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Abstract

Background: Predicting outcome after endovascular treatment for acute ischemic stroke is challenging. We aim to investigate
differences between predicted and observed outcomes in patients with acute ischemic stroke treated with endovascular
treatment and to evaluate the performance of a validated outcome prediction score.

Patients and methods: MR PREDICTS is an outcome prediction tool based on a logistic regression model designed to predict
the treatment benefit of endovascular treatment based on the MR CLEAN and HERMES populations. ESCAPE-NAL1 is a
randomized trial of nerinetide vs. placebo in patients with acute stroke and large vessel occlusion. We applied MR
PREDICTS to patients in the control arm of ESCAPE-NA1. Model performance was assessed by calculating its discriminative
ability and calibration.

Results: Overall, 556/1105 patients (50.3%) in the ESCAPE-NA1-trial were randomized to the control arm, 435/556 (78.2%)
were treated within 6 h of symptom onset. Good outcome (modified Rankin scale 0-2) at 3 months was achieved in 275/435
patients (63.2%), the predicted probability of good outcome was 52.5%. Baseline characteristics were similar in the study
and model derivation cohort except for age (ESCAPE-NA1: mean: 70 y vs. HERMES: 66 y), hypertension (72% vs. 57%), and
collaterals (good collaterals, 15% vs. 44%). Compared to HERMES we observed higher rates of successful reperfusion (TICI
2b-3, ESCAPE-NA1: 87% vs. HERMES: 71%) and faster times from symptom onset to reperfusion (median: 201 min vs. 286
min). Model performance was good, indicated by a c-statistic of 0.76 (95%confidence interval: 0.71-0.81).

Conclusion: Outcome-prediction using models created from HERMES data, based on information available in the emergency
department underestimated the actual outcome in patients with acute ischemic stroke and large vessel occlusion receiving
endovascular treatment despite overall good model performance, which might be explained by differences in quality of and
time to reperfusion. These findings underline the importance of timely and successful reperfusion for functional outcomes in
acute stroke patients.
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Introduction

Endovascular treatment (EVT) is an established treatment
option for patients with acute ischemic stroke and large
vessel occlusion (LVO) and substantially improves the
outcome post stroke. In a meta-analysis of five rando-
mized controlled trials testing EVT vs. standard of care,
46% of patients in the intervention arm achieved good
functional outcomes defined as a modified Rankin Scale
(mRS) 0-2 at day 90." However, predicting post-stroke
outcome for an individual stroke patient is still an
ongoing challenge. Not only treatment itself but also add-
itional clinical and procedural variables such as age, stroke
severity, premorbid conditions, or time from onset to treat-
ment influence functional outcome in an individual stroke
patient. >

Taking these variables into account, the MR PREDICTS
tool has been developed to predict outcomes in patients
with ischemic stroke.* The MR PREDICTS model aims
to evaluate a patient’s potential benefit with EVT based
on clinical and radiological characteristics available on
initial assessment in the emergency department and to
support clinical decision making in the acute stroke
setting.*> Model derivation was based on the study popula-
tion of MR CLEAN® and was further updated on the
HERMES dataset, using pooled data from six randomized
controlled trials.”

Since the implementation of EVT for acute stroke with
LVO in routine clinical care based on the results of the afore-
mentioned randomized controlled trials in 2015, there has
been increasing experience and technical advances in the
field of EVT.® We hypothesize, that these improvements
might have further increased chances of good functional
outcome in patients with acute ischemic stroke. This could
lead to an underestimation of good functional outcomes
and treatment benefit based on currently available outcome
prediction tools. ESCAPE-NAL is a recent acute ischemic
stroke trial comprising 1105 patients receiving EVT and
either the intravenous neuroprotectant nerinetide or
placebo.” We applied the MR PREDICTS model to this
recent large dataset of acute stroke patients treated with endo-
vascular thrombectomy and aimed to compare the predicted
and observed outcome at 3 months post-stroke and to assess
model performance of the MR PREDICTS tool in the
ESCAPE-NAI dataset.

Methods

Study population—ESCAPE-NA1

ESCAPE-NA1 is a multicenter, randomized, double-
blinded, placebo-controlled trial investigating the effect
of intravenous nerinetide vs. placebo on functional out-
comes in patients with acute ischemic stroke due to
LVO. Overall, 1105 patients were enrolled between
March 2017 and August 2019. Eligibility was defined
by age (>18 years), baseline National Institute of Health
Stroke Scale (NIHSS, >5), premorbid functional inde-
pendence (Barthel-Index >90), and time from stroke

onset (enrollment within 12 h of symptom onset).
Proximal intracranial vessel occlusion (intracranial ICA
or M1) and baseline Alberta Stroke Program Early
Computed Tomography Score (ASPECTS, limited to 5—
10), as well as, moderate-to-good collateral filling were
assessed on non-contrast computed tomography (CT)
and multiphase CT angiography (mCTA). All patients
received EVT. Functional outcome after stroke was mea-
sured on the mRS at 90 days. Study approval was pro-
vided by local ethics boards; informed consent was
obtained from the patient or their legal representative
prior to enrollment in the trial.’

Access to the ESCAPE-NA1 data supporting these
findings is planned for the future but is not currently pub-
licly available.

MR PREDICTS

MR PREDICTS is an outcome prediction tool designed to
predict functional outcome on the mRS at 90 days for
patients presenting with acute ischemic stroke and LVO
based on baseline clinical and radiological characteristics.
The outcome prediction is based on a multivariable logis-
tic regression model and was initially developed in the
MR CLEAN trial population.’ The derivation cohort con-
sists of 500 acute stroke patients presenting within 6 h of
symptom onset with a proximal intracranial vessel occlu-
sion in the anterior circulation (ICA, M1, M2).° MR
PREDICTS was further updated on the HERMES popula-
tion and validated in the MR CLEAN registry cohort.”
The following variables are included in the updated MR
PREDICTS model: EVT, age, baseline NIHSS, premorbid
mRS, diabetes mellitus, systolic blood pressure (SBP),
blood glucose, intravenous thrombolysis, ASPECTS, vessel
occlusion location, collateral score and time from onset to
groin puncture. Intercepts for each category on the mRS
scale are provided by the model. The regression equation as
well as the intercepts for the different mRS-categories can
be found in the supplementary material. The prediction
model is available as a web application via https:/
mrpredicts.shinyapps.io/temp_1/; an example is provided in
the supplementary material (Supplemental Figure I).'°

Data analysis

The analysis in the ESCAPE-NAI population was limited to
patients in the control arm treated within 6 h of symptom onset
to account for differences in patient inclusion criteria between
trials and the effect of nerinetide. As collateral scoring in the
derivation cohort was based on single-phase CTA, collateral
score readings in ESCAPE-NA1 were repeated by two
readers (M.M., N.S.) based on the first phase of baseline
mCTAs. Collaterals were scored on a 4-point scale, ranging
from 0 (=absent collaterals) to 3 (= collaterals filling 100%
of the occluded territory)."!

Baseline, workflow, and outcome variables for the
study population (ESCAPE-NAI1 control arm, limited to
patients treated within 6 h) were descriptively compared
to the HERMES population,' which comprises the
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population of the most recent model update. Probabilities
for each mRS-score were calculated for each patient in the
study population based on the MR PREDICTS regression
equation.” For comparison of predicted and observed out-
comes we calculated the mean of each category of the pre-
dicted mRS and the averaged distribution of the observed
mRS at 90 days. Model performance was assessed by cal-
culating discrimination (quantified by Harrel’s concordance
statistic (c-statistic)'®) and calibration (quantified by the
calibration intercept and slope, graphically assessed via
calibration plots)'*; good model performance is character-
ized by a c-statistic and slope approaching 1, and an inter-
cept close to 0. Discrimination and calibration were
calculated for good functional outcome (mRS 0-2) as
well as mRS 0-1 and mRS 0-3. To explore the influence
of potential explanatory variables for differences in pre-
dicted and observed outcomes currently available literature
was evaluated for variables associated with functional out-
comes in patients with acute ischemic stroke receiving
EVT. A list of predictors of outcome is provided in the sup-
plementary material (supplementary table 1). Additionally,
all published data on the HERMES population was
searched for data availability on these variables. Variables
with available data were descriptively compared in the
study and model derivation cohort.

Statistical analyses were performed in the statistical envir-
onment R (version 3.6.1), missing values for independent

variables were imputed using predictive mean matching for
numerical variables and polytomous logistic regression for

categorical variables embedded in the R package “mice”.'*

Results

Overall, 556 of 1105 (50.3%) patients were randomized to
the control arm of the ESCAPE-NAl-trial. After the
exclusion of 115 patients with time from onset to groin
puncture of more than 6 h and exclusion of 6 patients
with missing data on functional outcome at 3 months,
435 patients (78.2%) were included in this analysis.
Baseline variables for the analyzed cohort and correspond-
ing numbers for the most recent model update cohort (i.e.,
HERMES population) are provided in Table 1. In compari-
son to the HERMES population, patients included in this
analysis were older (median age, ESCAPE-NA1: 70
years vs. HERMES: 66 years) and presented more fre-
quently with premorbid disability, history of hypertension
and history of smoking. In addition, the number of
patients was with good collaterals based on single-phase
CTA was lower in the ESCAPE-NA1-population.

Further comparison of our study population to the
model update cohort (HERMES population) showed sub-
stantial differences in both workflow and radiological
outcome parameters (Table 2). Time from onset to reper-
fusion was faster in the ESCAPE-NAT1 cohort compared

Table 1. Baseline characteristics for the ESCAPE-NA1-control and HERMES trial populations.

ESCAPE-NA1—Control/6 h (n=1435)

HERMES™*7 (n=1242)

Age, years 70 (14)
Male sex 216 (49.6%)
Baseline NIHSS 17 (13-21)
Baseline SBP 148 (25)
Baseline glucose in mg/dl 121 (105-141)
Premorbid mRS
0 344 (79.1%)
1 54 (12.4%)
>2 37 (8.5%)

Medical history
Prior stroke
Diabetes
Hypertension
Atrial fibrillation

60 (13.7%)
81 (18.6%)
312 (71.7%)
152 (34.9%)

Smoking 211 (48.5%)
Baseline imaging features
ASPECTS 8 (7-9)
Collateral score
0 8 (1.8%)
1 123 (28.3%)
2 237 (54.5%)
3 67 (15.4%)
Occlusion location
ICA 101 (23.2%)
M1 317 (72.8%)
M2 17 (3.9%)

66 (13)

630 (50.7%)
17 (13-20)
145 (24)

119 (104-140)

1057 (82.1%) [n= 1287]
162 (12.6%) [n=1287]
68 (5.2%) [n=1287]

133 (10.7%)
215 (17.3%)
740 (57.5%) [n=1287]
424 (32.9%) [n=1287]
404 (31.4%) [n=1287]

8 (7-9)

5 (0.6%) [n = 829]

113 (14%) [n =829
348 (42%) [n=829]
363 (44%) [n=829]

284 (24.8%) [n = 1145]
777 (67.9%) [n = 1145]
84 (7.3%) [n = 1145]

Numbers are reported as either n (%), median (IQR) or mean (SD).

NIHSS: National Institute of Health Stroke Scale; SBP: systolic blood pressure; mRS: modified Rankin scale; ASPECTS: Alberta Stroke Program Early Computed
Tomography Score; ICA: internal cartoid artery; M1: M1-segment of the middle cerebral artery; M2: M2-segment of the middle cerebral artery.
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to the HERMES population (median time from onset to
reperfusion: ESCPAE-NA1: 201 min vs. HERMES: 286
min). Time from onset to door was comparable in both
cohorts (ESCAPE-NA1: 92 min vs. HERMES: 99 min),
whereas procedural times (e.g., time from groin puncture
to reperfusion) were faster in the ESCAPE-NA1 population
(Table 2). Rates of successful reperfusion, defined as TICI
2b-3, were higher in the ESCAPE-NA1 population (final
TICI 2b-3: ESCAPE-NAL: 87% vs. HERMES: 71%).
Good functional outcome was achieved in 275 of 435
(63.2%) patients in the study population. In comparison,
the mean predicted probability for good functional
outcome as per MR PREDICTS was 52.5% for the
overall study cohort, resulting in an absolute difference

Table 2. Workflow and outcome characteristics within EVT
populations in ESCAPE-NA1-control and HERMES.

ESCAPE-NA1
Control/6 h HERMES™?
(n=435) (n=634)
Workflow
Onset to door (min) 92 (53-173) 99 (52-191)

Onset to groin (min)
Onset to reperfusion
(min)

170 (120-237) 238 (180-302)
201 (153-273) 286 (215-363)

Door to imaging (min) 13 (9-19) 19 (12-33)

Door to groin (min) 57.5 (43—-81) 104 (74—148)

Imaging to groin 43.5 (30—63) 76 (51—-108)

Groin puncture to 26 (17-39) Ly (27—64.5)
reperfusion (min)

Transport—direct 268 (61.6%) 441 (69.6%)

Outcome

Final TICI 2b-3 377 (86.7%) 402 (70.5%) [n=570]

mRS Day 90 2 (1-4) —

mRS 0-2 Day 90 275 (63.2%) 291 (45.9%)

Numbers are reported as either n (%) or median (IQR) TICI: thrombolysis in
cerebral infarction score; mRS: modified Rankin Scale; EVT: endovascular
treatment.

of 10.7% between predicted and observed outcomes.
Poor functional outcome and mortality (mRS 5-6)
occurred in 21.1% of the study population compared to
a mean predicted probability of 15.1%. The averaged dis-
tribution of predicted probabilities and observed outcomes
in our study population per mRS-category can be found in
Figure 1.

Evaluation of model performance in predicting good
functional outcome (mRS 0-2) resulted in a c-statistic of
0.76 (95%CI 0.71-0.81) with a calibration slope of 1.00
(95%CI 0.76-1.23) and an intercept of 0.56 (95%CI
0.34-0.77, Figure 2). Performance for mRS 0-1 resulted
in similar parameters, whereas performance parameters
improved for mRS 0-3 (mRS 0-1: c-statistic 0.75 (95%
CI 0.70-0.79), slope 0.97 (95%CI 0.73-1.20), intercept
0.51 (95%CI 0.30-0.72) and mRS 0-3: c-statistic 0.77
(95%C1 0.71-0.82), slope 0.99 (95% CI 0.75-1.23), inter-
cept 0.27 (95%CI 0.04-0.51); Supplemental Figures II
and III).

Discussion

Prediction of functional outcome in our study population
of patients with acute ischemic stroke and LVO based
on a validated prediction model showed good model per-
formance, but a substantial difference between predicted
and observed outcome. Probabilities of good functional
outcomes as well as the risk of mortality and vegetative
state were underestimated by the model.

Overall, 63.2% of patients enrolled in the control arm of
ESCAPE-NAI and treated within 6 h of symptom onset
achieved good functional outcomes (mRS 0-2) at 90
days. In comparison, pooled data from five randomized
trials showed good functional outcomes in 46% of patients
receiving EVT.' More recent randomized controlled trials
enrolling specific subgroups of patients with acute ischemic
stroke and LVO (e.g., patients with late presentation) report
similar results on functional outcome with EVT.'>'® The
applied prediction tool underestimated both probabilities

predicted 15.1% 18.9% 18.5%

observed 20.9% 22.8%

.-
- lI o

modified Rankin Scale

Figure 1. Predicted vs. observed outcome. Averaged predicted probabilities for 90-day modified Rankin scale (mRS) scores and distribution
of the observed functional outcome at 90 days for patients enrolled in the control arm of ESCAPE-NAL1 treated within 6 h of symptom onset.
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Figure 2. Calibration plot for good functional outcome (mRS 0-2).
Distribution of predicted probabilities vs. observed proportions of
mRS 0-2; the bar chart indicates patients with (1) and without (0)
the outcome of mRS 0-2.

of good and poor functional outcomes in our study cohort.
This finding underlines the complexity and limitations of
prediction tools. At the time of applying the prediction
model—i.e., in the setting of an acute presentation of a
patient with ischemic stroke—the available information is
restricted to the patient’s Dbaseline characteristics.
However, there are various additional factors apart from
baseline characteristics that potentially influence functional
outcome in a patient with acute ischemic stroke but are not
known at the time of presentation and initial decision
making (e.g., quality of reperfusion, time to reperfusion).
Consequently, the influence of these wvariables on
outcome is not covered by prediction tools that are based
on information available at the time of acute presentation.
Furthermore, factors such as differences in the system of
care or patient selection are known to affect model calibra-
tion and performance.'” As an example, differences in
patient selection based on radiological characteristics such
as collateral status in the trials compared in this analysis
might have affected model performance. To account for
these differences in patient populations, model updating
is an important next step to obtain reliable estimations in
a particular setting.

In our study cohort successful reperfusion, defined as
TICI 2b-3, was achieved in 87% of included patients.
The number of successful reperfusions in our cohort is
comparable to those reported in recent trials testing differ-
ent technical approaches for thrombectomy—the ASTER
and COMPASS trial both reported TICI 2b-3 in more than
80% of all patients.'®'* Additionally, registry-based data
show similar rates of successful reperfusion in patients
with LVO and EVT with stent retrievers (87.9% TICI
2b-3 with 56.6% good functional outcome in the
STRATIS registry).”” However, in comparison to the pre-
diction model derivation cohort, we observed higher rates
of successful reperfusion in our study population
(ESCAPE-NAL: 87% vs. HERMES: 71% TICI 2b-3).

Information on the quality of reperfusion is not available
at the baseline assessment of an acute stroke patient but
is known to be associated with good functional outcome
post-EVT in acute stroke patients.?'** The difference in
frequencies of successful reperfusion between the model
derivation cohort and our study population might have
therefore contributed to the differences between predicted
and observed outcomes.

In addition to the quality of reperfusion, minimizing time
from symptom onset to reperfusion is critical in achieving
good outcome after ischemic stroke.® Secondary analyses
from randomized controlled trials showed the importance
of time to treatment and its influence on functional
outcome, with every hour of delay substantially reducing
the probability of functional independence.® Especially,
intra-hospital delays in treatment have been found to be
an important predictor of poor outcomes in patients receiv-
ing EVT.* Different strategies to improve workflow, such
as early notification or direct transfer of suspected stroke
patients to imaging or the angio-suite have been shown to
reduce times to treatment and improve outcome® and
there is data showing improvement in treatment times
over the last years.® In our study cohort, time from
symptom onset to reperfusion was overall 85 min shorter
compared to the HERMES population. Time intervals
from symptom onset to door (i.e., presentation to the hos-
pital) are comparable between these two cohorts whereas
in-hospital and procedural times were shorter, suggesting
improvement mainly after a patient’s presentation to the hos-
pital. This finding could be partially explained by lower
numbers of transferred patients in the ESCAPE-NA1 popu-
lation but also indicates improvement of in-hospital work-
flow and procedure duration. Comparable to quality of
reperfusion, information on time to reperfusion is not avail-
able at the initial presentation of an acute stroke patient, but
is known to substantially influence functional outcome.’
Improvements in treatment times in our study population
compared to the model update cohort might also contribute
to better outcomes than expected based on the prediction
model.

Limitations

This study has several limitations. First, we restricted our
patient sample to patients enrolled in the control arm of the
ESCAPE-NALI trial and patients treated within 6 h which
resulted in a limited amount of available patient data.
However, this step was taken to avoid a potential influence
of treatment with nerinetide and to comply with inclusion
criteria for the initial model derivation cohort. Second,
apart from quality of reperfusion and speed of reperfusion
there are additional variables that potentially influence
functional outcome but were not available for our ana-
lysis. Some of these additional variables are known but
not measured (e.g., accessibility and quality of rehabilita-
tion, management of complications, secondary stroke pre-
vention), others might be completely unknown, and we
were therefore not able to analyze their potential influence
on functional outcome.
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Conclusion

Outcome prediction based on a prediction model using base-
line clinical and radiological variables in a recent cohort of
patients with large vessel acute ischemic stroke receiving
EVT underestimated probabilities of good functional
outcome even though model performance measures indicate
overall good discrimination and calibration. Our findings
underline the complexity of prediction tools applied in the
acute stroke setting based on limited availability and infor-
mation of patient characteristics at the time of application.
Substantial differences both in quality of reperfusion as
well as time to reperfusion between the model derivation
cohort and our study population could explain the discrep-
ancy between predicted and observed outcomes and
support the importance of timely and successful reperfusions.
The knowledge of these additional patient characteristics
throughout the course of stroke treatment and their imple-
mentation in updated prediction models is needed to
further improve outcome prediction of patients with acute
ischemic stroke and LVO.
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