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Abstract

BACKGROUND AND PURPOSE: The National Institutes of Health Stroke Scale (NIHSS)
measured at an early time point is an appealing surrogate marker for long-term functional outcome
of stroke patients treated with endovascular therapy. However, definitions and analytical methods
for an early NIHSS-based outcome measure that optimize power and precision in clinical studies
are not well-established.

METHODS: In this post-hoc analysis of our prospective observational study that enrolled
endovascular therapy-treated patients at 12 comprehensive stroke centers across the US, we
compared the ability of 24-hour NIHSS, ANIHSS (baseline minus 24-hour NIHSS), and
percentage change (NIHSSx100/baseline NIHSS), analyzed as continuous and dichotomous
measures, to predict 90-day modified Rankin Scale (mRS) using logistic regression (adjusted
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for age, baseline NIHSS, glucose, hypertension, Alberta Stroke Program Early CT Score, time to
recanalization, recanalization status, and intravenous thrombolysis) and Spearman p.

RESULTS: Of 485 patients in the BEST (Blood Pressure After Endovascular Stroke Therapy)
cohort, 446 (92%) with 90-day follow-up data were included. An absolute 24-hour NIHSS,
adjusted for baseline in multivariable modeling, had the highest predictive power of all definitions
evaluated (aR? 0.368 and adjusted odds ratio 0.79 [0.75-0.84], £<0.001 for mRS score 0-2; aR?
0.444 and adjusted odds ratio 0.84 [0.8-0.86] for ordinal mRS). For predicting mRS score of 0-2
with a cut point, the second most efficient approach, the optimal threshold for 24-hour NIHSS
score was <7 (sensitivity 80.1%, specificity 80.4%; adjusted odds ratio 12.5 [7.14-20], £<0.001),
followed by percent change in NIHSS (sensitivity 79%, specificity 58.5%; adjusted odds ratio 4.55
[2.85-7.69], A<0.001).

CONCLUSIONS: Twenty-four—hour NIHSS, adjusted for baseline, was the strongest predictor
of both dichotomous and ordinal 90-day mRS outcomes for endovascular therapy-treated patients.
A dichotomous 24-hour NIHSS score of <7 was the second-best predictor. Although ANIHSS,
continuous and dichotomized at >4, predicted 90-day outcomes, absolute 24-hour NIHSS
definitions performed better.

Keywords
glucose; hypertension; National Institutes of Health; odds ratio; thrombectomy

As research surrounding outcomes after endovascular therapy (EVT) for acute ischemic
stroke progresses, strategies to improve research efficiency become imperative.l One
important component of the design of efficient EVT clinical trials is to define an early

and optimal clinical surrogate end point that can differentiate efficacious and nonefficacious
interventions with a degree of precision. Furthermore, a baseline and early follow-up
(usually 24 hours) evaluation of neurological status, most frequently using the National
Institutes of Health Stroke Scale (NIHSS) score, is routinely and easily performed. Early
neurological status measured on the NIHSS has been strongly associated with patient-
centered long-term functional outcomes.2° Thus, early measurement of NIHSS following
acute stroke intervention is an attractive early surrogate clinical end point for clinical trials.
However, the definition and statistical analysis of this end point has widely varied in the
acute stroke literature. Previous trials have considered an absolute decrease in NIHSS score
by 4,6 8,78 or 10 points, or 24-hour NIHSS score of 0-1,%10 to reflect early neurological
recovery. Thus, 24-hour NIHSS is frequently analyzed as a binary outcome, often without
an appropriate accounting of the baseline measurement to allow for increased efficiency.
We aimed to identify the early, NIHSS-based outcome measures that best predicted 90-
day functional outcome in patients treated with EVT using a large, prospective, modern,
multicenter, and real-world data set and validate our findings using an external data set. We
also provide data-driven arguments on the ideal analytical method for these early NIHSS-
based surrogate outcome measures.
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The data that support the findings of this study are available from the corresponding author
upon reasonable request. We conducted a post hoc analysis of our prospective, multicenter
cohort study, BEST (Blood Pressure After Endovascular Stroke Therapy), that enrolled adult
(=18 years) participants treated with EVT for an anterior cerebral circulation acute ischemic
stroke (internal carotid artery or M1 or M2 segment of the middle cerebral artery) in the
routine practice of medicine from November 2017 to September 2018 at 12 comprehensive
stroke centers across the United States. Patients with a preexisting modified Rankin Scale
score (MRS) =2, known terminal medical condition, left ventricular assist device, and an
incident stroke in the perioperative or inpatient setting were excluded. Detailed methods of
the BEST study have been previously published.!! The BEST study was approved by the
Institutional Review Boards of all participating institutions.

We included patients with a completed 90-day follow-up in this analysis. The following
NIHSS-based early clinical outcomes were explored: (1) a threshold of NIHSS at 24
hours (dichotomous measure); (2) a threshold of change in NIHSS within 24 hours of
EVT (baseline minus 24-hour NIHSS [ANIHSS]; dichotomous measure); (3) NIHSS at 24
hours (continuous measure) adjusted for baseline NIHSS in multivariable modeling; (4)
ANIHSS (continuous measure); (5) percent change from baseline (calculated as ANIHSS/
baseline NIHSS x 100). The primary outcome was mRS at 90 days. Youden index, a
summary measure of the performance of a diagnostic test, was used to identify the optimal
thresholds of 24-hour NIHSS and ANIHSS that best predicted 90-day mRS score of 0-2.
This index was used to identify the cut point of a measure that maximally differentiates
good versus bad outcomes by taking the specificity and sensitivity into account.12 The
24-hour NIHSS and ANIHSS were dichotomized at these thresholds as well as other
commonly used thresholds.8-10 Continuous values of 24-hour NIHSS and ANIHSS were
also considered. The strength of association with 90-day mRS was assessed using logistic
regression (MRS score 0-2) and ordinal regression model (7-level ordinal mRS), adjusted
for age, admission glucose, history of hypertension, baseline NIHSS (not included in the
model with ANIHSS), Alberta Stroke Program Early CT Score, time from last known well
to recanalization, successful recanalization (modified Thrombolysis in Cerebral Ischemia,
>2b), and intravenous thrombolysis administration. The covariates for adjustment were
selected a priori. To account for patient clustering by institution, as a sensitivity analysis,
we fit mixed-effects logistic regression models to our outcome with institution as random
effect. Furthermore, Spearman p was used to determine the potential predictive power of
each covariate for all models for 90-day mRS. Spearman p is a measure of correlation
between a set of predictors and an outcome. Higher value denotes that a higher correlation
of a variable for that outcome. The proportional odds assumption of each ordinal regression
model was tested using the Brant test. To test the linearity assumption for continuous
24-hour NIHSS, the general linear Ftest was applied to compare models with 24-hour
NIHSS included with linear restrictions versus non-linear terms. The nonlinear 24-hour
NIHSS was constructed using the restricted cubic spline function in STATA. A significant
F-statistic denoted violation of the linearity assumption. The 24-hour NIHSS was used as
a nonlinear term in the model if linearity assumption was violated.13 Last, the Akaike
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information criterion (AIC), which evaluates the in-sample fit of the model to estimate the
likelihood of a model to predict the future values, commonly used for model selection,

was calculated for each model (lower AIC values reflect a better model).14 The workflow
of the statistical analyses is outlined in Figure | in the Data Supplement. Missing data
were not imputed. The models for the optimal definition were externally validated using
the publicly available IMS-I1I trial (Interventional Management of Stroke 111) data.1® All
statistical analyses were performed using the STATA/IC 16.0 (College Station, TX) and
GraphPad Prism (GraphPad Software, San Diego, CA). The level of significance was set at
0.05 for all statistical analyses. All Pvalues are 2-sided. All effect sizes are reported with
95% confidence intervals in addition to Pvalues. To improve clinical utility of our results,
we provide a tool for automated calculation of predicted probability of 90-day mRS score of
0-2 based on 24-hour NIHSS and baseline NIHSS using the formula:

Z score = intercept + (f1 X 24 — hour NIHSS) + (B2 X baseline NIHSS)

Probability of 90 — day mRS score 0 —2 = (1/(1 +2.718281( ™ Z S€0r®)y) » 100

RESULTS

Of 485 patients enrolled in the BEST cohort, 446 (92%) complete cases with 90-day
follow-up data were included in this study (228 [51%] females; mean age 68+15 years;
median baseline NIHSS 16 [interquartile range, 11-20]). Additional baseline characteristics
of this cohort are outlined in Table 1.

Twenty-Four—-Hour NIHSS (Dichotomous Measure)

For 24-hour NIHSS, the optimal Youden index to predict 90-day mRS score of 0-2 was
achieved at <7 (sensitivity 80.1%, specificity 80.4%, area under the curve [AUC] 0.855
[0.819-0.887], A<0.001, Figure 1A, Table 2). Of 446 patients, 200 (45%) had a 24-hour
NIHSS score of <7. Patients with 24-hour NIHSS score of <7 had an increased odds of
having mRS score of 0-2 at 90 days (odds ratio [OR], 16.67 [95% CI, 10-25], A<0.001;
adjusted OR [aOR], 12.5 [95% ClI, 7.14-20], A<0.001, AIC 401.7; Table 2). NIHSS score of
<7 was also associated with a more favorable mRS distribution (common OR [cOR], 14.9
[95% CI, 9.8-22.7]; acOR 9.8 [95% ClI, 6.25-15.4]). The receiver operating characteristics
for a 24-hour NIHSS cut point of <2 are provided in Table 2 for reference.

ANIHSS (Dichotomous Measure)

The optimal cut point for ANIHSS for predicting 90-day mRS score of 0-2 was >4
(sensitivity 79%, specificity 58.5%, AUC 0.73 [0.685-0.77], A<0.001, Figure 1B, Table

2). Of 446 patients, 255 (57%) had a ANIHSS score of 24. Patients with ANIHSS score of
>4 had an increased odds of having mRS score of 0-2 at 90 days (OR, 5.27 [95% Cl, 3.44—
8.33], £<0.001; aOR, 4.55 [95% ClI, 2.85-7.69], £<0.001, AIC 478.6; Table 2). ANIHSS
score of 24 was also associated with a more favorable mRS distribution (cOR, 4.54 [95%
Cl, 3.18-6.45]; acOR, 3.5 [95% ClI, 2.4-5.2]). The receiver operating characteristics for the
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ANIHSS cut point of 28 is provided in Table 2. The difference between the AUC for the
24-hour NIHSS and ANIHSS was 0.126, A<0.001(Figure 1C), favoring the former.

Twenty-Four—Hour NIHSS (Continuous Measure) Adjusted for the Baseline

The 24-hour NIHSS adjusted for baseline, along with all prespecified covariates, in
multivariable modeling was associated with 90-day mRS score of 0-2 with an OR of 0.79
(95% Cl, 0.75-0.82), £<0.001 and aOR 0.79 (95% ClI, 0.75-0.84), /<0.001, AIC 390.9. The
algebraic equation incorporating the regression coefficients for calculation of probability of
90-day mRS score of 0-2 is as follows:

Z score = 1.764354 4+ (— 0.237319 X 24 — hour NIHSS) + ( — 0.0043874 x baseline NIHSS)

Probability of 90 — day mRS score 0— 2 = (1/(1 +2.718281¢ = Z 50Ty 5 100

The OR for having a favorable shift in 90-day mRS was 0.82 (95% Cl, 0.8-0.84; acOR

0.84 [95% ClI, 0.8-0.86]); however, the linearity assumption of 24-hour NIHSS was violated
in both models and limited the validity of these results. Treating the 24-hour NIHSS as

a nonlinear term (restricted cubic spline with 3 knots) improved the fit of the ordinal
regression model (X2 321 versus 312), but not the logistic model. The nonlinear prediction
of 90-day mRS based on 24-hour NIHSS (unadjusted for the baseline) is outlined in Figure
2.

ANIHSS (Continuous Measure)

The ANIHSS, when treated as a continuous measure, was associated with 90-day mRS
score of 0-2 with an OR of 1.11 (95% Cl, 1.07-1.13, /<0.001 and aOR 1.11 [95% ClI,
1.07-1.14], P<0.001), AIC 481. The OR for favorable shift in 90-day mRS was 1.09 (95%
Cl, 1.08-1.12; acOR1 1.08 [95% ClI, 1.05-1.11]).

Percent Change in NIHSS (Continuous Measure)

The optimal cut point for percent change in NIHSS for predicting 90-day mRS score of

0-2 was >41.2% (sensitivity 79.5%, specificity 73.5%, AUC 0.819 [0.78-0.854], /<0.001,
Figure 1C). Percent change in NIHSS from the baseline was associated with 90-day mRS
score of 0-2 with an OR of 1.016 (95% Cl, 1.01-1.02), A<0.001 and aOR of 1.016 (95% ClI,
1.01-1.02), £<0.001, AIC 465.9. The OR for favorable shift in 90-day mRS was 1.013 (95%
Cl, 1.01-1.016), A<0.001 and acOR 1.014 (95% Cl, 1.01-1.017), A<0.001.

Of all potential surrogates considered, 24-hour NIHSS adjusted for baseline (continuous)
had the highest predictive power with an adjusted Spearman p? of 0.368 for mRS score of
0-2 and 0.444 for ordinal mRS. Dichotomous 24-hour NIHSS score of <7 had the next best
predictive power. The values of unadjusted and adjusted Spearman p? for these definitions
and other model covariates are outlined in Table I in the Data Supplement. We validated the
models for this optimal definition using the IMS-I11 data set. The 24-hour NIHSS (nonlinear
term with 2 knots) adjusted for baseline strongly predicted 90-day mRS with comparable
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B coefficients, that is, —0.2809 for 24-hour NIHSS and -0.00149 for the baseline NIHSS
(aOR, 0.75 [95% Cl, 0.71-0.80], A<0.001, AUC 0.913 for mRS score 0-2 and acOR 0.79
[95% CI, 0.76-0.82], A<0.001). The results of sensitivity analyses were unchanged in the
mixed-effects models to account for institutional clustering of the patients.
DISCUSSION

Among various definitions of early NIHSS-based surrogate outcome measures, we
determined and externally validated that a 24-hour NIHSS adjusted for baseline was the
strongest predictor of both dichotomous and ordinal 90-day mRS outcomes for acute
ischemic stroke patients treated with EVT. Of the models containing different definitions,
the one with absolute 24-hour NIHSS adjusted for the baseline was the best model (with
the lowest AIC value). A dichotomous 24-hour NIHSS of <7 was the second-best predictor.
Although ANIHSS, continuous and dichotomized at >4, predicted 90-day outcomes, it
performed less well than the continuous 24-hour NIHSS definitions.

Consistent with prior studies, early neurological status or recovery, defined in any number
of ways, was associated with functional outcomes in our study.2:16-18 However, the

early neurological status-based outcome measures have been heterogeneously defined and
analyzed in the literature. Prior studies evaluating early neurological status as a surrogate
end point for 90-day outcome have largely used a binary measure of an improvement
(change) in NIHSS of greater than a certain arbitrary value.16-18 Furthermore, the analytical
methods used in prior studies are also constrained by restrictive linear assumptions for
the NIHSS. Our study provides valuable insight into the comparative predictive ability of
early, NIHSS-based outcome measures defined as various continuous or binary measures
in EVT-treated cohort of patients with external validation. It also provides guidance on
the optimal analytical methods, such as allowing flexibility for nonlinear prediction, to
maximize the power of this surrogate end point for future clinical trials and observational
studies.

It is not entirely surprising that a baseline-adjusted, 24-hour NIHSS best predicted 90-day
outcomes, and that this association was the strongest when mRS was treated as an ordinal
outcome. This is likely due to the fact that, by not dichotomizing both of these variables, we
maximize the statistical power.19-21 It is well known that dichotomization of continuous and
ordinal variables at a certain, often arbitrary, threshold leads to loss of critical clinical and
statistical information,22:23 such as, and most importantly, a nonlinear relationship between
NIHSS and mRS as highlighted in our study. Moreover, dichotomization can lead to false-
positive results.24 While a major movement within the field exists to use 90-day mRS as

a nondichotomous outcome, most studies continue to define early neurological status or
recovery in a dichotomous fashion. This may be, in part, due to continuous baseline-adjusted
24-hour NIHSS being less intuitive to the clinician for understanding patient outcomes.

To address this limitation to the approach, we suggest using the algebraic equation of

our model provided in above, which will calculate the probability of 90-day mRS score

of 0-2 based on the BEST data set upon inputting baseline and 24-hour NIHSS values
(automated output of this equation can be found available at https://redcap.vanderbilt.edu/
surveys/?s=734P978D9E; which is now validated using the IMS-111 trial data set).
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It is important to note that despite a relatively minor contribution of baseline NIHSS in

the overall prediction of 90-day outcomes, it is imperative to adjust for it in multivariable
modeling when the 24-hour NIHSS is used as surrogate outcome in clinical trials and
prospective studies to improve the power and reduce the bias. The 24-hour NIHSS is often
dependent on the baseline NIHSS and accounting for these baseline differences in analysis,
especially when baseline NIHSS is not used for stratification of randomization, is imperative
to reduce biased findings.2> Accounting for these individual differences in the baseline with
regression modeling can improve the precision of the 24-hour NIHSS outcome measure and
thus improve the power to detect treatment effect.

In addition to performing least well of all early NIHSS-based outcome definitions, ANIHSS
is a suboptimal outcome for the following reasons. First, in our study, this end point was
associated with unacceptably low specificity as a surrogate end point. Second, ANIHSS does
not appropriately account for the baseline NIHSS or clinical assumptions surrounding the
NIHSS. For example, a ANIHSS of 4 has vastly different implications for a patient with
baseline NIHSS of 6 versus 22. Additionally, a certain ANIHSS is likely to have different
implications, according to the affected hemisphere of the stroke. Third, using ANIHSS as an
outcome requires statistical assumptions of perfect correlation between 24-hour and baseline
NIHSS and constant variance to be met.2>26 Due to these deficiencies, 24-hour NIHSS,
adjusted for the baseline using regression modeling, provides added power and precision
over ANIHSS. In fact, in a post hoc analysis of the National Institute of Neurological
Disorders and Stroke Recombinant Tissue Plasminogen Activator Stroke Study, intravenous
thrombolysis had a significant effect on early neurological recovery when measured as a
relative change from baseline as opposed to an absolute change.8-27 However, we found that
24-hour NIHSS was more strongly associated with 90-day mRS compared to percent change
from baseline as demonstrated by higher correlation (Table I in the Data Supplement). Thus,
our study provides evidence that regression modeling of the 24-hour NIHSS may be a
superior analytic approach to relative change.28

Our results should be interpreted in light of several limitations. First, our study only included
patients treated with EVT and only for anterior circulation strokes. The optimal early
NIHSS-based outcome measures in patients treated exclusively with thrombolytics, not
treated with endovascular reperfusion therapies, or having a posterior circulation stroke may
be different. Second, BEST is a prospective observational study that collected data from
routine clinical care of EVT-treated patients. The adjudication of 24-hour NIHSS and 90-day
mRS may not occur with high accuracy in the routine clinical practice; arguably, this can
also be a strength of our study in that it provides results generalizable to real-world clinical
practice. Although a limited number of covariates were included in our prediction model,

we were able to account for the most established predictors of outcome in this patient
population.28:2% Our findings should be confirmed in post hoc analyses of additional large
clinical trials.

CONCLUSIONS

We determined that absolute 24-hour NIHSS, treated as a continuous variable and adjusted
for baseline NIHSS, best predicts 90-day functional outcomes, as commonly defined in
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research and clinical practice for patients treated with EVT for anterior circulation acute
ischemic stroke. Investigators should consider this early surrogate end point to maximize the
power and precision of their research studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ANIHSS baseline minus 24-hour NIHSS

AlC Akaike information criterion

aOR adjusted odds ratio

AUC area under the curve

BEST Blood Pressure After Endovascular Stroke Therapy

EVT endovascular therapy

IMS-111 Interventional Management of Stroke 111

mRS modified Rankin Scale

NIHSS National Institutes of Health Stroke Scale
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Figure 1. Receiver operating characteristics of National Institutes of Health Stroke Scale
(NIHSS)-based outcome measures at predicting 90-d modified Rankin Score (mRS) 0-2.

A, 24-h NIHSS, (B) NIHSS (baseline mines 24-h NIHSS), and (C) percent change in
NIHSS (NIHSS/baseline NIHSSx100). The sensitivity () axis) and 100-specificity (x axis)
and the area under the curve (AUC) for 24-h NIHSS, ANIHSS, and percent change in
NIHSS at differentiating 90-d mRS score 0-2 vs 3-6 is shown.
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Figure 2. Nonlinear prediction of 90-d modified Rankin Scale score based on the 24-h National
Institutes of Health Stroke Scale (NIHSS) score.

In this linear prediction model, 24-h NIHSS is treated as a nonlinear variable (restricted
cubic spline with 3 knots). Upper and lower bounds of this prediction are shown with the
gray area plot.
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Baseline Characteristics

Age (meanzSD) 68 (£15)
Females, n (%) 228 (51)
Hypertension, n (%) 332 (74)
Diabetes, n (%) 125 (28)
Atrial fibrillation, n (%) 161 (36)
Glucose, median [IQR] 124 [105-150]
Baseline NIHSS, median [IQR] 16 [11-20]
ASPECTS, median [IQR] 8 [7-9]
Time to recanalization, median [IQR], min | 293 [190-563]
Successful recanalization, n (%) 395 (89)
Intravenous thrombolysis, n (%) 217 (49)
24-h NIHSS, median [IQR] 93, 16]
Intracerebral hemorrhage, n (%)

Asymptomatic 92 (21)

None 336 (75)

Symptomatic 18 (4)
24-h NIHSS score <7 200 (45)
ANIHSS score 24 (%) 255 (57)

ANIHSS indicates baseline minus 24-h NIHSS; ASPECTS, Alberta Stroke Program Early CT Score; IQR, interquartile range; and NIHSS,

National Institutes of Health Stroke Scale.
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Table 2.
Association of Various Thresholds of 24-Hour NIHSS and ANIHSS With 90-Day Modified Rankin Scale

Page 14

Score 0-2
Definitions Unadjusted odds ratio | Pvalue | Adjusted odds ratio | Pvalue | Sensitivity | Specificity
24-h NIHSS score <7 16.67 [10-25] <0001 | 195 7.14-201* <0.001 | 80.1% 80.4%
24-h NIHSS score <2 12,5 [7.14-25] <0001 | 769[416-1667]% | <0001 [ 43.55% 94.23%
ANIHSS score 24 5.27 [3.44-8.33] <0.001 | 455[285-7.69]" | <0001 | 79% 58.5%
ANIHSS score 28 3.7 [2.5-5.56] <0001 | 333212-526]" <0.001 | 53.2% 76.5%
24-h NIHSS as continuous 0.79 [0.75-0.82]% <0.001 | 0.79[0.75-0.84] <0.001 | NA NA
ANIHSS as continuous 1.11[1.07-1.13] <0.001 | 111[1.07-1.14]17 <0.001 | NA NA
Percent change in NIHSS as 1.016 [1.01-1.02] <0.001 <0.001 NA NA

continuous

1.016 [1.01-1.02]7

ANIHSS indicates baseline minus 24-h NIHSS; ASPECTS, Alberta Stroke Program Early CT Score; NIHSS, National Institutes of Health Stroke
Scale; and tPA, tissue-type plasminogen activator.

Adjusted for baseline NIHSS, age, hypertension, baseline glucose, ASPECTS, time to recanalization, successful recanalization, and tPA

administration.
7

Adjusted for age, hypertension, ASPECTS, time to recanalization, successful recanalization, and tPA administration.

'tAdjusted for baseline NIHSS.
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