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SUMMARY

Stroke is a leading cause of long-term disability worldwide. Despite robust spontaneous
biological recovery mechanisms and provision of intensive rehabilitation therapies, most
stroke survivors experience persistent loss of upper extremity function which is directly
related to reduced independence in activities of daily living and diminished quality of life.
Identification of clinical, anatomical, or neurophysiologic indices that accurately predict
the capacity for recovery post-stroke is crucial to facilitate precision-based medicine
approaches for clinical management, including targeted therapeutic interventions. The
Predict Recovery Potential (PREP2) prediction tool uses a combination of clinical
measurements and neurological biomarkers to predict paretic upper extremity (PUE) motor
outcomes but has yet to be externally validated in the US healthcare system. The primary
study objectives were to: 1) evaluate external validation feasibility of PREP2 in the US; 2)
retrospectively assess current care practices to determine the routinely collected measures
that are most predictive of PUE functional outcome post-stroke; 3) evaluate the prognostic
merit of biomarkers isolated from clinical neuroimaging. | hypothesized that our data
would demonstrate that PREP2 will be feasible for external validation in healthcare settings
in the US and that a combination of clinical measures and biomarkers extracted from
clinical magnetic resonance imaging (MRI) would accurately predict level of PUE motor
recovery post-stroke in patients who underwent acute inpatient rehabilitation (AR) post-

stroke.

The studies were conducted via retrospective chart review for two cohorts of stroke patients

over fiscal years 2016-2018. In Aim 1, | assessed prospective validation feasibility of the

XXi



PREP2 prediction tool in acute care settings in the US using a cohort of all stroke
admissions to Emory University Hospital and Grady Memorial Hospital. In Aims 2 and 3,
| assessed the ability of currently collected clinical measures and neurologic biomarkers
isolated from clinical imaging to predict PUE motor outcomes post-stroke using a cohort
of patients with similar clinical management across the continuum of stroke rehabilitation
and recovery. This cohort of patients remained within the Emory University Hospital
system for acute hospitalization, AR, and outpatient care, allowing longitudinal assessment
to track recovery and to estimate the level of PUE motor function return. Institutional
electronic medical record systems were utilized to extract metrics including demographic
data, stroke characteristics, longitudinal documentation of post-stroke motor function, and
metrics of stroke care management along the post-stroke care continuum. Clinically
diagnostic MRI was used to create lesion masks which were spatially normalized and
processed to obtain corticospinal tract (CST) lesion overlap in both primary motor (M1)
and non-M1 CST projections. Metric associations were investigated with correlation and

cluster analyses, Kruskal-Wallis tests, classification and regression tree (CART) analyses.

In Aim 1, we found that current stroke management allows for shoulder abduction finger
extension manual muscle tests (SAFE score) to be obtained at therapy evaluations and for
the National Institutes of Stroke Scale score to be extracted from the patient chart. On
average, patients appropriate for CST integrity assessment remain in the acute care hospital
setting at a time when CST function should be evaluated for PREP2 validation. In Aims 2
and 3, estimations of PUE strength extracted from the patient chart (E-SAFE) and clinical
MRI-derived CST lesion overlap were associated with PUE functional outcome. Cluster

analysis produced three distinct outcome groups and aligned closely to previous outcome

XXii



categories. Outcome groups significantly differed in E-SAFE scores and lesion overlap on
cortical projections within the CST, in particular those emanating from non-M1 cortical
areas. Exploratory predictive models using clinical MRI metrics, either alone or in
combination with clinical measures, were able to accurately identify recovery outcome
category for patients using assessments made during both the acute and early subacute

phases of post-stroke recovery.

Results suggest that (1) prospective PREP2 validation studies are feasible in a US
healthcare setting, (2) SAFE is an easy-to-acquire, readily implementable screening metric
with high clinical utility for patients who undergo AR post-stroke, and (3) clinical MRI-
derived biomarkers of both M1 and non-M1 contributions to CST integrity may offer

unique insight into PUE motor outcome potential.
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CHAPTER 1. INTRODUCTION

1.1 Stroke Background and Significance

1.1.1 Definition of Stroke

Stroke is most broadly defined as focal central nervous system (CNS) injury attributable to
vascular etiology.'? Stroke is divided into two main types, ischemic and hemorrhagic, both
of which result in anoxic cell death but through different pathophysiologic mechanisms.
Ischemic stroke, which accounts for 85% of strokes in the United States (US), is caused by
an obstruction to cerebrovascular blood flow.2-> Blockage of any vessel supplying blood
to the CNS deprives downstream nervous tissue of oxygen and glucose necessary for
normal cell function, quickly resulting in energy depletion, ionic imbalance, and cell
death.*8 The infarct core contains irreversibly damaged tissue, whereas injured, but
surviving surrounding tissue is termed the penumbra. Hemorrhagic stroke accounts for the
remaining 15% of strokes.® It may also be divided into two categories, intracerebral
hemorrhage (ICH) and subarachnoid hemorrhage (SAH), defined by the area of hematoma
formation, brain parenchyma or subarachnoid space, respectively.®> Primary cell death in
hemorrhagic stroke is initiated by anoxic sequelae similar to that of ischemic stroke, but
may also result from mechanical damage due to compression of CNS tissues.? Focal
damage to the CNS, regardless of stroke type, produces neurological deficit within specific
physiologic systems due to the topographic nature of the CNS as well as the

interconnectivity of functional regions within the brain.%’



1.1.2 Significance of Stroke in the United States

Stroke is a leading cause of long-term disability in the US and worldwide.® Every year,
approximately 800,000 strokes occur in the US; an estimated 7 million Americans over the
age of 20 have had a stroke.? Stroke prevalence is increasing over time, with an estimated
20% rise between 2012 and 2030.2 Improvements in stroke diagnostics and medical
interventions have caused a decline in stroke mortality. Current direct and indirect costs
associated with stroke are estimated at over $100 billion per year, and these expenditures
are predicted to triple by 2030.38 The majority of these costs are incurred during highly
variable inpatient hospital stays, the reimbursement for which is most commonly a fixed
sum determined by diagnosis, incentivizing more efficient care strategies.>®'! Taken
together, the medical and financial burden of stroke-related, long-term disability will
increase dramatically in the coming years unless advances to both increase the specificity
of rehabilitative care and to improve post-stroke patient outcomes are made to address this

major public health concern.®

1.1.3 Clinical Presentation of Stroke

Persons with stroke commonly present clinically with sudden onset of unilateral weakness,
numbness, changes in vision, difficulty with speech, or loss of consciouness.>® Resultant
acute neurological dysfunction reflects both the size of injury and tissues involved.>6!
However, differential diagnosis of stroke requires clinical imaging technologies to confirm

and localize the position of the stroke and the affected vessels.?



Strokes occurring in cortical motor areas or descending motor tracts cause immediate,
contralateral paresis.” Notably, about 80% of stroke patients have some degree of
hemiparesis at stroke onset while more than half of patients have a persistent loss of hand
function.*>1> The prevalence of initial motor weakness correlates well with findings that
approximately 50% of ischemic strokes are caused by occlusions in the middle cerebral
artery (MCA), a vessel which supplies blood to much of the cortical territory involved in
movement production: the primary motor, premotor, supplementary motor and
somatosensory cortices, the basal ganglia, and the internal capsule.”-1617 Strokes localized
to non-motor-contributing areas may also present acutely with motor impairment as a result
of global downregulation of cortical excitability or compression of brain parenchyma due
to edema or, in the case of hemorrhagic stroke, collection of blood products.'®-2° However
motor impairment in these instances would be expected to largely resolve with the clearing
of excess fluid accumulation and normalization of brain function.?®-?2 Importantly, acute
clinical measurement of paretic upper extremity (PUE) strength does not differentiate
deficits that are caused by damage to motor areas from those resulting from damage to
distant sites within the CNS. This lack of differentiation highlights the necessity for
rehabilitation providers to capitalize on quantitative metrics which elucidate the
location of injured tissues and/or indicate the integrity of the motor system in order

to accurately classify a patient’s propensity for movement recovery post-stroke.



1.2 A Brief Overview of the Anatomy and Physiology of Motor Function

1.2.1 Normal Anatomy and Physiology of Motor Function

Movements can be divided into three broad categories, reflexive, rhythmic, and voluntary
motion, each requiring different amounts of descending control.?®> While the cortical
descending motor system influences all types of movement, it is only required for goal-
directed, voluntary motion.?? In contrast, reflexes (e.g., knee jerk) and rhythmic movement
(e.g., walking) may be influenced by cortical systems but are elicited in response to a
stimulus by motor control networks in the spinal cord and brainstem and may therefore

occur without input from cortical motor areas.?

The primary motor cortex (M1), also known as Brodmann’s area 4, has been known as the
final dispatch site for descending neural impulses which underlie complex, voluntary
movement.”>* M1 lies in a headband-like shape in the frontal lobe, just anterior to the
central sulcus, and has a generally-accepted somatotopic organization where areas
controlling proximal joints, such as the shoulder, lie medially to those controlling distal
joints, such as the wrist and hand.”2>26 M1 receives inputs from several cortical and
subcortical areas mediating motor planning (premotor, supplementary motor and cingulate
motor cortices, basal ganglia, and cerebellum) as well as somatosensory inputs from the
parietal lobe.”?” See Figure 1.1. These varied network inputs illustrate the complex
encoding, processing, and integration which must occur in M1 to execute a desired

movement in context.28

The premotor cortex (PM) lies anteriorly to M1 along the lateral portion of the hemisphere

in Brodmann’s area 6 and also exhibits a somatotopic organization.” PM receives input



from supplementary motor areas (SMA) as well as parietal and prefrontal cortices which
likely illustrates the role of premotor regions in integration and planning prior to motor
execution.” PM regions are known to be involved in control of both the cognitive aspects
of motor planning, including spatial attention, and the execution of movement itself.?42%-32
Medial to the PM cortex, also in Brodmann’s area 6, lies the SMA which receives inputs
from parietal and temporal regions as well as structures of the basal ganglia and is thought
to contribute to temporal specificity of muscle activation, particularly during reaching
movements.?42%31.33 Though PM and SMA influence movement through their projections
to M1, they also do so through direct projections to the spinal cord (SC) via the

corticospinal tract (CST) enabling further influence on motor output.?®3 See Figure 1.1.

1.2.1.1 The Corticospinal Tract is the Canonical Descending Motor OQutput Pathway

The CST is the canonical descending motor output pathway in mammals, directly linking
cortical motor areas to the SC.34 It is the primary tract responsible for the relay of signals
that result in voluntary movement and has been found to be particularly integral in the
generation of dexterous hand movements fundamental to functional fine motor control in
both animals and humans.3*-3¢ The CST is the most direct and fastest conducting pathway
between cortical motor areas and o. motoneurons innervating upper extremity musculature
and CST integrity has been implicated as a primary determinant in the recovery of fine

motor control post-stroke.’”*+-3" See Figure 1.1.

Approximately 70% of the CST originates in motor areas: ~40% directly from M1, with
additional contributions from premotor, supplementary motor, and cingulate motor

areas.”2"38 The CST also encompasses projections from the primary somatosensory cortex



(S1) to the SC suppling sensory information that informs movement output, enabling

precision in and refinement of motor control.?

Pyramidal neurons, whose cell bodies lie in layer V of M1, project myelinated axons
downward through the internal capsule, the cerebral peduncle (midbrain), and pons.
Approximately 85%-90% of pyramidal axons then decussate at the medullary pyramids
and descend contralaterally within the lateral CST to the anterior horn of the SC, which has
a somatotopic organization similar to that of M1.” Here, they primarily synapse directly
onto cell bodies of a motoneurons which lie in motoneuronal cell columns in the ventral
horn (lamina IX).” These oo motoneurons then exit the SC, terminating on peripheral muscle
fibers which act in aggregate to control distal motion.”* These direct CST connections
with a motoneurons, existent only in humans and certain primates, are proposed to enable
differentiated motion and improved dexterity at the extremities. 24333840 Pyramidal axons
from M1 also synapse on spinal interneurons which is thought to underlie synergistic
muscle co-activation necessary for coordinated movement of an entire limb (e.g.,
reaching).?®> Though literature in human models is less definitive, studies using primate
models have also illustrated the existence of pyramidal descending projections emanating
from PM and SMA regions to be both monosynaptic (direct to oo motoneurons) and
disynaptic (indirect via spinal interneurons), which may illustrate that these non-primary
motor areas may exert control over motor output in a similar manner to M1.2433 See Figure

1.1.
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Figure 1.1 - The corticospinal tract (CST) is the most direct and fastest conducting
pathway between cortical motor areas and o motoneurons innervating upper
extremity musculature. The primary motor cortex (M1, red) receives inputs from several
cortical and subcortical areas mediating motor planning as well as somatosensory inputs
from the primary somatosensory cortex (S1, purple) and the posterior parietal lobe. The
premotor cortex (PM encompasses: dorsal premotor, PMd, orange; and ventral premotor,
PMv, vyellow) receives input from supplementary motor areas (SMA, green; and
presupplementary motor area, preSMA, blue) as well as parietal and prefrontal cortices.
The SMA receives inputs from parietal and temporal regions. Though PM, SMA, and S1
influence movement through their projections to M1, they also do so through direct
projections to the spinal cord (SC) via the CST. Pyramidal neurons of the CST synapse
directly onto cell bodies of a. motoneurons and onto interneurons in the SC. These o
motoneurons then exit the SC, terminating on peripheral muscle fibers which act in
aggregate to control distal motion. Adapted from Kandel, Schwartz, and Jessell, 2000 with
assistance from Yasmine Bassil.



1.2.1.2 Subcortical Descending Motor Pathways

Though the motor system is generally organized so that voluntary motor commands are
transmitted from top to bottom, there are numerous pathways between the cortical motor
areas and subcortical structures that influence movement output such as the basal ganglia,

cerebellum, and descending bulbospinal tracts emanating from the brainstem.?38

The rubrospinal or dorsolateral brainstem pathway receives inputs from cortical motor
areas and the cerebellum and consists largely of crossed fibers which project to the lower
cervical and upper thoracic spinal segments.?® Termination sites on interneurons in the
intermediate zone of the SC are thought to facilitate and modulate movements of the upper

extremities and are well-evidenced in primates but less definitive in human studies.?33841-

43

The ventromedial brainstem pathway includes the tectospinal, vestibulospinal, and
reticulospinal pathways.?® The tectospinal pathway receives multisensory inputs and
projects to the upper cervical SC to influence head movement whereas the vestibulospinal
pathway receives inputs from the vestibular organs and the cerebellum, projecting
throughout the medial spinal cord where it is thought to facilitate the maintenance of an
upright body position.? The reticulospinal pathway emanates from the pons and medulla
where it receives inputs from cortical motor areas, the cerebellum, and subcortical sensory
systems.?® The reticulospinal pathway descends ipsilaterally and projects to both
interneurons and medial motoneuronal pools in bilateral cervical, thoracic and lumbar
segments within the spinal cord to assist in preparation and coordination of movement via

control of axial musculature.?®341 However, in primate literature, the reticulospinal



pathway has also been shown to make both monosynaptic and disynaptic connections to o
motoneurons controlling muscles of the forearm** and to facilitate excitation in intrinsic

muscles of the hand, though less reliably and with lower amplitudes than the CST.#°

These brainstem pathways, which run in parallel to the CST, in addition to uncrossed,
ipsilateral fibers from the nonaffected hemisphere offer some functional redundance and

may allow for partial recovery of motor function after stroke,?341-4346:47

1.2.2 Potential Physiologic Mechanisms for the Recovery of Motor Function

Spontaneous cellular repair processes post-stroke are thought to be explained by either
upregulation/lunmasking of redundant pathways or by the creation of new neuronal
connections via collateral sprouting and synapse formation.? Though ipsilateral
(uncrossed or subcortical) descending motor pathways have been suggested as possible
alternate routes mediating motor recovery post-stroke, their primary function is not control
of coordinated, distal movements, particularly of the upper extremity. Unsurprisingly,
evidence implicating ipsilateral motor pathways with motor recovery post-stroke is mixed,
complicated by nonuniform methodologies and contradictory findings.?%3438 At a purely
anatomical level, most uncrossed fibers emanating from M1 innervate axial musculature
and are therefore unlikely candidates for recovery of fine motor control.” Similarly, indirect
corticobulbar motor pathways have modulatory roles in the temporal or spatial
coordination of movement;” however, both their anatomical inputs from upper motor

neurons and indirect connectivity with o motoneurons in the SC suggest these pathways



alone are unlikely candidates for restoration of normal dexterous movement patterns of the

upper extremity and subsequent functional independence.’

Structural reorganization may be a more likely cellular basis for recovery of motor function
post-stroke. Indeed, both pre-clinical and clinical evidence of focal lesions in cortical tissue
governing hand movement have shown reappropriation of adjacent, surviving cortex for
hand function after training.*¢4° While strokes in motor areas result in functional deficit,
those localized within the CST seem to cause more severe and more permanent loss of
motor function than lesions in other sites.#°0->4 Animal lesion studies have shown that
most axonal sprouting occurs in cortical areas, close in proximity to dendritic spines and
neuronal cell bodies, which may be more energetically economical than repairing damage
further from the nucleus but may also be a function of molecular signaling cascades,
necessary from both pre- and postsynaptic cells.!*% This delimitation of structural cellular
changes suggests that certain areas of the brain or distinct morphological regions of cells
may be more readily primed for plastic reorganization after injury and may explain why
damage to the CST is particularly devastating to the recovery of fine motor control. | will
describe these processes of spontaneous cellular reorganization and repair in more detail

in the following section.
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1.3 Neuroplasticity

1.3.1 Potential Mechanisms of Motor Recovery

Neuroplasticity refers to the capacity of the nervous system to adapt. Experience is a potent
driver of neuroplasticity and is the focus of current gold-standard stroke rehabilitation
interventions. But neuroplasticity is also often used to describe the spontaneous biological
recovery mechanisms mentioned above. For purposes of discussion, | will separate the two
concepts into experience-dependent plasticity, or that which is induced by use and
therapeutic rehabilitation, and spontaneous biological recovery, occurring irrespective of

therapeutic intervention post-stroke.

Persistent upper extremity motor impairment affects more than half of those with ischemic
stroke.1*% Recovery of upper extremity motor function is a primary determinant of
independence in activities of daily living.1>%-5 Immediately post-stroke some amount of
functional independence is lost for most patients (left y-axis, Figure 1.2). During the first
3- to 6-months post-stroke, most patients follow a typical recovery trajectory, provided
they have a functional CST.%%1 The course of functional motor recovery, depicted as the
purple line in Figure 1.2, typically plateaus around 3-months post-stroke and is thought to
be primarily regulated by molecular mechanisms underlying structural and functional
reorganization within both lesioned and non-lesioned hemispheres.®452-64 This initial 3-
month period constitutes the acute and early subacute recovery periods, where the acute
period comprises the first 7 days post-stroke and the early subacute period is from day-7 to

3-months post-stroke.®®
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Stroke severity depends upon the extent of damage incurred by the initial injury and
inflammatory response: processes of necrosis, apoptosis, inflammation, edema, dendritic
spine and axonal degradation, and diaschisis (red bars, Figure 1.2).145566 However, these
deleterious events also set off molecular cascades which induce cellular repair mechanisms
associated with spontaneous biological recovery. These processes include angiogenesis,
axonal sprouting, dendritic remodeling, synapse formation, glio- and neurogenesis and cell

migration (blue/green bars, Figure 1.2).14556768

Infarction also triggers excitability changes mediated by alterations of neurotransmitter
balance (right y-axis and orange line, Figure 1.2). Stroke instigates a massive discharge of
glutamate, an excitatory neurotransmitter, into the surrounding tissues, resulting in
additional excitotoxic cell death.>>%° Neuroprotective increases in tonic (extrasynaptic) y-
aminobutyric acid (GABA) counteract initial hyperexcitability, followed by a gradual
restoration of excitatory/inhibitory neurotransmitter balance and consequent increases in
neuronal excitability toward pre-stroke levels.2*3670 These processes together are the
ingredients for spontaneous biological recovery evidenced by functional reorganization
and/or structural remodeling of cortical networks (both local and remote to the lesion

location) that contribute to some recovery of function in the first 3-months post-stroke.

Experience-dependent plasticity occurs throughout all life stages. It is the method by which
we obtain new motor skills and is a function of training and task practice. Training-induced
gains in upper extremity function can still be made in the chronic phase of stroke (from 6-
months post-stroke onward), but earlier therapeutic intervention yields greater
improvements in upper extremity skills such as reaching, grasping, or pinching, all of

which underlie functional independence in activities of daily living.%>71-"® Therapeutic
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interventions which target task-specific, experience-dependent plasticity are the foundation
of contemporary post-stroke neurorehabilitation strategies. When these strategies are
employed during a unique time of endogenous cellular repair and enhanced CNS
reorganization, there is an interaction effect between cellular processes and behavioral
activity.% Thus, the timeframe of dynamic cellular and molecular processes offers the
potential for a window of heightened experience-dependent plasticity to further

enhance recovery of motor function post-stroke (shaded yellow area, Figure 1.2).
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re 1.2 - The pathophysiology of post-stroke recovery is a dynamic process.
Immediately post-stroke some amount of functional independence is lost for most patients
y-axis and purple line) due to both the extent of damage to cerebral tissues and
excitability changes mediated by alterations of neurotransmitter balance (right y-axis and
orange line). Acute inflammatory responses, control of cortical excitability balance (orange
and spontaneous cellular repair mechanisms promote return of functional
independence (purple line). Though experience-dependent plasticity occurs across the life
the interaction between dynamic cellular and molecular recovery processes and
neurorehabilitation offers a potentially heightened window for experience-dependent
plasticity to further enhance recovery of motor function post-stroke (shaded yellow area).

Adapted from Stinear and Byblow, 2014.
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1.3.2 Timing is Critical

Precision of therapeutic intervention during this period of increased, spontaneous,
structural plasticity post-stroke is critically important. While the potential for heightened
experience-dependent plasticity is an enticing target to either speed or potentially increase
the amount of motor recovery potential for patients’ post-stroke, this period must be
approached with careful attention to the parameters of neurorehabilitation intervention. The
time sensitive nature of neuroprotection and neurorecovery processes need to be better
understood to determine how and when to optimally intervene in order to maximize
recovery of motor function post-stroke. Notably, mechanisms which enhance structural
plasticity may also subvert precision of newly forming connectivity within physiologically

distinct domains, yielding maladaptive motor recovery results.14:°574

In functional terms, both human and animal studies indicate that training must occur with
time and dose specificity; forced overuse too soon after stroke can result in reduced
functional gains.!*”™ In human studies, high intensity doses of constraint-induced
movement therapy (CIMT) delivered within the first month post-stroke yielded
significantly less improvement at 3-months post-stroke than lower intensity control doses
of CIMT (therapy began in this study, on average, 9 days post-stroke and was delivered for
2 weeks).” A similar interaction effect is observed regarding cortical excitability balance
and the timing specificity of therapeutic training. In humans, lower levels of cortical
excitability, as measured by transcranial magnetic stimulation (TMS) resting motor
threshold, have been found to correlate with poorer hand dexterity in chronic stroke.’® But
early periods of hyperexcitability may be no more ideal for functional training. In animal

models, maximization of upper limb use during early periods of hyperexcitability has
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shown deleterious effects, while establishing a time buffer (3-5 days) between stroke and
induction of agents that increase neuronal excitability was shown to be critical to enhance
functional recovery of the forelimb.!4%%77 In some instances, early hypoexcitability
reversal has even been shown to exacerbate the extent of infarct core.!48%77 Clearly, the
approach to neurorehabilitation in the acute and early subacute periods post-stroke must be
delivered with great time specificity if we are to improve the trajectory of functional motor
recovery. But newly formed connectivity must also be specific to tissues involved in
sensorimotor control if it is to support motor function recovery. To leverage cellular repair
processes, rehabilitation therapy must target plasticity in the synapses associated with
functional movement. Fortuitously, mechanisms of structural and functional plasticity are

responsive to, and therefore may be guided by, neurorehabilitation paragigms.468

The sensitivity of the repair processes occurring during the period of spontaneous
biological recovery post-stroke leaves us with newfound appreciation for the importance
of acute and early subacute neurobiomarkers. Such biomarkers may improve patient-
specific care based upon more precise identification of injury severity, location of damaged
tissue, and the temporal transition from neuroprotective to neurorecovery phases of
spontaneous cellular repair processes. The next frontier of stroke rehabilitation will need
to identify biomarkers sensitive to the type and timing of therapy delivery to maximize
functional gain and identify which patients will benefit from specific therapeutic

approaches.
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1.4 Predicting Post-Stroke Functional Motor Recovery

1.4.1 Biomarkers of Post-Stroke Motor Function are Needed in the Clinic

Rehabilitation therapy is the treatment most integral to motor recovery, however delivery
of services and quality of care during this critical period lack uniformity, precision, and
effectiveness.1%3663 Though historically the strongest predictor of outcome post-stroke has
been severity of initial injury, there is no clear consensus regarding which measures are
most relevant to motor recovery and which are most appropriate to set therapeutic goals or
establish discharge criteria.?1®>’® This makes sense if we recall that acute clinical
measurement of PUE lacks the specificity to differentiate damage to motor areas from

damage to distant brain tissues.

Rehabilitation clinicians do not currently have the tools necessary to accurately predict
recovery of motor function, the performance of which is imperative for regaining
independence after stroke.®2%7879 Therapists commonly create functional goals based upon
baseline scores on clinical outcome measures, which are valuable to track progressive
recovery, but are not predictive metrics.2%81 Moreover, there is no strong evidence to
suggest that rehabilitation therapists are able to predict motor recovery outcomes using
common clinical assessments.%382 In fact, a study investigating physical therapists’
recovery prediction accuracy at 72 hours post-stroke showed that even experienced
therapists’ early predictions are only slightly above chance, even when outcomes were
coarsely binned into no recovery, some recovery, or full recovery groups.®? These results
highlight that, in the acute phase of stroke, patients who can initially present similarly may

have vastly different functional outcomes.284 To date, little evidence exists supporting the
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use of novel therapies such as virtual reality training, repetitive TMS, or robotics therapies
to increase the level of the plateau observed at 3-months, though data are beginning to
emerge supporting therapy’s ability to increase the rate of recovery post-stroke.838
Biomarkers providing early, accurate prediction of recovery of motor function post-
stroke would enable precision-based rehabilitation strategies to improve outcomes,
speed recovery, and reduce disability.”® However, existing tools to predict recovery

of motor function have yet to be validated in the US healthcare system.

1.4.2 Non-invasive Biomarkers May Predict Functional Outcomes Post-Stroke

While animal studies have demonstrated that cortical reorganization and white matter
plasticity underlie functional gains, the invasive nature of methods such as intracortical
stimulation, genetic manipulation, or tissue excision and staining precludes its use in
humans.344887.88 However, technologies that noninvasively measure tract integrity, cortical
volume, and/or cerebral activation patterns, offer new insights into structural

underpinnings of functional changes seen post-stroke in clinical populations.87:8%-91

Imaging modalities such as magnetic resonance imaging (MRI), TMS,
electroencephalography (EEG), and positron emission tomography (PET) provide
noninvasive evidence linking functional recovery and structural reorganization within the
human brain post-stroke.?14%%2 For example, TMS has been widely employed to probe
functional integrity in descending motor pathways after stroke, while structural MRI has
been similarly used to identify how damage to anatomic structures correlates with motor

outcomes. 21:50.52,76,93-95
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Using MRI, the structural integrity of the descending motor system can be quantified by
measuring both the location and extent of stroke lesion overlap with the CST.525484 Several
studies have shown that poorer motor outcomes post-stroke are correlated with a greater
extent of lesion encroachment with the CST.50:51.5354 Structural MRI may offer some of the
strongest evidence to predict motor recovery post stroke, outperforming the use of clinical

bedside measures alone,5484:86.9

Models using a combination of clinical measures and neurological biomarkers, e.g. CST
integrity, can predict stroke outcomes and patient response to therapy.%7%°7.9% More precise
measurement of both the structure and function of motor tracts better depicts the
physiological extent of injury and may improve our understanding of the propensity for
neuroplastic reorganization and functional recovery.87:%9° This precision is of particular
importance for those with initially-lower levels of volitional control as these patients
exhibit the most heterogeneous recovery patterns.”®84100 Reperfusion of penumbral tissue
in addition to reversible factors such as edema, inflammation, and globally-decreased
neuronal excitability may all play a role in masking the true extent of early functional
disability due to irreversible neuronal damage as opposed to that caused by reversible repair
processes.*®2! Unfortunately, studies leveraging MRI are often conducted using MRI
scanners with higher magnetic field strengths, which are not widely available at hospitals
within the US. Both the scarcity of research-grade scanners and the associated increase in
medical cost due to additional imaging scans may be prohibitive to widespread adoption
of such tools. However, creation of MRI processing pipelines to extract prognostic
biomarkers from standard-of-care, diagnostic clinical imaging increases the generalized

utility of using structural images as predictive neurobiomarkers post-stroke.
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1.4.3 Developing Biologically-Informed Models of Post-Stroke Recovery in Humans

The use of predictive tools is supported by the literature suggesting the most robust
predictive models use a combination of neurological biomarkers.1®7 The consensus from
the Stroke Recovery and Rehabilitation Roundtable indicates that clinical outcome
measures alone are insufficient to comprehensively predict outcomes for the full spectrum
of stroke severity.”® Though early functional deficit may indicate a propensity for future
recovery, clinical measures have been found to account roughly for only half the variance
in motor outcomes.'! Similarly, the extent of initial neuronal injury has been found to be
a major prognostic indicator for functional recovery, but when used in isolation, lesion
characteristics such as size and location provide limited information to predict long-term
recovery of function post-stroke.84192193 Therefore, the combination of clinical metrics
of PUE strength (measuring function) and clinical MRI (measuring structural
integrity of the CST) offers a strong foundation for a model aiming to predict level of

upper extremity motor recovery post-stroke.

Previous work has established the utility of a predictive model which categorizes the level
of expected motor recovery based upon functional and structural integrity of the
corticospinal tracts.61:84100.104 The Predict Recovery Potential (PREP/ PREP2) prediction
tool, developed in New Zealand (NZ) and employed in the first week post-stroke, has been
shown to correctly predict 90-day PUE outcome for 75-80% of patients.53100.104 While
initial studies measured outcome at 3-months post-stroke, prediction accuracy remained at
approximately 80% at 2-year follow up evaluation.'® PREP2 combines objective clinical
assessments and neurophysiologic indicators of corticomotor function to provide

clinically-relevant information and guide personalized treatment.63100.104 |n earlier
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iterations of the model, MRI biomarkers of CST structural integrity, using high-resolution
MR-based diffusion-weighted imaging, were employed to improve prognostic
accuracy.®+1% Biomarkers of CST structural integrity have been omitted from PREP2 for
accessibility reasons, not because prediction accuracy was any less robust.’® PREP2 has
been shown to have superior accuracy over predictions made by experienced therapists and
those made by other models.53%2 Further, it has been shown to improve therapist confidence
in their clinical decision making, and resulted in shorter average length of stay (LOS) by
approximately 1 week in inpatient hospital settings in NZ.61.100.104 Despite the clear promise
of PREP2 to improve post-stroke rehabilitation care, it has yet to be externally validated in

the US healthcare system.

New Zealand operates a free, public healthcare infrastructure in which universal access
serves to narrow health disparities.96197 NZ also utilizes a unique identifier for each patient
(national health index number), facilitating transfer of information with patients as they
move through the continuum of post-stroke care.l%% In contrast, the US healthcare
system is more fragmented; many facilities are privately owned and operated and are more
siloed in their patient care strategies and management systems.%® Medical spending in the
US is more than double that of NZ.1%° Reimbursement structures within the US are moving
toward bundled payment models per diagnosis, incentivizing more efficient medical
management and shorter lengths of hospital stays.®1%1% Despite its high healthcare
spending, the US has poorer metrics of population health including higher burden of
chronic disease.!® Correspondingly, the incidence of stroke in the US is approximately
30% higher than in NZ.31° Given the differences in healthcare delivery systems, payer

models, and population health, it is not clear that the tools used in one environment will
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work equivalently in another. Therefore, one of the primary study objectives is to evaluate
external validation feasibility of PREP2 in two representative, urban, academic hospital

systems in the US.

1.4.4 PREP2 Prediction Tool, Explained

The current PREP2 prediction tool is illustrated in Figure 1.3.1% Patients receive a SAFE
score evaluation at or before day-3 post-stroke. SAFE is comprised of two manual muscle
tests, (S)houlder (A)bduction and (F)inger (E)xtension, each scored on a 0-5 scale
according to Medical Research Council grading system, where lower scores denote less
strength. SAFE is the sum of the two manual muscle test scores and is therefore scored on
a 0-10 scale. For those patients with a SAFE score > 5, patient age and SAFE score are
used to designate participants into either “Excellent” or “Good” recovery prediction

groups.

For patients with a SAFE score < 5, TMS, a form of focal, noninvasive brain stimulation
applied over the M1 in the stroke-affected hemisphere, is utilized between day-3 and day-
7 to assess the functional integrity of the descending CST. Functional integrity is measured
by the presence or absence of motor evoked potentials (MEPSs). MEPs are measured with
electromyography (EMG) of the extensor carpi radialis (ECR) and first dorsal interosseous
(FDI) muscles, a wrist extensor and index finger abductor, respectively. MEP responses
must be reproducible with consistent latencies appropriate for each muscle.!'* TMS results
are binarized into Motor Evoked Potential positive (MEP+) and negative (MEP-)

designations.6299:100,111
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MEP+ participants are also predicted to have “Good” motor recovery.'® This rationale is
physiologically-based as detectable MEPSs in response to excitation of pyramidal neurons
in M1 indicate a functional pathway between cortex and muscle, i.e. less damage to critical
CST fibers and less necessity for structural cellular repair. Finally, MEP- participants are
separated into “Limited” and “Poor” recovery groups by evaluating the National Institutes
of Health Stroke Scale (NIHSS) score taken on day-3. The NIHSS is a validated and
commonly used clinical assessment of global stroke severity.!*? The NIHSS measures
cognition and language deficits, visual and sensory impairment and neglect, and
coordination abnormalities, in addition to motor weakness; performance on each of 13
items is rated on an ordinal scale with a maximum score of 42, where lower scores indicate

less severe stroke symptoms.112

PUE motor recovery outcome is measured via the Action Research Arm Test (ARAT), a
validated, sensitive, and reliable test, commonly used in stroke related research to measure
upper extremity motor function. The ARAT assesses four subgroups of action: grasp, grip,
pinch and gross arm movement. Performance on each item is rated on a 4-point ordinal
scale ranging from 3-0, higher scores denote greater function with a maximum score of
57.113114 ARAT scores at 90 days post-stroke either confirm or refute the PUE recovery
prediction. Each of PREP2’s four recovery prediction categories lend themselves to a

framework for clinical decision making and care planning, see Figure 1.3 below.100.104
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Prognosis

Functional Outcome Expected complete or near

ARAT (Day-90) complete use of PUE for daily
tasks. Promote restoration of
motor patterns for normal use of

PUE.
EXCELLENT e

Use of PUE for most activities with
compensatory strategies. Expect
some weakness and/or

GOOD / incoordination. Promote normal
motor function with the PUE.

SAFE>5
Day 0-3

Improvement will be made but

LIMITED \ PUE will be limited in functional
ability. Significant functional

modifications necessary.

NIHSS <7
Day 3

POOR \ Gross motion is possible but likely
primarily at proximal joints.
Functional motion in PUE is
unlikely.

Figure 1.3 - The PREP2 prediction tool. Using shoulder abduction and finger extension
manual muscle tests (SAFE), patient age, corticospinal tract integrity (MEP+), and
National Institutes of Health Stroke Scale (NIHSS) score, PREP2 predicts paretic upper
extremity (PUE) functional motor outcome at 3-months poststroke with 75% accuracy.
Figure adapted from Stinear et al, 2017.
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1.5 Project Overview

In order to improve post-stroke rehabilitation treatment, there is a clear need to identify
key biomarkers which precisely measure structure and function of sensorimotor tracts and
to test the fidelity of PREP2 in the US. Therefore, the study endeavored to answer the
following research questions: 1) What is the feasibility of conducting external validation
studies of PREP2 in the US healthcare system? 2) What routinely collected clinical
measures are most predictive of PUE functional outcome post-stroke? 3) What is the
prognostic merit of biomarkers of CST structural integrity isolated from clinical

neuroimaging?

As anecessary first step to assess prospective validation feasibility of the PREP2 prediction
tool in acute care settings in the US, | conducted a retrospective chart review of all stroke
admissions to Emory University Hospital (EUH) and Grady Memorial Hospital (GMH)
over fiscal years (FY) 2016-2018. | extracted demographic and clinical information to
critically appraise similarities and differences in patient characteristics and stroke care

management between US and NZ health care systems.

To assess the ability of currently collected clinical measures and neurologic biomarkers
isolated from clinical imaging to predict PUE motor outcomes post-stroke, | conducted a
retrospective chart review for a subset of patients with similar clinical management across
the continuum of stroke rehabilitation and recovery. This subset of patients remained
within the Emory University Hospital system for acute hospitalization, acute inpatient
rehabilitation, and outpatient care, allowing longitudinal assessment to track recovery and

to estimate the level of PUE motor function return. Longitudinal assessment of motor
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recovery in this subset of individuals is the closest model to the NZ system available within

a retrospective study design.

A prospective evaluation of PREP2 metrics was planned however, due to the research
restrictions resulting from the COVID-19 global pandemic, the project shifted to a
retrospective design to evaluate current standards of clinical care and assess potential
prospective validation of PREP2. | tested the hypotheses that PREP2 would be feasible for
prospective validation and that a combination of clinical metrics and biomarkers of
structural CST integrity obtained from clinical neuroimaging would accurately predict
PUE motor recovery outcome post-stroke in US health care systems by pursuing the

following specific aims:

26



1.5.1 Aims and Hypotheses

1511 Aim1l

To assess the feasibility of PREP2 external validation studies in a representative US
hospital system. | performed a retrospective study of all stroke admissions to EUH and
GMH over FY 2016-18 to determine if, when, and to what extent, the core elements of

PREP2 were collected.

Hypothesis 1: Current standards of post-stroke care management at both EUH and GMH
would support future external validation of PREP2 as measured by consistent
documentation of objective assessments of PUE strength and National Institute of Health

Stroke Scale (NIHSS) within 3 days of admission.

1512 Aim?2

To evaluate which current, standard-of-care clinical measures are most predictive of
PUE functional outcome post-stroke. | extracted demographics, stroke characteristics,
and longitudinal documentation of post-stroke motor function from institutional electronic
medical records for a subset of patients with common post-stroke clinical recovery
management. | assessed relationships between clinical measures and PUE recovery
outcome and used clinical measures to predict PUE motor outcomes for patients who

underwent AR post-stroke.
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Hypothesis 2: Early clinical measures of post-stroke PUE strength would be the standard-
of-care measures that are most predictive of PUE motor recovery outcomes for patients
with initially higher levels of strength. However, no standard-of-care clinical measures,
when used in isolation, would accurately characterize recovery outcomes for those with

initially lower levels of PUE strength.

1513 Aim3

To characterize the associations and predictive utility of structural biomarkers of
CST integrity isolated from clinical neuroimaging with PUE functional outcome post-
stroke. Using the same cohort of patients discussed in Aim 2, | extracted biomarkers of
CST structural integrity from clinical neuroimaging, assessed relationships with PUE
recovery outcome, and used those biomarkers to refine predictions of PUE motor

outcomes.

Hypothesis 3: Clinical neuroimaging-based measures of CST structural integrity would be
associated with PUE motor recovery outcome and would improve the accuracy of outcome
category predictions made using clinical measures alone for patients with initially lower

PUE strength scores.

28



CHAPTER 2. SPECIFIC AIM 1

Prospective validation of the PREP2 upper extremity outcome prediction tool is

feasible in a US healthcare setting

This chapter is reproduced with minor edits from:

Saltdo da Silva, MA,; Stinear, C; Wolf, S; Borich, M. Prospective validation of the PREP2
upper extremity outcome prediction tool is feasible in a US healthcare setting (In review,

Clinical Rehabilitation).
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2.1 Introduction

Stroke is a leading cause of long-term adult disability worldwide.® Most patients experience
persistent loss of upper extremity function which is directly related to reduced
independence in activities of daily living and diminished quality of life,1059115116 Ear|y,
accurate prognosis of motor outcomes would improve the quality of stroke management
and enable more efficient allocation of high value rehabilitation services, which emphasize
better patient outcomes per dollar spent on care rather than a larger volume of services

delivered.117.118

Predictive models of stroke outcomes using a combination of clinical assessments and
objective neurological biomarkers have been developed and validated in other healthcare
systems 6584100118 The Predict Recovery Potential (PREP2) prediction tool uses a
combination of clinical measurements and neurological biomarkers to predict paretic upper
extremity (PUE) motor outcomes. It was developed and internally validated in New
Zealand (NZ), but has yet to be externally validated in the United States (US).2%° The stroke
population in NZ is similar to that of the US in terms of age and stroke characteristics;
however, differences in health care delivery models between NZ and the US may limit the
feasibility of prospective validation and generalization of findings.381%6110 The primary
purpose of this study was to retrospectively assess current acute stroke care management
practices to determine the feasibility of prospective validation of PREP2 in a US healthcare
setting. We hypothesized that if a retrospective audit cohort showed patient characteristics,
acute inpatient length of stay, and rehabilitation evaluation timelines were similar to
previous studies in international settings, then prospective validation of PREP2 would be

feasible in a US healthcare setting.

30



2.2 Methods

2.2.1 Study Population

We conducted a retrospective chart review of all stroke admissions at Emory University
(EUH) and Grady Memorial (GMH) Hospitals, two representative, urban, academic,
comprehensive stroke care centers in the US, between September 1, 2016 and August 31,
2018 (fiscal years (FY) 2016 — 2018). EUH and GMH provide optimal sites to evaluate
PREP2 validation feasibility due to their broad demographic coverage, certification as
comprehensive stroke centers, and longstanding affiliation with the National Institute of

Health Stroke Network.

2.2.2 Selection Criteria

Eligible patients were identified using previously established inclusion and exclusion
criteria which were used to establish patient eligibility for Aims 1-3.1% Major inclusion
criteria included: first ever or recurrent, ischemic or intracerebral hemorrhagic stroke; new

upper extremity weakness beginning at or after current stroke onset; age 18 years or over.1%

The Stroke Coordinator at EUH provided the study team with a list of all stroke admissions
during FY 2016-2018. At GMH, a search was conducted via the Epic Clarity database in
collaboration with an IRB-assigned Clinical Intelligence Developer using the following

ICD codes: any code beginning with G45 or 160-1609.
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Upper extremity weakness was determined by chart documentation from the admitting
physician, in consultation notes from the neurohospitalist team, and was confirmed by
occupational and physical therapy evaluation documentation. Exclusion criteria included
the diagnosis of non-intracerebral stroke such as transient ischemic attack (TIA),
subarachnoid hemorrhage, stroke secondary to traumatic brain injury (TBI), tumor
resection, other surgical procedure, cerebellar stroke, or stroke in patients with history of
malignant neoplasm of the brain. Certain comorbidities which may confound motor
recovery results were also excluded: 1) neurodegenerative diseases (both motor and
cognitive) such as dementia or Alzheimer’s disease (AD), multiple sclerosis (MS), or
amyotrophic lateral sclerosis (ALS); 2) major psychiatric or substance abuse disorder
diagnoses; 3) cerebral palsy (CP). Due to the retrospective nature of the study and
permission for waived consent, patients with cognitive or communication impairment,
which might compromise the ability for informed consent, were included in the present
study. Patients with contraindications to transcranial magnetic stimulation (TMS) or
magnetic resonance imaging (MRI) were not excluded as in previous PREP2 studies, but
are instead noted as feasibility-related findings. Figure 2.1 represents the workflow for

patient selection.

This study received local Institutional Review Board approval and patient consent was

waived.
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Primary Diagnosis of Stroke
n(2016) = 1898
n(2017) = 2033
n(2018) = 2218
n(total) = 6,149

Patient Charts Excluded Patient Charts Included
n(2016) = 1212 n(2016) = 615
n(2017) = 1340 n(2017) = 636
n(2018)= 1413 n(2018)=710
n(total)=3,965 n(total)=1,961
I
Reason For Exclusion

Subarachnoid Hemorrhage (SAH) 1188 (30.0%)

No New Upper Extremity Weakness 539 (13.6%)

Transient Ischemic Attack (TIA) 497 (12.5%)

Substance Abuse Disorder 422 (10.6%)

Death in Hospital 393 (9.9%)

Cerebellar Stroke 290 (7.3%)

Cognitive Disorder 191 (4.8%)

Traumatic Brain Injury 118 (3.0%)

Emergency Patient/No Hospital Admission 110 (2.8%)

Psychiatric Disorder 63 (1.6%)

Neurodegenerative Disorder 59 (1.5%)

Secondary to Resection/Procedure 40 (1.0%)

Brain Cancer 36 (0.9%)

Discharged Against Medical Advice 8 (0.2%)

< 18 Years of Age 7 (0.2%)

Cerebral Palsy 4 (0.1%)

Figure 2.1 - Patient selection criteria. Methodological workflow of the chart review for
of 6,149 patients with stroke admitted to Grady Memorial Hospital (GMH) or Emory
University Hospital (EUH) in fiscal years 2016-2018. Charts were scanned to confirm
stroke diagnosis and to review inclusion and exclusion criteria (inclusion criteria: > 18
years of age, first-ever or recurrent ischemic or hemorrhagic stroke, new upper extremity
muscular weakness at or after onset of current stroke). Full data extraction was conducted
for the 1,961 patients deemed appropriate for study inclusion.
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2.2.3 Data Extraction, Interpretation, and Analysis

Institutional electronic medical record systems, Cerner Powerchart (EUH) and EPIC
(GMH), were utilized to extract core metrics and the timeline on which they were gathered:
1) shoulder abduction and finger extension manual muscle tests (SAFE score); 2) patient
age; 3) National Institutes of Health Stroke Scale (NIHSS) score. In addition, stroke
specific variables and demographic data were obtained including stroke type and
hemisphere, length of inpatient stay, and contraindications to transcranial magnetic

stimulation (TMS). See Table 2.1 and Figure 2.2 for more detail.

If an objective SAFE score was not available in clinical documentation, an estimated SAFE
score was calculated using available assessments of PUE strength. Shoulder abduction is
achieved through activation of the middle fibers of the deltoid and the subscapularis,
innervated by the axillary and suprascapular nerves, respectively, which arise from nerve
roots of the fifth and sixth cervical segments of the spinal cord (C5-C6).12%121 If shoulder
abduction was not documented, measurement of shoulder flexion, deltoid strength, or
proximal strength were used as alternative tests with preference for shoulder flexion as the
muscles involved (anterior fibers of the deltoid and coracobrachialis) are innervated by
nerves emanating from C5-C7 spinal cord segments.*2%121 Finger extension is achieved
through activation of the extensor digitorum, extensor indicis and extensor digiti minimi,
all of which emanate from the deep branch of the radial nerve (nerve root segments C6-
C8).120.121 If finger extension was not documented, measurement of wrist extension, grip
strength, or distal strength were used as alternative tests for finger extension with similar

preference for substitution of wrist or elbow extension measurements due to the extensor’s
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shared, radial nerve innervation.!?®® Further detail regarding estimated SAFE score

calculation is available in the SAFE Estimation Key (APPENDIX A.).

If the NIHSS was assessed more than once, the assessment performed closest to inpatient
day 3 was used. Statistical approach consisted of descriptive analyses to summarize the

distribution of variables of interest for the study cohort.

2.3 Results

2.3.1 Patient Characteristics

Of 6,149 patients admitted with stroke during the study time interval, 1,961 (31.9%) met
study inclusion criteria. The most common reason for exclusion was subarachnoid
hemorrhage (1188/3965, 30.0%). Participant characteristics are provided in Table 2.1 and
shown in comparison with NZ data. The median patient age in the US was 8 years younger
than in NZ (64 and 72 years, respectively) with similar age ranges. 49.0% of patients in the
US audit cohort were female. 50.7% had left hemisphere strokes. The US cohort had a
higher percentage of hemorrhagic stroke (US = 23.4%, NZ = 10.1%), a higher percentage
of severe strokes as measured by NIHSS scores (NIHSS Scores > 16 in US = 17.8%; in
NZ = 4.8%). The US cohort also had greater impairment in PUE strength post-stroke. For
the 1,593 patients with an estimable SAFE score, 646 had a SAFE < 5 (40.6%) compared

with in 31.9% in the NZ research cohort.
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Table 2.1 - Research population comparison: New Zealand vs. United States cohorts

Participant Characteristics

NZ Research Cohort%

US Audit Cohort

(n=207) (n=1961)
Median Age (Range) 72 (18 - 98) 64 (18 - 106)
Sex
Female 104 (50.2%) 960 (49.0%)
Male 103 (49.8%) 1001 (51.0%)
Stroke Type
Ischemic 186 (89.9%) 1503 (76.6%)

Hemorrhagic

21 (10.1%)

458 (23.4%)

Stroke Hemisphere

Left 99 (47.8%) 994 (50.7%)
Right 108 (52.2%) 891 (45.4%)
Bilateral - 69 (3.5%)
Not Specified - 7 (<1%)
NIHSS/
Stroke Severity Distribution
Mild (0 - 4) 112 (54.1%) 712 (36.3%)

Moderate (5 - 15)

85 (41.1%)

639 (32.6%)

Severe (> 16) 10 (4.8%) 348 (17.8%)

Not Tested - 262 (13.4%)
SAFE Score

SAFE > 5 141 (68.1%) 947 (48.3%) *

SAFE<5 646 (32.9%) *

Not Estimable

66 (31.9%)

368 (18.8%)

*1568/1593 SAFE scores were estimated
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2.3.2 Validation Feasibility

Current standards of acute stroke care are depicted in Figure 2.2. NIHSS measurement
occurred on day 2.4 (SD = 1.2 days, median = 3 days, range = 0-16 days). NIHSS scores
were recorded for 1,699/1,961 participants (86.6%). The average time to therapy evaluation
was 3.4 days (SD = 4.5 days, median = 2 days, range 0-71 days) and SAFE scores were
estimable from therapy evaluations for 1,593/1,961 participants (81.2%). 552/1,961
(28.1%) participants had incomplete datasets due to missing NIHSS scores, inestimable
SAFE scores, or both. The average length of acute care stay (LOS) for the entire cohort
was 11.2 days (SD = 12.9 days, median = 7 days, range 0-190 days) while the average LOS
for those with SAFE < 5 was 16.7 days (SD = 16.6 days, median = 12 days, range 0-190

days).
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SAFE measured: NIHSS measured: TMS evaluation: Inpatient care ARAT/PUE outcome: Day
Day0-3 Day 3 PEVERY discharge: Day 17 90
Stroke onset: I _ _ I I _ I / / I

S ! l ! o

oot T TTTo T T T | OuTSoTToTTTTooTT 1
PUE strength assessed NIHSS measured: | TMS indicated: : Acute care discharge: : PUE recovery outcome: 1
at therapy evaluation: Day 2.4 (+1.2) : Day3-7 1 Day 11.2 (+12.9) : not available at 90 days :
Day 3.4 (+ 4.5) I “““““I """"" 2
fommmmmmm oo
SAFE estimable for NIHSS measured for | TMS indicated: 646/1593 (40.6%) :
1593/1961 (81.2%) 1699/1961 (86.6%) ! TMS contraindicated: 44/64 (6.8%) 1
of participants of participants |~ e ! . NZ (PREP2) measurement timeline
r I _________ D US cohort standard care timeline
SA & FE MMTs ! Average LOS for SAFE < 5: ] {7 Data not obtained under current
documented for 25/1961 : 16.7 ( 16.6) days : =* standard care
(1.3%) of participants | Range: 0 — 190 days |

Figure 2.2 - Timeline supports successful prospective implementation for early
predictive biomarkers post-stroke. PREP2 metrics include patient age; shoulder
abduction and finger extension manual muscle tests (SAFE score); National Institutes of
Health Stroke Scale (NIHSS) score); corticospinal tract integrity classified with motor-
evoked potential status (MEP status); paretic upper extremity (PUE) functional outcome.
SAFE is measured serially on days 0-3 post-stroke until a prediction can be made. NIHSS
scores are measured on day-3 for those with SAFE < 5. Transcranial magnetic stimulation
(TMS) is also indicated for those with SAFE < 5. TMS is used to assess the functional
integrity of the descending corticospinal tract (CST) through electromyographic (EMG)
measurement of the presence or absence of MEPs. TMS assessment is conducted between
days 3-7 post-stroke. Action Research Arm Test (ARAT) is used at 90 days post-stroke to
determine PUE functional outcome. All days reported for US cohort represent mean (
standard deviation).
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2.4 Discussion

Prospective validation of the PREP2 prediction tool in a US setting is feasible based upon
our findings. Current stroke management allows for SAFE score, NIHSS, and TMS
assessment of corticospinal tract function at the appropriate times for PREP2, but does not
allow for day-90 follow-up to evaluate the accuracy of PREP2 predictions. Therapy
evaluations occur, on average, at an appropriate time for SAFE score measurement. NIHSS
is obtained serially at GMH and new initiatives at EUH have also made this additional
evaluation standard practice. Patients appropriate for TMS assessment are still in the acute

care hospital at a time when corticospinal tract function should be evaluated.

Objective measurement and documentation of predictors of upper extremity outcomes
were infrequent. Measurement and documentation of SA and FE manual muscle tests were
completed 1% of the time by therapy providers. If PREP2 is validated in a US setting, then
a principled implementation strategy will be needed to support SAFE score and

corticospinal tract function evaluation for the use of PREP2 in routine clinical care.??

Atlanta cohort demographic data are similar to US and NZ national data, but some
differences were noted. The relative percentage of hemorrhagic strokes was higher in our
cohort which may be driven by the strength of the neurovascular surgical specialty care
teams at EUH and associated high numbers of hemorrhagic strokes. When compared to
those reported in the PREP2 data, patients in our cohort were younger, had more severe
strokes, and demonstrated greater initial PUE weakness. The difference in severity may be
explained by our inclusion of patients with cognitive or communication impairment who

were not eligible for research participation in NZ due to reduced capacity for informed
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consent. Future prospective external validation studies should be cognizant of potential
differences in patient characteristics, and that the proportion of individuals in each outcome
category may change as a result. Future external validation studies may need to update the
PREP2 prediction tool to achieve optimal accuracy in new health care settings and patient

populations. 11123

The retrospective study design employed has strengths and limitations. An advantage of
this retrospective audit is that patients did not need to provide informed consent at the time
of their admission, thus providing a dataset that may be a more accurate representation of
the general stroke population. The study design also provided access to current standards
of clinical care within a large study cohort. However, the retrospective design also required
estimation of SAFE scores for nearly all participants. This approximation likely introduces
some measurement error to current findings and may have affected estimations of the
number of patients requiring TMS assessment. Generalizability of current findings may
also be limited. EUH and GMH may not be representative of other US healthcare settings
due to differences in stroke care management standards across US hospitals. However,
another US healthcare setting recently reported acute care lengths of stay similar to those
observed in the present study, indicating that the PREP2 assessment timeline might also be

feasible in other US settings.'?*

Validation of outcome predictions requires follow up evaluation of patients to test the
accuracy of the prediction tool. However, long-term (> 90 days) follow up of patient
outcomes by early clinical decision makers in the context of stroke rehabilitation is
virtually nonexistent within the current, fractured US healthcare delivery model. Further,

logistical challenges associated with collecting in-person objective outcome assessments
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emphasize a potential, important role of virtual assessments to increase ease of patient
tracking across the continuum of stroke recovery. Systemically, the quantification of
quality of care and of patient outcomes are not well defined, studied, or reported in stroke

rehabilitation, which presents a major barrier to delivery of high value care in the US.

2.5 Conclusions

Validation, implementation, and impact evaluation of prediction tools have the potential to
enhance care standards and enable higher value care for patients after stroke in the US
healthcare system. Findings indicate that prospective validation of PREP2 is potentially

feasible in US healthcare settings.

41



CHAPTER 3. SPECIFIC AIM 2

Paretic upper extremity strength at acute rehabilitation evaluation predicts motor

function outcome after stroke

This chapter is reproduced with minor edits from:

Saltdo da Silva, MA; Cook, C; Stinear, C; Wolf, S; Borich, M. Paretic Upper Extremity
Strength at Acute Rehabilitation Evaluation Predicts Motor Function Outcome after
Stroke. MedRxiv, 2021. doi:10.1101/2021.10.05.21264572 (In review, Journal of

Neurologic Physical Therapy)
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3.1 Introduction

Stroke is a leading cause of long-term adult disability worldwide.® Most patients experience
persistent upper extremity motor impairment.14* Recovery of paretic upper extremity
(PUE) motor function is a primary determinant of functional independence in activities of
daily living and quality of life.1>%6-5% The majority of motor recovery occurs early after
stroke, typically plateauing around 3-months post-injury, and is thought to be regulated by
molecular mechanisms underlying structural and functional reorganization and the
restoration of excitatory and inhibitory neurotransmitter balance within both lesioned and
non-lesioned hemispheres.14343662-64 These processes together are the ingredients for
spontaneous biological recovery that contribute to recovery of function in the first 3-

months post-stroke (Figure 1.2).

Therapeutic interventions that target task-specific, experience-dependent plasticity
induction are the foundation of contemporary post-stroke neurorehabilitation strategies.
Early therapeutic intervention promotes recovery of PUE skills such as reaching, grasping,
or pinching, all of which underlie functional independence in activities of daily living.”-"3
When these strategies are employed during a unique time of endogenous cellular repair and
enhanced central nervous system reorganization, there is an interaction between cellular
processes and behavioral activity.®® Thus, the timeframe of dynamic cellular and molecular
processes offers an enticing target to augment motor recovery for patients’ post-stroke
(shaded yellow area, Figure 1.2). Critically, this period coincides with the timeframe of
acute inpatient rehabilitation (AR), the setting in which the majority of post-stroke

rehabilitation services and expenditures occur, thereby emphasizing the importance of
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delivering precision-based therapeutic interventions in AR that are effective in targeting

task-specific plasticity to enhance recovery of PUE motor function.®91!

Early, accurate prognosis of motor outcomes would inform the delivery and specification
of rehabilitative services individualized to the patient. While a codified set of measures that
predict a patient’s PUE functional outcome is lacking within the US healthcare system,”®
predictive models of stroke outcomes have been developed in healthcare systems in other
countries.%584100.11% The Predict Recovery Potential (PREP2) prediction tool, developed
and internally validated in New Zealand (NZ), predicts PUE motor outcomes using a
combination of clinical assessments and objective neurological biomarkers.1®
Implementation of the PREP2 prediction tool into clinical practice in NZ resulted in
therapist-led modifications to clinical decision-making that were directly informed by
outcome predictions.’* For example, therapists decreased the amount of passive
movement in PUE therapy sessions for patients with good predicted outcomes.°* Improved
therapist confidence contributed to modifications in therapeutic planning and progression,

resulting in reduced lengths of inpatient hospitalization while demonstrating equivalent

PUE motor outcomes at 90 days compared to when the tool was not used.%*

NZ operates a free, public healthcare infrastructure with a unique identifier for each patient
(national health index number), facilitating transfer of information with patients as they
move through the continuum of post-stroke care.%®107 In contrast, the United States (US)
healthcare system is structurally fragmented and facilities are often siloed in their patient
care strategies and management systems.'% Therapists treating patients in AR settings in
the US often lack access to therapeutic records at other time points along the care

continuum. This limits knowledge of a patient’s recovery trajectory before AR but, perhaps
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more importantly, probably prohibits longitudinal tracking to evaluate patient outcomes.
Such differences in international healthcare delivery models create a barrier to the
execution of high fidelity PREP2 validation studies and may subsequently limit the
generalization of findings.381%110 To date, two studies investigated PREP2 metrics in a
healthcare system outside of NZ, but initial data collection occurred on a timeline that
coincides more closely to AR admission in the US (initial strength measurements made for
patients approximately 1- to 2-weeks post-stroke).1?>126 Prediction accuracy in both studies
was similar but lower than in the NZ cohort (~60% overall vs. NZ accuracy=75%).100.125
The lower accuracy may be explained by only including participants admitted to inpatient
rehabilitation, by omission of biomarkers of functional corticospinal tract integrity, and by
delayed initial strength measurement.??>126 However, the lower observed accuracy also
emphasizes the need to identify measures that can be collected at admission to AR that

more accurately predict stroke outcome.

Accordingly, there is a need to identify measures made at later timepoints of recovery that
may better predict stroke outcome in the subacute stage. There is also a need to address the
inherent challenges with implementation of prediction tools reliant on early patient
assessments. Therefore, the primary objective of this study was to retrospectively assess
current care practices to determine which routinely collected measures are most predictive
of PUE functional outcome post-stroke in patients undergoing AR. We chose an
observational, retrospective study design because we were most interested in identifying
rapidly implementable, standard-of-care metrics that could predict PUE outcomes and
guide care in AR settings. We hypothesized that measures routinely collected as part of

standard clinical care post-stroke would predict PUE outcome category.
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3.2 Methods

3.2.1 Study Population and Eligibility Criteria

We conducted a longitudinal retrospective chart review of a subset of patients admitted
with a primary diagnosis of stroke who received care in the Emory University Hospital
(EUH) system, a representative, urban, academic, comprehensive stroke care center in the
US, between September 1, 2016 and August 31, 2018. We selected cases using previously
established inclusion and exclusion criteria.!®® Major inclusion criteria included the
following: first ever or recurrent, ischemic or intracerebral hemorrhagic (ICH) stroke; new
upper extremity weakness beginning at or after current stroke onset; age of >18 years.®
Major exclusion criteria are detailed in Chapter 2. In addition, individuals were required to
have remained within the EUH system for acute hospitalization, acute inpatient
rehabilitation at Emory Rehabilitation Hospital (ERH), and Emory outpatient therapy
through at least 90 days post-stroke to permit longitudinal assessment of PUE recovery
outcomes and reduce the heterogeneity of post-stroke care for the study cohort across the
continuum of recovery. A single patient did not begin outpatient care until approximately
1-year post-stroke (428 days) but was included in the analysis. Since the plateau of motor
recovery typically occurs around 90 days post-stroke, measurement of functional outcome
at a time point after that time point would enable an approximation of day-90 PUE
functional outcome. Lastly, patients were required to have received diagnostic magnetic
resonance imaging (MRI) while at EUH as a separate inclusion criterion associated with a
parallel investigation. Patients were identified from an existing stroke database and by
reviewing records of ERH admits and Emory outpatient records. This study received

Emory University Institutional Review Board approval and patient consent was waived.
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3.2.2 Data Extraction, Interpretation, and Analysis

Clinical metrics including demographic information, stroke characteristics, care continuum
metrics, and provider documentation of post-stoke motor function were extracted from
Cerner Powerchart, the institutional electronic medical record (EMR) system of the Emory
Healthcare system. Data were extracted longitudinally across acute hospitalization, acute

inpatient rehabilitation, and outpatient therapy through at least 90 days post-stroke.

Identified stroke characteristics extracted included: stroke type, location, imaging obtained,
and stroke severity as measured by the National Institutes of Health Stroke Scale
(NIHSS). %2 If the NIHSS was measured more than once, the assessment performed closest
to inpatient day-3 was used. Care continuum metrics included length of hospitalizations,
duration in outpatient therapy, and time to therapy evaluation(s). Provider documentation
of PUE strength and post-stroke disability included manual muscle test scores, sensation,
coordination, language impairments, and measures of mobility. These metrics were
recorded serially by different providers within the care continuum including physicians,

physical therapists, occupational therapists, and speech language pathologists (Table 3.1).

Shoulder abduction (SA) and finger extension (FE) manual muscle tests were used to
calculate a SAFE score (/10) for each patient.84100.127 |f an objective SAFE score was not
available in clinical documentation, an Estimated SAFE score (E-SAFE) was calculated
using available assessments of PUE strength with preference given to strength of muscles
with similar spinal cord segmental innervation as detailed in Chapter 2.120121 Assessments
of shoulder flexion, shoulder extension, deltoid muscle strength, or proximal strength were

used as alternative tests for shoulder abduction with preference given to shoulder flexion
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or deltoid strength. Assessments of wrist extension, grip strength, or distal strength were
used as alternative tests for finger extension with preference given to wrist extensors. If the
SAFE (or E-SAFE) score was documented more than once during acute hospitalization,
the assessment performed closest to inpatient day-3 was used, in accordance with previous
work.%841% |n the AR setting, the SAFE (or E-SAFE) score performed closest to ERH

admission was used. See APPENDIX A. for more detail on SAFE estimation.

Additional clinical and demographic information was extracted to evaluate the potential
effects of non-stroke variables on PUE motor recovery outcomes. Demographic
information included prior living situation/familial support and pre-stroke UE dominance.
Clinical information included comorbidities commonly correlated with stroke prevalence
and calculation of the ischemic stroke Charlson comorbidity index (ISCCI) for all
patients.1?812% Mobility status for all patients was estimated using selected items of the
Inpatient Rehabilitation Facility Patient Assessment Instrument (IRF-PAI).'% The IRF-
PAI is a standardized metric used to measure quality of care and to determine service
reimbursement in rehabilitation settings beginning in 2019.1%° IRF-PAI scores for sit to
stand and ambulation (10-ft, level surface) were estimated via medical record review by a
licensed physical therapist who was trained in administration of the IRF-PAI and blinded
to study outcomes. Standard scoring of the IRF-PAI uses a 6-point ordinal scale; a score
of 6 indicates the patient is able to complete the task with no assistance; a score of 1
indicates the patient contributes no effort to perform the activity.'3! For the purposes of this
study, when the item was not performed due to patient refusal or for medical safety reasons,

the patient received a score of 0.
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The Action Research Arm Test (ARAT) was the primary dependent variable to quantify
PUE functional outcome for each patient. The ARAT is a validated, sensitive, and reliable
test, commonly used in stroke-related research to measure level of upper extremity
function.’®> Due to the retrospective nature of the study design, ARAT scores were
estimated from therapy documentation at approximately 90 days post-stroke in accordance
with the grading criteria for each test. Estimated ARAT (E-ARAT) scoring was conducted
by two licensed, clinical neurologic therapists who were otherwise blinded to study
findings. Rehabilitation provider notes were evaluated in detail to extract the following
measures, where available, for each patient: clinical assessments of PUE muscle and grip
strength, coordination, active and passive range of motion, observational movement
analysis, therapeutic activity, exercises performed, rehabilitation goals, Nine-Hole Peg
Test (9HPT) and Box and Block Test (BBT) scores as compared to matched, normative
values.'33-137 Each clinician independently reviewed the EMR and determined maximal
and minimal scores for each ARAT test item, creating a score range for every patient. E-
ARAT for every patient was calculated by taking each clinician’s median score and
averaging the two values. See APPENDIX B. for more detail, patient examples, and the

ARAT scoring sheet.

3.2.3  Statistical Methodology

Descriptive analyses were performed to summarize the distribution of variables of interest
for the entire cohort. Non-parametric correlation analyses (Spearman’s rho, rs) were

performed to evaluate the relationship between clinical metrics extracted and level of PUE
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motor function at 3-months post-stroke (E-ARAT scores). The interrater reliability of the
E-ARAT scores was assessed with an intraclass correlation coefficient (ICC), calculated
using a two-way mixed effects model, considering people effects to be random and item

effects to be fixed.132.138

A k-means cluster analysis was performed using E-ARAT scores to identify PUE outcome
groups similarly to hypothesis-free classification analyses conducted in previous studies.?
The cluster analysis was repeated using two, three, and four clusters and a minimal
clinically important difference (MCID) of 12 points on the ARAT as the minimum distance
between cluster centers to identify the maximum number of meaningfully different
outcome groups.®+1*° Independent-samples means comparisons were then conducted using

Kruskal-Wallis tests to identify differences in clinical metrics between outcome groups.

To explore which factor(s) may predict outcome cluster group, a classification and
regression tree (CART) analysis was conducted. Gini was used to maximize homogeneity
of child nodes with respect to the value of the target variable. All clinical metrics including
stroke characteristics, comorbidities, SAFE scores, sensation, coordination, language
impairments, and measures of mobility were available as inputs using a maximum tree
depth of 1, a minimum terminal node size of 3, and automated pruning to avoid over-fitting.
A CART analysis is a form of machine learning and does not require a minimum number
of cases per variable, as is the case for traditional regression modelling. Therefore, this
analytical approach was deemed appropriate for exploratory analyses with our limited
sample size. Positive (PPV) and negative (NPV) predictive values, sensitivity, and

specificity of the resulting decision tree were also calculated.
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Tests were two-tailed with significance set to p<0.05. Significance values were adjusted
for multiple comparisons using Bonferroni correction with a two-tailed significance level
of p=0.0017 for correlation analyses (0.05/29 comparisons) and p=0.02 for t-tests (0.05/3
comparisons). All statistical analyses were conducted using IBM® Statistical Package for

the Social Sciences (SPSS).

3.3 Results

Thirty-four patients (median age (range): 64 (36-84) years, female: 14) admitted to EUH
with acute stroke, discharged to inpatient rehabilitation at