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Abstract

Background. Assessment of skilled reaching enables extensive analysis of upper limb function in clinical and preclinical
studies on poststroke outcome. However, translational research if often limited by lack of correspondence between tests
of human and rodent motor function. Objectives. To determine () the translational value of skilled reaching performance
for preclinical research by comparing the behavioral recovery profiles of skilled reaching characteristics between humans
and rats recovering from stroke and (2) the relationship between skilled reaching performance and commonly used
clinical outcome measures after stroke. Methods. Twelve patients with ischemic or hemorrhagic stroke and 17 rats with
photothrombotic stroke underwent an equivalent skilled reaching test at different time points, representing early to
late subacute stages poststroke. Success scores and a movement element rating scale were used to measure the skilled
reaching performance. The Fugl-Meyer Upper Extremity (FM-UE) assessment and the Action Research Arm Test (ARAT)
were used as clinical outcome measures. Results. Both species had muscle flaccidity at the early subacute stage after stroke
and showed motor recovery following a proximal-distal principle toward the early subacute stage, albeit for rats within
a shorter time course. Human skilled reaching scores and FM-UE and ARAT scores in the first 3 months poststroke
were significantly correlated (P < .05). Conclusions. Our study demonstrates that poststroke changes in skilled reaching
performance are highly similar between rats and humans and correspond with standard clinical outcome measures.
Skilled reaching testing therefore offers an effective and highly translational means for assessment of motor recovery in
experimental and clinical stroke settings.
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strategies may lead to learned disuse or training-induced
misuse of the impaired limb, which in the long term can
limit a patient’s rehabilitation.” In addition, when recovery

Introduction

Upper limb impairment, such as a hemiparesis of the con-
tralateral limb, is diagnosed in about 75% of the stroke
patient population.> Upper limb impairment limits func-

tional independence, participation in social roles, and a
return to work.? Impairments in skilled use of the hands are
cardinal features of poststroke motor dysfunction,* and
compensatory movement patterns, for example, excessive
trunk displacement and increased reliance on the nonparetic
hand, are common responses to hand function loss.’
Compensation is often mistaken for recovery, since some
compensatory movement patterns are subtle enough to be
undetected in clinical outcome measures that focus little on
qualitative aspects of movement.® In the process of post-
stroke motor recovery, early adoption of compensation
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is evaluated without taking compensation into account, this
could distort understanding of the contribution of neural
plasticity to poststroke recovery. This is particularly rele-
vant in basic neuroscience studies and translational research
on spontaneous recovery or restorative treatments,®’” which
often make use of animal models, mostly involving rodents.
However, translational research is often limited by lack of
correspondence between tests of human and rodent motor
function.®? Skilled reaching assessment has been proposed
as one of the most potent translational behavioral tests for
studying poststroke recovery in rodents.’ The typical task
requires that a subject reaches for and subsequently grasps
a small food item with a single hand/paw, and sub-
sequently brings it to the mouth for eating.'® Skilled
reaching (conventional term for reach-to-eat) movement
patterns show significant homologies between rodents and
humans,'!"!3 which offers valuable opportunities for trans-
lational research.

Guidelines to enhance the alignment of preclinical and
clinical stroke recovery research pipeline have recently
been published by the Stroke Recovery and Rehabilitation
Roundtable consortium.® Behavioral outcome measures
have received special consideration, and it has been recom-
mended that clinically relevant deficits, such as skilled
reaching, should be the main focus of preclinical behavioral
testing.'* The time course of recovery is more rapid in
rodents than in humans,'*!> and it remains to be determined
to what extent behavioral recovery profiles in rodent stroke
models are representative for functional recovery patterns
in stroke patients. To our knowledge, the development of
skilled reaching performance over time after stroke has not
yet been directly compared between rats and humans.
Therefore, the aim of our study was to determine the degree
of correspondence of temporal changes in several skilled
reaching characteristics in rats and humans between early
and late subacute stages poststroke. To further evaluate the
translational value of skilled reaching, our second aim was
to determine the relationship between skilled reaching per-
formance and commonly used clinical outcome measures
(ie, Fugl-Meyer Upper Extremity assessment [FM-UE] and
Action Research Arm Test [ARAT] scores) in subacute
stroke patients.

Methods

Stroke Patients

Human data for this study were collected from the B-STARS
trial, which assesses the effect of repetitive transcranial
magnetic brain stimulation (rTMS) on upper limb recovery
after stroke.'® Patients were included from whom complete
skilled reaching, FM-UE, and ARAT data were available for
the first 3 months after stroke. The B-STARS trial, which
was ongoing at the time of submission of the current article,

is a stratified, randomized controlled trial consisting of a
2-week rTMS or sham-stimulation treatment starting at 2 to
3 weeks poststroke. Twelve patients from both treatment
groups were included, and investigators were blinded for
group assignments. Patients with completed skilled reach-
ing assessments between November 2018 and November
2019 were included. At 7 time points, multiple performance
assays and functional tasks have been conducted to monitor
upper limb recovery, among which were a skilled reaching
task, FM-UE assessment, and the ARAT (details described
below). Outcomes from assessment at 2 to 3 weeks (before
intervention), 4 to 5 weeks (28-35 days; no FM-UE assess-
ment), 6 weeks (40-44 days), 9 weeks (59-67 days), and 11
to 15 weeks (76-104 days) poststroke were used for the cur-
rent study. Eleven out of 12 patients underwent MRI ses-
sions at 5 to 6 weeks, 11 to 15 weeks, 22 to 26 weeks, and/
or 46 to 50 weeks (see Supplementary File A, available
online). All patients were inpatients of a rehabilitation facil-
ity in the Netherlands. The inpatient rehabilitation program
consisted of a multidisciplinary approach to reach complex
(physical and cognitive) rehabilitation goals. Full details of
the B-STARS trial have been reported elsewhere.'®

The B-STARS protocol has been approved by the
Medical Ethics Committee of the University Medical
Center Utrecht and the participating rehabilitation center.
The trial is registered in the Dutch Trial Register (Trial
NL5952). All patients gave (written) informed consent to
participate in the trial.

Rat Stroke Model

Animal data were collected from a randomized controlled
preclinical trial, which was ongoing at the time of submis-
sion of the current article, to assess the effects of rTMS (vs
sham stimulation) on forelimb recovery after unilateral
photothrombotic stroke in the forelimb region of the senso-
rimotor cortex. Seventeen rats from both treatment groups
were included, and investigators were blinded for group
assignments. Details on the photothrombotic stroke induc-
tion and rTMS protocols can be found in Supplementary
File A (available online). Seventeen male Sprague Dawley
rats (Charles River Laboratories; 326 £ 26 g, 10-11 weeks
old at the time of stroke induction) underwent skilled reach-
ing tests (details described below) at days 0 (prestroke),
3, 9, 16, and 23 poststroke. Animals underwent MRI,
which included anatomical MRI for lesion detection (see
Supplementary File A, available online) at 2, 17, and 24
days poststroke. All experiments were approved by the
Animal Ethics Committee of the University Medical Center
Utrecht, the Netherlands, and were conducted in agreement
with Dutch laws (“Wet op de Dierproeven,” 1996) and
European regulations (Guideline 86/609/EEC).

The animals were housed under a regular 12-hour light/
dark cycle and at constant temperature (24 °C, 45% to 65%
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Figure 1. Setup of the skilled reaching task for humans (A) and rats (B) (single frontal image from video recording).

humidity). Prior to the stroke induction surgery, the rats
underwent skilled reaching training and were housed 2 or 3
in per standard cage (30 X 40 X 20 cm?). During skilled
reaching training (described in Supplementary File A, avail-
able online), the animals were food-restricted to reach 90%
of their initial body weight by receiving 26 to 30 g of food
per cage (daily), with water freely available.

Three days after stroke induction, the animals were
moved to an enriched environment, as a standard proce-
dure, representing a clinical rehabilitation setting.!” While
the animals were housed in groups of 4 to 5 in the enriched
environment, they were only food-deprived during the dark
cycle before a skilled reaching test.

Skilled Reaching Task: Humans

Stroke patients were seated in a chair, with their feet flat on
the ground and hands palm down on their thighs with the
fingers extended. A small food item (Kellogg’s Honey
Pops Loops) was placed on a pedestal positioned in front of
the patient, adjusted to their trunk height and arm length at
full extension (10 cm beneath the outstretched palm; see
Figure 1A). The patient was asked, in a standardized way
by the researcher, to reach for the food item, grasp it, and
place it into the mouth for eating. The skilled reaching test
was performed once for the nonparetic side and at least
once (out of maximally 5 attempts) for the paretic side at
each time point.

Skilled Reaching Task: Rats

Rats were placed in a rectangular skilled reaching box
made of transparent Plexiglas (Figure 1B). The animals

were trained to grasp (at least 20) sugar pellets through a
vertical slot (1 cm wide, extended 3 cm above the floor) in
the front wall of the box. On the outside of the wall, in
front of the slot, mounted 3 cm above the floor, was a shelf
with an indentation allowing pellet placement slightly lat-
eral to the opening of the slot. This off-center positioning
of the pellet forced rats to use their dominant/preferred
forelimb (determined during the training phase) to obtain
the target. For the study, the rats executed 20 trials.
However, in some cases (21% of all sessions) less trials
were executed due to impairment or motivation issues.
Details on the skilled reaching (schedule) and food restric-
tion protocols can be found in Supplementary File A
(available online).

Video Recording

High-speed video recording from the frontal perspective
was used for humans (Panasonic HC-V770) and rats
(Panasonic HC-V520) with a shutter speed set at 1/1000
frames per second, to produce a blur-free image for frame-
by-frame playback (see Figure 1). For recordings of skilled
reaching in rats, 2 specific light sources were used.

The recordings were analyzed using VLC media player
(VideoLAN). Analyses of the human and rodent data were
performed independently by a clinical (AJP) and preclinical
researcher (CLvH), respectively.

Skilled Reaching Performance

Reaching behavior was analyzed (1) from the end-point
measure of success and (2) with a movement element scor-
ing system. A reach was defined as a success when the food
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item was grasped, transported by the hand or paw, and
placed into the mouth.

Success percentage was expressed as the number of sub-
jects (patients or rats) that could execute a successful, fully
completed reach (ie, food item was grasped, transported by
the hand or paw, and placed into the mouth), divided by the
total number of subjects, for each individual time point.
This adapted measure of successful reaching was used for
comparison across species. Stroke patients executed the
reaching task up to maximally S times, to limit the time and
the impact of fatigue and frustration associated with repeti-
tive task executions and recurrent failures, respectively. For
rats, the conventional measure of success rate, that is, the
percentage of successfully obtained pellets with respect to
the number of trials, was also calculated.'®

Skilled reaching performance was scored using a bio-
metric rating scale, based on a conceptual framework
derived from the Eshkol-Wachmann Movement Notation
(EWMN).!* The EWMN describes the position of the indi-
vidual limbs, the trunk, the snout (rat), and the head in rela-
tion to the body or the food (pellet), with the body treated as
a system of axes (ie, limb segments, trunk axis, and snout
axis [rat]). For stroke patients, the best attempt (fully or fur-
thest completed) with the paretic limb was selected for
movement analysis with the Eshkol-Wachmann Movement
Notation-Derived Reaching Scale (EW-DRS). This scale is
divided into 7 elements: orient, lift, advance, pronate, grasp,
supinate, and release. Each element is described with regard
to its proper execution, for example, “initial hand lift is due
to flexion of the elbow” and “trunk leans to the side oppo-
site to the reach as hand approaches the target.”*° The ele-
ments were further divided into 2 or more subelements that
are rated on a 3-point ordinal scale, from 0 (movement was
normal) to 0.5 (movement was present but abnormal or
incomplete) to 1 (movement was absent). Elements that
could not be executed were scored as no movement (ie,
score of 1). The overall score was the sum of all subelement
scores (possible range: 0-21), with lower scores represent-
ing better performance. Sum scores were converted to a 0 to
1 scale by dividing by the maximum score, to allow direct
comparison between the movement elements and against
corresponding rat data.

For each rat, the 3 best reaches (fully or furthest com-
pleted) for each session were scored, averaged, and selected
for further movement analysis with an EW-DRS adapted to
Sprague-Dawley rats.'® Eleven elements of the reaching
behavior were scored, with a similar scoring system as
described for the humans. The total overall score was the
sum of the element scores (possible range: 0-11). The sum
score was converted to a 0 to 1 scale, as described above for
the human data.

A full description of the skilled reaching performance
scoring in humans and rats is provided in Supplementary
File B (available online).

Fugl-Meyer Upper Extremity Assessment

Stroke patients underwent the FM-UE assessment, which
is a standard motor performance-based test consisting of
33 tasks performed with the affected upper limb.?%?! The
FM-UE assessment focuses on upper limb motor impair-
ment with regard to synergistic motor control. Performance
on each task was scored on a 3-point scale, with higher
ratings representing better performance (possible range =
0-66 points).??

Action Research Arm Test

Stroke patients underwent the ARAT, which is a perfor-
mance test that assesses the ability to perform gross move-
ments and the ability to grasp, move, and release objects
differing in size, weight, and shape.?® The test consists of 19
items, rated on 4-point ordinal scale (0-3), with a maximum
score of 57 (best performance).

Statistical Analysis

Generalized linear mixed models for human data were used
to compare skilled reaching performance on the movement
subelements at each time point poststroke in comparison to
the first measurement. This data were treated as interval
data as defined by Field and Hole,?* and therefore an ordinal
logistic regression approach was used. In the analyses we
included a random intercept, and time as a fixed effect.
Linear mixed models for human and rat data were used to
compare reaching performance on the movement elements
(rat) and sum scores (human and rat) at each time point
poststroke.

Linear mixed models were also used to assess temporal
changes in patients’ relative sum scores (normalized to a
percentage of the maximum score of that particular test)
for the skilled reaching, ARAT, and FM-UE assessments,
as well as their mutual relationships. For comparison with
the ARAT and FM-UE scoring system, skilled reaching
movement scores were reversed for each of the movement
elements (ie, higher scores representing better performance;
0 became 1, 1 became 0).

Pearson’s correlation coefficients were calculated to
assess the relationship between patients’ skilled reaching,
ARAT, and FM-UE scores at different time points post-
stroke. Significance levels were set at P = .05. All statisti-
cal analyses were performed using SPSS, Version 25.0.

Results

Subjects

Twelve patients were included. In 10 of these patients,
the nondominant side was affected. Eleven patients were
right-handed. Infarcts were subcortical, mixed cortical and
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Table I. Patients’ Demographic and Clinical Characteristics at
Enrolment.

Age, years; mean (SD) 58.3 (10.2)
Male/female 7/5
Handedness I'l right, | left
Time poststroke, days; mean (SD) 14.7 (3.6)
Lesion side I0ND, 2D
Stroke subtype 8SC,2M,28B
Lesion volume, X 10° mm?3; mean (SD)? 21 (57)
FM-UE score; mean (SD) 18.6 (13.1)

Abbreviations: SD, standard deviation; MRI, magnetic resonance
imaging; FM-UE, FM-UE: Fugl-Meyer Upper Extremity; D, dominant;
ND, nondominant; SC, subcortical; M, mixed cortical and subcortical;
B, brainstem.

2From || patients with MRI scan between 6 and 50 weeks poststroke.

Table 2. Rats’ Demographic and Clinical Characteristics.

Age, weeks® 10-11
Weight (g); mean (SD)* 326 (26)
Male/female 17/0
Lesion side 17D
Stroke subtype 17C
Lesion volume, mm3; mean (SD)® 22 (6)
SR success rate, %; mean (SD) 17 (16)

Abbreviations: SD, standard deviation; MRI, magnetic resonance imaging;
D, dominant; C, cortical; SR, skilled reaching.

2Age/weight at the time of stroke induction.

®From anatomical MRI scan at 17 days poststroke.

‘At day 3 poststroke.

subcortical, or in the brainstem, with lesion volumes ranging
between 0.4 and 192 X 10° mm?® (0.1% to 26.3% of the
hemispheric volume). Table 1 shows the demographic and
clinical characteristics.

From the preclinical study, 17 rats were included. Three
of the 17 rats had to be euthanized prior to the end of the
study (ie, before day 23) because of welfare issues due to
severe weight loss or inner ear infection, resulting in missing
data points. Rats all had stroke on their dominant (for reach-
ing) side. Infarcts were located in the sensorimotor cortex
(see Supplementary File C, Figure 1 for representative ana-
tomical MR images; available online) and had a size of 22
+ 6 mm? (2.9 = 0.8% of the hemispheric volume). Table 2
shows the demographic and clinical characteristics.

Skilled Reaching Success Scores

The percentages of patients that could successfully perform
the skilled reaching task at the different time points post-
stroke are shown in Figure 2A. A quarter of the patients
could successfully perform skilled reaching at 2 to 3 weeks
poststroke (early subacute). The success percentage increased
over time and was 67% at 11 to 15 weeks after stroke. The

success percentage for skilled reaching with the unaffected
arm was 100% at all time points.

The success percentages at different poststroke time
points for the rats are shown in Figure 2B. The percentage
of animals that executed at least one successful reach at the
first early subacute time point (3 days poststroke) was 65%,
which subsequently increased. At the final late subacute
time point (23 days poststroke), 82% of the rats could suc-
cessfully execute the skilled reaching task. The success
percentage before stroke was 100%. The conventionally
calculated success rate in rats, that is, the percentage of suc-
cessfully obtained pellets with respect to the number of
trials, was 38 £ 17% before stroke, dropped to 17 = 16%
at 3 days after stroke, and partially recovered to 25 = 20%
at day 23 poststroke (see Supplementary File C, Figure 2,
available online).

Movement (Sub)element Scores

Figure 3 shows the patient and rat scores for the individual
movement (sub)elements during execution of the skilled
reaching task at the different poststroke time points. At all
poststroke time points, the movement element orient was
unaffected in patients as well as rats, reflected by a score
of 0 for the orient (sub)element(s). All other movement ele-
ments were affected (ie, incomplete or absent) as a result
of the stroke, although scores were generally higher—
reflective of a higher degree of deficiency—in patients
than in rats.

At the second time point (4-5 weeks after stroke in
patients; 9 days after stroke in rats) there were significant
improvements for most movement elements in comparison
to the first measurement (P < .05), except for the movement
subelements advance C, pronation C, grasp B, and release B
in patients (P > .05). In rats, there were significant improve-
ments for the movement elements supination (I and II) and
release at the second time point (P < .05), and additional
improvements for the movement elements supination I and
release were measured at subsequent time points.

From week 6 toward the last time point in patients, most
movement elements, including subelements grasp B and
advance C, showed significant improvement (P < .05).
Movement subelements pronation C and release B, how-
ever, showed no significant improvement at weeks 6 and 9.

At the final time point (11-15 weeks after stroke in
patients; 23 days after stroke in rats) all movement subele-
ments in patients, except for release B, were significantly
improved compared with the first time point (P < .05). In
contrast, in rats only the movement elements digits open,
supination I and II, and release were significantly improved
at the final time point as compared with the first time point
(P < .05).

Recovery of skilled reaching performance was also
expressed by the change in the patients’ and rats’ skilled
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Figure 2. Success percentage of skilled reaching performance at different time points after stroke in humans (left) and rats (right).
Note: Humans had a success percentage of 100% with the unaffected arm at each time point. Rats had a success percentage of 100%

prestroke.

reaching overall sum score, which significantly improved
between the first time point, and all subsequent time points
(P <.05).

Relationship Between Skilled Reaching and
Clinical Outcome Measures in Stroke Patients

Figure 4 shows the time course of normalized skilled reach-
ing, FM-UE, and ARAT sum scores for the stroke patients.
For all 3 measures, the scores at the 6, 9, and 11 to 15 weeks
were significantly improved in comparison to the scores
at 2 to 3 weeks poststroke (skilled reaching: B = 11.53,
SE = 2.18, P = .000; ARAT: B = 14.82, SE = 3.09,
P = .000; and FM-UE: § = 11.88, SE = 2.11, P = .000.)
(FM-UA assessment was not performed at 4-5 weeks
poststroke, so we left out this time point for comparisons.)
The normalized skilled reaching and FM-UE sum scores
were highly similar at the individual time points (f = 1.75,
SE = 6.12, P = .775), which was further emphasized
by similar temporal recovery patterns (3 = 0.10, SE =
3.27, P = .975). The normalized skilled reaching and ARAT
sum scores differed significantly across separate time points
poststroke (B = —19.11, SE = 6.13, P = .002). However,
the temporal patterns of the normalized skilled reaching
and ARAT sum scores were not significantly different
(B = 2.46, SE = 3.31, P = .459).

Table 3 shows that skilled reaching, ARAT, and FM-UE
sum scores were strongly correlated at all included time
points poststroke (P < .05).

Discussion

Skilled reaching has been proposed as one of the most
potent translational behavioral tests for studying post-
stroke recovery in rodents.’ Gradual improvement in skilled
reaching performance after stroke has been previously

reported for both humans® and rodents.?® In the present
study, we compared skilled reaching characteristics between
rats and humans recovering from stroke, and we assessed
the relation between skilled reaching performance and
clinical outcome measures. Our study shows that skilled
reaching performance follows a very comparable temporal
pattern in humans and rodents during the subacute stages
after stroke. Functional impairment was characterized by
muscle flaccidity at the first measurement poststroke, pro-
hibiting lift and advance movements. Subsequently, skilled
reaching performance improved, but with a delay in motor
recovery for distal muscles in the lower arm and hand (ie,
pronation, grasp, and release). Patients’ skilled reaching
scores showed strong correlations with clinical outcome
measures (ARAT and FM-UE) at different time points dur-
ing the first 3 months poststroke. The normalized skilled
reaching overall sum scores matched with the normalized
FM-UE sum scores, but were higher than the sum scores of
an arm-specific measure of activity limitation (ARAT).

Similarities and Differences in Poststroke
Recovery of Skilled Reaching Performance
Between Humans and Rats

It is known that the time course of stroke recovery in rodent
models is more rapid than in human patients.?”3° Therefore,
we chose to compare the first 3 months poststroke in human
stroke patients to the first 3 to 4 weeks poststroke in rats,
which is the typical period for reaching a plateau stage of
motor recovery in these species, respectively.'>

Success rate is the most commonly used outcome param-
eter to quantify functional deficits from a skilled reaching
test. In rodent studies, success rates are typically calculated
as the number of successful reaches divided by the number
of trials, multiplied by 100%.? In the current study, we also
applied an adapted success percentage score, defined as the
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Figure 3. Movement (sub)element scores for patients (A) and rats (B) at different time points after stroke. Each bar represents the
mean = SD; non-colored elements, displayed as black-white blocked bars, are rat-specific elements; 0 = movement is present/normal;
0.5 = movement is present but incomplete; | = no movement; *Significant difference (P < .05).

number of rats that could completely execute at least one
successful reach, divided by the total number of rats, and
multiplied by 100%, which was identical to the scoring

system for the stroke patients. Success percentages for both
humans and rats showed poststroke impairment in skilled
reaching. The scores for human patients reflected more
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Figure 4. Relative sum scores (normalized to the maximum
score of that particular test) from skilled reaching (SR),
ARAT, and FM-UE assessments of stroke patients over time.
Skilled reaching scores were reversed (ie, higher scores
representing better performance) for comparison with the
FM-UE and ARAT scores. Error bars represent standard error
of the mean.

Table 3. Pearson’s Correlations Between Patients’ Skilled
Reaching, ARAT, and FM-UE Sum Scores at Different Time
Points After Stroke.

Skilled reaching

2-3 weeks 6 weeks 9 weeks I11-15 weeks
ARAT .647% .888* 871* .963*
FM-UE TN7* 917* 1 1* .966*
Abbreviations: ARAT, Action Research Arm Test; FM-UE, Fugl-Meyer
Upper Extremity.
*P < ,05.

severe initial deficits, but a larger degree of subsequent
recovery, as compared to the poststroke rats. This may be
explained by differences in stroke severity and phase
between the stroke patients and our rat stroke model, as
further outlined below. In addition, humans had to grasp a
smaller food item relative to hand size in comparison to
rats, which may have made the task more challenging.
While rats apply similar grasp patterns (whole paw grasp)
for small and large food items, humans use pincer grasp for
small items and precision grasp for larger items.!? Of note,
variation in baseline skilled reaching abilities, which, for
example, has been observed between different rat strains,
may also contribute to differences in recovery patterns.'®
Previous studies in rat models of stroke have shown that
skilled reaching success rates may not expose remaining
motor deficits, 23133 which may be better assessed by anal-
ysis of the skilled reaching movement elements. The move-
ments that articulate skilled reaching displayed similar

recovery patterns between humans and rats. This finding
emphasizes the translational value of skilled reaching test-
ing for preclinical and clinical research on stroke recovery.
At the early subacute stage poststroke, muscle flaccidity
could be observed in both species, which contributes to
complications in the voluntary execution of movement ele-
ments, such as lift and advance. Body postural compensa-
tion, with stronger reliance on proximal muscles, was
observed, and related functions, for example, lift, were less
affected or showed rapid recovery. In human stroke patients,
functional recovery of the distal muscles in the lower arm,
responsible for pronation, grasp, and release, showed no
(release B) or delayed improvement (pronation C and grasp
B) in the late subacute phase poststroke. Correspondingly,
in rats proximal movement elements (ie, limb lift, digits
semi-flex, and aim) were less affected at the first subacute
measurement, while distal movement elements (ie, supina-
tion, release) and particularly digit motor control (ie, digits
open) still improved toward late subacute stages. These
findings are in line with results from other studies that
described recovery of proximal joint movements preceding
recovery of distal movements, suggesting differences in
neural substrates for paretic upper limb recovery.?>*** In
our study, the relative infarct size in rats was within the
range of relative infarct sizes in stroke patients. Hemispheric
infarct volume was about 3% in rats and ranged between
0.1% and 26% in humans. However, in contrast to the vari-
ety in lesion location in patients, the stroke lesion in rats
was confined to the sensorimotor cortex, leaving a large
part of the sensorimotor system intact. This may have facili-
tated the progression of recovery. Nevertheless, several
movement elements (eg, partial rotation) remained impaired
at the final measurement poststroke, consistent with an ear-
lier study in the same rodent stroke model.”® Delayed or
incomplete recovery of these movement elements could be
a consequence of infarction to a relatively large part of the
motor cortex.>>¥” This contrasts with other commonly used
behavioral measures of sensorimotor function (eg, forelimb
or hindlimb placing ability) that often show complete recov-
ery within 2 to 4 weeks after stroke, which emphasizes the
sensitivity of the skilled reaching test.

The human stroke patients in our study, who had varying
infarct locations, also showed significant persistence of
upper limb impairment in the first 3 months poststroke,
which is in accordance with previous studies.>**® The per-
sistence of impairment in human and rat skilled reaching
movements suggests that some recovery could have been
achieved through use of compensatory strategies.

Relation Between Skilled Reaching Performance
and Clinical Outcome Measures

Our study showed strong positive correlations between the
normalized sum scores of skilled reaching and clinical
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outcome measures from the ARAT and FM-UE assessment
at each of the time points during the first 3 months post-
stroke. The 3 tests share measurement of reach and lift com-
ponents, and a lower level of impairment on these elements
will be reflected in better (functional) performance across a
broad range of movements.*'*? In addition, the design of
the motor section of the FM-UE assessment is based on
synergies, that is, systematic coupling across different joints
or a fixed pattern of co-activation of muscles, of which dis-
ruptions result in reaching deficits.*'** Importantly, because
there are no equivalents of the ARAT or FM-UE assessment
for rodents, the correlation between skilled reaching perfor-
mance and these clinical outcome measures highlight the
significance of skilled reaching assessment in the alignment
of preclinical and clinical stroke research.

Consistent with previous research, skilled reaching
scores and clinical outcome scores improved significantly
over the 3-month period poststroke.!' The largest improve-
ments were seen in the first 5 to 6 weeks poststroke. In
general, spontaneous neurological recovery progresses
fastest in the first months poststroke, after which recovery
levels off and reaches a plateau after 3 to 6 months.**
Interestingly, the ARAT total scores were significantly dif-
ferent from the skilled reaching total scores. The ARAT,
which assesses activity limitation, presented lower normal-
ized baseline scores compared to the skilled reaching and
FM-UE tests. Features of the measures, such as the repre-
sentation of specific parts of the upper limb within the indi-
vidual measures, may underlie the differences in scores. In
the ARAT, 16% of the total score is obtained from assess-
ment of gross arm movements (ie, placement of hand behind
head, on top of head, and to the mouth), while the majority
of the score is based on movements that require some form
of (finer) hand and digit motor control. Fine motor control
involves motor coordination, speed of movement, and force
scaling.*® In contrast, in skilled reaching testing the first
relatively gross movement elements (orient, lift, advance,
and pronation) make up 57% of the total score, whereas
grasp, which requires fine hand and digit motor control,
constitutes 43% of the total score.'®*” Our findings demon-
strate that motor recovery follows a proximal-distal princi-
ple, which is in agreement with Twitchell and Brunnstrom’s
concept of sequential return of motor function in the hemi-
plegic stroke patient, where hand and digit motor control
recover at later stages.”? The underrepresentation of distal
fine motor function may explain the higher scores on the
FM-UE and skilled reaching tests as compared with the
ARAT scores in the subacute period poststroke.

One of the strengths of the skilled reaching task is its
ability to allow for distinction between compensation and
recovery.!® This is in contrast with the ARAT, which is a
performance-based measure focused on task accomplish-
ment, with little regard for how the task is accomplished.
The ARAT therefore precludes distinguishing between true

motor recovery and compensatory movement strategies.
The FM-UE assessment is largely immune to compensation
and can be valuable for monitoring true recovery of motor
functions. However, the FM-UE test is infrequently used
today in clinical practice, as it is a time-consuming measure
to administer.*!

In the past 40 years, clinical priority shifted away from
impairment-oriented training toward training of activities of
daily living with functional tasks, since relearning normal
patterns of movement did not inevitably generalize to activ-
ities of daily living.*'*** Our current findings suggest that
restoration of motor function is still feasible up to at least 3
months poststroke. This implies that impairment-oriented
training could still be relevant in motor rehabilitation, and
underscores the significance of incorporating measures at
the impairment level to distinguish between true motor
recovery and compensation after stroke in (pre)clinical
research and in clinical practice.

Limitations

Although our study enabled direct translation of poststroke
skilled reaching performance assessments between rats and
humans after stroke, there were some limitations. First, we
could not consider the impact of handedness on outcome
measures, since only 2 patients had an affected dominant
upper limb. While rats were trained to use their dominant/
preferred forelimb to reach for the target, humans were
instructed to use their affected limb, which was not always
the dominant one. Second, we did not assess other factors,
such as vision, olfaction, fatigue, or self-efficacy, which
may have contributed to reach-to-eat performance in rats
and patients. Third, no kinematic assessment was per-
formed, which could have improved the sensitivity to cap-
ture subtle movement qualities and compensatory motions.*’
Fourth, patients and rats in our study were subjects in ongo-
ing clinical and preclinical trials, respectively, in which the
effect of rTMS on motor recovery is investigated. The inter-
vention may have impacted the recovery profiles.

Conclusions

This study shows that skilled reaching performance
improves significantly over time in humans and rats recov-
ering from stroke. Both species showed muscle flaccidity in
the early subacute phase, early recovery of proximal move-
ments, and a delayed motor recovery of distal muscles in
the lower arm/forelimb. The recovery of skilled reaching
performance in human stroke patients strongly resembled
the recovery patterns of commonly used clinical outcome
measures from the ARAT and FM-UE assessment, which
underlines the translational significance of the skilled
reaching task in preclinical research. Furthermore, skilled
reaching assessment can serve as a complementary tool to
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distinguish between recovery and compensation in clinical
care.
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