering coefficients, and larger largest

components. Though several of these measures are closely

correlated and largely driven by network density (Faust,

2016), overall this pattern suggests that recovery from RSE

is associated with more highly correlated cortical activity.

Given that seizures are often thought of as a state of patho-

logical hyper-synchrony, this finding may be considered

counter-intuitive, but it is consistent with previous work

examining changes in functional connectivity in other brain

states. Changes in functional network topology over the

time course of individual seizures demonstrates that seizure

termination is characterized by an increase in functional net-

work density (Schindler et al., 2008; Kramer et al., 2010)

and size of the largest component (Kramer et al., 2010) of

functional networks, both of which were similarly found to

be characteristics of successful anaesthetic weans in the pre-

sent study. Given consistent observations in these prior stud-

ies of functional network changes during the termination of

discrete seizures and the present work examining network

changes in patients with resolving RSE, we speculate that

neuronal network mechanisms of seizure termination may

be shared by networks with resolved RSE. Moreover, it may

be that network properties that support seizure propagation

in the ictal state, when present in the interictal state, may

predispose to recurrent seizures and the development of sta-

tus epilepticus.

There are some important limitations to highlight in this

study. While data were prospectively collected and the

hypotheses and definitions were pre-specified, the character-

istics and dynamics of weans occurred in the clinical setting

and were thus uncontrolled, varying across patients and

across weans. Although no significant differences were seen

in terms of anaesthetic choice or the duration of attempted

weans between successful and unsuccessful weans, very

abrupt or long-duration weans may have different network

physiologies that require validation in a larger and more di-

verse dataset. Furthermore, the intravenous anaesthetic

agents used in this study each have a distinct pharmacoki-

netic profile that can be further influenced by duration of in-

fusion and patient-specific factors, making it difficult to

predict the actual time course of anaesthetic drug levels

based on drug infusion rate alone. We attempted to address

this potential limitation by specifying wean failure as lack of

relapse for 48 h after wean cessation.

1154 | BRAIN 2020: 143; 1143–1157 D. B. Rubin et al.



A second important potential limitation to this study is the

heterogeneity of aetiologies among the patient population.

An implicit assumption in the findings described herein is

that there is a common physiological mechanism linking sta-

tus epilepticus caused by different disease processes.

However, it is unknown how or if status epilepticus resulting

from, for example, subdural haematoma is mechanistically

related to status epilepticus resulting from encephalitis.

Additional analyses focusing on specific patient populations

may be helpful in further clarifying the role of aetiology.

Nevertheless, the robustness of the findings across diverse

aetiologies suggests that tools derived from this study may

be applicable to several different clinical scenarios, which is

an inherent strength given the heterogeneity of the neurocrit-

ical care population.

Additionally, while we studied quantitative features over

visual cEEG interpretation for advantages of reproducibility

and continuous performance, there are additional quantita-

tive cEEG metrics that we did not specifically assess in this

analysis. Many of these measures, such as spike frequency

count, hemispheric asymmetry, focal rhythmicity, autocorrel-

ation, and entropy, may help improve accuracy or better

characterize temporal dynamics. Furthermore, the use of

other modalities to assess functional connectivity, such as

functional MRI or fluoro-deoxyglucose PET (FDG-PET),

may provide a powerful insight into the mechanistic implica-

tions of the findings described herein. Future efforts to ex-

plore additional measures will benefit from the

generalizability of the present findings.

While this analysis was performed retrospectively, we en-

vision that such an approach could be applied in the future

to develop a real-time analytical tool to be used at the bed-

side. From a technical standpoint, the computational power

necessary to perform the described analyses in real-time is

well within capabilities of modern processors. For this study,

it took �2.5 h on a multi-core Linux processor to analyse

24 h of EEG data, demonstrating that the analysis could

feasibly run in real-time on an adequately powered system.

In our primary analysis, the EEG data were normalized in

1000-ms bins and connectivity analyses averaged over slid-

ing 30-min windows (and as we demonstrate in

Supplementary Fig. 4, this time bin can likely be shortened

without significantly impacting the results). Once 30-min of

EEG data were acquired, a time-varying trend that was

updated every 1000 ms could be produced.

Conclusion
RSE yields significant morbidity attributable to the necessary

but prolonged use of IV-TLA infusions. We determined that

successful weaning from IV-TLA in RSE is heralded by sig-

nificant changes in the functional connectivity of cortical net-

works, and that these differences accurately predict

anaesthetic liberation at both early and late time points dur-

ing an attempted anaesthetic wean. These differences may be

applied in the ICU to help minimize the duration of pharma-

cologically induced coma in patients with status epilepticus.
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