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ABSTRACT

Seventy percent of stroke survivors experience loss of upper limb function after stroke and
rehabilitative therapy is the only option to reduce impairments. However, uncertainty remains as
to the optimal dose of therapy that should be prescribed. It has been suggested to report multiple
parameters of dose, to increase standardization within the field, and to gain a better understanding
of the dose-response relationship. This study investigated the automatic quantification of multiple
dose parameters in a rat model of ischemic stroke, with rehabilitation paradigms whereby rats
repeatedly grasp for food pellets to train their forelimb function. Starting 7 days post-stroke, groups
ofrats received 4, 8, or 12 rehabilitative training sessions for 10 days, practicing either high-quality
(precision practice) or less skilled (mass practice) reaching movements. Pellet consumption was
measured after each session and various metrics were analyzed using deep learning-based software
(DeepLabCut, DLC) to represent parameters of dose intensity (number of reaches, paw path
length) and session density (time on task). Functional outcome was assessed with the Montoya
staircase task. Computer algorithms were validated against human analysis, demonstrating reach
detection accuracy and reliability >80%. Interestingly, the number of training sessions did not alter
the accumulated movement practice across rehabilitation, in either task. However, the number of
sessions inversely affected training intensity, resulting in more forelimb use per session in rats
with 4 sessions compared to 12 sessions. We found strong positive correlations between the
number of reaches, time on task, paw path length, and pellets consumed in the precision practice,
but only between reaches and pellets consumed in mass practice. This work demonstrates the
quantification of multiple dose parameters using deep learning software and shows subtle
differences between the two commonly used forelimb training tasks. Moreover, our data suggest
that rehabilitative training at a frequency that is too high may negatively impact performance per

session.
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1. INTRODUCTION

1.1 Stroke and stroke recovery in humans

Stroke is a debilitating medical condition in which hampered blood flow to the brain results in cell
death and degeneration. Disrupted blood flow can either be caused by the rupture (hemorrhage) or
occlusion (ischemia) of a blood vessel. Most strokes are ischemic in nature, accounting for 80%
of cases (Truelsen, Begg, and Mathers 2006). There have been medical advances in acute stroke
care, such as thrombolysis and thrombectomy. Thrombolysis involves treatment with tissue
plasminogen activator (tPA), which is the only approved drug to dissolve the blood clot. It activates
the production of plasmin to breakdown the fibrin that holds the clot together. However, treatment
must occur within a short time window (4.5 hours after stroke), leaving many patients ineligible
for treatment. Endovascular thrombectomy has a larger treatment window, 6-24 hours, however,
only about 10% of ischemic stroke patients are eligible (Jadhav et al. 2018). Both forms of these
acute stroke interventions have led to a reduction in mortality rate (Krueger et al. 2015). However,
despite the improvements in acute treatment and reduction in mortality rate, functional outcome
for those that survive a cerebrovascular attack is still poor. This has transitioned stroke from a

disease of survivability to one of chronic disability.

It was estimated, in 2015, that 405,000 Canadians are living with a stroke-induced disability.
Moreover, due to the aging population and other factors, this number is expected to increase to
725,000 by 2038 (Krueger et al. 2015). As such, the capacity of stroke survivors to perform most
activities of daily living is greatly impaired, placing a significant burden on family members and
the health care system. Although stroke results in a range of physical and cognitive disabilities,
deficits of arm and hand function are most common, affecting 70% to 80% of stroke survivors
(Nakayama et al. 1994; Broeks et al. 1999). As access to acute treatment options is limited,
physical rehabilitation is the most promising intervention to facilitate the return of arm and hand

function.

Although the mechanism by which rehabilitation improves function is not entirely known, multiple
studies implicate brain plasticity. Several forms of brain plasticity exist, however, most generally
it refers to the process of altering neural circuits due to environmental or internal demands and

thus creating functionally appropriate neural connections (Kleim and Jones 2008). Naturally,



neural plasticity can be induced by motor skill acquisition (Ward 2004; Plautz et al. 2000; Monfils,
Plautz, and Kleim 2005; Rioult-Pedotti, Friedman, and Donoghue 2000). In this process, synaptic
connections are persistently strengthened or weakened, resulting in long-lasting changes in signal
transmission between neurons (i.e. long-term potentiation and depression, respectively). It is
thought that these synaptic changes alter cortical circuitry, which can manifest in reorganization
of movement representation (Adkins et al. 2006; Roman Siebner and Rothwell 2003). Therefore,
physical rehabilitative interventions are fundamentally based on principles of motor learning. The
Canadian Stroke Best Practice recommends task-specific training as a therapy for management of
the upper extremity following stroke (Heart and Stroke Foundation of Canada 2019). This involves
“the repeated practice of functional tasks, which combines the elements of intensity of practice
and functional relevance. The tasks should be challenging and progressively adapted and should
involve active participation” (Heart and Stroke Foundation of Canada 2019). Besides motor
training-induced plasticity, there is evidence suggesting that ischemia creates a unique, transient,
environment enhancing plasticity to a degree not seen with motor training alone (Zeiler and
Krakauer 2013). For example, there is an upregulation of growth-promoting genes, increased rate
of dendritic spine formation, and increased axonal sprouting (Carmichael et al. 2005; Brown et al.
2007; Carmichael and Chesselet 2002; Clarkson et al. 2013). The combination of spontaneous
recovery, enhanced plasticity, and rehabilitative therapy results in the recovery profile that occurs
within the first 3 months after stroke (Kwakkel, Kollen, and Twisk 2006; Langhorne, Bernhardt,
and Kwakkel 2011).

Great effort is put into investigating various interventions that could further enhance motor
recovery. However, a transformational change in stroke recovery, as we saw with thrombolysis
and thrombectomy on the acute outcome, is yet to come. Multiple facets hamper progression in
the field of stroke recovery and rehabilitation (Bernhardt et al. 2016), such as poorly defined
interventions and lack of agreed methods for developing, monitoring, evaluating, and reporting
interventions. Furthermore, there are gaps of knowledge pertaining to the dose and timing of motor
rehabilitation. Although there is growing consensus that increased rehabilitation dose might be
better (Lang, Lohse, and Birkenmeier 2015), there are still questions regarding the optimal dose
and timing of rehabilitation. This is partly because rehabilitation dose is poorly defined, and
therefore it has not been well quantified or controlled for (Lang, Lohse, and Birkenmeier 2015).

Pharmacological dose, however, describes an amount of an active ingredient that will have the

2



desired effect, taken at a specific frequency and duration (Lang, Lohse, and Birkenmeier 2015).
Although task-specific training is known to be one of the key active ingredients in stroke
rehabilitation (Kleim and Jones 2008; Nudo 2013), the precise working mechanism of action and
timing thereof are not fully understood. Recently, a framework has been suggested to address the
dose articulation problem within stroke recovery research (Hayward et al. 2021). This framework
approaches dose as multidimensional. Meaning, that dose is “comprised of a duration of days that
contain individual sessions and episodes that can be active (time on task) or inactive (time off
task), and each individual episode can be made up of information about length, intensity, and
difficulty” (Hayward et al. 2021). Intensity refers to how much of the task is performed per episode

(work) or unit of time (rate). For example, 10 repetitions, 2 repetitions per minute.

To advance the stroke rehabilitation and recovery field, experts from across the globe have come
together to establish guidelines on conducting and reporting research, including the pre-clinical
recovery research (Bernhardt et al. 2016). The Stroke Recovery and Rehabilitation Roundtable
(SRRR) advocates for better translation of pre-clinical evidence to human discovery trials in a

bidirectional and iterative manner.

1.2 Animal models in stroke research

Animal models of stroke are essential for drug development and understanding the complex
cellular and molecular pathophysiology, however, they may also contribute to our understanding
of the role of neural plasticity following stroke (Murphy and Corbett 2009). Models of cerebral
ischemia have been established in several species including rodents, pigs, cats, and non-human
primates (Bacigaluppi, Comi, and Hermann 2010). The mouse is the most appropriate animal for
genetic modification, making these animals suitable for transgenic studies on the molecular
pathophysiology of stroke (Fluri, Schuhmann, and Kleinschnitz 2015). Rats, however, allow easier
surgical manipulation because of their larger brain. Furthermore, compared to other species,
rodents have a higher reproduction rate and a lower maintenance cost (Macrae 2011). Addressing
clinical rehabilitation questions in preclinical research has several advantages compared to clinical
trials. First, experimenters can control the gross lesion location (i.e. cortical vs. subcortical) and
more precisely track the variability with accurate lesion volume measurements. This facilitates the

creation of a homogeneous sample population. Second, higher sample sizes can be attained more



easily. Third, it is possible to have within-subject baseline measurements and animals can be
followed longitudinally in the experimental setting over time. Together, this facilitates systematic
investigation of distinct interventions, within a reduced time frame. A downside of preclinical
studies is that in many cases young, healthy male animals are used, which is not a good
representation of the human stroke demographic. Stroke survivors are often middle-aged or older
individuals with other health conditions such as: diabetes, hypertension, hyperglycemia, and

atherosclerosis.

There are various ways to induce ischemic stroke in rodents. Middle cerebral artery occlusion
(MCAO), which involves permanently or temporarily restricting blood flow through the MCA is
most widely used. This artery is most often affected in human stroke. Blood flow to the MCA can
be disrupted by an intraluminal suture inserted in the common carotid artery and advanced through
the internal carotid artery, until it interrupts blood supply to the MCA (Fluri, Schuhmann, and
Kleinschnitz 2015). The duration of the occlusion, ranging from 60-120 minutes, determines the
extent of the damage, usually occurring in the striatum, frontoparietal and temporal cortices, as
well as some portion of the occipital cortex (Garcia, Liu, and Ho 1995). A different method of
transient ischemia is applying the potent vasoconstrictive peptide endothelin-1 onto an exposed
vessel (e.g. MCA). It can be administered through injections, using stereotactic coordinates or onto
the cortical surface. The severity of the lesion depends on the concentration of ET-1 that is used.
ET-1 stroke induction is less invasive, has a low mortality rate, and can induce ischemia in deep
and superficial brain regions. The photothrombosis (PT) model, also allows for targeted injury
location through stereotactic coordinates (Watson et al. 1985). Ischemia is induced after a
photosensitive dye (Rose Bengal) is injected (intraperitoneal or tail vein) and irradiated through
the intact skull upon circulation. The activation of Rose Bengal by green light generates oxygen
radicals that damage the endothelium and causes platelet aggregation. This is a minimally invasive
procedure that can create highly reproducible strokes, however, profound edema and lack of

reperfusion make this model different from human stroke (Labat-Gest and Tomasi 2013).



1.3 Animal behavior in stroke rehabilitation

1.3.1 Why is behavior important?

There are many tools available for detailed examination of brain structure and neurophysiology
following stroke, such as two-photon imaging and optogenetics. However, a general aim of
neuroscientists is to understand brain functions, such as cognition, memory, and motor control,
therefore studying only parts of the brain will not be sufficient to understand how these functions
generate behavior (Krakauer et al. 2017). Behavior is important because it is ultimately the output
of many brain functions (Anderson and Perona 2014) and it is a way of interacting with the world
around us. Previously, behavior has been defined as ‘‘The total movements made by the intact
animal’’ (Tinbergen 1955). But a more recent definition states “Behavior is the internally
coordinated responses (actions or inactions) of whole living organisms (individuals or groups) to
internal and/or external stimuli, excluding responses more easily understood as developmental
changes’’ (Levitis, Lidicker, and Freund 2009). As such, behavior allows organisms to quickly
adapt to a changing environment. Therefore, to understand brain function, it should be considered

in the context of behavior (Anderson and Perona 2014; Krakauer et al. 2017).

Pre-clinical stroke researchers examine animal behavior to understand how brain function is
altered by ischemia and can be restored by subsequent therapeutic interventions. These approaches
range from brain stimulation techniques and stem cell therapies, to pharmacological rehabilitation
and movement therapy. For the scope of this thesis, I will focus on behavioral movement therapy.
Over the last several decades, basic neuroscience has taught us many principles of experience-
dependent neural plasticity (Kleim and Jones 2008; Nudo 2013). For example, specificity,
repetition, intensity, and timing of training all matter. Studies have shown that plasticity is specific
to the type of experience. Changes in patterns of neural activity and motor maps require the
acquisition of a motor skill, and will not emerge following simple motor activity alone or repetition
of previously acquired motor movements (Plautz et al. 2000). For example, rats performing skilled
reaching movements demonstrate an expansion of the cortical forelimb representation, but
unskilled movements do not produce this effect (Kleim et al. 2002; Remple et al. 2001). Motor
skill acquisition leads to dendritic growth, synapse addition, and gene expression (Monfils, Plautz,
and Kleim 2005; Nudo 2003; Rioult-Pedotti, Friedman, and Donoghue 2000). Furthermore, newly
learned behaviors should be repeated to induce long-lasting changes. Improvements in skill may

precede structural changes and motor map reorganization by several days (Monfils, Plautz, and
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Kleim 2005). Thus, plasticity through repetition can be viewed as the concretization of the new
skill, making it more resistant to decay in the absence of training (Monfils, Plautz, and Kleim
2005). In addition to repetition, to produce lasting changes within the brain, the intensity of
behavioral training must be sufficiently high. Rats performing 250 reaches per day showed
enhanced recovery from ischemia together with increased levels of brain-derived neurotrophic
factor (BDNF) compared to animals performing 150 reaches (MacLellan et al. 2011). Furthermore,
transcranial magnetic stimulation of the primary motor cortex (M1) in humans can elicit a long-
lasting increase in motor evoked potentials with stimulation trains of 1800 pulses but not 150
pulses (Peinemann et al. 2004). However, training intensity can also have an adverse effect on
motor recovery. It has been shown that exclusive use of the affected limb (24/7) early after
sensorimotor cortex lesions exacerbates functional outcomes (Humm et al. 1998). This also
demonstrates that the timing of rehabilitative training matters. There are cascades of neural
reactions following brain injury that occur over several months, e.g. upregulation of growth-
promoting and inhibition factors, (Murphy and Corbett 2009). One thing to consider is whether
the behavioral therapy is intended to have a neuroprotective effect, sparing loss of neural tissue,
or a restorative effect, inducing cortical reorganization (Kleim and Jones 2008). Most rehabilitative
therapies promote restructuring of neural circuits. Although cortical reorganization is possible at
any point in time, there is a window of ischemia-induced heightened plasticity, as mentioned
above. Animal studies indeed suggest rehabilitative training is more effective when delivered days
after stroke, compared to weeks or months (Biernaskie, Chernenko, and Corbett 2004; Barbay et

al. 2006).

1.3.2 What kind of behavior is studied?
Naturally, rodents exhibit a wide variety of instinctive behaviors linked to survival. One can think

of reproductive behavior, aggressive behavior, locomotion, and feeding behavior, for example.
Experimental stroke recovery research mostly studies sensorimotor behaviors. These types of
behaviors involve skilled hand use, locomotion, and asymmetry. There is a wide variety of assays
available to capture (parts of) complex behavior (Schaar, Brenneman, and Savitz 2010; Ruan and
Yao 2020). However, it is up to the experimenter to choose tests that are sensitive to the induced
brain damage and applied intervention (Schaar, Brenneman, and Savitz 2010). Although a lot of
behavioral paradigms leverage the natural occurrence of elements of behavior (e.g. reaching-and-

grasping motions; exploration; olfaction; gait), in an experimental setting animals must typically



learn to perform the paradigm. Some paradigms are relatively simple and require little to no
training. In the cylinder task for spontaneous forelimb use, rats or mice are placed in a transparent
Plexiglas cylinder (20 x 30 cm for rats) and their exploratory behavior is recorded with a camera.
Non-injured rodents will touch the wall and land on either paw equally. Impaired animals,
however, will show limb-use preference towards the healthy paw (Schallert et al. 2000). Slightly
more complex tasks, like ledged tapered beam walking, require 2-3 days of training. This test
assesses fore- and hindlimb locomotion as animals walk across an elevated tapered beam with an
under-hanging ledge, and the number of foot faults is quantified (Schallert 2006). Following
stroke, animals show increased foot faults on the contralateral side, as the beam tapers. Numerous
behavioral paradigms evaluate skilled hand use in rodents. This group of tests elicits a complex
sequence of movements and requires a substantial amount of time to shape the behavior (i.e. 2-4
weeks) (Schaar, Brenneman, and Savitz 2010). Generally, rats and mice are trained to perform
trials in which they grasp a food object (i.e. a pellet, seed, or pasta), which will be further discussed
in chapter 1.4. Skilled reaching tasks are recommended assessments due to the ability to detect
long-lasting impairments, more than 4 weeks after stroke, and sensitivity to lesion size (Corbett et
al. 2017). Importantly, the similarities between human and rodent reaching movements give these
tasks a high translational value (Klein et al. 2012; Lieshout et al. 2021). However, one should keep
in mind that rodents use olfaction to localize the pellet (Whishaw and Tomie 1989) whereas
humans use vision. Also, the sugar pellets that are often employed as the target for rodent reaching
tasks are highly rewarding, while humans have less incentive during reaching tasks. Finally, since
behavioral assays target specific modalities of function, it is recommended to use a battery of tests
spanning a range of sensory-motor functions similar to those used in human stroke (Corbett et al.

2017).

1.3.3. How is behavior analyzed?
Traditionally, biologists assessed animal behavior qualitatively through detailed (manually

recorded) descriptions. Over the last 40-50 years, however, this has moved more towards scoring
behavior according to certain criteria, especially in the laboratory environment (Anderson and
Perona 2014). Presently, we discern three main ways of evaluating behavior: end-point measures,
movement description, and kinematics (Whishaw et al. 1999). End-point measures are the
measures of the final outcomes of an action, e.g. a lever was pressed, a pellet was eaten, or an

object was touched. How this action occurs can be specified using systems that use formal



languages for movement description, such as the Eshkol Wachman Movement Notation (Eshkol
and Wachman 1958). This system was used by Whishaw and colleagues to describe and rate
movement components of a reach-to-eat task in rats (Whishaw and Pellis 1990). When actions are
described as Cartesian representations, giving information about trajectories and angles between
body parts they fall into the kinematics category (Whishaw et al. 1999). This is a mathematical
and objective approach that is sometimes referred to as the “geometry of motion”. Kinematic
analysis requires video capture of the behavior, however, most modern cameras available today
(even cell phone cameras) are suitable for this. For kinematic analysis of quick and short
movements (such as reaching), it is advisable to use equipment that can film at a high frame rate
(~>60 frames/second) and a short shutter duration (<0.001 s) to obtain the best results (Whishaw
et al. 1999). Following the behavioral assay, the videos are analyzed frame-by-frame by the
experimenter for manual scoring. This is a lengthy process as human observation takes 3x the
length of the video (Anderson 2014). Consequently, as an experimenter may become fatigued it is
more likely that errors occur in the analysis. Furthermore, although there may be well-established
protocols for video analysis within labs, the scoring of behavior by experimenters remains
subjective. Kinematics are not subjective, but this type of behavioral analysis often requires the
placement of markers for tracking by software packages, which animals might find intrusive. On
a final note, it is important to be aware that behavioral assays are often conducted outside of the
animal's home cage environment and during the daytime. Stressful transportation and the

interruption of the circadian cycle could impact the behavior that is assessed (Koch et al. 2017).

1.4 Upper limb rehabilitation & recovery in rodent models of stroke.

1.4.1 Training and assessment of skilled upper limb function in rodents.

Animal studies investigating upper limb function following stroke can use several tasks to assess
impairment. As discussed in the previous section, some assays measure pre-existing sensorimotor
behaviors, which are “unskilled” tasks (e.g. cylinder task, adhesive tape removal, foot fault tasks)
(Kleim, Boychuk, and Adkins 2007). Others, measure acquired, “skilled”, behaviors, which
typically involve reaching for food pellets through a narrow space (e.g. a slit or staircase). This

latter group will be briefly discussed here.



Apart from the substantial amount of training that skilled forelimb behaviors require, they usually
also require food restriction up to ~90% of the baseline body weight. This is done to increase
motivation to obtain the food rewards. In the Montoya staircase task, animals are trained to retrieve
pellets that are placed in shallow wells of a double staircase (also see Methods 2.2) (Montoya et
al. 1991). The staircases are separated by an elevated platform, that provides bodyweight support
and in combination with a low ceiling, it prevents the animal from retrieving pellets with the
contralateral arm. Contrary to the staircase task, obtaining pellets in the tray reaching task does not
become progressively more difficult due to increased reaching distances. The animals are placed
in clear boxes that are open at the front with small metal bars. Then, they learn to extend their paw
between the bars to grasp pellets that are displayed on a long shelf outside of the box (Whishaw,
O’connor, and Dunnett 1986). The single pellet reaching task (Whishaw et al. 1991), which is a
widely employed behavioral test, is considerably more difficult than tray reaching. Now, animals
must target a single pellet on a shelf rather than simply grasping from a tray full of pellets.
Moreover, the pellet is placed off-center, such that the animal can only retrieve the pellet with the
contralateral paw. To distinguish between trials, animals are trained to walk to the back end of the

box, which also allows the experimenter to place new pellets.

Assessment in skilled reaching tasks is usually bound either by time, a maximum number of
pellets, or both. For a testing session, parameters of end-point measures are most often reported,
these include the percentage of successfully retrieved pellets, percentage of successful reaches,
and the number of reaches. Other evaluation methods (i.e. movement description and kinematics)

are implemented less frequently due to the significant time required to analyze.

1.4.2 Preclinical upper limb rehabilitation strategies in rodents.

Considering that behavioral experience is the most potent modulator of neuroplasticity it is often
a key component in rehabilitation studies, either on its own or in combination with a novel
therapeutic intervention. For instance, rehabilitation strategies targeting upper limb function
comprise forced limb use, voluntary exercise, and reach training. Substantial return of function
can be observed in 2-4 weeks post-stroke, even in animals with large cortical lesions
(Alaverdashvili et al. 2008; Krakauer et al. 2012). These animals demonstrate recovery of success

rate on end-point measure scales by compensatory movements (Alaverdashvili et al. 2008).



Animals with smaller lesions exhibit both restitution of pre-stroke movement patterns and

compensatory patterns (Moon et al. 2009).

Constraining the use of the less impaired limb in rodents, by treating it with a plaster cast or
bracelet, is a training strategy that was first applied by Wishaw (Whishaw, O’connor, and Dunnett
1986). It forces animals to use their impaired limb during rehabilitation. Studies employing this
constraint-induced movement therapy (CIMT) demonstrate enhanced behavioral outcomes (Zhao
et al. 2013; Nesin et al. 2019), mediated by enhanced synaptic plasticity and axonal growth. Nesin
and colleagues (2019) immobilized the ipsilesional forelimb starting 5 days after ET-1, for 7 days
and assessed the quality of skilled reaching and success rate. They demonstrated increased
dendritic arborization in layers 2-3 of the injured motor cortex, compared to rats without therapy.
Furthermore, CIMT was shown to be effective early after subcortical hemorrhagic stroke as well

(Ishida et al. 2015).

Rehabilitative interventions investigating the effect of aerobic exercise on recovery outcomes have
found mixed results. Al Shoyaib and colleagues (2021) demonstrated that when PT-induced mice
had overnight access to a running wheel for 6 days per week, they showed improved recovery of
motor function compared to mice with only 5 hours access. This was attributed to enhanced
angiogenesis. However, the animals were assessed on a locomotion task and not skilled reaching.
Others, however, suggest that voluntary exercise or strength training as an additional component
of a reach training paradigm does not improve skilled reaching (Maldonado et al. 2008; Remple et

al. 2001).

Conversely, environmental enrichment (EE) as an adjunctive therapy has shown to be effective in
improving recovery outcomes (Johansson and Ohlsson 1996; Biernaskie and Corbett 2001).
Although there is no standardized form of EE, it usually involves socially housing animals together
in a large cage, supplemented with toys, ladders, ropes, and more, that are rearranged every couple
of days. Which exact aspect of this multi-faceted form of housing (i.e. motor, cognitive, sensory,
or social stimulation) is responsible for the improved outcomes is not fully understood. However,
animals exposed to EE show increased growth-promoting factors, neurogenesis, vascular
remodeling, axonal sprouting, and less white matter damage and growth-inhibiting factors

resulting in improved cognitive and gross motor function (McDonald et al. 2018).
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When it comes to rehabilitative paradigms that specifically employ reach training to enhance
forelimb function, it was shown that, indeed, EE is an effective adjunctive therapy that can be
referred to as enriched rehabilitation (Biernaskie and Corbett 2001; Jeffers and Corbett 2018).
Animals receiving 6 hours of trough reach training during the dark cycle, combined with EE,
demonstrated significant recovery, which was attributed to increased levels of BDNF and a higher
number of pellets consumed (~250) (MacLellan et al. 2011). These data suggest that there is a
critical threshold of training intensity above which rehabilitation becomes effective. It is unknown
if such a threshold exists in humans. However, currently, stroke patients typically perform far
fewer movement repetitions, with only ~32 in 1 hour therapy (Lang et al. 2009). Despite it being
feasible to attain numbers that demonstrated efficacy in animal studies (Birkenmeier, Prager, and
Lang 2010). In mice, a higher dose (2x training session) of skilled reach training was found to
expedite the return of pre-stroke motor performance compared with a lower dose, that required
more training sessions (Bell et al. 2015). One week of single pellet reach training (45 minutes, or
100 pellets daily) was also found to be effective in improving performance in an unrelated task,
sticky tape removal (El Amki et al. 2017). Whereby animals that received rehabilitative training
had a shorter latency time, suggesting transferability of skilled motor training to other tasks.
Finally, Jeffers and colleagues (Jeffers et al. 2018) demonstrated that rehabilitation and enrichment
is crucial for rat stroke recovery. They showed that biomarkers of initial impairment and infarct
volume can be used in a model to prescribe the specific dose of daily rehabilitation required and
thereby reliably predict recovery. This individualized approach was especially effective in rats

with severe impairments.

Thus far, the majority of preclinical studies investigating physical rehabilitation to promote
recovery record a measure of training intensity (pellets consumed) and/or the number of sessions
(e.g., twice daily). This underscores the unidimensional reporting of dose which may hinder a
deeper understanding of the active ingredients of rehabilitative training and their mechanism of
action. Following the notion that rehabilitation dose is multidimensional and should be better
articulated in preclinical studies as well, researchers should aim to also incorporate other
dimensions. For example, for what duration of the training sessions is the animal “on task” and
actively performing the training? This can also be expressed as a percentage, i.e., “session density”.
Furthermore, using pellets consumed as a metric to indicate training intensity does not capture

discrepancies in reaching strategies that animals portray, which could potentially play a role in the
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recovery outcome. Kinematic variables do have the capacity to reveal this. In addition, the
dimension “sessions” has not yet been systematically investigated in rodents. Some studies in the
Corbett lab (i.e., Biernaskie and Corbett 2001; Biernaskie, Chernenko, and Corbett 2004; Jeffers
and Corbett 2018) gave rats access to the reaching apparatus several hours per day, which resulted
in substantial pellet consumption. These results also support the understanding that “more is
better”, regarding pellet consumption and subsequent recovery. However, it is unknown (1)
whether more training bouts per day are also associated with more pellet consumption and (2) how
to efficiently deliver training sessions that elicit high-intensity forelimb use. A sophisticated
examination of multiple dose metrics and (simultaneous) investigation of dose escalation is
difficult to conduct using conventional means of manual, frame-by-frame, video analysis. Thus,
addressing these gaps of knowledge warrants a different approach for behavioral analysis which

will be discussed in the next section.

1.5 Advancements in behavior analysis.

Detailed analysis of full-length training sessions by using standard means of analysis takes
prohibitively long. Perhaps this is the reason why no one has previously reported a study that
undertook this challenge. Analyzing snippets of video recordings and inferring overall behavior
from this, a method called subsampling could have been an alternative. However, often behavioral
assays were not filmed (Biernaskie and Corbett 2001; Biernaskie, Chernenko, and Corbett 2004;
Jeffers and Corbett 2018). Video recordings require a lot of costly storage space, although, with
rapid technological developments, this has become much cheaper. Another important development
that is currently shifting the approach to behavioral analysis is that of artificial intelligence (Al).
Al is the intelligence with which machines, software, and devices independently solve problems.
They imitate the human mind. The roots of Al can be traced back to the 1940s and was officially
coined in 1956 (Haenlein and Kaplan 2019). However, it was not until the first year of the 21
century when Al underwent exponential growth. Nowadays, Al is fully integrated into our daily
lives, for example through facial and speech recognition features on our phones, and self driving

cars. More recently Al has also found its application in behavioral analysis.

Over the last two decades, increasing efforts have been directed to automation of behavioral

analysis (Anderson and Perona 2014). Automated systems rely on instruments that can detect
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movement. Examples include accelerometers, infrared beam-breaks, and reflectors. However,
video recording is the most commonly used modality due to its high spatial-temporal resolution
(Anderson and Perona 2014). Essentially, software systems can be divided into three modules:
tracking, action classification, and behavior analysis. Briefly, tracking involves computing the
course of an animal’s location, since this is the most popular modality it will be further discussed
below. Action classification entails the identification of whether an action (e.g. grooming or
walking) is performed. This analysis is more complex and requires training (i.e. machine learning)
of the software to recognize specific actions (Kabra et al. 2013). Machine learning is a part of Al
whereby algorithms learn to make predictions through pattern recognition. Ultimately, through
automatic behavioral analysis, patterns of behavior consisting of multiple actions would be

estimated (Anderson and Perona 2014).

Many software packages, either open-source or commercial, have become available in recent years
that enable tracking of many species, including rodents (Pham et al. 2009; Gomez-Marin et al.
2012; Ohayon et al. 2013; Kabra et al. 2013; Ben-Shaul 2017). Distinguishing the animal from the
environment is pivotal, in order to track it. Typically, this is based on the contrast between the
animal and the background. Then, specific features outlining the body are identified, for example,
the nose, tail base, tail tip (Ben-Shaul 2017). This is used to measure the orientation of the body,
which is called pose. These pose positions are then concatenated frame by frame, to obtain a
trajectory. Unfortunately, most software packages are restricted to specific species and behavioral
paradigms. Furthermore, the underlying code is difficult to modify to an experimenter’s needs.
The drawback of a plethora of restricted systems is that it hampers generalizability and
standardization. Biologists, ecologists, and neuroscientists would benefit from one package that

can track virtually any organism across different settings.

Fortunately, a package that meets this need has recently been released and widely adapted within
the neuroscience community. This tool, DeepLabCut™ (DLC) is freely available and estimates
pose without the use of any kind of markers (Mathis et al. 2018). DLC uses deep learning to
recognize user-defined features of animals. Deep learning is a form of machine learning that is
more advanced because it uses a computing model inspired by the structure of the brain. As a
result, deep learning algorithms can improve themselves with less human supervision. Because the

DLC package is pre-trained on a large dataset of images (ImageNet), it only needs a few hundred
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training images provided by the experimenter to accurately extract those features of interest
(Mathis et al. 2018). Subsequently, post-hoc analysis is performed on the estimated poses to extract
behavior. It has been shown that DLC has an equal, if not better, performance in behavioral
analysis as commercial packages (Sturman et al. 2020). Furthermore, the markerless tracking by
DLC enables kinematic analysis without the use of intrusive markers (Bova et al. 2020; Weber et
al. 2021; Moro et al. 2020). Tracked body parts no longer need to be determined a priori which
makes it possible to capture more of the animal’s behavior. Additionally, depending on the
resolution and computational power, videos can be processed up to a speed of 450-600 frames per
second. That is 15-20x faster than regular playback speed for a video recorded at 30 frames per
second (Mathis and Warren 2018). This significantly reduces video analysis time and facilitates
large-scale movement data analysis. Full-length video analysis can give us more insight into the
distribution of natural behavior, for example, equal spread vs. a burst of activity across the duration
of an assessment. Moreover, once a neural network is established it can repeatedly be used within
labs and exchanged across labs, removing experimenter bias. Although training a network in DLC
is designed to be “accessible”, some labs might still face some challenges with post-processing
DLC data if there is a lack of computer science knowledge. Together, however, DLC has the
potential to change how we approach behavioral video analysis and the information we obtain

from it.
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1.6 Rationale

In conclusion, there is a need stemming from clinical stroke rehabilitation field to better report and
understand rehabilitation dose. Preclinical research has been fundamental in establishing our
current knowledge of many rehabilitation related principles. As such, animal models of stroke are
useful to investigate basic principles specifically pertaining to rehabilitative training dose. In doing
so, registration of behavior is important to capture different constructs of dose. However, such a
sophisticated analysis, at a large scale, is practically impossible by traditional means of video
registration and manual analysis. Fortunately, novel tools for movement registration enable high
video throughput. This opens the door to using video-derived metrics of behavior in large
quantities, to systematically investigate the effect of rehabilitation dose escalation on task

engagement and forelimb use in two commonly used reaching tasks in rats following stroke.
Hypothesis:

DeepLabCut pose estimation can be used to assess components of upper limb rehabilitation dose
that may relate to recovery outcome. In addition, the total amount of the dose components will

increase (proportionately) with the number of rehabilitative training sessions.
Objectives:

1. To develop a pipeline that uses markerless tracking to automatically quantify time on task,

number of reaching attempts, and paw path length

2. To determine what number of reaching sessions results in the most time on task, number

of reaching attempts, and paw path length

3. To determine the relationship between video-derived metrics and pellet consumption
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2. MATERIALS & METHODS

2.1 Animals and behavioral training

2.1.1 Animals

We used female Sprague-Dawley rats (N = 40, Charles River) weighing 200-225 grams and
approximately 6 weeks of age on arrival. The rats were housed in groups of 4 in a reversed 12-
hour day-night cycle. After acclimatization to the animal facility, rats were handled during their
night cycle. The animals were food restricted up to 95% of their normal body weight during initial
training and testing in the Montoya staircase task (Montoya et al. 1991). All experimental
procedures were done in accordance with the Canadian Council of Animal Care guidelines and

approved by the University of Ottawa Animal Care and Veterinary Service.

2.1.2 Montoya staircase task

Rat skilled forelimb performance was assessed using the Montoya staircase task. The apparatus
consisted of a narrow rectangular Plexiglas chamber containing a double staircase in the front (7
steps each) separated by a plateau supporting the rat’s body weight (Figure 2A). Rats reached for
sugar pellets (45 mg; Test Diet; Purified Rodent Tablet; 5STUL) placed into shallow wells of each
step (3 per step). Due to the narrow width and height of the chamber, the forelimbs cannot
crossover the plateau, requiring ipsilateral forelimb use on each side of the Montoya task. Pellet
retrieval becomes increasingly more difficult as steps lower. Rats were placed in the chamber for
15 minutes, after which the number of pellets retrieved were counted. Rats were trained on this
task twice daily, for 10 consecutive days. Their baseline performance was measured on the last
two days. For animals in the mass practice experiment, the paw with greater mean performance on
the last two days was defined as the dominant paw. In the precision practice experiment, paw
dominance was determined based on pellet retrieval in the single pellet reaching task described
below. Recurring assessments, before (week 1 post-stroke) and after rehabilitation (week 3 post-

stroke) comprised 3 testing days preceded by overnight food restriction (Figure 1A).

2.1.3 Trough reaching task
In the trough reaching task, rats were placed into similar boxes as to the staircase task, however,

the staircases were replaced with a singular trough positioned beneath the dominant paw (Figure
2C). The trough was loaded with 10 grams of pellets to promote “unlimited” forelimb use.

Pretraining took place for 3 days (5 sessions) after completion of the Montoya staircase test and
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prior to stroke induction (Figure 2A). A training session lasted 15 minutes. In session 1 the trough
was placed at mid-height which allowed rats to lick pellets. Sessions 2-5 involved a low-height
tray to reinforce forelimb use for pellet retrieval. The difference in weight of the pellet trough after

a training session was used to calculate the number of pellets retrieved.

2.1.4 Precision reaching task
The precision reaching task was designed as a modified version of the single pellet reaching task

as described by (Whishaw et al. 1991) (Figure 1D). Our task includes automated pellet
presentation but does not require walking to the back end of the chamber between trials. Rats were
placed in a Plexiglas box (35 x 13 x 38 cm) with a 1.3 cm wide and 10 cm tall slot in the front wall
extending 3 cm from the floor surface. A food hopper was externally located in front of the
reaching box and mounted onto the edge of the shelf on which the box is situated (Figure 2C-F).
Most hopper parts were 3D printed (FlashForge 3D printer, Creator Pro) and assembled in the lab.
The device contained an Arduino Nano (Arduino, 7630049200173) that controlled a servo motor
(Hitec, HS-82MG). This motor drove the pellet presenter arm, which cyclically displayed a pellet
for 4 s in a small indentation on top of the arm (~120 presentations in 15 minutes). Pellets were
aligned with either lateral edge of the slot, 2 cm forward and 1.5 cm upward from the bottom of
the slot, allowing rats to use only left or right paw to obtain the food reward. The somewhat
unstable positioning of the pellet necessitates skillful and directed movements to grab the pellet
without displacing it into the hopper. After each session, pellet consumption was determined by

measuring the difference in weight of the pellets stored in the hopper.

Baseline training in this task lasted 4 days (16 sessions, 15 minutes each). In sessions 1-2, rats
freely grasped pellets displayed on a tray (Figure 2F). Licking was discouraged by gradually
moving the pellets further from the reaching slit. The pellet presenter apparatus was introduced in
session 3, presenting pellets in the center of the slit. Experimenters observed paw preference and
in sessions 4-16, pellets were presented in accordance with the preferred limb. This paw was
determined as the dominant paw and targeted during stroke surgery. Rats with an average number

of pellets retrieved <11 for sessions 5-16 were considered "non-reachers" and excluded (n = 5).
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Figure 1. Experimental overview. A) Experimental timeline. B) Rehabilitation day schedule in minutes.
Green blocks indicate 15-minute reaching sessions, blue blocks indicate 15-minute home cage resting
sessions. C) Rat reaching in the mass practice rehabilitation whereby pellets are presented in a trough. D)
Rat reaching in precision practice task whereby the rat aims for the pellet on top of the pedestal through the
slot in the front wall. E) Enriched environment cage with toys, shelter, and tubes. PT = photothrombotic
stroke, MRI = magnetic resonance imaging.

2.2 Photothrombotic stroke

Stroke was induced with cold-light photothrombosis using a 1 cm circular diameter halogen lamp
(Intralux 5100, Harvard Apparatus). Rats were anesthetized with isoflurane (5% induction, 2%
maintenance in 100% O given at 1.6L/min) and body temperature was maintained at 37°C using
a heating blanket. Saline (1 mL) was administered subcutaneously to prevent dehydration during
surgery. The dorsal surface area of the head was shaved and wiped with an antiseptic (SoluPrep,
3M), and the animal was placed in a nose cone. Then, a sagittal midline incision in the scalp
exposed the skull overlying M1. Next, an aluminum foil illumination aperture was aligned to
Bregma and the midline of the skull, with the light source placed over the skull at +2.3 mm anterior
and £2.5 mm lateral to Bregma. The hemisphere contralateral to dominant paw during the Montoya
staircase task (mass practice experiment) or single pellet reach training (precision practice

experiment) was targeted for focal ischemia. The photosensitive dye Rose Bengal (20 mg/kg in
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0.9% NacCl solution), was injected into the rats’ tail vein. After 2 minutes of circulation in the
vasculature, the cold light source was turned on and irradiated the skull for 10 minutes. Finally,
the incision was sutured, and 0.2 ml of bupivacaine (Chiron) was applied along the sutures as a
topical analgesic. The animals recovered from anesthesia in a heated chamber before returning to
their home cage. Post-operative health checks were conducted at 4 hours (including reapplication
of bupivacaine) and the morning following surgery. One animal in the mass practice cohort died

following surgery.

2.3 Infarct volume quantification

The presence of infarction was confirmed using magnetic resonance imaging (MRI) at 48 hours
post-surgery. Animals were anesthetized by inhaling isoflurane (5% induction, 2% maintenance
in 100% Oz given at 1.6L/min). Then, T2-weighted structural images were obtained using the MRI
bore (7T General Electric/Agilent MR901 small-animal scanner). The parameters were the
following: 21 coronal slices; slice thickness = 800 mm; in-plane resolution = 132.8 mm; echo train
= 8; echo time =27 ms; scan time = 5 min. The images were analyzed in ImageJ (National Institute

of Health) to determine lesion volume and extension.

2.4 Rehabilitation paradigms

The two reaching tasks described above were employed in two rehabilitation regimens. In the mass
practice paradigm, animals performed the trough reaching task and in the precision practice
paradigm, animals were engaged in the precision reaching task. Rats were divided into three
subgroups receiving 4 (n = 6 mass practice; n = 5 precision practice), 8 (n = 6 mass practice; n =
5 precision practice), or 12 (n = 6 mass practice; n = 5 precision practice) reaching sessions per
day. Each reaching session was 15 minutes long and spaced equally throughout the day with resting
sessions (15-75 minutes) in their home cage (Figure 1B). Following completion of reach training,
animals were moved into an EE for 4 h. Ferret cages (~ 81 x 82 x 60 cm) were arranged with toys
and ramps to encourage explorative behavior and physical activity and rats were housed in groups

of 4. The total daily rehabilitation schedule was 10 hours. Rehabilitative training was administered
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5 days per week (Mon-Fri), for 2 weeks. In the mass practice experiment, rehabilitative training

lasted from day 7-20 post-stroke and in precision practice from day 5-16 post-stroke.

Figure 2. Skilled reaching apparatuses. A) Staircase apparatus with pellets in wells. B) Setup of a single
unit of the mass practice rehabilitation. C) Rack containing all (15) precision practice units; a single unit is
outlined. D) Front view of precision practice unit. Custom parts were 3D printed to attach the camera,
Raspberry Pi, and pellet hopper to the front edge of the shelf and the LEDs to the reaching chamber. E)
Side view of pellet hopper. Opening the sliding hatch releases the pellets, allowing them to be weighed
after collection, without having to remove the entire device. F) Pellet tray that was used during trials 1-2 of
precision reach training. The tray can be placed on top of the hopper at the same height as single pellets
were presented.

2.5 Video acquisition

All rehabilitative reaching sessions were filmed with infrared-sensitive Raspberry Pi cameras
(Waveshare: SKU: 851-1, UPC: 799632838265) at 30 frames per second (fps) with a resolution
of 1296 x 760 pixels and a shutter time of 3.5 ms (mass practice) or 1.0 ms (precision practice).
The cameras were aligned with the sagittal plane of the rat’s body, ipsilateral to the reaching arm.
Infrared LEDs provided illumination of the reaching boxes to enable recording during the dark
cycle. We used a custom python script to automatically store video recordings in a Google Drive

folder.
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2.6 Video analysis

Once all behavioral testing was completed, we started building a pipeline to analyze the videos.
First, we investigated the feasibility of using algorithms to characterize reaching behavior on
manually tracked video samples. Second, we explored ways of reducing analysis time and
retaining accuracy. This was gauged in mass practice videos through visual analysis and
subsequently was applied in multiple datasets of both mass and precision practice. Third, we

trained neural networks in DeepLabCut and refined the algorithms in python scripts.

2.6.1 Manual tracking using Tracker
We used Tracker (version 5.1.5), a video analysis and modeling tool, to manually track the

positions of the nose and paw of the mass practice video recordings. We calibrated the scale by
utilizing the built-in calibration tool with the inner edges of the trough as a video feature with a
known distance (9.5 cm). Next, the origin of the coordinate axes was positioned in the lower corner
of the video frame, closest to the entrance of the reaching chamber. Furthermore, the axes were
angled such that the x-axis was parallel to the trough. The experimenter then tracked the nose and
paw by clicking on the tip of the nose and the 5" metacarpophalangeal joint, respectively. In
addition, we labeled four landmarks of the reaching chamber that served as reference points to
define the borders of the region of interest (ROI) (Figure 3A). The x- and y- components of
position for all objects (i.e. reference points, nose, and paw) were obtained, as well as the velocity
x-component of the paw (vx), and the path length of the paw. All variables were measured in
centimeters. Tracker calculated velocities from the position-time data using the finite difference

method:

v = (Xip1 — Xi—1)/ (2 = dt) (D).

Subscripts refer to frame numbers and dt is the time between frames in seconds. A positive value
indicates a forward movement and negative values indicate a retracting movement. We used the
reversal in the sign of v« to identify the end reach phase and the beginning of the retraction phase
(see below). The path length was calculated using the Euclidean distance between two consecutive

frames and subsequent summation of these segments.

21



2.6.1.1 Number of reaches
Exported Tracker data of 5 video samples (~10 s length) were used to develop algorithms to

quantify the outcome measures of interest: number of reaches, time spent on task (s), and the total
path length of the paw (cm). First, these videos were visually inspected for reaching events. The
frame numbers of maximal paw extensions (last positive velocity) and 3 subsequent retraction
frames were logged (n = 34 reaching events). Then, the paw velocity values corresponding to these
frames were used to determine the initial threshold as follows. We calculated the average velocity
across 3 retracting frames for each reaching-retracting event and these average numbers were
sorted from fast to slow. The detection threshold was set at the value that included 95% of the
average retracting velocities. Retraction events were only counted provided they met the boundary
conditions. Namely, the x-component of the paw had to be between the vertical lines of the edges
of the trough (i.e. mean of x-coordinates of reference points 1 and 3, and points 2 and 4, see Figure

3B). Thus, retraction events were counted if they met the following statements:

Retraction is True IF:
paw (x) < mean of reference points 1 and 3 (x) AND
paw (X) > mean of reference points 2 and 4 (x) AND
Sign (vx,i) + Sign (vx, i+1) = 0 AND

mean of 3 retracting frames velocities (x) < threshold

2.6.1.2 Time on task
The variable time on task was assessed based on the position of the nose. The nose had to be

located below the horizontal line defined by reference points 1 and 2 and between the vertical
lines defined by reference points 1 and 3, and 2 and 4 (Figure 3B). These criteria are met when
rats direct their attention to the pellets by sniffing them. The equation determined for each frame
whether the subject was “on task™ or “not on task™ and total time on task was computed using the

following statements:

Frame “on task” IF
nose (y) < mean of reference points 1 and 2 (y)
nose (x) < mean of reference points 1 and 3 (x)

nose (x) > mean of reference points 2 and 4 (x)
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Frame “not on task” IF
nose (y) > mean of ref points 1 and 2 (y)
nose (x) > mean of ref points 1 and 3 (x)

nose (x) < mean of ref points 2 and 4 (x)

) Number of "on task" frames
Time on task (s) = s (2)

2.6.1.3 Path length
Path length is the only variable not restricted to a region of interest. For this, the algorithm found

the maximum value of the paw path length that was measured by Tracker.

Total path length = maximum value of path length (cm)

Figure 3. Nose and paw position tracking in Tracker. A) The nose and paw positions are indicated in
red and green, respectively. The reference points 1, 2, 3, and 4 are indicated in yellow. B) Borders of the
regions of interest cross through the reference points. The variable number of reaches is defined as when
the paw retracted between the pink lines. The variable time on task is defined as when the nose was below
the blue line and between the pink lines. The variable “sum of forelimb movements” is defined as the total
distance traveled by the paw in the whole field of view in all frames of the video.

2.6.2. Sampling error analysis

Manual tracking is a lengthy process: the tracking of a 10-second video of the mass practice
rehabilitation took around 30 minutes. For the amount of data collected in this experiment, 1 480
videos of 15 minutes length, the estimated tracking time would accumulate to 66 600 hours. This
exemplifies the laborious nature of acquiring positional data through non-automated processes.

Therefore, we investigated how analysis time could be reduced while preserving accuracy in our
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outcome measures of interest. To do this we made an ethogram of nine mass practice rehabilitation
videos, classifying the rat’s behavior as “active reaching”, “resting”, or “out of frame” for each
second of the video. These data were then subjected to a sampling error analysis to determine the
% deviation of the estimated value from the true value. With this analysis, we investigated how
different methods of sampling the data (i.e. by varying time bins and frequency) would affect the

amount of induced error.

Ahead of the analysis, the manual annotations from the ethogram regarding “active reaching” were
compressed to a single entry per 10 seconds. Such that, if a rat was reaching 7 out of 10 seconds,
the value 7 was used in the shortened entry list. See also Figure S 1. We then picked different time
bins of interest, being 60, 30, 20, or 10 s. These bins represent the smallest segments of a
subsample. We also determined different durations of the total sampled time, being 1, 3, or 5
minutes. Thus, to fulfill the total sampled time, several bins may need to be used, e.g. two bins of
30 seconds to have a total sample time of 1 minute. Next, we applied a sliding window technique,
using the bins, to obtain multiple subsampled values per bin + sample time combination. These

subsampled values were used to estimate the total value across the whole video:

video length
total sample time

Estimated value = subsampled value *

(3),

whereby video length and total sample time were inserted in minutes and subsampled value was
the sum across all bins. Continuing with the example above, if the subsampled value across both
bins was 27, then the estimated value = 27 * (15/1) = 405. Of the list of estimated values, obtained
from the window positions, the minima and maxima were identified and used to define the range

of percent error. The percent errors were calculated using this formula:

Estimated value — True value
% error = True value *100% (4).

A positive percent error indicates that the data sample overestimates the true value of the original
dataset, and a negative outcome implies an underestimation. Finally, the percent errors were
averaged across animals.

2.6.3 Automated tracking in DeepLabCut

Video recordings were processed by DeepLabCut (v. 2.1.8), using a Titan XP GPU. We modified
and refined the Tracker algorithms to be able to process DLC output.
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2.6.3.1 Dataset preparation
Prior to subjecting rat-reaching videos to DLC for automated pose estimation, we edited the videos

using a Python script. The videos were 1) compressed from .h264 codec to MPJG and .AVI format;
2) spatially downscaled 3-fold, in height and width; 3) flipped horizontally if the rat was right-
handed, enabling uniform pose estimation and post-processing; 4) divided into 1-minute chunks;

5) converted to grayscale.

2.6.3.2 Training
We trained two distinct, ResNet-50-based (He et al. 2016), neural networks for automated body

part tracking in mass and precision practice videos, over 8 and 6 iterations respectively.
Specifically, we used 2148 labeled frames taken from 57 mass practice videos (18 animals),
whereby the nose, paw, and two inner edges of the pellet trough were labeled. For the precision
practice network, we labeled 1397 frames taken from 37 videos (14 animals). This network was
trained to track the nose, paw, edges of the pellet pedestal, and whisker pad. In both networks,
90% of the labeled frames were used for training (10% for testing) and the ‘imgaug’ image
augmentation method was applied. The training frames were selected to capture behavioral and

experimental variability, i.e. varying lighting conditions and poses.

2.6.3.3 Post-hoc processing
Video pixel coordinates were imported into Python. For each label’s coordinates, DLC gives a

confidence measure of the label location between 0 and 1, which is termed likelihood. Label
positions with a likelthood <0.90 were replaced with ‘Not a Number’ values. Likewise, for
unrealistically large jumps in paw positions between two frames. The displacement between paw

positions was determined using the Euclidean distance.

As stated above, the previously established algorithm developed from Tracker output were refined.
The origin of the coordinate axes was now positioned in the upper right corner of the video frame,
closest to the entrance of the reaching chamber. The ROI in the mass practice videos was expanded
1.3 cm, to the bottom of the trough. Reach detection threshold was determined in a similar fashion
as described above. However, reaches were now defined as an increasing distance away from the
origin. Specifically, to determine the threshold, we calculated the change in Euclidean distance,

relative to the origin, between two paw positions that were three frames apart:

Ad—(i-3y) = di — di—3 (5).
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whereby i is the frame showing maximum paw extension and d is the Euclidean distance from

the origin. The equation for time on task remained the same.

The ROI for reach detection in the precision reaching task extended bilaterally ~2.0 cm from the
edge of the pedestal proximal to the reaching chamber, for the entire frame height. A second ROI
was used to measure time on task. This extended ~4.0 cm laterally from the pedestal, into the
reaching chamber, with a height extending from the top of the frame until the pedestal’s peak cycle
position. Reaching threshold was established by observing the change in paw position 2 frames
prior to peak extension. Frames, whereby the paw was located in the first ROI or the nose or

whisker pad in the second ROI, counted towards time on task.

2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (San Diego, CA, USA). Wilcoxon
matched-pairs tests were used to compare human and algorithm analyzed data. Paired T-test were
used to compare subsampled and fully analyzed data sets. An unpaired T-test was used to compare
infarct volumes between mass and precision practice animals. To compare stroke sizes between
the rehabilitation groups in each paradigm (4, vs. 8, vs. 12), we used a one-way ANOVA. Missing
values in the collect video dataset were imputed in R version 4.1.1 (R coreteam, Vienna, Austria),
using the MICE package (Multivariate Imputation via Chained Equations) (van Buuren and
Groothuis-Oudshoorn 2011). Pre-stroke and day 1 rehabilitative training performances were
compared using a two-way repeated measures ANOVA (time X group) with Sidak's post-hoc
analysis. To analyze delivered training dose across rehabilitation, we used two-way repeated
measures ANOVA (time X group) with Tukey’s post-hoc correction for multiple comparisons.
Grand mean and total dose after completion of the paradigms were compared between groups
using a one-way ANOVA. Pearson correlation analysis was used to assess the relationships
between reaches, time on task, path length, staircase test week 1, and change in staircase test (week
3-1), with pellets retrieved and between change in staircase test with infarct volume. A two-way
repeated measures ANOVA (time X group) was used to compare staircase pellet retrieval (with
contralateral forelimb) at the different time points and between groups. With Tukey’s post-hoc
analysis. A value of p <0.05 was considered significant and data are presented as mean + SD unless

otherwise indicated.
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3. RESULTS

3.1 Development of reach detection algorithms

We aimed to use the trajectory of the paw to create a formula for reach detection. Five mass
practice video samples that were tracked in Tracker, containing 34 reaches in total, were used to
determine the threshold to detect the retracting phase in the reach-to-eat sequence. We found that
95% of the retracting movements (of 3 frame duration) had an average velocity along the x-axis
of -3.24 cm/s or greater (Figure 4A). Contrasting the algorithm for Tracker-derived data, the
python script for DLC post-processing was designed to identify forward movements (i.e. the reach
in the reach-to-eat sequence). We used the 5™ percentile of 88 reaching events derived from 10
mass practice video samples to determine the threshold above which movements should be counted
as areach, which was established at 0.325 cm. Similarly, the 5 percentile boundary of 79 reaching
events in precision practice determined the reaching threshold as 0.439 cm (Figure 4B). A visual
representation of reaching events and detection thereof is depicted in Figure 5. The reaching
movements of rats (above the threshold) typically last about 2-4 frames, which is equal to 0.07-
0.14 s. That is, the Euclidean distance of the paw position in two frames (3 frames apart), was used
to define our criterion for a reach. Typically, a reach is characterized by an initial increase of the
Euclidean distance, indicating an increase in speed, followed by a decreasing distance, indicating
deacceleration. Although the minimum threshold to detect a reach is 0.325 cm, the rat paw usually
demonstrates a Euclidean displacement of 1 to 2 cm (Figure 4B, left; Figure 5, left). Events that
are just above the threshold for a single frame tend to be falsely identified reaches by the algorithm,

e.g. the second peak in Figure 5.
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Figure 4. Paw velocity and displacement following or preceding maximum limb extension. A) Mass
practice horizontal paw velocity measured over 3 frames (n=34). The retraction detection threshold was set
at -3.24 cm/s. B) Mass practice paw displacement was measured over 3 consecutive video frames (n=88)
and the reach threshold was determined at 0.325 cm. Precision practice paw displacement was measured
over 2 consecutive frames (n=79) and the threshold was established at 0.438 cm. The horizontal line denotes
the median value, boxes extend from the 25" to 75" percentile of the sample’s distribution of values,
whiskers extend to the 5% and 95" percentile. Dots denote values outside of the whisker range. The vertical
dashed line indicates the reaching threshold, set at the 5™ percentile.
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Figure 5. Visualization of reach detection in mass practice task. A) the change in Euclidean distance of
the paw (relative to the origin) between current and third last frame, is graphed against the frame number.
A reach was detected when the change in Euclidean distance was greater than the threshold of 0.325 cm,
indicated by the vertical dashed line. The shaded red bars denote the beginning and end of a reach. The
second peak in this graph is a false positive detection, recognizable by a tiny peak and short duration. B)
shows paw trajectories during reaching movements in red, and the nose trajectory in blue. Green dots denote
the inner edges of the trough.
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3.2 Accuracy of reach detection by algorithms

To assess the accuracy of our algorithms in identifying reaching events we compared the number
of reaches counted by human analysis with the computer output. For each modality, 30 video clips
were evaluated by an experimenter and the associated algorithm. We compared the values by
computing Wilcoxon matched-pairs tests. This test indicated that the median number of reaches
recorded by Tracker was significantly lower than the median observed to human visual inspection,
with a median of differences of -1.0 (p =.0024, 95% CI [-1.52, -0.28]). In contrast, the median of
differences was +1.0 for DLC versus human analysis in the mass practice task, demonstrating that
the DLC mass practice algorithm overestimates the number of reaches (p =.0245, 95% CI [0.04,
1.36]). The median number of reaches detected by the DLC precision practice algorithm was
higher than the median recorded by the experimenter, however, the median of differences between

these data sets was 0, showing no statistical difference (p = .4103, 95% CI [-0.46, 2.13]).
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Figure 6. Human and algorithm reach count comparison. Three sets of video samples (n=30), duration
10 s, were scored by an experimenter and the corresponding algorithm. The left graph in each panel shows
the average number of reaches (= SD) and the right graph depicts individual values. The lines between
values indicate data pairs. A) The tracker-based algorithm for mass practice videos slightly underestimates
the average number of reaches in a video sample. B-C) The DeepLabCut algorithm slightly overestimates
the average reach count. Significance of p < .05 is denoted by a single asterisk (*), p < .01 is denoted by a
double asterisk (**).
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Another mathematical approach was used to further describe the performance of the algorithms.
We adopted the metrics of sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) that are often used in the medical field to determine the accuracy of tests
with a binary outcome. These measures are based on the following parameters: true positive (i.e.

“hit”), true negative (i.e. “correct rejection”), false positive (i.e. “false alarm™), false negative (i.e.
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“miss”) (Loong 2003). The values of these parameters were derived from a selection of video
samples of 10 s long (Tracker, n = 30; DLC (mass), n = 30; DLC (precision), n = 30); the results
are summarized in Table 1. The mass practice algorithm for DLC output had the highest
sensitivity, being able to detect 98.2% of the reaches that were also recorded through visual
inspection. Mass practice (Tracker) and precision practice (DLC) algorithms had a sensitivity of
90.2% and 81.7%, respectively. The DLC algorithms were substantially better at correctly
rejecting small movements that were not a reach. This is reflected by the high specificity rates of
93.4% (mass) and 86.9% (precision) versus 63.2% in the Tracker algorithm. The precision (i.e.
PPV) at which events were labeled as “reach” by the algorithms was somewhat similar, ranging
from 71.4 to 81.2%. Finally, all algorithms demonstrated an NPV of at least 84%, which is the rate
of events labeled as “not a reach” to truly be not a reach. Sensitivity and specificity were the most
important performance metrics to determine whether the algorithm was satisfactory for our
experiments. The chief objective of the algorithm was to detect reaches, which is measured by
sensitivity. Secondly, we wanted the algorithm to not mistake small jerky movements for reaches,
indicated by specificity. Although sensitivity and specificity of 100% are ideal, in reality, this is
impossible. We deemed a result of >80% acceptable for the purpose of this study, which allows us

to relatively accurately and reliably estimate the number of reaches.

Table 1. Performance of binary classification of reaching events by algorithms.

Parameter Definition Formula Value Value Value
Mass Mass Precision
practice practice practice
(Tracker) (DLC) (DLC)

Sensitivity Percentage of reaches detected True Positive / (True Positive + 90.2% 98.8% 81.7 %

by algorithm also observed by False negative)*100%
human visual inspection

Specificity Percentage of algorithm detected ~ True Negative / (True Negative + 63.2% 94.5 % 86.9 %

events as “not a reach” also (not)  False Positive)*100%
observed by human visual
inspection

Positive Likelihood an algorithm detected  True Positive / (True Positive + 74.8% 84.7% 71.4 %

predictive reach is truly a reach False Positive)*100%

value

Negative Likelihood an algorithm detected  True Negative / (True Negative + 84.21% 99.6% 922 %

predictive “not a reach” event is truly nota  False Negative)*100%

value reach
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3.3 Sampling error analysis

The sampling error analysis was initially conducted to determine how manual tracking time could
be reduced while retaining accuracy in the estimated value of the outcome measure of interest.
First, the distribution of rats’ active reaching behavior throughout a mass practice training session
was outlined, using 9 full-length (15-minute) videos. Most rats were actively reaching for pellets
between the third and ninth minute of the training session (Figure 7A). After that, engagement
declined and only ~10% of the animals continued to exhibit active reaching behavior. This was
reflected in the cumulative percentage of total “active” frames (Figure 7B), showing that by the
end of the ninth minute, approximately 90% of the rat’s active reaching time was achieved. Based
on these data, subsampling analysis used snippets (i.e. bins) of video that originated from multiple
time points across the training sessions in order to capture both occasions of higher and lower
activity. The subsample can vary both in bin size and the total amount of footage taken. Larger bin
sizes and short total sample time resulted in a greater percent error (Figure 7C). With a bin size
of 60 s, the negative and positive percent error was -100 to 255% at a total sample time of 60 s,
and -30 to 38% at a total sample time of 300 s. The exact same total sample times (60 and 300 s),
sampled with bins of 10 s, gave an error range of -38 to 57% and -5 to 5%, respectively. Thus, the
sampling error analysis showed that frequently analyzing 10-second snippets across the video,
such that it accumulates to a total sample length of 300 seconds, would result in the least amount
of error. This is equal to sampling 10 s every half minute (Figure 7D). However, sampling at this
rate is still laborious. To further assess the potency of subsampling we used the 10 s per minute
sequence to compare extrapolated with original results in both a subset of DLC and visually

analyzed videos.

The average estimated number of reaches using the sampling method was similar to the average
number of reaches observed across full-length videos. No statistical test was performed on the
Tracker-derived data due to the small sample size (n = 4). However, the mean of original data was
124.5 (SD = 141.5) and of the extrapolated data 142.5 (SD = 166.0), Figure 8A. Paired sampled
t-tests were conducted to compare original data obtained from DLC and manual full video analysis
with extrapolated data, obtained by applying the sampling method described above. The statistical
analysis revealed no significant difference in the mean number of reaches observed by original
(mean=167.2, SD =110.6) and extrapolated (mean = 164.5, SD = 106.5) data in the mass practice
task (n=18); t(17)=0.3579, p =.7249, Figure 8B. This was also true for precision practice videos
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(n = 15), whereby the mean of original data was 240.5 (SD = 226.2) and extrapolated data 233.2
(SD=218.7); t(14) =1.650, p = .1211, Figure 8C. Manually scoring the videos does not alter the
outcome. Mass practice videos that were scored by hand (n = 9) did not demonstrate a significant
difference between original (mean = 195.0, SD = 81.63), and extrapolated data (mean =215.3, SD
=99.43),t(8)=1.168, p =.2764, Figure 8D. Likewise, the average number of reaches per training
sessions manually observed in the precision reaching (n = 6) task was not different between

original (mean = 335.3, SD = 178.7) and extrapolated (mean = 345.0, SD = 239.7) data; t(5) =
0.2576, p = .8070, figure S8E.
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Figure 7. Activity distribution and sampling error analysis. Nine full-length mass practice videos were
used to create an ethogram, classifying the behavior as “active reaching”, “resting”, or “out of frame”. A-
B) Shows the spread of rats’ active reaching behavior throughout a rehabilitation session. After ~9 minutes,
90% of the rats’ active reaching time was achieved. C) The error obtained from analyzing bins of video
footage decreases when the total (summed) sample time is high, but bin size low. D) Potential error for
different sampling spacings using 10-second bins. The numbers above the bars indicate minimal, manual,
tracking time for a dataset of 76 videos.
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Figure 8. Reach count in original and extrapolated data sets. Extrapolated data were acquired by
analyzing behavior for 10 seconds per 1 minute of video footage followed by multiplication by a factor of
6 to get a value that represents behavior during the entire session. The number of videos and rats used were
as follows. A) Tracker, 4 videos from 1 rat. B) DLC — mass, 136 videos from 18 rats. C) DLC — precision,
119 videos from 15 rats. D) Manuel — mass, 9 videos from 9 rats. E) Manual — precision, 6 videos from 6
rats. Data are mean + SD.

3.4 Photothrombosis induced unanticipated variable lesion volumes

Our photothrombotic stroke protocol generated variable infarct volumes, especially in the
precision practice cohort. Mean lesion volumes in the mass practice and precision practice animals
were 82.71 mm?® + 25.91 and 65.46 mm® + 53.53, respectively. An unpaired t-test between the
mass and precision practice animals revealed a non-significant difference in lesion volumes (t(31)
=1.210, p =.2353). Although the average lesion sizes were not different, the majority of precision
practice animals (8/15) had a lesion volume < 54.0 mm® which was the smallest infarct size
measured in mass practice animals (Figure 9A). Furthermore, the largest strokes in the precision
practice cohort included some damage in the non-targeted hemisphere. In each paradigm, the
rehabilitation groups were balanced based on the size of the infarct. Indeed, one-way ANOVA

revealed that the mass practice rehabilitation groups were not significantly different from one
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another in lesion volume (F (2, 15) = 0.1339, p = .8757). Likewise, infarct size did not differ

among precision practice training groups (F (2, 12) = 0.08343, p = .9205).
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Figure 9. Infarct volumes. A) Animals had an average lesion volume of 82.71 £25.91 mm? and 65.46 +
53.53 mm?®in the mass practice (n=18) and precision practice (n=15) experiments, respectively. B) Coronal
images of the largest (red), mean (yellow), and smallest (cyan) lesion volumes after photothrombotic stroke.
[lustrations show the extent of injury for antero-posterior coordinates (mm) C) Average lesion volumes
per training group. Data are mean + SD.
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3.5 Reaching performance is impaired after stroke

3.5.1 Mass practice
Rats were trained on the rehabilitation task for several days prior to the stroke injury. Seven days

following the surgery, the rehabilitation paradigms commenced. A two-way ANOVA was
performed to analyze the effect of time (pre-stroke vs. rehabilitation day 1) and number of daily
training sessions on grams consumed in the mass practice paradigm (Figure 10). The statistical
test revealed there was a significant interaction effect between time and number of training sessions
(F(2,15)=4.407, p =.0312). Simple main effects analysis showed that time did have a statistically
significant effect on grams consumed (p < .0001) as did the number of training sessions (p =.01).
Sidak's multiple comparisons test showed that all rehabilitation groups demonstrated a significant
decline in grams consumed after the stroke (4 sessions: -1.517 g, p =.0235; 8 sessions: - 3.479 g,
p <.0001; 12 sessions: -3.092 g, p < .0001). The pre-stroke training sessions of this task were not

filmed, therefore comparisons on other metrics of dose were not possible for this time point.

Pellets retrieved (g)
=~
L

Pre-Stroke Rehab
Day 1

Figure 10. Pellets consumed in the mass practice pre-stroke and at rehabilitation day 1. All groups
showed a significant decline following the stroke, at the first day of rehabilitation. The data shows the
average of 4 pre-stroke training trials with the trough at the low height, and 4 training sessions of the first
rehabilitation day that all groups performed simultaneously. Data are mean + SD. Significance levels are
depicted by asterisk: * p <.05; **** p < 0001.
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3.5.2 Precision practice
The pre-stroke precision reaching training sessions, however, were filmed, and thus we compared

all our metrics of dose before and after stroke. Before the stroke, the rats in the 4 sessions/day
group consumed 1.614 g of pellets, rats with 8 sessions ate 1.423 g, and rats with 12 sessions
retrieved 1.254 g. A two-way ANOVA revealed that there was no interaction effect between time
and rehabilitation group, or a main effect of group. However, time has a significant effect on pellets
consumed (F (1, 12) = 40.18, p < .0001). All rehabilitation groups demonstrated a significant
decline after the stroke (Figure 11A; 4 sessions: 0.9760 g, p = .0145; 8 sessions: 0.6870 g, p =
.0055; 12 sessions: 0.5940 g, p =.0117, Sidak's multiple comparisons test). Similarly, time has a
significant effect on the number of reaches (F(1,12) = 29,96, p = .0001). Following stroke, the
average number of reaches in a training session decreased by 442, 395, and 448 for rats with 4, 8,
and 12 sessions respectively (Figure 11B; p = .0203; p = .0385; p = .0187; Sidak's multiple
comparisons test). A two-way ANOVA also confirmed the effect of time on, time on task (F(1,12)
= 40.87, p < .0001). Rats spent an average of 4 to 5 minutes less on their task after the stroke,
leaving them engaged for only 2 to 4 minutes on the first day of rehabilitation (Figure 11C; 4
sessions, p = .0047; 8 sessions, p = .0096; 12 sessions, p = .0175; Sidak's multiple comparisons
test). Finally, the reductions in pellets retrieved, reaches, and time on task is also reflected in the
total amount of forelimb use. The average path length of the paw in a training session decreased
significantly at rehabilitation day 1 compared to pre-stroke training (F (1,12), p =.0003, two-way
ANOVA). However, this diminishment was not significant for animals with 4 sessions per day (p
=.0590). Rats with 8 and 12 sessions shortened their total path length by at least half of their
baseline length (Figure 11D; p = .0339 and p = .0353 respectively, Sidak's multiple comparisons
test). Thus, overall reaching performance in the rehabilitation tasks was significantly altered post-

stroke.
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Figure 11. Performance in the precision reaching task pre-stroke, and at rehabilitation day 1. Data
from rehabilitation days represents 4 training sessions, such that it matches baseline training that consisted
of 4 sessions per day. Data are mean + SD. Post-hoc Sid4k's multiple comparisons effects are denoted by

asterisks: * p <0. 5, ** P <0.01.
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3.6 Training frequency does not impact accumulated rehabilitation dose but influences
dose in independent sessions

3.6.1 Mass practice — accumulated dose
Rehabilitative forelimb training was given for 10 days whereby groups of rats received either 4, 8,

or 12 training sessions per day. To assess whether daily accumulated reaching performance
differed among groups and whether reaching practice changed throughout the rehabilitation
period, we performed two-way repeated measures ANOVAs with Tukey’s correction for multiple
comparisons. The statistical test revealed that, in the mass practice rehabilitation paradigm, there
was an interaction effect between the effects of time and rehabilitation group on the amount of
pellets consumed (F(18, 135)=1.812, p =.0296). The total amount of pellets consumed at the end
of each rehabilitation day remained stable, with the minor difference that in the group with 4 daily
training sessions, grams retrieved was greater at day 3 vs. day 9 (p =.0176) (Figure 12A). There
was no interaction effect between time and effect of rehabilitation group on the daily summed
value of the other metrics of dose (number of reaches, time on task, and path length). However,
there was a main effect of time on time on task. The group with 4 sessions showed a dip in their
task practice around day 7 to 9. Post-hoc pairwise comparisons confirmed reduced time on task in
the 4 sessions group between day 1 and 8 (p =.0013), day 1 and 9 (p =.0434), and day 3 and § (p
=.0120), (Figure 12C). Furthermore, rats with 8 sessions demonstrated a decrease in time on task

between day 2 and 3 (Figure 12C; p =.0463).

The fact that there was no effect of rehabilitation group on the outcome measures across the
rehabilitation days suggests that the groups' total performances in the paradigm were not different.
This was indeed confirmed by one-way ANOVAs. Animals with 4 sessions retrieved 159.8 g +
19.9 of pellets, animals with 8 sessions 181.4 g + 34.9, and animals with 12 sessions 180.3 g +
38.4 (Figure 12A; F (2,15) = 0.8651, p = .4410). Likewise, a non-significant effect of group was
observed in the total number of reaches across the rehabilitation period (Figure 12B; F (2,15) =
0.01844, p = .9818). Rats performed a total of 8992 + 1689 reaches with 4 sessions, 8914 + 3583
with 8 sessions, and 8674 + 3332 with 12 sessions per day. Total time on task was also not affected
by rehabilitation dose (Figure 12C; F (2,15) = 0.1755, p = .8407). The group with 4 sessions had
an accumulated time on task of 6786 s + 2049, the group with 8 sessions 6684 s + 2511, and rats

with 12 sessions 7392 s + 2126. Among the rehabilitation groups, the total path length of the paw
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throughout the rehabilitation paradigm was also similar (Figure 12D; F (2,15)=1.094, p =.3601).
Total path lengths were 50,541 cm + 18,693, 53,869 cm + 26,961 and 66,645 cm + 10,612, for 4,
8, and 12 daily training sessions respectively. These data show that independent of the number of
training sessions, rats received a similar dose after 10 days of training in the mass practice

paradigm.
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3.6.2 Mass practice — session mean
Although the accumulated training dose does not vary overall, we found that the rehabilitative

training dose in single sessions varies among the groups. In contrast to the daily summed values
described above, there was a significant interaction between time and rehabilitation group on the
mean session value for each outcome measure (Figure 13A-D; grams retrieved: F (18, 135) =
2.974, p = .0002; reaches: F (18, 135) = 2.075, p = .0098; time on task: (F18, 135) =2.856, p =
.0003; path length: F (18, 135) =2.935, p =.0002; two-way repeated measures ANOVA).

Over the course of the rehabilitation period, rats with 4 sessions per day performed fewer reaches
per session, spent less time on task, and demonstrated a decrease in path length compared to rats
with 8 or 12 sessions per day. However, there was an upward deflection during the last two days
(Figure 13; 4, 8, 12 respectively: F (2.200, 32.99) = 4.467, p = .0166; F (1.805, 27.08) =5.194, p
=.0145; F (1.446, 21.70) = 4.823, p = .0275; RM two-way ANOVA). Furthermore, independent
of the rehabilitation day, the group with 4 sessions always had a higher average value on the
outcome measures compared to the groups with 8 and 12 daily training sessions. This main effect
of rehabilitation group was confirmed by a two-way repeated measures ANOVA (grams retrieved:
F (2,15)=51.67, p <.0001; reaches: F (2, 15) =24.77, p <.0001; time on task: F (2, 15) = 14.96,
p = .0003; path length: F (2, 15) = 7.625, p = .0052). Because the mean values are a fraction of
the summed values, post-hoc tests showed discrepancies between daily averages for the same
groups at the same time points as described above (grams retrieved: 4 sessions group, day 3 vs.
day 9, p =.0174; reaches: 4 sessions group, day 1 vs. day 3, p =.0035, day 1 vs. day 8, p =0.0445,
day 8 vs. day 10, p =.0228; time on task: 4 sessions group, day 1 vs. day 8, p =.0013, day 1 vs.
day 9, p =.0434, day 3 vs. day 8, p = .0120; 8 sessions group, day 2 vs. day 3, p = .0463; path
length: 4 sessions group, day 1 vs. 7 p =.0288, day 2 vs. day 6 p = .0082; Tukey’s test).

Comparing the average amount of retrieved pellets per session among groups (Figure 13A), we
found that the rehabilitation group indeed has a significant effect (F (2, 15) = 51.85, p <.0001,
one-way ANOVA). Across all rehabilitation sessions, animals with 4 sessions per day consumed
an average of 4.193 g + 0.62 per session which was significantly more than animals with 8 (2.268
g £ 0.43; p <.001, Tukey’s test), and 12 sessions (1.502 g + 0.32; p < .001, Tukey’s test). The
difference in pellets retrieved between groups with 8 and 12 sessions was also significant (p =
.0330, Tukey’s test). During the training sessions, rats with 4, 8, or 12 bouts performed an average

of 225+42.2, 111 £44.8, and 72 + 27.8 reaching movements, respectively (Figure 13B), showing
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that rehabilitation dose affects the number of reaches per sessions (one-way ANOVA F (2, 15) =
24.77, p < .0001). Like grams retrieved, animals with 4 sessions reached significantly more per
session than animals with 8 (p = .0004, Tukey’s test) and 12 sessions (p < .0001, Tukey’s test).
However, group differences between 8 and 12 sessions were not significant (p = .2238, Tukey’s
test). The animals with 4 sessions also spent the most time on task per session, namely 170 s +
51.2, which is equal to ~18.9% of the sessions time (Figure 13C). This was more than animals
with 8 sessions, who spent 84 s + 31.4 (~9.3%) on task per session (p = .0024, Tukey’s test) and
animals with 12 sessions with an average of 62 s £ 17.7 (~6.9%) on task per session (p =.0003,
Tukey’s test). On average animals with 4 sessions per day moved their paw 1264 cm + 467.3 per
session, exceeding the path length of the group with 8 (673.4 cm = 337.0, p =.0214, Tukey’s test)
and 12 sessions (555.4 cm £ 88.4, p =.0064) (Figure 13D). In summary, rats with 4 sessions per
day retrieved more pellets, performed more reaches, spent more time on task, and moved their paw
more, per training session. Rats with 8 and 12 sessions showed equivalent mean values for most

dose metrics, except, animals with 8 sessions retrieved more pellets than animals with 12.
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3.6.3 Precision practice — accumulated dose
Throughout 10 days of rehabilitative training, all groups in the precision reaching paradigm

achieved amounts of daily total of dose that were statistically not different (Figure 14A-D; Two-
way repeated measures ANOVA). Group differences in the accumulated pellets retrieved across
all training sessions were not significant (F (2,12) = 0.6537, p =.5377, one-way ANOVA, Figure
14A). Rats with 8 sessions retrieved the most pellets, 78.31 g + 39.5, followed by the 12 sessions
(61.68 g+ 31.1) and 4 sessions (54.48 g = 30.0) groups. This was achieved by performing a total
of 21,125 + 11,458 (8 sessions), 14,648 + 9,419 (12 sessions), and 12,688 £ 7279 (4 sessions)
reaching movements, Figure 14B. Although animals with 8 sessions (21,944 s + 10,823) spent
more than twice as much time on task compared with the 4 sessions group (8,229 s + 4,427), no
group differences were revealed by statistical analysis (12 sessions (16,141 s = 10,759); F (2,12)
=2.816, p = .0994, one-way ANOVA, Figure 14C). Finally, the results of the previous metrics
are also reflected by the total paw use. Summed path lengths were: 127,706 cm £+ 56,809 (8
sessions), 99,358 + 56,079 (12 sessions), 86,520 + 47,356 (4 sessions), F (2,12)=1.098, p =.3601,
Figure 14D. Although no group differences were revealed, these data suggest that rats with 8
training sessions per day may achieve the most forelimb use in the precision reaching paradigm.
However, performance was variable, as some rats barely performed any reaches, resulting in large

standard deviations.

44



- 4 -m- 8 == 12

Pellets Retrieved

>

20 5 150
B 25 .
- > =
g £ 8
B o m
s 10 o=
© =g
14 Qo .,
5 - 1]
= Q
0+ 5 <
0 1 2 3 4 5 6 7 8 9 10 =
B Reaches
,» 40000
£ .
6000 &3 30000
» ] ‘3 N
& 4000 & = 20000 U
8 ~ i - To oA
@ 2000 - g 2 8 10000
E [*}
> < .
7 0 T T T T T T
J 1 2 3 4 5 6 7 8 9 10
-2000
C Time on Task
B , 40000
— x5 ' .
w 4000 & @ 30000
= il
% 3000 =
K o = 20000
= 2000 - g
o = um
4000 38 10000 ,}
= l S < .
E 0 T T T T T T T =
. 2 3 4 5 6 7 8 9 10
-1000
D Paw movement distance
T 30000 € , 200000
3 25
£ £ '@ 1500001
D 20000 o2
7] o 0
3 = = 100000
L
@ 10000 T
; & S 50000 .
Sc
=4
@ o4 E ol— r
0 4 8 12
Day of Rehabilitation Number of Rehabilitation Sessions

Figure 14. Summed values of precision practice reaching rehabilitation. Animals received 4, 8, or 12
sessions per day of reaching rehabilitation for 10 days. The left graph in each panel shows daily summed
value of the relevant outcome measure across rehabilitation days. The right graph shows the total value across
rehabilitation. Data are mean + SD.

45



3.6.4 Precision practice — session mean
Across rehabilitation paradigms there were no interaction or main effects of time and rehabilitation

group on the session mean value of the dose metrics (two-way ANOVA), indicating consistent
performance. However, a small increase in mean pellets retrieved in the group with 4 sessions
from day 1 to 3 of rehabilitation (Figure 15A) suggests that the animals improved their reaching
accuracy given that other metrics remained unchanged. Different from the mass practice paradigm,
the grand mean values of the dose outcome measures were not statistically significant among the
rehabilitation groups (one-way ANOVA), likely due to a greater amount of variability in task
performance. However, rats with 4 sessions per day retrieved the most pellets per session in this
paradigm as well (1.362 g &+ 0.75), followed by the groups with 8 sessions (0.979 £ 0.49) and 12
sessions (0.518 + 0.25). This required 317 + 1820 reaches with 4 daily sessions, 264 + 143.2 with
8 sessions, and 122 + 78.5 with 12 sessions per day (Figure 15B). Interestingly, the rats with 8
sessions spent the most time engaged with the task (274 s + 135.3, (30.4%)). Rats doing 4 sessions
spent 206 s £ 110.7 (22.9%) on task, while the group with 12 sessions spent 135 s + 89.7 (15%)
(Figure 15C). The average path length of the paw per training bout for rats doing 4, 8, or 12
sessions per day was 2,163 cm + 1,184, 1,596.0 cm + 710.1, 828 cm £ 467.3, respectively (Figure
15D). The difference between 4 and 12 sessions was nearly significant with a p-value of 0.0660.
Thus, animals that received a low training frequency demonstrated higher mean activity in a single
session. However, as their total number of sessions was also lower, the accumulated values of the
dose metrics were either equal or lower than the groups with medium (8) or high (12) training

frequency.
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3.7 Differential correlations between video-derived dose metrics and pellet consumption in
mass and precision practice

We assessed the relationship between the metrics derived from video analysis: number of reaches,
time on task (s), paw path length (cm) with pellets retrieved (g), in both mass and precision practice
data. Statistically significant correlations were revealed between number of reaches and pellets
retrieved (Figure 16A, mass practice, 7(18) = 0.64, p = .0044; precision practice, 7(15) = 0.80), p
=.0004). Time on task was not correlated with pellets retrieved in the mass practice task (Figure
16B, »(18) = 0.3339, p = .1757), but was in precision practice rehabilitation (#(15) = 0.70, p =
.0038). The amount of forelimb use during mass practice was not correlated with pellets retrieved
(Figure 16C, r(18) = 0.1064, p = .6743). In contrast, there was a strong correlation between the
paw’s path length and pellets retrieved in precision reaching (#(15) = 0.8547, p < .0001).
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Figure 16. Correlation analysis between video-derived metrics of dose and pellet consumption. A)
Reaches correlated with the pellets retrieved (g) in both the mass (» = 0.64, p =.0044) and precision practice
task (» = 0.80, p =.0004). B) Time on task (s) did not correlate with pellets retrieved (g) in mass practice
(r=0.33, p = .1757), but was positive related in precision practice (r = 0.70, p = .0038). C) Path length
(cm) was not correlated with pellets retrieved (g) in the mass practice task (» = 0.11, p = .6743) but was
positively correlated in precision practice (» = 0.85, <0.0001). Sample size was (n = 18) mass practice
animals and (n = 15) precision practice animals. Dashed lines indicate the 95% confidence intervals of the
regressions.
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3.8 Rehabilitation did not improve performance on Montoya staircase task

3.8.1 Skilled reaching ability across time
Skilled reaching ability was assessed with the Montoya staircase task at three time points in this

study: before stroke induction (baseline), before the onset of rehabilitative training (week 1), and
at the completion of rehabilitation (week 3). A two-way repeated measures ANOVA was
performed to compare staircase pellet retrieval with the contralateral paw at the different time
points and between groups. The analysis revealed that there was indeed a main effect of time on
pellet retrieval in both the mass (F (1.478, 22.17) = 45.60, p <0.0001), and precision practice
paradigms (F (1.107, 13.28) = 10.11, p = .0060), (Figure 17A). Following stroke, rats reached
approximately 7 pellets less (or 62% of baseline) in the mass practice paradigm and 5 pellets (or
70% of baseline) in the precision practice cohort. Post-hoc test showed that change in pellets
retrieved between pre-stroke and pre-rehabilitation was significant for all mass practice groups (4
sessions: p = .0466; 8 sessions: p = .0110; 12 sessions: p = .0105, Tukey’s test). However, no
significant recovery of skilled motor function was observed, as pellet retrieval on average only
improved by 1.4 pellets. In the precision practice paradigm, on the other hand, the effect of time
was revealed between pre- and post-rehabilitation time points in the groups with 8 (p = .0132,
Tukey’s test) and 12 sessions (p = .0367, Tukey’s test). Thus, the observed pellet retrieval

impairments immediately after stroke were not significant.

3.8.2 Skilled reaching ability and movement practice
The degree of forelimb impairment might affect the rat’s ability to perform the rehabilitative

training task. To gain a better understanding of how initial impairment influences task participation
and subsequent recovery, we split the rats of both cohorts into two groups based on their staircase
results pre-rehabilitation and thus eliminated the factor of training sessions. This created “low”
and “high” pellet retrieval groups, separated at the cohort’s medium. Correlation analyses showed
that a low staircase score before training positively correlated with the total pellets retrieved (g) in
rehabilitation, although not significant (Figure 17B, left; mass: n = 18, r = 0.58, p = .0991;
precision: n =15, r=0.64, p =.1223). Rats that were able to retrieve > 11.5 pellets in the staircase
task at week 1 showed a neutral relationship with performance in rehabilitation (mass: r=-0.11, p
=.7831; precision r = -0.01, p =.9777). This suggests that above a certain threshold, animals will

show similar performance during rehabilitation, as measured by pellet consumption, regardless of
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the initial impairment. Our dataset demonstrated neutral relationships between the amounts of
pellets retrieved and changes in staircase outcome before and after rehabilitation (Figure 17B,

middle). This is in line with the fact that improvements in the staircase task were small.

3.8.3 Infarct volume and change in reaching ability
Correlation analyses between lesion volume (mm?) and change in staircase performance (post —

pre-rehabilitation) were performed as well (Figure 17B, right). No significant correlations were
found, and thus we describe the size and direction of Pearson’s 7. In the mass practice paradigm,
rats with a low staircase score (i.e. greater impairment) demonstrate a slight positive relationship
between lesion volume and change in pellets (r = 0.33, p = .3876). However, mass practice rats
with a high staircase score, have a slight negative relationship (r = 0.43, p =.2107). This suggests
that rats with a greater impairment as measured on the staircase test and by infarct volume, will
show an improvement in skilled reaching function after rehabilitation. However, rats that were less
impaired initially showed smaller improvements, and skilled reaching deteriorated in some rats
with a larger infarct volume, causing a negative trend. In the precision reaching task, the group
with a greater impairment showed a neutral relationship (r = -0.10, p = .8259). Animals with a
lesser impairment demonstrated a slight positive relationship between lesion volume and change
in staircase task (r = 0.26, p = .0537). This suggests that after the rehabilitation paradigm, skilled
reaching ability improves more for rats with a greater infarct volume, however improvement

plateaus above a lesion volume of ~ 75 mm°.

50



A Mass practice Precision practice

a a b
g EEEE L2222 *&
2 21 - 3
o > 21
= 18 2 i
& 15 ‘T') 18
2] x 15
512 £ 12
o g =2
o s g

o

g s g 6
¢ 3 E 3
o y T T T 0 - .
o Pre-Stroke Pre-Rehab Post-Rehab 7] Pre-Stroke Pre-Rehab Post-Rehab

-+- Mass practice - Low -+-- Precision practice - Low
—— Mass practice - High —— Precision practice - High

(v y)

300+

200+

1004 ‘ ‘

(Week 3 - Week 1)
(Week 3 - Week 1)

Change in Pellets Retrieved
Change in Pellets Retrieved

0 T
r T T T 1 —TTTTT T
3 6 9 12 15 18 0 50 100 150 200 250 0 25 50 75 100 125 150 175 200
Week 1 Stal_rcase Total pellets retrieved (g)
1004  (Pellets Retrieved) across experiment

Total pellets retrieved (g)
Across Experiment

Infarct Volume (mma)

Figure 17. Staircase performance pre-stroke, pre-rehab, and post-rehab. Skilled reaching with the
contralateral paw was assessed in the Montoya staircase task over 4-6 trials at three time points: pre-stroke,
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regressions. a, different from pre-stroke, b, different from pre-rehabilitation, ****p<0.001, ** p < .01.
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4. DISCUSSION

Many stroke survivors rely on rehabilitative therapy to improve their upper limb recovery outcome
after stroke. However, there are no clear guidelines as to how much physical therapy is required
to achieve the desired outcome. One contributing factor is that there are no scientific standards for
reporting and investigating dose in neurorehabilitation (Lang, Lohse, and Birkenmeier 2015). In
preclinical studies, rehabilitative dose is typically reported as the number of sessions or successful
reaches (i.e., pellet consumption). The large-scale derivation of precise dose metrics via video
analysis in rodent studies has hitherto been hampered by limited human capacity for manual
analysis and inadequate tools for automated analysis. This study sought to (1) automatically
quantify video-derived metrics of dose (number of reaches, time on task, and paw path length)
using DeepLabCut as a tool for marker-less tracking of body parts, (2) determine whether
increasing dose sessions corresponds to increased forelimb use across rehabilitation and, (3)
determine the relationship between video-derived dose metrics and pellet consumption. We
delivered two types of forelimb training (mass or precision) to groups of rats with a varying number
of daily sessions (4, 8, or 12) for 10 days. The developed algorithms could accurately detect
reaches and were able to quantify time on task and calculate path length of the paw. Analyzing all
training sessions with the algorithms showed that escalating the number of training sessions does
not accumulate in more forelimb use. However, forelimb training at a lower frequency (4 sessions)
resulted in higher intensity forelimb use within sessions, indicated by more pellet consumption,
reaches, time on task, and longer paw path lengths per individual session. Video-derived metrics
in precision practice correlated positively with pellets retrieved by weight. In mass practice, time

on task and path length showed a neutral relationship with pellet consumption.

4.1 Algorithms can quantify metrics of dose

Behavioral analysis of laboratory animals is important for understanding brain function (Krakauer
et al. 2017), but it has a few drawbacks. Although many behavioural assays are performed
according to standardized protocols, there is still a degree of subjective interpretation by the
experimenter, contributing to inter-rater variability (Mabh et al. 2021). Furthermore, video analyses
are often tedious to carry out, increasing the likelihood of errors with fatigue. Software packages

that assist or completely replace experimenter’s manual evaluation have been increasingly used
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over the last two decades (Pham et al. 2009; Gomez-Marin et al. 2012; Ohayon et al. 2013; Ben-
Shaul 2017). The recently released DeepLabCut tool stands out from other packages as it does not
require the placement of fiducial markers, has been used extensively within the research
community and is inherently adaptable to a broad range of experimental needs. In this study, we
investigated if DLC’s automated pose estimation can be used to quantify specific metrics of dose
that have been proposed to be important for identifying therapeutic rehabilitation (Hayward et al.
2021).

We developed algorithms to accurately estimate the number of reaching movements in two forms
of rehabilitation: a precision reaching task and a trough reaching task. Validation was done by
comparing reaching events identified automatically with frame-by-frame manual inspection. The
first version of the algorithm, designed using Tracker output, detected 90.2% of the reaching
movements in the mass practice task (Table 1). After refinement and modification of our DLC
analysis pipeline, the final version of the algorithm detected up to 98.8% of the reaches in the mass
practice task and 81.7% percent of the precision task reaches. Despite this high agreement, the
mass practice algorithms detected a statistically significant different number of reaches when
calculating the median of a sample (Figure 6). Although this was unexpected, it indicates there is
a consistent overestimation in the number of reaching events by our algorithm relative to manual
analysis. This is due to false positive events that are identified in addition to the near-perfect
detection of true reaching events. Movements underlying false positive events are for example
slight lowering of the paw after placing the pellet into the mouth or placing the paw along the side
of the platform to move forward. In future experiments mistakes like these could be circumvented

by more stringent boundary conditions in the formula that describes reaches.

The formulas for reaching movements are based on basic kinematics (i.e. paw trajectory). These,
and other kinematic variables have been previously used to characterize reaching movements in
healthy and injured rodents (Braun, Andrews, and Kartje 2012; Lai et al. 2015; Balbinot et al.
2018; Becker et al. 2020), and some studies applied 3D kinematics (Azim et al. 2014; Guo et al.
2015; Bova et al. 2020). One study used an image processing program to assess end point and
kinematic features of skilled reaching in rats before and after M1 lesion (Nica et al. 2018). Top
view recordings of the reaching area were used to capture the paw interaction with the pellet. Their

algorithm detected the reach, grasp, and retracting features of trials, whereby the end of a reach
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was determined by the maximum extension of the forelimb. These features were then used to
determine the outcome of a trial (success, miss, slip, or drop). Overall, the labeling algorithm had

a sensitivity of 86% pre-lesion and 92% following motor cortex injury.

Another group recently implemented 3D kinematics using DLC, to analyze up to 4 weeks of
recovery from focal cerebral ischemia (Weber et al. 2021), however in contrast to our reaching
analysis, this study performed gait analysis in mice. The authors demonstrated compensatory
strategies by alterations in the ipsilateral trajectories. Furthermore, tests that were assisted with
DLC analysis were benchmarked to conventional behavioral set-ups. This revealed significantly

reduced analysis time while minimizing observer biases during the evaluation.

Together, these data show that computer vision techniques can accurately assess and qualify rodent
behavior before and after motor injury. This is an important point, as one challenge inherent to
both automated and manual kinematic analysis is that following injury the behavior of interest may
be modified to a degree that makes it difficult to apply the same scoring criteria as before the
injury. For example, within reaching tasks, entire segments of the reaching movement may be
absent or severely modified (Moon et al. 2009), thus potentially altering the efficacy of automated
identification of behavioral events. Our algorithm was built based on post-stroke behavioral data
and uses a minimal displacement rule to detect reaches. We did not assess the performance of the
algorithm on pre-stroke data, however, we observed a greater number of reaching events pre-stroke
along with higher pellet retrieval rates. It could be possible that the increase is caused by false
positive observations if there are systemic deviant movement patterns that fit the criteria of the
algorithm. However, we assume this to be unlikely for our model that seeks primarily forward
movements. Furthermore, reaches that do not meet the algorithms’ criteria (i.e. are below the
threshold) would be categorized as false negative and therefore not contribute to the observed
increase. Thus, although there may be discrepancies in the performance of the algorithm on pre

vs. post-stroke reaching behavior, we assume that these alterations are not significant.

4.2 Behavioral analysis time can effectively be reduced through subsampling
Video is a powerful medium to capture animal behavior. It allows observation of subtle movements
undetectable by the human naked eye, scoring of behavior at a slower playback speed, and

reconstructing movement trajectories in 3D with the use of multiple cameras. However, frame-by-
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frame video analysis is extremely time-consuming and requires significant experimenter training
to perform well. In our mass practice data set, it cost 45 hours to track two body parts in a 15-
minute video. Others have also commented on the time-consuming analysis of behavioral assays
(Anderson and Perona 2014; Weber et al. 2021). We assessed how subsampling techniques may
reduce analysis time whilst maintaining an accurate estimation of the measured variable. This was
done by computing the percent error relative to the authentic value after sampling with various
subsample lengths and frequencies. Our results showed that when short bits of footage are analyzed
frequently, the outcome measure can be estimated with an accuracy of up to +/- 5% error (Figure
7C-D). Specifically, in a selection of our data set, we showed that determining group averages by
analyzing 16% of the videos, (i.e., 10 s/1 min, equally spaced across the video length), gives a
similar result as analyzing 100% (Figure 8). This is not surprising as subsampling methods are
commonly applied in different fields of science. Furthermore, we found that rat’s reaching activity
tapers off toward the end of a training session. Understanding how behaviors are distributed over
time is important to make an informed decision on how to collect representative subsamples. Our
data demonstrated that when one wants to analyze a subsample of the video footage to predict the
overall behavior, this sample should originate from multiple time points across the video to capture

both occasions of higher and lower activity.

A similar subsampling method to ours has been used to characterize physical activity patterns of
stroke patients in an acute stroke unit (Bernhardt et al. 2004). In this study, observers recorded
stroke patients’ activities in a medical ward every 10 minutes throughout the day. With
observations lasting ~1 minute every 10 minutes, approximately 10% of the patient’s physical
activity was logged. Although this study did not benchmark their approach, with the results from
our subsampling analysis, we know that this is a reliable method of arriving at an estimation of

overall behavior, provided that all behaviors are captured in the subsample.

In conclusion, subsampling data is a well-known method to reduce analysis time and retain
accuracy. Our results show that this method is also effective in rat reaching tasks, and presumably,
it can be applied in other tasks such as locomotion. Experimenters may want to consider this

approach when working with large datasets and needing to expedite video analysis.
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4.3 Escalating session dose does not result in more forelimb use

There is a general understanding that large quantities of motor practice are a key component to
induce cortical reorganization and improved behavioral function (Kleim and Jones 2008), (Nudo
and Milliken 1996). Furthermore, a positive dose-response relationship was found in a meta-
analysis of randomized controlled trials (Lohse, Lang, and Boyd 2014). Preclinical studies in
rodents also demonstrated improved outcomes in motor function if a higher dose (i.e. sessions,
pellets retrieved, or number of reaches) was received (Bell et al. 2015; MacLellan et al. 2011;
Jeffers et al. 2018). However, it remains unclear how maximal forelimb use can be evoked through
rehabilitative training. Does forelimb use increase proportionally with the number of training
sessions? To answer this question, we systematically varied the number of daily training sessions
in the mass and precision practice paradigm. We measured multiple metrics of dose, both at the
level of session intensity (pellets retrieved, number of reaches, paw path length) and session
density (time on task), as described in the nonpharmacological dose articulation framework
(Hayward et al. 2021). No statistically significant differences in the grand sum of pellets retrieved
(g), number of reaches, time on task (s), and paw path length (cm) were observed after the
rehabilitation paradigms. Although, in the precision practice paradigm, rats with 8 daily sessions
tended to have higher accumulated doses than rats with 4 or 12 sessions (Figure 14). These results
do not support the hypothesis that dose increases proportionally with the number of rehabilitative

training sessions provided.

Interestingly, the reason why we did not observe a proportional increase in the summed values is
that animals became increasingly less active as the number of daily training sessions increased.
(See Figure S 3 for additional data on pellet retrieval throughout rehabilitation days). This
difference between groups was significant in the mass practice paradigm (Figure 13). In the
precision practice paradigm, we observed a similar pattern in most outcome measures, (except
time on task), although not significant (Figure 15). In total, rats with 4 daily sessions were able to
grasp ~4 g, or 88 pellets in 15 minutes, accumulating to ~352 pellets per day. Previous preclinical
studies operating ad libitum reaching paradigms demonstrated similar results. Rats that were given
20 minutes access to 4.5 g of pellets on a tray, grasped 3.5 g on the first days of rehabilitation after
ischemic sensorimotor cortex stroke, and up to 4.5 g after 5 weeks of training (Maldonado et al.
2008). Voluntary or restricted access seems a key factor in the number of pellets rats will retrieve.

In a study by MacLellan et al. (2011), rats had access to a reaching apparatus for 4 hours per day
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and consumed 250 pellets. Voluntary access provided over 3x 15-minute bouts resulted in 300
reaches, whereas animals that could not leave the apparatus performed up to 600 reaches per day

(Jeffers et al. 2018).

Together, the results of these studies suggest that rats will retrieve more pellets when reintroduced
to the device multiple times and access is not voluntary. In addition, our results show that a shorter
rest period has an unfavorable impact on training performance. Rats with 8 and 12 sessions rested
for 30 and 15 minutes between sessions, respectively, and tended to be less active during training
than rats with 75 minutes rest and 4 sessions (also see Figure S 5). The underlying cause of this is
not clear. Satiation is probably not a limiting factor on its own, as the phenomenon also occurs in
precision reaching task, where fewer pellets are consumed. Another factor at play could be lower
water consumption between sessions as diminished water intake can reduce food intake (Hsiao
and Lloyd 1969). Furthermore, repeated exposure to behavioral tests has been shown to alter
behavior. Brown and Nemes (2008) observed differed frequency of head-dipping in the hole-board
task in rats, across 10 trials. However, this was attributed to a decrease in fearfulness. In contrast,
repeated daily exposure in the elevated zero-maze, enhanced anxiety in mice (Cook, Crounse, and
Flaherty 2002). Compared to the elevated zero-maze, however, we do not suspect our training
apparatus to be anxiety-inducing and the animals should habituate more easily. Nonetheless,

frequent transfer between training and homecage environment may be stressful to the animal.

4.4 Relationship between video metrics and pellets retrieved

Until now, preclinical studies have mostly reported dose as pellets retrieved (either by weight or
by number) or number of sessions (Biernaskie and Corbett 2001; Biernaskie, Chernenko, and
Corbett 2004; Maldonado et al. 2008; MacLellan et al. 2011; Bell et al. 2015; Jeffers et al. 2018).
For that reason, pellet retrieved can be considered a gold standard for the measurement of dose at
the level of intensity. One of the ideas behind regarding rehabilitation dose as multidimensional is
that it provides a better picture of what was delivered during a non-pharmacological intervention
(Hayward et al. 2021). Our dataset allows us to compare these additional variables with the gold
standard. What is the association between our dose metrics derived from video analysis and the
weight of the pellets retrieved? We observed strong positive correlations between video-derived

metrics of dose and pellets retrieved in the precision practice task (Figure 16). In contrast, in the
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mass practice paradigm, only the number of reaches had a significant positive correlation with
pellets retrieved (Figure 16). Time on task and paw path length showed a weak positive

correlation, which was not significant.

The associations between the number of reaches and pellets retrieved were predicted, as they are
both a measure of rehabilitation intensity. In that same vein, path length was also expected to
associate with pellets retrieved. However, time on task was not expected to relate to pellets
retrieved. Previous work has demonstrated that session intensity can be quite variable, even if
session time remains equal. Rats that were given access to a mass practice reaching apparatus 3x
daily for 15 minutes following stroke demonstrated substantial variability in the number of
performed reaches, ranging from ~300 to 600 (Jeffers et al. 2018). However, the conditions under
which access was provided were unequal: rats with voluntary access performed fewer reaches than
rats that could not leave the apparatus. Despite equivalent session times, it is unknown how the
conditions affect the amount of time the animals were actively engaged. It underlines the notion
that solely reporting session time, is insufficient in capturing the delivered dose. Similarly, highly
variable number of exercise repetitions were counted in stroke patients within a fixed, 30 minute,
session length, ranging from 4 up to 369 (Scrivener et al. 2011). These studies do not tell us
whether fewer repetitions were completed because less time was spent on task, or in spite a similar

time on task.

The contrasts in mass and precision practice associations between time on task and pellets retrieved
is attributable to a discrepancy in how time on task was measured. In the mass practice, time on
task was exclusively based on the location of the nose, relative to the trough. Specifically, a rat
was on task if the nose was oriented towards the pellets. However, it was possible for rats to elevate
their head, no longer being on task, while they perform a reach. In precision practice, the equation
for time on task incorporated multiple parameters, including the paw’s position. This was
necessary because the nose was not continuously visible, as rats may interact with the pedestal
while rearing on their hindlimbs. Thus, the discrepancy lies in that in mass practice a reach could
occur while the rat is not on task whereas in precision practice the rat is always on task while

reaching.

Interestingly, we did not find a positive correlation between path length and pellets retrieved in

mass practice. This, in combination with the observation that the number of reaches was positively
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associated with pellets retrieved, suggests that there is a disparity in reaching strategies among
animals. It is possible that rats that retrieved more pellets, were less injured and demonstrated a
more efficient strategy, consisting of shorter and smoother movements. In contrast, rats with
greater impairments may have adopted a strategy resulting in longer, jerkier trajectories. Kinematic
analyses in rodents post-stroke have revealed elongation and reduced smoothness of the reach
trajectory in the single pellet and staircase reaching task (Braun, Andrews, and Kartje 2012; Lai et
al. 2015; Balbinot et al. 2018). In our precision reaching paradigm reaching trials were often
contaminated with a hovering type of movements and occasionally reaching attempts with the
other paw. This form of less indisputable reaching movement could mask the detection of subtle
discrepancies in reaching strategies. Instead, the increased accumulative path length is potentially

a more accurate indication for more reaching attempts.

4.5 Rehabilitation was not effective in improving outcome

The goal of rehabilitative therapy following stroke is to restore lost functions and reduce acquired
impairments. Standardized behavioral tests are designed to assess specific sensorimotor functions.
Forelimb function is commonly gauged through reaching tasks (Schaar, Brenneman, and Savitz
2010). In this study skilled contralesional reaching ability was assessed at three key time points,
before stroke, pre-and post-rehabilitation, using the Montoya staircase task. The rats in the mass
practice experiment demonstrated significant impairments after photothrombotic stroke. However,
lost function was not recovered after rehabilitation. Rats in the precision practice paradigm showed
a reduction in staircase pellets retrieval, however not statistically significant compared to pre-
stroke. In contrast to the mass practice, rats with 8 and 12 sessions per day demonstrated
significantly improved reaching ability after rehabilitation. Thus, in most animals, two weeks of
reaching practice did not enhance recovery. This is not very surprising considering that the study
was not designed to improve recovery per se. Rather, the main aim was to investigate dose
escalation and capture the multidimensionality of rehabilitative training. However, significant

improvements in motor function have been observed after 2-4 weeks of behavioral training.

In Nudo and colleagues’ classic experiment demonstrating cortical reorganization of the upper
limb representation in non-human primates after small lesions in the M1 hand area, the animals

were trained in a skilled reaching task, for 3-4 weeks (Nudo and Milliken 1996). After 2 weeks of
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daily tray reaching training (20 minutes), rats with ET-1 induced SMC damage achieved a higher
success rate in the single pellet reaching task compared to untrained animals (Maldonado et al.
2008). After 4 weeks of training, the success rate maintained above baseline levels. A similar result
on the staircase task (with the contralesional limb) was found in rats exposed to EE in combination
with reach training (Biernaskie and Corbett 2001). The authors suggested that neural plasticity in
the form of enhanced dendritic complexity and length in the non-injured hemisphere contributed
to the success of the rehabilitation paradigm. Daily access to a reaching apparatus during the dark
cycle after MCAO damage also improved contralateral forelimb reaching success on the staircase
task (MacLellan et al. 2011). Two weeks of training resulted in a significant improvement
compared to groups with limited or no training, and this difference was sustained until the end of
the 5-week rehabilitation period. Together, these outcomes suggest that two weeks of behavioral
training may be sufficient to detect recovery of motor function. Furthermore, it has been suggested
that a higher daily training frequency expedites recovery (Bell et al. 2015). In accordance with this
concept, our animals would have the potential to show recovery following this paradigm.
However, there is one main reason why recovery was not detected in all rehabilitation groups of

this study.

The photothrombotic protocol induced strokes that resulted in mostly mild impairments. Only 20%
of all rats demonstrated contralesional forelimb reaching impairment at week 1 post-stroke equal
to what was shown in previous rehabilitation studies, i.e., 30% of baseline score (Biernaskie and
Corbett 2001; MacLellan et al. 2011; Jeffers et al. 2018). Taking the proportional recovery rule
into account, (Jeffers, Karthikeyan, and Corbett 2018; Jeffers et al. 2018), the majority of rats in
this study are subjected to a ceiling effect. There is only a small range of improvement possible if
the right training intensity is met. This phenomenon is reflected in the mass practice data points in
Figure 17B, middle panel. Nearly all rats show total pellets retrieved in a range from 150 — 225 g.
However, despite a similar amount of pellets retrieved the less impaired animals demonstrate
approximately no improvement. This could be due to the fact that the training was not intense
enough in these animals to promote recovery. It contrasts the less impaired animals in precision
reaching, do show some improvement. They performed more reaches during rehabilitation and
therefore experienced more intense training. However, this does not fully explain why more
severely impaired rats showed similar improvements in the staircase task, despite that their training

intensity was likely lower. One possible explanation is that their skilled hand use improved through
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spontaneous recovery. The ambiguity of these results warrants further research into the effect of
these upper limb training paradigms on recovery and to elucidate the discrepancies between the
regimens. We believe the paradigms have the potential to induce significant recovery, in a cohort

with less variable and more severe impairments.

4.6 Limitations & future directions

This study has some weaknesses that should be considered when interpreting the results. A unique
aspect of this project was the ability to, in both experiments, deliver rehabilitative training to the
entire cohort simultaneously. Unfortunately, as a consequence, the physical capacity of our
experimental setup limited the group sizes. As such, statistical power remains low. Moreover,
unexpected intra-group variability in the precision practice paradigm prevents drawing strong
statistical conclusions from that experiment. The most pronounced reason for uneven performance
is the wide variability of lesion volume and location, particularly in the precision practice
experiment. Lesions were either very small < 50 mm?, or very large, > 125 mm?. Furthermore, the
bigger infarcts extended from -3.0 to +6.3 anterior-posterior relative to bregma. Consequently,
impacting hindlimb function and frontal association cortex as well. The female sex of rats in this
study may also have impacted infarct volume. The effects of the estrous cycle in female rats on
lesion volume have been documented (Alkayed et al. 1998; Liao et al. 2001). In one rehabilitation
study, experimenters investigated estrous stage effects at the time of ET-1 lesion induction and
found that when estrogen and progesterone levels were at their peak, rats had more cortical volume

remaining in the SMC region (Maldonado et al. 2008).

Another aspect to consider is we conducted our study in young and healthy animals. Although the
effects of rehabilitation on recovery may be different in aged animals (with comorbidities)
(Alaverdashvili and Whishaw 2010; Brown, Marlowe, and Bjelke 2003; Buga, Di Napoli, and
Popa-Wagner 2013). It is unlikely that the ratio between the number of training sessions in the
different outcome measures will change substantially. Nonetheless, translational value would
increase if this were investigated. A final remark regarding the animals in this study concerns the
absence of histological analysis for structural changes or biomarkers of plasticity. Future
preclinical experiments aiming to elucidate the role of different dose metrics in upper limb

recovery should incorporate measures of neuroplasticity. Thereby, it is recommended to
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investigate this in animals with moderate-severe impairments to be able to observe training-related

improvements.

There are two main limitations with regards to experimental design and behavioral analysis. Not
only was the number of training sessions manipulated, so was the resting time between sessions.
As mentioned earlier, this was necessary to standardize the amount of time the animals are in the
experimental environment. Our data show, however, that this impacts performance in individual
training sessions, resulting in equal amounts of total delivered dose. As such, one must keep in
mind that our findings are limited to the effect of training frequency on movement repetitions.
Moreover, because the varied number of training sessions elicits similar amounts of forelimb use,
we cannot address which number of training sessions best promotes recovery. To exclusively
assess the effect of number of sessions on movement repetitions and recovery, experimenters
would need to maintain resting time as a constant parameter. Further, precision reaching behavior
was not shaped through a stringent protocol as usua