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Abstract

Objective—To develop a simple and effective risk score for predicting which stroke patients will
have persistent impairment of upper extremity motor function at 90 days.

Design—~Post-hoc analysis of clinical trial patients hospitalized with acute ischemic stroke who
were followed for 90 days to determine functional outcome.

Setting—Patient were hospitalized at facilities across the United States.

Participants—We created a harmonized cohort of individual patients from the NINDS tPA,
ALIAS part 2, IMS-111, DEFUSE 3, and FAST-MAG trials. We split the cohort into balanced
derivation and validation samples.

Interventions—Not applicable.

Main Outcome Measures—The primary outcome was persistent arm impairment, defined as
an NIHSS arm domain score of 2—4 at 90 days in patients who had a 24-hour NIHSS arm score
>1. We used LASSO regression to determine the elements of the Persistent UPPer extremity
Impairment (PUPPI) index, which we validated as a predictive tool.

Results—We included 1,653 patients (827 derivation and 826 validation), of whom 803 (48.6%)
had persistent arm impairment. The PUPPI index gives one point each for age =55 years and
NIHSS values of worse arm=4, worse leg>2, facial palsy=3, and total NIHSS >10. The optimal
cutpoint for the PUPPI index was =3, at which the area under the curve was >0.75 for the
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derivation and validation cohorts and when using NIHSS values from either 24 hours or in a
subacute/discharge time window. Results were similar across different levels of stroke severity.

Conclusion—The PUPPI index uses readily available information to accurately predict
persistent upper extremity motor impairment at 90 days post-stroke. The PUPPI index can be
administered in minutes and could be used as inclusion criterion in recovery-related clinical trials
or, with additional development, as a prognostic tool for patients, caregivers, and clinicians.

Keywords

580: Neurologic Disorders; 690: Outcomes Research; 860: Stroke (see Brain Injuries)

Introduction

Methods

The goal of accurately predicting behavioral recovery is important for acute ischemic
stroke (AIS) patients and caregivers, in particular for upper extremity (UE) motor status,
which is highly correlated with post-stroke quality of life.1 Prior research has shown that
assessments of UE motor status early post-stroke and biomarkers of corticospinal tract
integrity can accurately predict UE motor function at follow-up.2=° Several risk indices that
have been proposed for predicting AlS patients” UE motor function at follow-up utilize
advanced testing modalities, such as neuroimaging or transcranial magnetic stimulation,
or more complex impairment scores such as the Fugl-Meyer Assessment.3” While these
tools may be accurate, the necessary advanced testing prevents widespread use. In addition,
the existing risk indices largely focus specifically on measures of arm motor status and do
not incorporate potentially useful information from non-UE motor assessments or global
stroke severity. In this context, we sought to develop a simple risk index that could be
quickly administered by clinicians at the bedside and would accurately predict persistent UE
motor impairment at 90 days after AlS.

To develop our risk index, we harmonized patients from the deidentified, publicly

available datasets for the NINDS tPA, ALIAS part 2, IMS-I11, DEFUSE 3, and
FAST-MAG trials.8-13 Because of the sensitive nature of the data in this study,

requests to access the dataset from qualified researchers trained in human subject
confidentiality protocols can be sent to the National Institute of Neurological Disorders and
Stroke at https://www.ninds.nih.gov/Current-Research/Research-Funded-NINDS/Clinical-
Research/Archived-Clinical-Research-Datasets. IRB approval was not required for the
deidentified datasets.

We included all patients from the trials, apart from FAST-MAG, in which we included
1,245 patients with acute stroke and excluded stroke-mimics and patients with intracerebral
hemorrhage to maintain consistency with the other trials which excluded such patients.
Patients were further excluded if they had no arm impairment at 24 hours from trial
enrollment (NIHSS item 5, right and left arm domain=0), died in the first 90 days after
stroke onset, or if they lacked NIHSS data at day 90 follow-up. Because each trial had acute
interventions, patients were by default within 16 hours of AIS onset at the time of study

Arch Phys Med Rehabil. Author manuscript; available in PMC 2023 May 01.
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enrollment, and >95% were within 6 hours of onset. The primary outcome was an NIHSS
item 5 right or left arm domain score of 2—4 at 90 days, which we termed persistent arm
impairment.

We randomly divided the patients into 2 cohorts with balanced splitting on the trials. The
first cohort was used as the derivation sample and the second for validation. The potential
variables for our risk index included the patient demographics in Table 1, NIHSS total score,
and NIHSS subscores in the following domains: worse arm (item 5), worse leg (item 6), face
(item 4), sensory (item 8), language (item 9), vision (item 3), and neglect (item 11).

We used restrictive LASSO! to select the components of our risk index. LASSO covariate
selection for regression models is a methodology that is preferred to Stepwise approaches
based on its use of a tuning parameter to penalize the number of covariates in the model.1>
Restrictive LASSO was employed because of its ability to overcome the potential for
multicollinearity and to parse the number of candidate variables to a minimum, which is
desirable when developing a streamlined risk score.1® With this approach, the following
variables were selected as final components of the index: one point each for age =55 years
and NIHSS values of worse arm=4, worse leg=3, facial palsy=3, and total NIHSS score =10,
for a range of possible scores of 0-5. We calculated the score separately, once using the
24-hour NIHSS values and again using discharge/day 4-10 NIHSS values. In the NINDS
tPA trial, the subacute time point of NIHSS was measured between 7-10 days after AIS
onset and in FAST-MAG it was at 4 days after onset, whereas in the other trials it was
measured at discharge, which was a mean£SD of 5.7+£3.8 days after AIS onset. We tested
the predictive ability of the different time points at which NIHSS was collected using
Delong’s test, which tests if the area under the receiver operating characteristic curve
(AUC) is superior for one model versus another.’

We named this index the Persistent UPPer extremity Impairment (PUPPI) index, with the
range of potential scores being 0-5. We calculated the optimal cutpoint for predicting
persistent arm impairment based AUC on at all possible cutpoints. For each cutpoint,

the AUC, sensitivity, specificity, positive predictive value (PPV), and negative predicative
value (NPV) are reported, with exact 95% binomial confidence intervals. As an exploratory
analysis, we compared the AUC and PPV of the PUPPI index in patients with a baseline
NIHSS of <10, 10-15, and >15. All analyses were performed in Stata 16.1 (StataCorp,
College Station, TX).

The derivation of the cohort is shown in Figure 1. Of the 3,548 patients with AlS enrolled
in the trials, 1,351 were excluded for having a worse arm score of 0 at 24 hours, 375 for
dying prior to 90-day follow-up, and 169 for having incomplete NIHSS data. The remaining
harmonized cohort included 1,653 patients, of whom 320, 486, 334, 112, and 401 patients
were from the NINDS tPA, ALIAS Part 2, IMS-111, DEFUSE 3, and FAST-MAG trials,
respectively. The mean+SD age was 66.4+12.9 years, 49.8% were men, and 65.9% were
White. Consistent with the entry criteria in these interventional trials, the severity of AIS
was high (median baseline NIHSS=15); 65.2% received intravenous alteplase and 24.1%

Arch Phys Med Rehabil. Author manuscript; available in PMC 2023 May 01.
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had endovascular therapy. Patients spanned all five TOAST stroke mechanism categories in
the four trials that reported this information (data on stroke mechanism were not available in
FAST-MAG,; Table 1). The derivation cohort had 827 patients and the validation cohort had
826 patients, with baseline characteristics that were not significantly different (Table 1).

In the full cohort, 803/1,653 (48.6%) had the primary outcome of persistent arm impairment.
This proportion did not differ significantly between the derivation and validation cohorts
(Table 1). In a logistic regression model fit to persistent arm impairment with all possible
values for total NIHSS (0-42), worse arm (1-4), worse leg (0-4), face (0-3), and age
(18-90), the AUC was 0.85 using NIHSS score values collected at 24 hours and 0.89 using
NIHSS score values collected at discharge/day 4—-10. The components of the PUPPI index
are shown in Figure 2 and the distribution of the index’s raw scores is in Table 2 along with
AUC values that compare each possible cutpoint, highlighting that the best AUC and optimal
cutpoint for a positive PUPPI index is =3.

Using the >3 cutpoint for a positive PUPPI index, the AUC in the derivation cohort,

using NIHSS scores values collected at 24 hours, was 0.78, with a sensitivity, specificity,
and PPV of 75.4%, 80.5%, and 78.9% respectively (Table 3). The =3 cutpoint of the

PUPPI index performed comparably in the validation cohort with an AUC of 0.78. Using
NIHSS score values collected at discharge/day 4-10 yielded even better performance with
AUCs of 0.81 and 0.80 in the derivation and validation cohorts, and PPVs of 87.8% and
84.2%, respectively (Table 3). The difference in AUC between 24-hour and discharge/day
4-10 NIHSS was significantly different using DeLong’s test (0.78 vs 0.81, p=0.003). In
comparison, the AUC and sensitivity for using worse arm score =3 alone as a predictor was
poorer: 0.75 and 66.9% using 24-hour NIHSS values, and 0.79 and 69.7% for discharge/day
4-10 NIHSS values. Thus, using worse arm motor impairment alone has a modest ability to
predict persistent arm impairment, but at a considerable loss of sensitivity compared to the
PUPPI index.

In the exploratory analysis with patients stratified into three groups according to baseline
NIHSS total score <10 (h=376), 10-15 (n=502), and >15 (n=767), the AUC/PPV using
24-hour NIHSS values were 0.66/71.9%, 0.75/76.1%, and 0.77/80.2%, respectively, and
for the discharge/day 4-10 NIHSS scores, the AUC/PPV was 0.71/77.8%, 0.75/83.4%, and
0.84/87.7%.

Discussion

Accurate prediction of long-term outcomes during the initial hours-to-days post-stroke has
high potential value in clinical trials and clinical practice. Here we show that accurate
prediction of persistent arm impairment in patients with AIS at 90 days post-stroke

is possible using a new tool, the PUPPI index, which can be easily calculated at the
bedside using readily available data. The PUPPI index, using a cutpoint of >3 to define
positivity, performed well using NIHSS score values obtained 24 hours after AIS onset
and significantly better using subacute values obtained at discharge or day 4-10 (p=0.003).
This finding highlights that post-stroke prediction benefits from greater time of disease

Arch Phys Med Rehabil. Author manuscript; available in PMC 2023 May 01.
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expression, although the performance at 24 hours was good enough that the PUPPI index
can be performed anytime from 24 hours to discharge.

We were able to derive and validate the PUPPI index using data from five landmark trials
and across patients with differing levels of baseline stroke severity. Similar to a small prior
study, we found that age and the NIHSS total score and motor domains alone were sufficient
to create our predictive model.18 We did not find that the addition of other NIHSS domains,
such as language, sensory, neglect, or vision, or the addition of demographics such as sex,
medical comorbidities, or TOAST stroke mechanism, improved the ability of the PUPPI
index to predict persistent arm impairment. The predictive value of the PUPPI index is also
independent of acute interventions such as thrombolytics and thrombectomy.

While there are existing risk indices for predicting AlS patients’ UE motor function at
follow-up, they rely on advanced diagnostic testing, such as neuroimaging or transcranial
magnetic stimulation,28 or more complex impairment scores that are not routinely used in
clinical practice, such as the Fugl-Meyer Assessment.37 In contrast to prior risk indices, we
focused on predicting persistent arm impairment, defined as a worse NIHSS arm domain
score of 2-4 at day-90 follow-up, which corresponds to moderate to severe UE motor
impairment on the Fugl-Meyer.1® We chose this approach in part because one intended

use for the PUPPI index is to identify patients who are optimal candidates for enrollment

in clinical trials evaluating restorative interventions to reduce persistent arm impairment.
Future research is needed to develop the PUPPI index for other uses, such as prognosticating
which patients will recover UE motor function or how intensity of rehabilitation could
impact UE motor function.

Study Limitations

Our study has several important limitations. We did not have a separate dataset to externally
validate the results of our analysis. The five clinical trials in our cohort did not include
detailed information on patient’s discharge destination, so we were not able to account for
the potential confounding effects of the type of facility the patient was discharged to and
the available resources at the facility.2® Doing so might improve the predictive accuracy of
the PUPPI index, although prior research has shown that with the exclusion of outliers in
motor recovery there is little variance in the prediction of motor recovery, suggesting that the
type of facility and amount of rehabilitation provided with the current approach to standard
of care in the U.S. may not be necessary to predict recovery.2! There is also selection

bias inherent to using patients enrolled in clinical trials with an intervention, but the rigor
of outcome adjudication and the large sample size work to offset this bias. The PUPPI
index’s PPV may vary according to characteristics of the population in which it is applied,
although it performed well across all three strata of baseline NIHSS score. Finally, we did
not predict gradations of UE motor function at follow-up. Future research may benefit from
utilizing this approach of combining arm, leg, and face motor impairment in the week after
stroke with age and total functional impairment to explore if more detailed and accessible
prognostication of patient-specific UE motor function is possible.

Arch Phys Med Rehabil. Author manuscript; available in PMC 2023 May 01.
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Conclusion

The PUPPI index uses readily available information to provide accurate prediction of
persistent upper extremity motor impairment at 90 days from AIS onset. The index can
be calculated in minutes at the bedside and could be used as an inclusion criterion or
stratification variable in rehabilitation research and, with additional development, as a
prognostic index for patients, caregivers, and clinicians.
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624 in NINDS [841 in ALIAS] [656 in Ims] [182in DEFUSE| (1245 in FAST-MAG|
193 arm unaffected 323 arm unaffected 173 arm unaffected 32 arm unaffected 630 arm unaffected
111 missing data or dead| |32 missng data or dead| | 149 missing data or dead| |38 missing data or dead | | 214 missing data or dead
[334 in IMS [112in DEFUSE|  [401 in FAST-MAG

Figure 1.

Derivation of the cohort.
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Patient age =55 years +1

Worse NIHSS arm = 4 1

Worse NIHSS leg = 3 +1

NIHSS Facial Palsy = 3 +1

Total NIHSS =10 +1
Score = Total

Figure 2.
Components of the PUPPI index.

PUPPI index scores range from 0-5. PUPPI scores =3 are considered positive for predicting

persistent upper extremity motor impairment at 90 days post-stroke.
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Table 1.
Baseline demographics of the full cohort and derivation and validation cohorts.
Full cohort (n=1,653) | Derivation cohort (n=827) | Validation cohort (n=826) | p value

Age 66.4+12.9 66.2+12.6 66.7+13.1 0.410
Male 823 (49.8%) 412 (49.8%) 411 (49.8%) 0.980
Race

White 1,089 (65.9%) 545 (65.9%) 544 (65.9%)

Black 301 (18.2%) 152 (18.4%) 149 (18.0%) 0.993

Hispanic 161 (9.7% 79 (9.5%) 82 (9.9%)

Other 102 (6.2%) 51(6.2%) 51 (6.2%)
Trial

NINDS 320 (19.4%) 160 (19.3%) 160 (19.3%)

ALIAS 486 (29.4%) 243 (29.4%) 243 (29.4%)

IMS 334 (20.2%) 167 (20.2%) 167 (20.2%) >0.999

DEFUSE 112 (6.8%) 56 (6.8%) 56 (6.9%)

FAST-MAG 401 (24.2%) 201 (24.3%) 200 (24.2%)
Hypertension (n=1,639) 1,215 (74.1%) 610 (74.4%) 605 (73.9%) 0.810
Hyperlipidemia (n=1,561) 719 (46.1%) 354 (44.9%) 365 (47.2%) 0.363
Atrial fibrillation (n=1,632) 396 (24.3%) 195 (23.8%) 201 (23.8%) 0.667
Diabetes mellitus (n=1,646) 371 (22.5%) 192 (23.3%) 179 (21.8%) 0.459
TOAST category (n=1,232)

Large artery 261 (21.2%) 137 (22.2%) 124 (20.2%)

Cardioembolic 485 (39.4%) 242 (39.2%) 243 (39.5%)

Small vessel 131 (10.6%) 67 (10.9%) 64 (10.4%) 0.658

Other defined 122 (9.9%) 57 (9.2%) 65 (10.6%)

Cryptogenic 233 (18.9%) 114 (18.5%) 119 (19.4%)
Right-handed (n=1,459) 1,349 (92.5%) 678 (92.6%) 671 (92.3%) 0.859
Right hemisphere stroke (n=1,443) 757 (52.5%) 378 (52.2%) 379 (52.7%) 0.710
Intravenous alteplase 1,077 (65.2%) 534 (64.6%) 543 (65.7%) 0.618
Endovascular therapy 399 (24.1%) 200 (24.2%) 199 (24.1%) 0.965
Baseline NIHSS (n=1,645) 15, 10-19 15, 10-19 15, 10-19 0.770
90-day modified Rankin Scale (n=1,536) 3,2-4 3,2-4 3,2-4 0.323
Persistent arm impairment 803 (48.6%) 406 (49.1%) 397 (48.1%) 0.675

*
Binary variables shown as n (%); ordinal variables as median, IQR; and interval variables as mean+SD. Intergroup differences between the
derivation and validation cohorts tested with the Chi-squared test for binary variables, Wilcoxon rank sum for ordinal variables, and Student’s t-test

for interval variables.
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Raw scores shown for the PUPPI index in the full cohort using age =55 and NIHSS values at 24 hours and
discharge/day 4-10.

PUPPI Index Number of _ Persistentarm No persistent arm Area under the curve (cut point
patients impairment (n, %) impairment (n, %) comparison)
Using NIHSS values at 24 hours and age=55

0 108 14 (13.0%) 94 (87.0%) -

1 495 91 (18.4%) 404 (81.6%) 0.55 (0 vs 1-5)
2 281 933 (33.1%) 188 (66.9%) 0.73 (0-1 vs. 2-5)
3 293 202 (68.9%) 91 (31.1%) 0.78 (0-2 vs. 3-5)
4 446 381 (85.4%) 65 (14.6%) 0.71 (0-3 vs. 4-5)
5 30 22 (73.3%) 8 (26.7%) 0.51 (0—4 vs. 5)

Using NIHSS values at discharge/4-10 days and age=55

0 146 17 (11.6%) 129 (88.4%) -

1 613 101 (16.5%) 512 (83.5%) 0.57 (0 vs 1-5)
2 209 97 (46.4%) 112 (53.6%) 0.80 (0-1 vs. 2-5)
3 262 204 (77.9%) 58 (22.1%) 0.81 (0-2 vs. 3-5)
4 393 358 (91.1%) 35 (8.9%) 0.72 (0-3 vs. 4-5)
5 30 26 (86.7%) 4(13.3%) 0.51 (04 vs. 5)
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Performance characteristics of the PUPPI index at a cutpoint of 0-2 (negative) vs. 3-5 (positive) in the
derivation, validation, and full cohort.

Persistent arm

AUC for PUPPI

. : index with Sensitivity (95% Specificity (95% NPV (95% PPV (95%
Cohort 'mpa'(r;“%;“) PAD | cutpoint >3 cl 1y cly cly
70 (95% CI)
Using NIHSS values at 24 hours and age=55
Derivation 9 . 80.5% (76.4— 77.2% (73.0- | 78.9% (74.5-
(n=827) 406/827, 49.1% 0.78 (0.75-0.81) 75.4% (70.9-79.5) 84.2) 81.1) 82.8)
Validation 80.9% (76.8— 78.0% (73.8— | 78.5% (74.0-
(n=826) 397/826, 48.1% 0.78 (0.75-0.81) 75.3% (70.8-79.5) 84.5) 81.7) 82.5)
Full cohort 80.7% (77.9- 77.6% (74.7- | 78.7% (75.6—
(n=1,653) 803/1,653, 48.6% 0.78 (0.76-0.80) 75.3% (72.2-78.3) 83.3) 80.3) 815)
Using NIHSS values at discharge/4-10 days and age=55

Derivation 9 . 90.7% (87.0- 77.0% (72.5- | 87.8% (83.0-
(n=827) 406/827, 49.1% 0.81 (0.78-0.84) 71.2% (65.7-76.2) 93.6) 81.2) 91.6)
Validation 86.8.0% (82.5— 77.0% (72.3— | 84.2% (79.3-
(n=826) 397/826, 48.1% 0.80 (0.77-0.83) 73.2% (67.9-78.1) 90.3) 81.3) 88.4)
Full cohort 88.7% (78.3- 77.0% (73.8— | 85.9% (82.6—
(n=1,653) 803/1,653, 48.6% 0.81 (0.79-0.83) 73.2% (70.0-76.3) 84.5) 80.0) 88.8)
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