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Abstract
Global outcome measures that are widely used in stroke clinical trials, such as the modified
Rankin Scale (mRS), lack sufficient detail to detect changes within specific domains (e.g.,
sensory, motor, visual, linguistic, or cognitive function). Yet such data are vital for un-
derstanding stroke recovery and its mechanisms. Poststroke deficits in specific domains differ in
their rate and degree of recovery and in their effects on overall independence and quality of life.
For example, even in a patient with complete recovery of strength, persistent deficits in the
nonmotor domains such as language and cognition may make a return to independent living
impossible. In such cases, global measures based solely on the patient’s degree of independence
would overlook a complete recovery in the motor domain. Capturing these important aspects
of recovery demands a domain-specific approach. If stroke outcomes trials are to incorporate
finer-grained recovery metrics—which can require substantial time, effort, and expertise to
implement—efficiency must be a priority. In this article, we discuss how commonly collected
clinical data from the NIH Stroke Scale can guide the judicious selection of relevant recovery
domains for more detailed testing. Our overarching goal is to make the implementation of
domain-specific testing more feasible for large-scale clinical trials on stroke recovery.
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Clinical trials of acute stroke therapies have historically used
global rating scales. The most commonly used end point
measure in randomized control trials of acute stroke treat-
ments is the modified Rankin Scale (mRS; table 1), a global
measure of functional independence with scores ranging from
0 for no symptoms to 6 for death. Favored by clinical trialists
for its ease of use, the mRS is endorsed as a primary end point
by multiple regulatory agencies, including the US Food and
Drug Administration1 and National Institute of Neurological
Disorders and Stroke (NINDS).2-4 Nearly every major acute
stroke treatment trial conducted since 1995, including the
NINDS tissue plasminogen activator (tPA) trial,5 IMSIII
(Interventional Management of Stroke III),6 ALIAS (Albu-
min in Acute Ischemic Stroke),7 and MR CLEAN (Multi-
center Randomized Clinical Trial of Endovascular Treatment
for Acute Ischemic Stroke in the Netherlands),8 has included
the 90-day mRS score. In practice, mRS scores are commonly
reported in a binarized format as being “good” or “poor”
(typically with an mRS of 0–1 or 0–2 defined as good out-
come), further reducing the granularity of this scale from
ordinal to dichotomous.

Another commonly used global measure is the NIH Stroke
Scale (NIHSS), a nonlinear ordinal scale originally intended
for measurement of stroke severity, but now also used to
measure stroke outcome. Scores range from 0 to 42, where
0 indicates normal function, and higher scores indicate more
severe deficits (table 2).9,10 The total NIHSS score is the sum
of component scores spanning the sensory, motor, visual,
linguistic, and cognitive domains. However, the individual
NIHSS component scores generally are not reported because
many clinical trials and administrative databases, including
Get With the Guidelines Stroke,11 only require reporting of
the total NIHSS scores. Use of the NIHSS total score as a
single value limits understanding of recovery by failing to
delineate the relative contribution of sensory, motor, visual,
linguistic, and cognitive domains individually, even though
this is the level at which neurologic systems—and the
neurorestorative/neurorehabilitation approaches targeting
them—are organized.

Domain-specific outcome measures are important primary
endpoints for clinical trials of stroke treatment and stroke
recovery both in the acute and postacute phases of care. In
2007, Cramer et al.12 illustrated this point in a deft summary
of prior studies showing that poststroke deficits within par-
ticular domains recover at different rates and to differing

degrees, and can independently affect functional status and
quality of life. Elsewhere, Felberg et al.13 reported on the
recovery of poststroke deficits in the first 24 hours following
tPA infusion and found that while all NIHSS component
scores contributed to total NIHSS score decrease, some
components such as aphasia, right-sided motor symptoms,
and neglect responded less well than others. More recently,
Mikulik et al.14 showed that not only the degree of recovery
but also the rate of recovery was variable for different neu-
rologic deficits. This fact underscores the importance of
obtaining longitudinal measures that can capture recovery
dynamics over time.

Domain-Specific Recovery Dynamics
in the NINDS tPA Trial Data
To further illustrate these points regarding the domain-specific
and time-dependent aspects of recovery, it is useful to plot
NIHSS component scores in a format that shows the changes
in relative proportions of patients with particular deficits over
time. To this end, several alluvial plots of the NINDS tPA trial5

data are provided in Figure 1, depicting NIHSS component
scores in the first 90 days poststroke for 487 patients with
ischemic stroke. Patients deceased at 90 days or with missing
data at any time point have been excluded. An interactive
version of Figure 1 is available online with a video tutorial
orienting readers to the interpretation of alluvial plots and to the
figure’s interactive features (https://genestroke.wixsite.com/
alliesinstroke/domainspecificmeasures). When inspecting these
plots, changes within the first 24 hours poststroke may be of
particular interest for acute stroke clinicians since they reflect a
primary effect of acute stroke interventions (e.g., tPA in this
dataset). Changes between discharge and 90 days may particu-
larly interest neurorehabilitation clinicians since they reflect
continued recovery (or decline) within specific domains over
time. From a patient perspective, having information about the
relative persistence or resolution of different deficits may be
helpful for understanding recovery prognosis. From the per-
spective of clinical trial design, evaluating these patterns could
help to determine whether patients being enrolled into a trial are
in fact likely to retain some treatable degree of impairment in the
domain that the study treatment targets.

In figure 1, representative cases are rendered in black to show
how recovery in specific domains may differentially contribute
to the overall level of disability on the mRS. Take for example

Glossary
FM-UE = Fugl-Meyer upper extremity; GPAS = Genetics Platform for Acute Stroke; ICC = intraclass correlation coefficient;
ICF = International Classification of Functioning; ISGC = International Stroke Genetics Consortium; MoCA = Montreal
Cognitive Assessment Scale; mRS = modified Rankin Scale; NIHSS = NIH Stroke Scale; NINDS = National Institute of
Neurological Disorders and Stroke; SAFE = Shoulder Abduction Finger Extension; SRRR = Stroke Recovery and Rehabilitation
Roundtable; tPA = tissue plasminogen activator.
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2 patients with 90 days mRS ≥3 and 90 day NIHSS motor
scores = 0 (a pattern that occurs in 45/487 cases). Both case
75 and case 211 show a similar pattern with recovery to mRS
= 3 at 90 days (unable to live alone without help from another
person). Both made a complete motor recovery, but neither
patient fully recovered sensory or language function, and ul-
timately neither was able to return to independent living.
These 2 cases both illustrate a classic neurorehabilitation di-
lemma, since patients with this deficit profile (i.e., complete
motor recovery with persistent deficits in nonmotor domains)
may not qualify for acute neurorehabilitation on the basis of
their low physical therapy needs. It is possible that more
intensive speech/language therapy might have allowed these
patients to progress to an mRS = 2 (able to live alone with
some outside assistance). This point is not likely to be rec-
ognized if only the total NIHSS is considered. To facilitate
further data exploration of recovery dynamics within domains
and variations in recovery patterns between domains, the
reader is referred to the interactive version of figure 1 refer-
enced above.

Domain-specific recovery dynamics cannot be discerned
when using coarser global measures like the mRS or total
NIHSS. This is an important consideration for studies
designed to assess treatment efficacy, since the observed dif-
ferences in the rate and degree of recovery across domains
may reflect patient-specific differences in treatment re-
sponsiveness, lesion characteristics, neural repair processes, or
the health of the premorbid neural substrate. Capturing these
important aspects of recovery demands a domain-specific
approach. The relative lack of domain-specific testing in
stroke outcomes studies to date may be partly due to the
perception that testing of multiple neurologic domains is
impractical for large-scale, multicenter studies because it re-
quires substantial time, effort, expertise, and expense.

However, we maintain that domain-specific measurements
could be made more efficient and economical if that were a
priority. To balance the need for finer-grained recovery
metrics with the need for economical and efficient study op-
erations, we have developed a protocolized approach that
focuses on relevant domains, using commonly collected
clinical data from the NIHSS. This approach was initially
conceived as a means to harmonize data collection in multi-
center studies examining the biology of stroke recovery, most
notably for genetic studies of ischemic stroke. However, this
framework could be readily applied to other types of stroke as
well, including hemorrhagic stroke. The intent is to facilitate
high-quality phenotypic data collection while minimizing
burden on participants and research teams.

Screening for Domain-Specific
Deficits
A schematic depiction of our overall approach is given in
figure 2. Initial NIHSS scores are obtained at the time of acute
hospital admission. These scores are then used to guide the
selection of further domain-specific tests. Note that initial
assessment scores (before any acute intervention) are used,
since even in patients with post-treatment NIHSS = 0, subtle
deficits may still be detected when more granular measures
are applied. Depending on research priorities, additional
sensory, motor, cognitive, linguistic, or visual testing can then
be selected based on the impairments present at the time of
hospital admission.

Domain-Specific Testing Options
A roster of domain-specific testing options is given in table 2.
The testing options offered here have been selected with
consideration given to feasibility, reproducibility, validity, in-
ter- and intrarater reliability, and time/effort required to ad-
minister. They incorporate prior recommendations from the
Stroke Recovery and Rehabilitation Roundtable (SRRR)
consensus statement15 and the Research Outcome Measure-
ment in Aphasia (ROMA) consensus statement.16 Regarding
timing, we have also adhered to the SRRR recommendation
for starting assessments within 7 days of stroke onset and
continuing at set time points up to at least 3 months post-
stroke. The list of testing options provided in table 2 is neither
exhaustive nor proscriptive, but provides a solid starting point
for researchers to select tests that are appropriate for assessing
longer-term recovery. The rationale for our choice of testing
instruments is fully detailed elsewhere (Standardized data
collection in prospective genetic studies of ischemic stroke
evolution and recovery; Global Alliance consensus statement
as endorsed by the International Stroke Genetics Consortium
[ISGC; https://doi.org/10.1177/17474930211007288]). Our
rationale for test selection favorsmeasures that are brief, simple,
internationally familiar, and sensitive to change. Measures that
have existing training materials to optimize inter- and intrarater
reliability were selectedwherever possible. Our pairing of specific

Table 1 Modified Rankin Scale (mRS)

Score Description

0 No symptoms.

1 No significant disability. Able to carry out all usual activities, despite
some symptoms.

2 Slight disability. Able to look after own affairs without assistance, but
unable to carry out all previous activities.

3 Moderate disability. Requires some help, but able to walk
unassisted.

4 Moderately severe disability. Unable to attend to own bodily needs
without assistance, and unable to walk unassisted.

5 Severe disability. Requires constant nursing care and attention,
bedridden, incontinent.

6 Dead.

The original 1957 Rankin scale, used to assess patient outcomes in one of
the first hospital stroke units, was scored from 1 to 5 (for no disability, slight,
moderate, moderately severe, and severe disability), then later revised as
the mRS to include a score of 0 for no symptoms and 6 for death.
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NIHSS items to finer-grained follow-up measures is primarily
on the basis of face validity and content validity without formal
assessments for concurrent validity. Continuous variables were
also favored to optimize statistical power and to avoid the pitfall
of calculating percentages on ordinal or ratio data. The ratio-
nale for pairing items on the NIHSS tomore detailed follow-up
measures can be thought of as how they may load onto the
NIHSS. A coarser measure like the NIHSS score can explain a
portion of the variance across multiple finer-grained measures.
The benefit of the coarser tool is that it can be given “at scale”
even when subjects number in the thousands, while more time-
intensive assessments (e.g., the Fugl-Meyer) provide unique
information related to impairment in a specific context.

Domain-specific testing options include the Fugl-Meyer up-
per extremity (FM-UE)17 and Shoulder Abduction Finger
Extension (SAFE) score18 for upper extremity motor deficits;
Fugl-Meyer Sensory examination17 or Nottingham Sensory
Assessment19 for somatosensory deficits; Montreal Cognitive

Assessment Scale (MoCA)20 (or Telephone MoCA) for
cognitive deficits; the Western Aphasia Battery–Revised
bedside form or language analysis of the Cookie Thief picture
for aphasia; and the Star cancellation test or analysis of the
Cookie Thief picture using an alternative approach to assess
neglect.21-23 For lower extremity motor deficits, at minimum a
binary response (yes/no) should be recorded for whether the
patient can walk 10 meters. If ambulatory, gait velocity can
also be assessed using the 10-meter walk test.24,25 For patients
who are unable to walk, the Fugl-Meyer lower extremity may
be useful.17 Visual fields and hemispatial attention may war-
rant testing in tandem when abnormalities in either one are
detected, since neglect and visual field cuts can co-occur, are
often difficult to disambiguate, and require differing re-
habilitation treatments.26,27 Several options for assessment of
inattention/neglect and visual fields are available, including
novel analyses of the NIHSS Cookie Thief picture,21 the
Kessler Foundation Neglect Assessment Process,28 and por-
table perimetry for assessing visual fields (available as an iPad

Table 2 NIH Stroke Scale (NIHSS) Items, Scoring, Attributes, and Domain-Specific Testing Options

NIHSS
item Domain/deficit tested NIHSS κa Scoring

Domain-specific testing options and
durations

1a LOC 0.50 0 = Alert, 2 = not alert, obtunded, 3 = unresponsive MoCAc or Telephone MoCA (20 min)

1b LOC questions 0.64 0 = Answers both correctly, 1 = answers one correctly,
2 = answers neither correctly

MoCAc or Telephone MoCA (20 min)

1c LOC commands 0.41b 0 = Performs both tasks correctly, 1 = performs one task
correctly, 2 = performs neither task

NA

2 Gaze (horizontal
extraocular movements)

0.33b 0 = Normal, 1 = partial gaze palsy, 2 = total gaze palsy NA

3 Visual fields 0.57 0 = No visual loss, 1 = partial hemianopsia, 2 = complete
hemianopsia, 3 = bilateral hemianopsia

Portable perimetry appd

4 Facial palsy 0.22b 0 = Normal, 1 = minor paralysis, 2 = partial paralysis,
3 = complete paralysis

NA

5a and
5b

Motor arm, left and right 0.77 0 = No drift, 1 = drift before 10 s, 2 = falls before 10 s,
3 = no effort against gravity, 4 = no movement

Fugl-Meyerc UE (20 min) or SAFE score (2 min)

6a and
6b

Motor leg, left and right 0.78 0 = No drift, 1 = drift before 5 s, 2 = falls before 5 s,
3 = no effort against gravity, 4 = no movement

10-meter walk testc (5 min) or Fugl-Meyer LEc

7 Limb ataxia −0.16b 0 = Absent, 1 = one limb, 2 = two limbs NA

8 Sensation 0.50 0 = Normal, 1 = mild loss, 2 = severe loss Fugl-Meyer Sensoryc (10 min) or Nottingham
Sensory Assessment (60 min)

9 Language/aphasia 0.79 0 = Normal, 1 = mild aphasia, 2 = severe aphasia,
3 = mute or global aphasia

WAB-R bedside form (5 min) or Cookie Thief
language analysis (2 min)

10 Dysarthria 0.32b 0 = Normal, 1 = mild, 2 = severe NA

11 Extinction/inattention 0.61 0 = Normal, 1 = mild, 2 = severe Star Cancellation Test (3 min) or Cookie Thief
neglect analysis (2 min)

Abbreviations: LE = lower extremity; LOC= level of consciousness;MoCA =Montreal Cognitive Assessment Scale; SAFE = Shoulder Abduction Finger Extension;
UE = upper extremity; WAB-R = Western Aphasia Battery–Revised.
The degree of interrater agreement expressed as κ may be interpreted as follows: <0, poor agreement; 0 to 0.20, slight agreement; 0.21 to 0.40, fair
agreement; 0.41 to 0.60, moderate agreement; 0.61 to 0.8, substantial agreement; 0.81 to 1.0, near perfect agreement.
a Interrater agreement (κ values) as reported by Goldstein et al. (1989).9
b Items were considered unreliable (NA) for use as screening criteria based on κ values < 0.5.
c Aligned with Stroke Recovery and Rehabilitation Roundtable and International Stroke Genetics Consortium Global Alliance recommendations for core
measures.
d Exploratory.
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app).29 The general approach to domain-specific test selec-
tion detailed here applies equally well to ischemic and hem-
orrhagic stroke, and can be adapted depending on a given
study’s research priorities to include outcomes in the sensory,
motor, visual, cognitive, or linguistic domains. It may be less
well-suited to studies of posterior circulation strokes given
that the NIHSS itself is known to be weighted toward de-
tection of anterior circulation symptoms, especially those
reflecting left hemisphere damage.30

The measures described in table 2 are geared toward assessing
impairment (loss of body structure–function), rather than
activity or participation, as defined by the WHO International
Classification of Functioning (ICF). Our focus is primarily
upon the design of studies to ascertain the biology of stroke
recovery, including genetic influences, and we argue that

impairment is the level at which such influences are most
likely to be detected. Recovery trajectories for strokes that
primarily affect deep white matter (e.g., in hypertensive
hemorrhage) are likely to entail biologically distinct repair
processes compared to strokes that primarily involve cortex.
While our main focus here is on large vessel ischemic stroke
due to its prevalence and amenability to available interven-
tions, an important follow-up would be to distinguish dif-
ferences in biological repair processes and symptom
trajectories between ischemic and hemorrhagic stroke. This
would be an excellent opportunity to deploy genetic or ge-
nomic methods to study such biological differences in re-
covery mechanisms.

Environmental, social, and behavioral factors are also
key determinants of recovery, but are less likely to have

Figure 1 Stroke Outcomes Differ by Domain

Recovery dynamics in the first 90 days
poststroke for 487 patients with is-
chemic stroke are displayed as alluvial
plots of the NIH Stroke Scale (NIHSS)
component scores. Two representa-
tive cases (in black) showhow recovery
patterns in specific domains can have
different effects on global disability
scores. Both cases showed the same
degree of disability at 90 days with
modified Rankin Scale (mRS) = 3 (un-
able to live alone without help from
another person), and despite both
making a complete motor recovery,
neither was able to return to in-
dependent living due to persistent
deficits in nonmotor domains. At right,
the plotted NIHSS component scores
in each domain are stratified by their
baseline scores. For example, 75% of
patients with baseline motor = 2 re-
covered to motor = 0 at 90 days. Pa-
tients with this recovery profile could
potentially contribute to a ceiling effect
if recruited in trials to treat motor
deficits. An interactive version of figure
1 is available online to facilitate further
data exploration of recovery dynamics
within domains and variations in re-
covery patterns between domains
(https://genestroke.wixsite.com/allie-
sinstroke/domainspecificmeasures). A
video tutorial of the interactive version
provides an orientation on the in-
terpretation of alluvial plots and the
figure’s interactive features. BL =
baseline (at admission).
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direct biological correlates. It is worth noting that the re-
covery evaluations of most interest to clinicians and re-
searchers do not always align with those considered most
important by patients. Several well-designed scales that
assess these elements exist, including The Patient-
Reported Outcome Measurement Information System
(PROMIS), 36-Item Short Form Survey, EQ5D, and the
Stroke Impact Scale,31 but are outside the immediate scope
of this article.

We recognize that the field of recovery measures continues to
evolve, thus there will be a continuing need to adopt new
measures that may prove more efficient, reliable, or sensitive
than those available at the time of this writing. For example,
rapid advances in mobile/wearable technologies and tele-
health are poised to offer new means for quantifying recovery
and dose–response curves for activity-based therapies. For
this reason, a regularly updated version and archival versions
of recommended measures will be maintained on the Global

Figure 3 Example of an Algorithm for Domain-Specific Test Selection

This algorithm was developed by our research team for use in a large multisite genetics study of patients with ischemic stroke (Genetics Platform for Acute
Stroke Drug Discovery), which uses arm motor recovery as the primary outcome. Arm motor testing is therefore conducted in all participants for this
particular study. Patientswhoare unresponsive at day 7/discharge (i.e., NIH Stroke Scale [NIHSS] 1a = 3) do not undergo further domain-specific testing. LOC=
level of consciousness; SAFE = Shoulder Abduction Finger Extension; UE = upper extremity; UN = untestable.

Figure 2 Overview of Domain-Specific Screening and Testing and Comparison of Global Measures vs Domain-Specific
Measures

(A) Overview of domain-specific screening and
testing. Initial NIH Stroke Scale (NIHSS) scores are
obtained at the time of hospital admission (prior
to any acute stroke treatment). These scores are
then used to guide the selection of further do-
main-specific tests (see roster of testing options in
table 2). An example of how the general approach
outlined here can be operationalized algorithmi-
cally is provided in figure 3. Created with Bio-
Render.com. (B) Comparison of global measures
vs domain-specific measures: as depicted here
schematically (simulated data), global outcome
measures for a given patient may appear to be
static over time, even when domain-specific
measures in the same patient (e.g., NIHSS motor
scores) reveal a more dynamic picture of re-
covery. mRS = modified Rankin Scale.
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Alliance for ISGC Acute and Long-term Outcome Studies
website (genestroke.wixsite.com/alliesinstroke).

Example of an Algorithm for Domain-
Specific Test Selection
In figure 3 we provide an example of how the general ap-
proach outlined in figure 2 can be operationalized algorith-
mically. The algorithm given here was developed by our
research group for use in a large multisite genetics study of
patients with ischemic stroke with anterior circulation large-
vessel occlusion (the Genetics Platform for Acute Stroke
[GPAS] Drug Discovery), which uses arm motor recovery as
the primary outcome. In the domain-specific approach that
we developed for GPAS, patients who are unresponsive at the
day 7/discharge time point (i.e., have NIHSS 1a = 3), many of
whom will transition to comfort care or hospice, do not un-
dergo further domain-specific testing. For GPAS, arm motor
testing is included on all participants since it is the primary
outcome measure for this study and a high prevalence of arm
motor deficits is expected in our population (likely ≥ 77%
based on prior studies).21 Adequate time for arm motor
testing must therefore be budgeted. At minimum, we obtain
the SAFE score, which is quick and simple to administer, and
the finger extension component also serves as a proxy for
corticospinal tract integrity. More intensive testing with the
FM-UE takes approximately 15–20 minutes to administer
(see times required for test administration in table 2). An-
other factor to be considered in study planning is that the FM-
UE requires a small amount of testing equipment (reflex
hammer and tennis ball). We require online training on the
FM-UE for all examiners, which significantly improves inter-
and intrarater reliability.32 A structured interview format that
improves the reliability of the mRS is also recommended.4

The algorithmic approach detailed above could be readily
integrated into clinical decision support tools where baseline
(pretreatment) NIHSS scores would be input, and a list of
domain-specific tests tailored for each patient could be gen-
erated. At present our algorithm is implementedmanually and
domain-specific tests are selected on a case-by-case basis, but
ultimately for broader use this could be automated as a pro-
prietary add-in to electronic medical records, or as a stand-
alone app at the point of care. An additional feature of such an
automated algorithm could be to ensure that the nonmotor
domains are captured with adequate sample sizes taking into
account the minimum clinically important difference for each
test, as well as anticipated effect sizes.

Calculating the Degree of Recovery
To assess the degree of recovery, there are several potential
approaches to be considered. The first and simplest is to
calculate the degree of recovery as a percentage of the maxi-
mum possible score (S in the equation below) on a given test,

using the difference in day 7 vs day 90 values to calculate a
percentage of available recovery achieved. This calculation
essentially yields a scaled value, where an individual’s
remaining possible change is divided by the numerically
achievable change available to that individual.

Formula 1 Percentage of available recovery achieved

1 − ðSmax − S90dÞ=ðSmax − S7dÞp100
This approach to calculating recovery finds precedent in other
recent large-scale stroke recovery trials, such as those from the
ENIGMA stroke recovery working group. Converting the
scores to percentages as is done here offers one means to
achieve a common scale for combining measures. Alterna-
tively, Z scores could be used, but present an additional
challenge when deciding the reference population to which
scores should be standardized.

The approach given by formula 1 has several benefits, in that it
allows domain-specific measures to be combined, similar to the
Multiple Sclerosis Functional Composite score,33 which com-
bines measures of ambulation, hand/arm function, and cogni-
tion. It also considers the fact that impairment changes of a
given magnitude may not carry the same practical significance
at all points on a particular scale, a matter that is increasingly
recognized in clinical trial design. For example, in the RATULS
trial (Robot Assisted Training for the Upper Limb After
Stroke), definitions of treatment “success” were scaled
according to treatment effects that would be clinically mean-
ingful relative to the patient’s impairment severity.34

Drawbacks to this approach are that it is not well-suited for use
with ordinal scales that have unequal intervals between values,
and results can be misinterpreted, especially in visual plots,
unless the relative nature of the scale is taken into account. The
impression may be that severely impaired patients who make
large improvements have quantitatively less recovery than
mildly impaired patients who make small improvements. If
such scaled scores are used, we recommend that they be
reported in tandem with their constituent nonscaled scores to
limit the influence of this bias on interpretation.

An improvement on the above strategy for calculating the
degree of recovery might be to use an approach based on
regression rather than difference scores, such that 90-day and
7-day scores are normalized to the total points available on
that scale, and the 7-day normalized scores are then controlled
for as a baseline:

Formula 2 Percentage impairment at day 90, controlling for
baseline impairment

ð½S90d=Smax�p100Þ;β0 + β1ð½S7d=Smax�p100Þ

This approach ameliorates some of the problems with using
difference scores as in formula 1, but comes at the cost of

Neurology.org/N Neurology | Volume 97, Number 8 | August 24, 2021 373

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://genestroke.wixsite.com/alliesinstroke
http://neurology.org/n


some additional statistical complexity, faces the same issues
with treating ordinal data as interval or ratio data, and focuses
on end points rather than change over time. To capture
change over time, formal longitudinal models of normalized
scores could be used (rather than simple difference scores or
end points), but again, this comes with a trade-off of increased
analytical complexity.35,36

Thus, neither formula 1 nor formula 2 presents a perfect
solution. With the caveats above, they offer a reasonable
means—though certainly not the only means—to calcu-
late recovery when pooling data from different scales.
Different methods have also been proposed that warrant
further critical evaluation, for example latent variable ap-
proaches, which conceive of recovery as a manifold in the
multidimensional space of distinct structural/functional
measures.37,38 Alternatively, there could be advantages to
using adaptive testing, which would enhance efficiency, but
to our knowledge few or no adaptive evaluations equiva-
lent to the tests outlined in table 2 exist. A computerized
adaptive testing system of the Fugl-Meyer motor scale has
been evaluated,39 but has not yet been broadly adopted or
validated in other studies. Clearly the question of how best
to quantitatively represent recovery is an area of active
exploration, and the long-term solution requires continued
study.

Practicalities and Advantages of
Implementing a Domain-
Specific Approach
From an implementation science point of view, domain-
specific measures need to be simple and accessible, but suf-
ficiently detailed to capture dynamic changes in the individual
neural systems that contribute to stroke recovery. It is es-
sential that they are implemented in a standardized format
with rigorous training to assure high-quality data acquisition
and are scored at least twice during recovery. We have out-
lined a method to accomplish this by using commonly col-
lected clinical data from the NIHSS to guide the selection of
domain-specific outcome testing.

Our proposed approach complements more global measures
of disability such as the mRS by providing additional insight
on how impairments in distinct domains each contribute to a
patient’s overall disability. Global and domain-specific mea-
sures are collected in parallel. In addition to capturing the
dynamics of recovery more fully, collecting domain-specific
data about impairments is essential for tracking patients’ re-
sponse to therapies. Ultimately, such metrics can aid in pre-
cision matching of deficits to targeted rehabilitation therapies.
This is especially important in stroke rehabilitation trials,
where patient selection and outcomes often focus on a specific
domain, and rehabilitation therapies are also targeted to treat
specific deficits (e.g., ankle dorsiflexor stimulation to improve

distal leg weakness, or surface EMG biofeedback to retrain
swallowing).

Because many analyses, genetic or otherwise, will focus on
specific recovery domains (e.g., motor or language), patients
who have available data on those more detailed recovery
measures can be combined for valid statistical analysis. When
evaluating determinants of more global recovery, patients
without deficits in particular domains would have missing data
for those domains, for example, a patient with motor deficits
but no language deficits on the NIHSS. One reasonable as-
sumption might be that detailed language testing in this patient
would not be especially informative, and could therefore sen-
sibly be imputed as 0; modest deficits on the more detailed
measure would likely be lacking in practical interest for re-
covery research, and finding any improvement large enough to
unveil an associated biological mechanism would be unlikely
with such modest deficits. An alternate approach would be to
perform all of the finer-grained measures in a subset of patients
to obtain a basis for more accurate imputation of missing data.

Domain-Specific Testing Can Inform
Clinical Trial Design
A number of restorative therapies are currently under de-
velopment.40Many of these target patients during the first few
days poststroke, a time when the brain may be particularly
galvanized to boost clinically useful plasticity in response to
therapy.41 Restorative trials most often rely on domain-
specific tests because recovery is linked with experience-
dependent plasticity, and the experiences that constitute re-
storative therapies are themselves often domain-specific (e.g.,
treadmill training to improve leg motor function, or melodic
intonation to improve language).

Domain-specific tests can also play an important role in
clinical trial design by ensuring that the patients enrolled are
likely to have at least some minimal degree of persistent
treatable deficit in the target domain. Enrolling a high fraction
of patients with excellent recovery makes it difficult to detect a
difference between active and placebo therapies. Therefore,
predicting a domain’s late value (e.g., at 90 days) based on an
early value (e.g., 24 hours poststroke, when many restorative
trials enroll patients) can be of critical importance to identify
suitable patients for hypothesis testing and to limit the en-
rollment of those patients who would be likely to have ex-
cellent 90-day outcomes independent of any study treatment.
Conversely, domain-specific testing could also help to limit
the enrollment of patients whose 90-day behavioral outcomes
are likely to be abjectly poor, among whom it can also be
difficult to demonstrate a treatment effect. A necessary first
step toward developing such tools for study enrollment will be
large-scale, high-quality, consistently gathered data and robust
validation. The ISGC is planning a large-scale trial (GPAS
Drug Discovery) that presents a prime opportunity for initial
predictive tool derivation and validation.

374 Neurology | Volume 97, Number 8 | August 24, 2021 Neurology.org/N

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Other Potential Uses for NIHSS Data
In addition to our proposed use of the NIHSS to screen for
impaired domains and guide selective follow-up testing, we
also recognize the potential for the NIHSS itself, either as total
scores or component scores, to be used as a primary outcome
measure. This approach warrants careful consideration, as is
further discussed below. Proponents assert that the NIHSS is
a good measure for acute stroke trials because it reflects im-
pairment per se, and impairment (loss of body structure–
function) is the WHO ICF level at which acute stroke treat-
ment effects are likely to be the most pronounced. To the
extent that postacute rehabilitation also aims for reversal of
impairment (versus behavioral compensation), the same ar-
gument applies for stroke recovery and rehabilitation trials.
Recently, Chalos et al.42 used a causal mediation model to
assess whether early total NIHSS scores can serve as a sur-
rogate end point for 3-month mRS scores. They demon-
strated that total NIHSS at 1 week satisfied the Prentice
criteria for surrogate end points with respect to the mRS, and
qualifies for use as a primary outcome measure in this regard.
There is also some precedent for using component NIHSS
scores, either as outcome measures in and of themselves, or as
predictors of more global outcome metrics.43

Use of the NIHSS component scores themselves as outcome
metrics could arguably offer a way to shift the focus in stroke
research from global outcome measures to a more domain-
specific perspective by allowing extraction of finer-grained
impairment metrics from existing large datasets without the
need for extensive additional testing. For example, in our work
with the ISGC, ISGC stroke databanks could be queried using
NIHSS scores stratified by domain to examine genetic de-
terminants of recovery. This would allow investigators to
approach questions about how neurobiological factors may
differentially influence the sensory, motor, cognitive, and
linguistic domains during stroke recovery and rehabilitation.
This kind of approach is also highly relevant to the work of the
Genetics of Ischaemic Stroke Functional Outcomes network,
founded in 2017 to conduct the first international genome-
wide association study of poststroke functional outcomes.44

Cautions and Considerations
Before adopting any approach based on NIHSS component
scores, it is important to consider the clinometric properties
of the NIHSS items. While the overall interrater reliability
for the total NIHSS has been reported at intraclass corre-
lation coefficient (ICC) 0.95, the κ value for component
scores varies broadly, from −0.16 to 0.79 (table 2). Those
items with poor agreement (κ < 0) or slight agreement (κ =
0–0.20) stand in marked contrast to other domain-specific
measures such as the FM-UE where—especially with dili-
gent attention to rater training—ICC values as high as 0.98
to 0.99 have been reported.32 It could be argued, given the
poor reliability for some of the NIHSS items and their lack of

granularity in many domains (perhaps most notably cogni-
tion), that another instrument (or combination of instru-
ments) to more fully capture all important domains of
function should be used at the outset of future stroke trials.
In addition to considerations of clinometric properties, it
must be noted that the SRRR consensus recommendations
caution against reliance on the NIHSS as an outcome mea-
sure, instead placing preference on more detailed metrics.
However, the tracking of NIHSS component scores could
provide a readily adopted, albeit imperfect, first approach for
acute stroke researchers to begin addressing the lack of de-
tailed patient-level data on recovery dynamics as long as
interpretations are tempered by the considerations men-
tioned above.

The lack of domain-specific outcome data in most large-scale
clinical stroke trials reflects a reliance on global outcome
measures, like the mRS, which are unable to delineate how
deficits in specific domains contribute to a patient’s overall
level of disability. We have developed a practical means to
streamline the testing and tracking of patients’ recovery
trajectories in a domain-specific manner. Our overarching
goal is to make the implementation of domain-specific
testing more feasible for large-scale clinical trials on stroke
recovery. This approach complements, rather than sup-
plants, more global outcome measures, and has potential to
yield new discoveries and actionable insights that are rele-
vant not only to acute stroke care but also to stroke re-
habilitation. It also presents an opportunity to create a more
unified research culture that spans the continuum of care,
and thus can more fully capture the dynamics of stroke re-
covery as they occur over time.
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