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CLINICAL AND POPULATION SCIENCES ©

Prediction of Outcome and Endovascular

Treatment Benefit
Validation and Update of the MR PREDICTS Decision Tool

Esmee Venema'®, MD; Bob Roozenbeek, MD; Maxim J.H.L. Mulder, MD; Scott Brown, PhD; Charles B.L.M. Majoie®®, MD;

Ewout W. Steyerberg®®, PhD; Andrew M. Demchuk®, MD; Keith W. Muir®2, MD; Antoni Davalos®®, MD; Peter J. Mitchell®, MD;
Serge Bracard, MD; Olvert A. Berkhemer(®, MD; Geert J. Lycklama & Nijeholt, PhD; Robert J. van Oostenbrugge®, MD;

Yvo BWEM. Roos®, MD; Wim H. van Zwam‘2, MD; Aad van der Lugt®®, PhD; Michael D. Hill®=, MD; Philip White, MD;

Bruce C.V. Campbell®®, PhD; Francis Guillemin, PhD; Jeffrey L. Saver®®, MD; Tudor G. Jovin, MD; Mayank Goyal®, MD;

Diederik W.J. Dippel®, MD; Hester F. Lingsma, PhD; on behalf of the HERMES collaborators and MR CLEAN Registry Investigators®

BACKGROUND AND PURPOSE: Benefit of early endovascular treatment (EVT) for ischemic stroke varies considerably among
patients. The MR PREDICTS decision tool, derived from MR CLEAN (Multicenter Randomized Clinical Trial of Endovascular
Treatment for Acute Ischemic Stroke in the Netherlands), predicts outcome and treatment benefit based on baseline
characteristics. Our aim was to externally validate and update MR PREDICTS with data from international trials and daily
clinical practice.

METHODS: We used individual patient data from 6 randomized controlled trials within the HERMES (Highly Effective
Reperfusion Evaluated in Multiple Endovascular Stroke Trials) collaboration to validate the original model. Then, we updated
the model and performed a second validation with data from the observational MR CLEAN Registry. Primary outcome was
functional independence (defined as modified Rankin Scale score 0-2) 3 months after stroke. Treatment benefit was defined
as the difference between the probability of functional independence with and without EVT. Discriminative performance was
evaluated using a concordance (C) statistic.

RESULTS: We included 1242 patients from HERMES (633 assigned to EVT, 609 assigned to control) and 3156 patients from
the MR CLEAN Registry (all of whom underwent EVT within 6.5 hours). The C-statistic for functional independence was 0.74
(95% ClI, 0.72-0.77) in HERMES and, after model updating, 0.80 (0.78-0.82) in the Registry. Median predicted treatment
benefit of routinely treated patients (Registry) was 10.3% (interquartile range, 5.8%—14.4%). Patients with low (<1%)
predicted treatment benefit (n=135/3156 [4.3%]) had low rates of functional independence, irrespective of reperfusion
status, suggesting potential absence of treatment benefit. The updated model was made available online for clinicians and
researchers at www.mrpredicts.com.

CONCLUSIONS: Because of the substantial treatment effect and small potential harm of EVT, most patients arriving within 6
hours at an endovascular-capable center should be treated regardless of their clinical characteristics. MR PREDICTS can be
used to support clinical judgement when there is uncertainty about the treatment indication, when resources are limited, or
before a patient is to be transferred to an endovascular-capable center.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.

Key Words: ischemic stroke ® registry ® reperfusion ® thrombectomy ® uncertainty
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Nonstandard Abbreviations and Acronyms

ASPECTS  Alberta Stroke Program Early CT
Score

EVT endovascular treatment

HERMES  Highly Effective Reperfusion
Evaluated in Multiple Endovascular
Stroke Trials

MR CLEAN Multicenter Randomized Clinical Trial
of Endovascular Treatment for Acute
Ischemic Stroke in the Netherlands

mRS modified Rankin Scale

stroke due to a proximal intracranial occlusion in

the anterior circulation varies considerably among
patients because of differences in prognostic factors
and heterogeneity of treatment effect. Previously, we
have developed the MR PREDICTS decision tool with
data from the MR CLEAN (Multicenter Randomized
Clinical Trial of Endovascular Treatment for Acute Isch-
emic Stroke in the Netherlands). This prediction model
combines eleven patient and imaging characteristics at
baseline to estimate outcome and treatment benefit in
individual patients."? MR PREDICTS is meant to sup-
port clinicians in decision making for EVT, so as to treat
patients who are most likely to benefit from EVT and
avoid futile treatment.

A previous external validation with data from the Inter-
ventional Management of Stroke Il trial showed mod-
erate discriminative ability.2® However, the field of EVT
is developing very quickly and quality of care is improv-
ing with, for example, shorter treatment times.* Patients
treated in clinical practice are less selected and may
therefore differ from those included in randomized trials.?
Furthermore, it is unclear if MR PREDICTS is reflecting
practice in other health care systems and countries. In
the present study, we therefore aim to externally validate
and update the MR PREDICTS decision tool with data
from multiple international trials and a Dutch national
registry, which reflects daily clinical practice.

B enefit of endovascular treatment (EVT) for ischemic

METHODS

First, we performed external validation of MR PREDICTS using
individual patient data from 6 randomized controlled trials
within the HERMES (Highly Effective Reperfusion Evaluated
in Multiple Endovascular Stroke Trials) collaboration to assess
its predictive ability and estimate relative treatment effects.®
We then updated the model and performed a second validation
with data from patients routinely treated with EVT in the MR
CLEAN Registry.* The decision tool has been made publicly
accessible at www.mrpredicts.com, and additional information
is available from the corresponding author upon reasonable
request. Individual patient data will not be made available.

Stroke. 2021,52:2764-2772. DOI: 10.1161/STROKEAHA.120.032935

Validation MR PREDICTS Decision Tool

HERMES Collaboration

The HERMES collaboration consists of patient-level data
from MR CLEAN and 6 other randomized controlled trials
comparing EVT with usual care in patients with anterior cir-
culation ischemic stroke: EVT for Small Core and Anterior
Circulation Proximal Occlusion with ESCAPE (Emphasis on
Minimizing Computed Tomography [CT] to Recanalization
Times); EXTEND-IA (Extending the Time for Thrombolysis in
Emergency Neurological Deficits—IntraArterial); REVASCAT
(Randomized Trial of Revascularization with Solitaire FR Device
versus Best Medical Therapy in the Treatment of Acute Stroke
Due to Anterior Circulation Large Vessel Occlusion Presenting
Within Eight Hours of Symptom Onset); SWIFT PRIME
(Solitaire With the Intention for Thrombectomy As Primary
EVT); Thrombectomie des Artéres Cerebrales (THRACE); and
The Pragmatic Ischaemic Thrombectomy Evaluation (PISTE).5-®
Enrolled patients were 18 years or older and had an intracranial
large vessel occlusion in the anterior circulation on noninva-
sive imaging. Specific inclusion criteria for prestroke disability,
National Institutes of Health Stroke Scale score, Alberta Stroke
Program Early CT Score (ASPECTS), occlusion location, and
collateral score varied among the studies. EVT was mainly per-
formed with second-generation neurothrombectomy devices.
All participants provided informed consent according to each
trial protocol, and each study was approved by the local ethics
and research board. The methods and design for the patient-
level pooling have been described previously.®

For this validation study, we included all patients with an
occlusion of the intracranial carotid artery, internal carotid artery
terminus (ICA-T), or middle cerebral artery (segment M1 or M2)
on noninvasive imaging. Patients from the MR CLEAN trial (e,
the derivation cohort) and patients with missing outcomes were
excluded, according to HERMES policy. We did not exclude
patients treated >6 hours after onset of symptoms or last seen
well because time to treatment cannot be used for selection
of patients in the control group. Missing predictor values were
replaced with the mean or the mode, or by single regression
imputation when >5% was missing.

MR CLEAN Registry

The MR CLEAN Registry is a prospective, observational
study, which included all patients treated with EVT in the
Netherlands. Registration started in March 2014, directly after
the final inclusion in the MR CLEAN trial. There was no upper
age limit and no minimal ASPECTS or collateral score required.
All data were centrally collected and checked for complete-
ness and consistency. An imaging assessment committee
assessed imaging characteristics without knowledge of out-
come or detailed clinical characteristics and an adverse event
committee scored the safety parameters. Functional outcome
at 3 months was systematically assessed by experienced and
trained research nurses. The central medical ethics commit-
tee of the Erasmus MC University Medical Center, Rotterdam,
the Netherlands, evaluated the study protocol and granted
permission to carry out the study as a registry (MEC-2014-
235). Detailed methods of the MR CLEAN Registry have been
reported previously.*

For this validation study, we included patients treated
between March 16, 2014, and November 1, 2017. We used
the following inclusion criteria: age 218 years; occlusion of the
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ICA(-T) or middle cerebral artery (segment M1 or M2) on non-
invasive imaging; start of treatment within 6.5 hours after onset
or last seen well; and treatment in a center that participated
in the MR CLEAN trial. Following MR CLEAN Registry policy,
missing baseline and outcome values were imputed using mul-
tiple imputation based on relevant covariates.

Statistical Analyses

MR PREDICTS is a multivariable ordinal logistic regression
model that predicts the modified Rankin Scale (mRS) score
at 90 days after stroke. The rationale behind the methods of
this model has been described previously.! External valida-
tion was performed using the coefficients and intercept of the
original model. Definitions of predictor variables were used as
described in the MR PREDICTS paper? As primary outcome,
we used the probability of functional independence, defined as
mRS score O to 2, which was derived from the ordinal model.

We used individual patient data and did not account for
potential clustering of patients within the HERMES dataset in
the 6 constituting trials. After the first validation, the model was
updated based on the full HERMES dataset, which includes
the MR CLEAN trial. We assessed extension of the model with
baseline glucose based on previously published studies, using
a likelihood-ratio test with A<0.05.5"" We also used likelihood-
ratio tests to assess the removal of nonsignificant variables
from the model. The model coefficients were refitted with an
adjustment factor for the derivation versus validation cohort. A
second validation of this updated model was performed with
data from the MR CLEAN Registry.

Model performance was evaluated according to discrimina-
tion (ie, the ability to distinguish between patients with a low
and high probability of a good outcome) and calibration (ie, the
level of agreement between predicted and observed outcome).
Discriminative ability was quantified with Harrell's concordance
(C) statistic, which varies between 0.5 for a noninformative model
and 1 for a perfectly discriminating model.'? We calculated the
C-statistic for the prediction of functional independence (MRS
score 0-2) and for the full ordinal analysis. Calibration was
assessed graphically with a plot for the prediction of functional
independence and was quantified by the calibration intercept
and slope.” The intercept reflects calibration-in-the-large, indi-
cating whether predicted probabilities are systematically too low
or too high, and should ideally be equal to 0. The slope reflects
the strength of the predictors and should ideally be equal to
1. Bootstrap resampling with 2000 replications was performed
to construct the 95% Cls of the model performance measures
(50th and 1950th performance estimates).

Treatment benefit was defined for each individual patient
as the difference in the probability of functional indepen-
dence with and without EVT. The predicted treatment benefit
of patients in HERMES (e, the probability of mRS score 0-2
with EVT minus the probability of mRS score 0-2 without EVT)
was compared with the average observed treatment benefit (ie,
the percentage of mRS score 0-2 in treated patients minus
the percentage of mRS score 0-2 in control patients) in each
quintile of predicted benefit. Because of the lack of a control
group in the MR CLEAN Registry, we compared outcome of
patients with successful reperfusion (defined as an extended
Thrombolysis in Cerebral Infarction score 2B-3) and nonsuc-
cessfully treated patients (extended Thrombolysis in Cerebral
Infarction 0—2A) to estimate the observed treatment benefit."
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We classified patients according to their predicted treatment
benefit: low (predicted benefit <1%), moderate (1%-10%),
and high (>10%), to compare baseline characteristics and
observed outcomes.

The c-for-benefit was calculated using the outcomes of
patient pairs that were matched on predicted benefit but dis-
cordant for treatment assignment. This novel metric was devel-
oped to measure a model's ability to predict treatment benefit. It
represents the probability that from 2 randomly chosen patient
pairs, which consist of a treated patient and a control patient
with a similar predicted benefit, the pair with greater observed
benefit also have a higher predicted benefit.'®

All statistical analyses were performed with R statistical
software (version 3.6.3). The online tool was developed with
the R Shiny package (version 1.4.0).

RESULTS
First Validation: HERMES Collaboration

After exclusion of 21 patients because of missing mRS
scores, 1242 patients were included in the HERMES
validation cohort (633 assigned to EVT, 609 assigned
to control). Patients in this cohort had less prestroke dis-
ability (mRS score >2: 1.9% versus 9.2%), better collat-
eral scores (grade 2-3: 86% versus 67%), and shorter
workflow times (onset to groin puncture: 228 versus 260
minutes) than patients in the derivation cohort (Table 1.
Collateral score was missing because of insufficient
baseline CT angiography imaging in 412 patients (33%).
All other variables were > 95% complete.

Most predictor effects were similar to the derivation
cohort (Table 2). No significant effect was found for
treatment with IV alteplase (0.96 [95% ClI, 0.68-1.35)),
which was also not significant in the derivation cohort,
and previous stroke (0.99 [0.72-1.34]). The interaction
between EVT and time from onset to groin puncture
was confirmed in the validation cohort with a decreas-
ing treatment effect over time (P=0.02), but there was
no statistically significant interaction between EVT and
previous stroke (P=0.13), or EVT and collateral score
(P=0.26). Discriminative ability of the model was moder-
ate, with a C-statistic of 0.74 (0.72-0.77) for the predic-
tion of functional independence and 0.68 (0.66-0.70)
for the ordinal model (Table 3).

Overall, patients did better than predicted by the
model (Figure 1A). The predicted versus observed pro-
portion of functional independence was 25% versus
35% in the control group and 39% versus 54% in the
intervention group (average treatment benefit: 14%
predicted versus 19% observed). The observed treat-
ment benefit was particularly higher than predicted in
the quintile of patients with the lowest predicted benefit
(Figure 2). These patients were less often treated with
IV alteplase (76% versus 93%, A<0.001) and had less
favorable clinical and imaging characteristics (Table I in
the Data Supplement).

Stroke. 2021;52:2764-2772. DOI: 10.1161/STROKEAHA.120.032935
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Table 1. Baseline Characteristics of the Derivation and Validation Cohorts
Derivation cohort Current validation cohorts
MR CLEAN Registry
MR CLEAN (n=500) HERMES (n=1242) (n=3156)

Age,y 65 (14) 66 (13) 70 (14)
Male sex 292 (58%) 630 (51%) 1640 (52%)
Baseline NIHSS score 18 (14-22) 17 (18-20) 16 (11-19)
Baseline systolic blood pressure, mmHg 145 (25) 145 (24) 150 (25)
Baseline glucose level, mg/dL 121 (106-141) 119 (104-140) 123 (106-146)
Treatment with IV alteplase 445 (89%) 1109 (89%) 2410 (77%)
Allocation to EVT 233 (47%) 633 (51%) NA
Medical history

Previous stroke 54 (11%) 133 (11%) 527 (17%)

Diabetes 68 (14%) 215 (17%) 502 (16%)
Prestroke mRS score

0 404 (81%) 647 (84%) 2093 (68%)

1 50 (10%) 112 (14%) 408 (13%)

>2 46 (9.2%) 15 (1.9%) 585 (19%)
Baseline imaging

ASPECTS on NCCT 9 (8-10) 8 (7-9) 9 (7-10)
Collateral score on CTA

0 26 (5.3%) 5 (0.6%) 186 (6.3%)

1 135 (27%) 113 (14%) 1069 (36%)

2 199 (40%) 348 (42%) 1152 (39%)

3 134 (27%) 363 (44%) 557 (19%)
Location of occlusion on noninvasive vessel imaging

ICA-(T) 138 (28%) 284 (25%) 795 (27%)

M1 319 (64%) 777 (68%) 1764 (59%)

M2 39 (7.9%) 84 (7.3%) 441 (15%)
Workflow

Onset to groin puncture, min 260 (210-311) 228 (173-290) 194 (150-250)

Onset to reperfusion, min 340 (274-395) 291 (231-357) 250 (199-311)

Data are reported as n (%), mean (SD), or median (IQR). ASPECTS indicates Alberta Stroke Program Early CT Score; CTA,
computed tomography angiography; EVT, endovascular treatment; ICA(-T), intracranial carotid artery (terminus); M1, middle cere-
bral artery segment 1; M2, middle cerebral artery segment 2; mRS, modified Rankin Scale; NCCT, noncontrast computed tomog-

raphy; and NIHSS, National Institutes of Health Stroke Scale.

Model Updating

The addition of baseline glucose as nonlinear predic-
tor using restricted cubic splines significantly improved
model fit (P=0.01) in the full HERMES dataset (includ-
ing MR CLEAN). The odds ratio of glucose was 0.97
(95% Cl,0.90-1.04) for each 10 mg/dL under 120 mg/
dL and 0.98 (0.96-1.00) for each 10 mg/dL above 120
mg/dL. No significant effect was found when omitting
previous stroke (P=0.41), and this variable was elimi-
nated from the model. Then, the model coefficients were
refitted based on the complete dataset with an adjust-
ment for the derivation versus validation cohort. Table Il
in the Data Supplement shows the odds ratios of the
original model and the updated model. The apparent
C-statistic of the updated model was 0.78 for functional
independence and 0.72 for the ordinal outcome.

Stroke. 2021,52:2764-2772. DOI: 10.1161/STROKEAHA.120.032935

Second Validation: MR CLEAN Registry

In total, 31566 patients were included (Table 1, Figure |
in the Data Supplement). Compared with patients in the
derivation cohort, patients in the MR CLEAN Registry
were less often treated with IV alteplase (77% versus
89%), more often had a prestroke disability (mRS score
>2: 19% versus 9%), and were treated faster (median
onset to groin puncture: 194 versus 260 minutes). Over-
all, 3% of all data points were missing.

The predictor effects were similar as in the derivation
cohort (Table 2). Discriminative ability was moderate to
good, with a C-statistic of 0.80 (0.78—-0.82) for functional
independence and 0.74 (0.73-0.75) for the full mRS.

Outcomes were slightly worse than predicted
when using the intercept of the HERMES validation
cohort (40.8% versus 42.7% functional independence,
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Table 2. Observed Main Effects in the Derivation and Validation Cohorts (Without Interaction Effects)

Validation MR PREDICTS Decision Tool

Derivation cohort

Current validation cohorts

MR CLEAN (n=500)

HERMES (n=1242)

MR CLEAN Registry
(n=3156)

Endovascular treatment 1.86 (1.84-2.59) 1.94 (1.58-2.37) NA
Age*
Each year 65 y 1.00 (0.97-1.02) 0.98 (0.97-1.00) 1.01 (1.00-1.02)

Each year >65 y 0.92 (0.89-0.95)

0.95 (0.94-0.97)

0.93 (0.93-0.94)

Baseline NIHSS (per point) 0.93 (0.90-0.96)

0.93 (0.91-0.95)

0.92 (0.90-0.93)

Baseline systolic blood pressure®

Each 10 mmHg <130 mmHg 1.26 (0.99-1.61) 1.07 (0.92-1.24) 1.05 (0.94-1.17)

Each 10 mmHg >130 mmHg 0.77 (0.70-0.85) 0.90 (0.85-0.96) 0.92 (0.89-0.96)
Treatment with IV alteplase 1.62 (0.94-2.79) 0.96 (0.68-1.35) 1.32 (1.13-1.55)
Previous stroke 0.53 (0.31-0.92) 0.99 (0.72-1.38) 0.83 (0.68-1.02)
Diabetes 0.55 (0.33-0.90) 0.60 (0.46-0.79) 0.61 (0.51-0.75)
Prestroke mRS 0.72 (0.58-0.90) 0.58 (0.44-0.76) 0.68 (0.64-0.73)
ASPECTS (per point) 1.16 (1.06-1.28) 1.13 (1.06-1.19) 1.08 (1.04-1.12)

Level of occlusion on noninvasive imaging

ICA-(T) 1.0 (reference) 1.0 (reference) 1.0 (reference)

M1 1.43 (0.98-2.07) 1.84 (1.45-2.34) 1.52 (1.30-1.77)

M2 2.35 (1.20-4.60) 2.56 (1.63-4.03) 1.48 (1.18-1.85)
Collateral score 1.61 (1.31-1.96) 1.39 (1.21-1.60) 1.38 (1.27-1.50)
Time from onset stroke to groin puncture (per 0.93 (0.86-1.00) 0.92 (0.89-0.95) 0.90 (0.88-0.93)

30 min)

Presented common odds ratios with 95% Cls reflect the effect on the reversed modified Rankin Scale (odds ratio >1 corresponds
with better functional outcome). ASPECTS indicates Alberta Stroke Program Early CT Score; HERMES, Highly Effective Reperfusion
Evaluated in Multiple Endovascular Stroke Trials; ICA(-T), intracranial carotid artery (terminus); M1, middle cerebral artery segment 1;
M2, middle cerebral artery segment 2; MRCLEAN, Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic
Stroke in the Netherlands; mRS, modified Rankin Scale; and NIHSS, National Institutes of Health Stroke Scale.

“Modeled using a restricted cubic spline function. The odds ratios can be interpret as follows: the first odds ratio of age represents
the effect of each year under 65, the second odds ratio represents the effect of each year from 65 y and above. The first odds ratio
of blood pressure represents the effect of each 10 mmHg under 130 mmHg, the second odds ratio represents the effect of each 10

mmHg from 130 mmHg and above.

Figure 1B). Median predicted treatment benefit per
individual patient was 10.3% (IQR, 5.8%-14.4%). The
subgroup of patients with low predicted benefit (=135
[4.3%)]) achieved low rates of functional independence
irrespective of reperfusion status (4/72 [5.6%] with
successful reperfusion, 2/63 [3.2%] without reperfu-
sion), suggesting potential absence of treatment effect
(Figure 3). The majority of these patients had prestroke
disability (MRS score >2: 51%), absent or poor collat-
eral flow (87%), or other unfavorable prognostic char-
acteristics (Table Ill in the Data Supplement), but none
of these features was fully predictive of a low treat-
ment benefit.

Final Model

The regression equation of the updated model is pro-
vided in the Data Supplement. The intercept, which
reflects the baseline risk of outcome not explained by the
predictor variables, can be adjusted to obtain predictions
for a setting or population similar to that of the trial popu-
lation in the HERMES validation cohort or the patients

2768  September 2021

included in the MR CLEAN Registry. The web application
was updated with the new model coefficients for use in
clinical practice and research (www.mrpredicts.com).

DISCUSSION

We externally validated and updated the MR PREDICTS
decision tool with high-quality individual patient data
from recent international randomized controlled trials
and a large nationwide registry. Predictors included in
the final model based on clinical and statistical consid-
erations were age, baseline National Institutes of Health
Stroke Scale, systolic blood pressure, baseline glucose,
treatment with IV alteplase, diabetes, prestroke mRS,
ASPECTS, occlusion location, collateral score on nonin-
vasive imaging and (estimated) time from symptom onset
to groin puncture. Treatment effect was modified by
onset to treatment time, collateral score and the baseline
probability of good outcome. The updated model showed
moderate to good discriminative ability and good calibra-
tion in data from daily clinical practice.

Stroke. 2021;52:2764-2772. DOI: 10.1161/STROKEAHA.120.032935
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Table 3. Model Performance Measures (With 95% Cls)

Validation MR PREDICTS Decision Tool

Previous validation
Derivation cohort cohort Current validation cohorts
MR CLEAN IMS 111 HERMES MR CLEAN Registry
(n=500) (n=260) (n=1242) (n=3156)
Discrimination
C-statistic-mRS score 0-2 0.79 0.73 (0.67-0.79) 0.74 (0.72-0.77) 0.80 (0.78-0.82)
C-statistic—ordinal mRS 0.75 0.69 (0.64-0.73) 0.68 (0.66-0.70) 0.74 (0.73-0.75)
Calibration
Intercept NA 0.81 (0.53-1.09) 0.63 (0.51-0.76) -0.12 (-0.20-0.04)
Slope NA 0.75 (0.67-0.79) 0.95 (0.81-1.09) 1.00 (0.92-1.08)

The original model included 3 interaction terms for dif-
ferential relative treatment effects. The interaction between
EVT and onset to groin was confirmed in the HERMES
validation cohort, but we did not confirm a differential rela-
tive treatment effect for collateral score or previous stroke.
Only 118 out of 829 (14%) patients in the HERMES
validation cohort had absent or poor collaterals and these
patients might have been selected based on favorable
CT-perfusion characteristics. Because collateral flow is an
important determinant for outcome and treatment effect
in less selected populations,'®'” and we previously found
a similar interaction between EVT and collateral score in
the Interventional Management of Stroke IIl trial validation,
we kept this in the model. Since we have no clinically plau-
sible explanation for the interaction between EVT and prior
stroke, we think that this is more likely to be a spurious find-
ing and we excluded it from the final model. We did not
eliminate treatment with IV alteplase based on the nonsig-
nificant effect in the first validation cohort, because this data
include trials in which drip-and-ship patients who showed a
good response to IV alteplase were not randomized, which
might have caused selection bias. Based on the results of
the DIRECT-MT trial, the effect of prior administration of IV
alteplase on outcome after EVT remains uncertain.'®

Ischemic core volume is often suggested as an addi-
tional predictor of functional outcome after EVT."®2! The
DAWN and DEFUSE-3 trials successfully used CT perfu-
sion or MR diffusion-weighted imaging to select patients
that benefit from EVT >6 hours after last seen well2222
Two trials within the HERMES collaboration used CT
perfusion or MR perfusion-diffusion imaging as an
additional selection tool for some or all of their patients
(EXTEND-IA and SWIFT-PRIME), one used collateral
score (ESCAPE), and one used ASPECTS (REVASCAT).
Core volume was shown to be an independent prognos-
tic factor of functional outcome in previous analyses of
the MR CLEAN and HERMES data, although it did not
modify the relative treatment effect of EVT.2%% We did
not add ischemic core volume to our model, because

Stroke. 2021,52:2764-2772. DOI: 10.1161/STROKEAHA.120.032935

we only had CT perfusion or MR diffusion imaging data
available for a subgroup of patients (=900 [72%]), and
the selection of these patients might affect the validity of
the model. A prediction model based on perfusion imag-
ing characteristics may be useful, but it would require
large, representative registries in addition to the more
selective trial data.

Discriminative performance of our model was modest,
especially in the clinical trial population, although pre-
dictor effects were comparable in the different cohorts.
Previous research has shown that the C-statistic is not
only related to model validity but also to heterogeneity of
patients in the validation cohort.?® The strict selection cri-
teria of some trials might have caused less heterogeneity
and therefore a slightly lower C-statistic (ie, when patients
in the validation cohort are more alike, it is harder for the
model to distinguish between low and high risk patients).
The reported c-for-benefit would be considered weak
when rated on the scale of a conventional C-statistic, but
adjusted benchmarks are required to correctly interpret
this novel measure.” Treatment benefit and overall out-
comes in the HERMES trials were systematically higher
than predicted, which might be explained by the selec-
tion of patients with favorable characteristics, inclusion
of high-quality centers with ample experience, and fast
workflow times in these studies. The good calibration in
the MR CLEAN Registry shows that the model predicts
well in a broad population of patients treated in routine
clinical practice.

Predicted treatment benefit seems substantial in most
patients and the potential harm of EVT is small. Alithough
we identified a small subgroup of patients with low treat-
ment benefit, we cannot predict definite harm. However,
it is important to remark that we were unable to measure
the real treatment benefit in the MR CLEAN Registry
due to the lack of a control group. We used reperfusion
(defined as extended Thrombolysis in Cerebral Infarction
2b-3) as a surrogate for successful treatment, but reper-
fusion was not achieved in all treated patient. Another
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Figure 1. Calibration of functional independence, defined as a modified Rankin Scale (mRS) score of 0 to 2.

A, Calibration in the HERMES (Highly Effective Reperfusion Evaluated in Multiple Endovascular Stroke Trials) validation cohort (n=1242) and (B)
calibration, after model updating, in the MR CLEAN (Multicenter Randomized Clinical Trial of Endovacular Treatment for Acute Ischemic Stroke

in the Netherlands) Registry (n=3156). The linear bar chart shows the distribution of patients with (=1) or without (=0) an observed outcome of

mRS score 0 to 2.

important caveat is that the data are based on service
characteristics reflecting either the Netherlands or the
HERMES trial centers. There may certainly be groups
who are harmed or not helped by the intervention, but the
data are derived from centers that are sufficiently expe-
rienced to select these cases out. In addition, caution is
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Figure 2. Calibration of treatment benefit in the HERMES
(Highly Effective Reperfusion Evaluated in Multiple
Endovascular Stroke Trials) validation cohort (n=1242),
defined as the difference in the observed proportion of
functional independence (modified Rankin Scale score 0-2)
in treated patients and control patients.

Patients were classified into quintiles according to their predicted
treatment benefit. C-for-benefit was 0.53 (95% ClI, 0.50-0.56).
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needed when applying the model to uncommon condi-
tions for which little data is available, such as extreme
values of continuous variables or a severe prestroke
disability.

The recommendations by the model might comple-
ment current clinical guidelines, for example, about the
treatment of patients who have an M2 occlusion. Although
the European Stroke Organization and European Society
for Minimally Invasive Neurological Therapy recommend
to treat M2 occlusions, the American Heart Association
2019 Update still advises careful selection at the individ-
ual level2527 We offer a tool to assist physicians to rapidly
make such a reasonable decision when there is difficulty
in translating trial results to individual patients. Another
example is a very old patient with multiple comorbidities
but favorable imaging characteristics. In such a situation,
it is important to combine the prognostic effect of multiple
factors simultaneously. The MR PREDICTS tool can also
be used as an adjunct to clinical judgment when a patient
has to be transported from a primary stroke center to an
intervention center, when resources are limited, or when
physicians explore the boundaries of treatment indica-
tions. Although individual outcomes vary, consistent and
careful use of our model will on the long run benefit care
for the patient with acute ischemic stroke.

CONCLUSIONS

MR PREDICTS was updated based on the best evidence
currently available for patients treated within 6 hours after
stroke onset. Because of the substantial treatment effect

Stroke. 2021;52:2764-2772. DOI: 10.1161/STROKEAHA.120.032935
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Figure 3. Estimated treatment benefit in the MR CLEAN
(Multicenter Randomized Clinical Trial of Endovascular
Treatment for Acute Ischemic Stroke in the Netherlands)
Registry validation cohort (n=3156), defined as the difference
in the observed proportion of functional independence
(modified Rankin Scale [mRS] score 0-2) in patients with
and without successful reperfusion (extended Thrombolysis
in Cerebral Infarction [eTICI] >2b).

Patients were classified into 3 categories: low predicted benefit
(<1%), moderate predicted benefit (1%-10%), and high predicted
benefit (>10%). C-for-benefit was 0.58 (95% Cl, 0.66—0.61).

and small potential harm of EVT, most patients arriving
within 6 hours at an endovascular-capable center should
be treated regardless of their clinical characteristics. Our
updated model can be used to support clinical judgment.
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