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Lesion size and location affect the magnitude of impairment and recovery following stroke, but the precise relationship
between these variables and functional outcome is unknown. Herein, we systematically varied the size of strokes in motor
cortex and surrounding regions to assess effects on impairment and recovery of function. Female Sprague Dawley rats
(N= 64) were evaluated for skilled reaching, spontaneous limb use, and limb placement over a 7 week period after stroke.
Exploration and reaching were also tested in a free ranging, more naturalistic, environment. MRI voxel-based analysis of
injury volume and its likelihood of including the caudal forelimb area (CFA), rostral forelimb area (RFA), hindlimb (HL) cor-
tex (based on intracranial microstimulation), or their bordering regions were related to both impairment and recovery.
Severity of impairment on each task was best predicted by injury in unique regions: impaired reaching, by damage in voxels
encompassing CFA/RFA; hindlimb placement, by damage in HL; and spontaneous forelimb use, by damage in CFA. An
entirely different set of voxels predicted recovery of function: damage lateral to RFA reduced recovery of reaching, damage
medial to HL reduced recovery of hindlimb placing, and damage lateral to CFA reduced recovery of spontaneous limb use.
Precise lesion location is an important, but heretofore relatively neglected, prognostic factor in both preclinical and clinical
stroke studies, especially those using region-specific therapies, such as transcranial magnetic stimulation.
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Significance Statement

By estimating lesion location relative to cortical motor representations, we established the relationship between individualized
lesion location, and functional impairment and recovery in reaching/grasping, spontaneous limb use, and hindlimb placement
during walking. We confirmed that stroke results in impairments to specific motor domains linked to the damaged cortical
subregion and that damage encroaching on adjacent regions reduces the ability to recover from initial lesion-induced impair-
ments. Each motor domain encompasses unique brain regions that are most associated with recovery and likely represent tar-
gets where beneficial reorganization is taking place. Future clinical trials should use individualized therapies (e.g.,
transcranial magnetic stimulation, intracerebral stem/progenitor cells) that consider precise lesion location and the specific
functional impairments of each subject since these variables can markedly affect therapeutic efficacy.

Introduction
The ability to predict patients’ potential for poststroke recovery
is of utmost importance for developing more effective,

individualized therapies (Boyd et al., 2017; Stinear et al., 2017).
Research in this area suggests that poststroke “biomarkers” could
reveal an individual patient’s propensity for recovery. For exam-
ple, early motor impairment (Prabhakaran et al., 2008; Krakauer
and Marshall, 2015; Winters et al., 2015), structural and neuro-
physiological biomarkers, such as integrity of the corticospinal
tract, and presence of motor evoked potentials, have been used
successfully to predict outcome in subpopulations of stroke
patients (Byblow et al., 2015; Feng et al., 2015). However, no sin-
gle outcome measure reliably predicts recovery in all patients (B.
Kim and Winstein, 2017). Instead, combining different bio-
markers better predicts recovery across a larger spectrum of
stroke patients. Accordingly, Stinear et al. (2012) first developed
the Predict Recovery Potential algorithm based on clinical and
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neurologic outcomes. More recently, the Predict Recovery
Potential 2 algorithm has shown improved accuracy, predicting
3 month recovery in ;75% of patients (Stinear et al., 2017).
However, clinical studies have several shortcomings, including
an inability to directly gauge the influence of rehabilitation on re-
covery (Stinear et al., 2020). For example, while some meta-anal-
yses have hinted at a dose-response effect of rehabilitation on
recovery (Lohse et al., 2014; Lang et al., 2015), the evidence is not
compelling (Winstein et al., 2016; Krakauer and Carmichael,
2017; Bernhardt et al., 2019; Dalton et al., 2019; Stinear et al.,
2020). Furthermore, previous biomarker studies include rela-
tively few severely impaired patients (Winters et al., 2015; Stinear
et al., 2017), potentially limiting generalization of the findings to
this important population.

We previously addressed these issues in a large cohort of rats
with strokes in different brain regions that included many ani-
mals with severe impairments on a skilled reaching task (Jeffers
et al., 2018a,b). As in human studies, the initial skilled reaching
impairments predicted the final level of recovery, but only in a
subpopulation of animals. We then developed an algorithm
based on animals’ initial impairment, infarct size, and whether
they received an effective dose of rehabilitation. This combina-
tion of biomarkers more accurately predicted final outcome than
initial impairment alone, including animals with profound
impairments (Jeffers et al., 2018b). In a subsequent rodent study,
the extent of poststroke impairment and recovery varied in rela-
tion to both cortical versus subcortical lesion location and the
functional domain assessed (Karthikeyan et al., 2019), suggesting
that lesion location may influence the level of recovery. In
humans, both lesion location and volume have been shown to
affect recovery (Chen et al., 2000), but volume, without consider-
ation for location, is a relatively poor predictor of recovery
(Chen et al., 2000; Page et al., 2013). In contrast, others have
reported that location of stroke is not related to long-term out-
come (Dromerick and Reding, 1995; Hayward et al., 2017). Such
inconsistency is not surprising given that most clinical studies
classify lesion location without regard to important functional
subdivisions within brain regions (Dromerick and Reding, 1995;
Edwardson et al., 2017; Hayward et al., 2017; Harvey et al.,
2018). In a recent international consensus paper (Boyd et al.,
2017), the authors recommended that investigating lesion loca-
tion as a potential biomarker of stroke recovery should be a
research priority. In the present study, we systematically varied
lesion size, and then precisely mapped lesion location relative to
the hindlimb (HL), caudal forelimb (CFA), and rostral forelimb
(RFA) motor areas in a rat model of stroke. We examined rela-
tionships between lesion location, impairments, and subsequent
recovery of different motor domains, including reaching/grasp-
ing, spontaneous forelimb use, limb placement and balance, and
general activity in a seminaturalistic environment.

As expected, impairments in specific motor domains were
linked to the cortical subregion damaged. However, depending
on the specific task, damage to spatially unique regions of peri-
infarct cortex reduced the ability to recover. Our results suggest
that lesion location, a relatively neglected prognostic biomarker,
is an important predictor of poststroke recovery that should be
considered in the design of new therapeutic approaches that tar-
get brain plasticity, such as transcranial magnetic stimulation.

Materials and Methods
Experimental design
Female Sprague Dawley rats (N= 64, Charles River) weighing 200-225 g
on arrival were trained and tested on a battery of motor tasks under 12/

12 h reverse day/night conditions and randomly assigned to stroke
(n= 44) or sham groups (n= 20). Females were used because, with the
prolonged poststroke testing period, male rats tend to outgrow the size
of several behavioral testing chambers. Photothrombosis was used to
create lesions of varying size and location around the CFA, RFA, and HL
motor areas. Lesion size and location were quantified from T2-weighted
MRI stacks, and motor performance was assessed 1 week before stroke
and 1, 3, 5, and 7weeks after stroke (Fig. 1). These measures have previ-
ously been shown to strongly correlate with lesion volumes acquired
using histologic reconstruction (Peeling et al., 2001). Multiple linear
regressions were used to relate the size and location of brain injury to
the corresponding behavioral impairments. All experimental procedures
were approved by the institutional animal care committee of the
University of Ottawa and comply with guidelines set by the Canadian
Council of Animal Care.

Stroke induction
Strokes of varying size were generated using cold-light photothrombosis
and a range of aluminum foil illumination apertures with the following
dimensions: 2.5� 2.5 mm (n= 9), 3.0� 5.0 mm (n=11), 5.0� 7.5 mm
(n= 12), and a 10.0 mm circular diameter (n=12; no aperture). Briefly,
rats were anesthetized using isoflurane (4% induction, 2% maintenance,
in 100% O2 given at 1.6 L/min) and received a midline scalp incision.
Illumination apertures were aligned to bregma and the midline of the
skull, with the light source placed over the skull at 2.3 mm anterior and
62.5 mm lateral to bregma. Individual differences in the vascular topog-
raphy led to natural variance in the exact area damaged by the proce-
dure. The hemisphere contralateral to each rat’s dominant paw in the
staircase task (preferred paw) was selected for stroke induction. Rats
were injected with 20mg/kg Rose Bengal in a 0.9% NaCl solution via the
tail vein. Two minutes after Rose Bengal injection, the light (Intralux
5100, Harvard Apparatus) was turned on for 10min, illuminating the
brain through the intact skull and generating a unilateral focal lesion.
Following incision closure, 0.2 ml of bupivacaine was applied along the
sutures as a topical analgesic. The sham group received a control injec-
tion of 0.9% NaCl and underwent the same lesion induction procedures
as the stroke group.

Infarct quantification
Forty-eight hours following surgery, MRI scans were used to confirm
presence of stroke and quantify infarct volume and location relative to
the CFA, RFA, and HL motor representations. Infarct volume measured
at this time is strongly correlated with final infarct volume from histo-
logic assessment (Biernaskie et al., 2001; Karthikeyan et al., 2019). Rats
were anesthetized using isoflurane (4% induction, 2% maintenance, 1.6
L/min O2) and moved into the MRI bore (7T General Electric/Agilent
MR901 small-animal scanner). T2-weighted structural images were
obtained using the following parameters: 21 coronal slices; slice
thickness = 800mm; in-plane resolution= 132.8mm; echo train = 8; echo
time= 27ms; scan time= 5min. MRI stacks were analyzed using ImageJ
(National Institute of Health) to verify that infarcts were present follow-
ing surgery. No lesion was observable in 3 rats using the 2.5� 2.5 mm
and 1 rat using the 3.0� 5.0 mm aperture. Additionally, no significant
decrease in performance on any behavioral task was observed from the
prestroke to 1 week poststroke time points in these rats. Consequently,
they were reassigned to the sham group, resulting in the final number of
animals per group previously described.

An experimenter experienced in infarct volume segmentation and
blind to illumination aperture size manually delineated the infarcted

Figure 1. Experimental timeline. All time points are shown as weeks relative to photo-
thrombosis surgery.
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tissue in each section based on visual identification of the high-contrast
area of the cortex. The workflow for this segmentation was assisted using
a custom ImageJ script, but the segmentation itself was manually deter-
mined by the experimenter (see Extended Data Fig. 2-1). This script was
used to determine the voxelwise location and volume of infarcted tissue
within each animal (Fig. 2). Briefly, a stack of MRI images for each ani-
mal was imported into ImageJ and viewed in the coronal plane. The ex-
perimenter used the midline of the brain as a reference point to rotate
each stack into the correct coronal orientation and identified the poste-
rior-most section where the anterior commissure crossed the midline.
The voxel in the center of the anterior commissure in this section was
manually selected, and the stack was transposed so that this voxel was
centered in the image space and designated as the origin voxel (0, 0, 0)
for purposes of determining the relative location of all other voxels in
right-anterior-superior orientation. This anterior commissure coordi-
nate also corresponds to the commonly used bregma skull landmark in
the rat (Papp et al., 2014). The experimenter was then sequentially pre-
sented with each image in the stack and instructed to delineate the
infarct boundary using the polygon tool in ImageJ (Fig. 2A). Voxels in
contact and within this boundary were designated as infarcted tissue,
and those outside it as noninfarcted tissue. The volume of infarcted vox-
els and their position relative to the origin voxel provided a three-dimen-
sional, whole-brain, representation of infarct size and location in each
animal (Fig. 2B,C). For alignment of the lesion with the motor maps (see
below; Fig. 2D), this three-dimensional representation was reduced to a
two-dimensional lesion map in the horizontal plane by summing the
infarcted voxels along the superior-inferior axis for each given antero-
posterior/right-left coordinate.

Behavior testing
Staircase. The staircase reaching task was used as a test of fine motor

dexterity (Montoya et al., 1991). Each side of the staircase contained 7
wells with three food reward pellets each (5TUL, TestDiet). Rats were
food-restricted (14 g/rat/day) the day before testing to encourage reach-
ing. Each training/testing day consisted of two, 15 min trials separated
by 4 h. Rats were trained on the staircase for 10 consecutive days, with
the last 2 d used as the prestroke data. Poststroke testing consisted of 3 d
of consecutive testing with the final 2 d of data used to represent each
time point.

Cylinder. An open transparent Plexiglas cylinder (diameter: 20 cm;
height: 30 cm) was placed on a plastic support with a camera to record
from below (Schallert et al., 2000). This test detects asymmetries in spon-
taneous limb use following stroke as the animals rear to explore the envi-
ronment. As such, it provides a measure of whether the animals actually
use the impaired limb in a seminaturalistic setting or instead compensate
by relying on the unimpaired limb (Corbett et al., 2017; Balkaya et al.,
2018). Rats were recorded until they had reared and touched the cylinder
wall with a forelimb 20 times. The number of times the subject sup-
ported its body weight using the left paw, right paw, or bilaterally was
quantified from slow-motion replay of each session. The results were
used to calculate the relative impaired paw usage in the cylinder as a ra-
tio using the following equation:

Ratio ¼ contralateral1 1=2bilateral
total

Where contralateral is the number of times the rat used the impaired
paw to contact the cylinder wall, bilateral is the number of times the rat
used both paws simultaneously for wall contact, and total is the total
number of times the rat contacted the cylinder wall with a paw during
rearing.

Beam. A tapered beam (90 cm length � (5.3 cm – 0.5 cm width))
with 1.0 cm ledge and a black goal box situated at the narrow end of the
beam was used to quantify paw placement accuracy during walking
(Schallert et al., 2002). This test is sensitive at detecting impairments in
limb placement, especially of the hindlimb, and balance (Corbett et al.,
2017; Balkaya et al., 2018). Each test period consisted of four trials per
rat that were filmed using a wide-angle camera. Each trial was scored
from slow-motion replay of recorded videos by counting the number of

steps taken and number of foot faults where the rat stepped down to the
lower ledge of the beam. The percentage of successful steps for each limb
were individually calculated as follows:

%Success ¼ total number of steps� total number of errors
total number of steps

� 100%

Where the total number of errors is the sum of errors across all four
trials for the time point, and total number of steps is the sum of steps
across all four trials for the time point.

Quantification of spontaneous activities, socialization, and limb use.
General activity, socialization, and spontaneous limb use were measured
in a free-ranging environment consisting of a custom-designed series of

Figure 2. A, Example T2-weighted MRI coronal slice from the slice 2.4 mm anterior to
bregma in animals with the maximum (155.5 mm3), closest to the mean (68.9 mm3), and
minimum (5.7 mm3) infarct volumes, respectively. B, Total infarct volumes of all animals
that received strokes. Mean infarct volume6 SD was 70.66 46.6 mm3. C, Anteroposterior
distribution of infarct volume relative to bregma. Black line indicates the mean infarct vol-
ume at a given coordinate. Gray dots represent the infarct volumes of individual animals at a
given AP coordinate. D, Longitudinal-plane heat map showing mean distribution of infarct
location within the stroke group. Black outlines in the left, middle, and right of the image
indicate position of the coherence region of the HL, CFA, and RFA, respectively. These boun-
daries were determined by ICMS mapping in age-, sex-, and strain-matched rats. Infarct loca-
tion in all animals was centered on these motor regions. The brightness of each square
represents the mean infarct volume across all animals with stroke within the DV column of
injury at a given AP and ML coordinate. A-D, N= 44. ImageJ script for assessing infarct vol-
ume and location can be found in Extended Data Figure 2-1.
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four connected PhenoTyper (Noldus Information Technology) cages
(Fig. 3). These PhenoTypers were arranged so that pairs of rats were sep-
arately able to explore two cages (Cage 11 2, Cage 31 4), while still able
to maintain social contact with their cage-mate in the “social zone.”
Each rat had access to standard rodent chow, water, two infrared-trans-
mitting shelters, and a pellet tray. The pellet tray was placed on the exte-
rior of the cages in which the rat could gain access to pellets by reaching
through one of two slits. Each slit only allowed the use of either the right
or the left limb, allowing quantification of the spontaneous use of each
limb throughout the task period. Each pellet tray had two wells that held
4.0 g of pellets each. Cages contained Regular Texture Pelleted
PAPERCHIP (Sheppard Specialty Papers) as bedding that also helped to
absorb the IR lighting and improve detection of each animal. Cage-
mates were placed into their respective cages in the PhenoTyper where

activities were tracked using EthovisionXT (Noldus Information
Technology) for a 1 h period at each behavioral test point. Pellet con-
sumption with each limb, the proportion of time spent in each zone of in-
terest, and total distance traveled by each animal were quantified using
this software. Only the subgroup of rats that received the 10.0 mm circular
diameter lesion type were analyzed in this task (sham=12, stroke=12).

Death and collection
Rats were killed at week 8 after surgery by intraperitoneal injection of
Euthanyl (1.0 ml, 65mg/ml). Death was confirmed by cardiac perfusion
with heparinized saline (20 ml/minute) for 5min followed by 4% PFA
(20 ml/minute) for 5min. Rats were decapitated using a rodent guillo-
tine and their heads placed in 4% PFA. Twenty-four hours after death,
brains were removed from skulls and placed 4% PFA.

Figure 3. A, Top-down view of the full PhenoTyper arena. Roof-mounted infrared cameras allowed tracking of rat position across the ROIs shown in the legend. Rats were placed into the
PhenoTyper in pairs, with 1 rat able to access Cage 1 and Cage 2 via the transfer tube, and its cage-mate able to access Cage 3 and Cage 4 via a similar tube. Cage-mates could interact with
each other via the tube in Social Zones 1 and 2 but could not cross into each other’s cage due to wire bars slotted through the social tube. B, Side view of each of the PhenoTyper walls. A
recessed tray on the outside of the cage allowed spontaneous limb use to obtain food rewards. Interior walls limited rats to reaching for the right-hand tray with their right paw, and the left-
hand tray with their left paw, so that use of the impaired and nonimpaired limbs could be determined.
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Composite motor map of female Sprague Dawley rats
To evaluate the location of the lesions in relation to movement represen-
tations in the motor cortex, we coregistered the location of voxels
affected by the lesion in the MRI data with a “composite motor map”
based on intracortical microstimulation (ICMS) data collected in naive-,
age-, and sex-matched, Sprague Dawley rats (N=16). Mapping experi-
ments were conducted as previously described (Dancause et al., 2008;
Deffeyes et al., 2015; Dea et al., 2016) to cumulate 10 motor maps of
RFA, CFA, and HL. For each animal, anesthesia was induced with an ini-
tial intraperitoneal injection of 80mg/kg of ketamine hydrochloride
(Ketaset; Pfizer) and maintained during the surgical procedures with 2%
isoflurane (Furane; Baxter) in 100% oxygen. Animals received injections
of dexamethasone (1mg/kg, i.m.) to reduce inflammation and saline (5
ml/kg/h, s.c.) to maintain hydration over the experimental procedure.
Animal body temperature was maintained near 36.5°C throughout the
surgery with a homeothermic blanket (Harvard Apparatus). A craniot-
omy and durectomy were performed to expose the representations of
the motor cortex. The opening was covered with mineral oil to protect
the cortex. An incision of the cisterna magna was made to drain

cerebrospinal fluid to lower intracranial pressure and reopened as
needed when cerebral swelling was observed. After the surgical proce-
dures, the anesthesia was turned off and the animals transitioned to keta-
mine sedation (3-5mg/kg/10min; intraperitoneal) for the collection of
physiological data.

A high-resolution digital photograph of the cortex was used to record
the locations of electrode penetrations with an image-processing soft-
ware (Canvas, version 11; ACD Systems). The picture included bregma
and a small ruler to allow the alignment of motor maps across animals
and ensure consistent scaling. ICMS mapping was conducted using an
interpenetration distance of ;333mm. At each cortical penetration site,
a glass-insulated tungsten microelectrode (;500 kV) was lowered into
the cortex to a depth of 1500-1600mm to target layer V neurons. A stim-
ulation train consisted of 13 monophasic square pulses (0.2ms duration;
3.3ms interpulse interval), and trains were delivered at 1Hz from an
electrically isolated, constant current stimulator (BAK Electronics).
Stimulation intensity was progressively increased, and the movement
evoked at threshold current intensity (the current at which movements
were evoked by 50% of the stimulation trains) was identified and used

Figure 4. A, Staircase task. The rat must reach downward to grasp and retrieve pellets that are increasingly more distant from the animal as the step decreases. B, Mean performance (black
lines) of rats with stroke was significantly worse than shams at all times after stroke. C, D, Initial poststroke impairment (pellet retrieval at week 1) was best predicted by the sum of damage
to the CFA and RFA (highlighted red). E, F, In contrast, the adjacent region lateral to RFA was the best predictor of pellet retrieval at week 7. Full regression parameters are shown in Table 1.
N= 64 (sham= 20, stroke = 44). *p, 0.05.
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for subsequent analyses. Movements were categorized as forelimb, hind-
limb, neck, vibrissae, or mouth (jaw or tongue movements). If no move-
ment was evoked at a maximum current intensity of 100 mA, the site
was defined as unresponsive.

Custom-made MATLAB codes (MathWorks) were used for ICMS
map analyses. First, motor maps of individual control animals were
reconstructed using an algorithm that expanded the specific color
assigned to the response type (i.e., CFA, RFA, HL, trunk, vibrissae, or no
response) from each electrode penetration site on the map to neighbor-
ing pixels using nearest-neighbor interpolation until all pixels were
assigned a color (Touvykine et al., 2016). Pixelated reconstructions were
then transformed into vector images and scaled to the calibration ruler
placed on the top of brain during ICMS data collection. Using bregma as
the origin (0, 0), each vector-based ICMS map was rotated so that the
midline of the skull was aligned with the x axis (horizontal axis of the
classical Cartesian plane) oriented in the same way as in Figure 2D.
Vector-based images were converted back to pixel image (pixel size:
0.1328 mm AP � 0.1328 mm ML) to match the ML resolution of the
MRI scan. Then, to match the AP resolution of MRI scans (pixel size: 0.8
mm AP� 0.1328 mmML), the pixelated ICMS maps were downsampled
in the AP axis using linear interpolation. Downsampled ICMS maps of all
animals were combined and superimposed on top of each other to reveal
the cortical regions from which movements were consistently evoked
across multiple rats. The zone with maximal overlap included all 10 rats
for the CFA, 8 of 10 rats for the HL, and 6 of the 10 rats for RFA. For sub-
sequent analyses, cortical territory consistently evoking movements in
�50% of the maximal overlap was defined as “region of coherence” for
each motor representation. Accordingly, the region of coherence corre-
sponds to cortical territory that consistently evoked movements in�5 ani-
mals for CFA (surface area, 4.99 mm2) and �4 animals for HL (3.51
mm2), and in �3 animals for RFA (1.49 mm2). The cortex was further
arbitrarily subdivided into 6 ROIs around the regions of coherence: medial
to RFA (surface area: 9.03 mm2), lateral to RFA (12.43 mm2), medial to
CFA (8.60 mm2), lateral to CFA (8.82 mm2), medial to HL (9.88 mm2),

and lateral to HL (15.93 mm2). The resulting composite ICMS map and
infarct map from the MRI with matching pixel resolutions were aligned
using the origin pixels of the MRI lesion in the horizontal plane (posterior
point of anterior commissure=0, 0) and the composite ICMS map in the
horizontal plane (bregma=0, 0). The infarct volume of each pixel within
regions of coherence of CFA, RFA, HL, as well as each adjacent subregion
of interest was calculated from the aligned horizontal plane infarct map
(Fig. 2D). Infarct volumes of all pixels within a given subregion were
summed to provide a total subregional infarct volume that was used for
regression modeling to relate injury location to impairment and recovery
on the motor tasks previously described.

Statistical analysis
All analyses were conducted for the limb contralateral to the injured
hemisphere (i.e., the impaired limb). Analysis of behavioral data used
repeated-measures ANOVA with time (across weeks for all analyses)
and zone (for only the PhenoTyper analysis) as within-subject variables
and group (stroke vs sham) as a between-subject variable. The
Greenhouse-Geisser correction was applied when assumptions of sphe-
ricity were violated. Sidak-corrected t tests were used for post hoc analy-
sis with a = 0.05 used to define all statistically significant differences.
Multiple linear regressions were used to predict individual animal per-
formance at week 1 (initial impairment) and week 7 (performance with
spontaneous recovery) after stroke based on the size and location of each
animal’s brain lesion. As described in the previous section, infarct vol-
umes within each subregion of the composite motor map were entered
as predictor variables for linear regressions (total infarct volume and
infarct volume in the following subregions: medial to HL, lateral to HL,
HL, medial to CFA, lateral to CFA, CFA, medial to RFA, lateral to RFA,
RFA; entry criterion: p� 0.05; removal criterion: p� 0.10). Performance
in each of the motor behaviors (staircase, cylinder, beam forelimb, beam
hindlimb, pellet retrieval in PhenoTyper) was used as the determinants
in the regression model. All analyses were conducted using SPSS
Statistics version 25 (IBM). All data are presented as group mean6 SE.

Table 1. Regions of brain injury that most significantly predict performance for all behavioral tasksa

Determinant Predictors

Unstandardized
coefficients

R Adjusted R2 pb SE

Staircase: impaired limb pellets retrieved (week 1) (Constant) 19.972 1.110 0.784 0.595 ,0.001
CFA �0.382 0.104
RFA �0.755 0.285

Staircase: impaired limb pellets retrieved (week 7) (Constant) 20.773 1.003 0.849 0.707 ,0.001
Lateral to RFA �0.362 0.079
CFA �0.305 0.091

Cylinder: impaired limb usage (week 1) (Constant) 0.516 0.038 0.591 0.334 ,0.001
CFA �0.012 0.003

Cylinder: impaired limb usage (week 7) (Constant) 0.542 0.031 0.562 0.299 ,0.001
Lateral to CFA �0.012 0.003

Beam forelimb: % of successful steps (week 1) (Constant) 0.983 0.024 0.393 0.134 0.008
CFA �0.005 0.002

Beam forelimb: % of successful steps (week 7) (Constant) 0.977 0.012 0.488 0.220 0.001
Lateral to CFA �0.004 0.001

Beam hindlimb: % of successful steps (week 1) (Constant) 0.928 0.023 0.550 0.286 ,0.001
HL �0.013 0.003

Beam hindlimb: % of successful steps (week 1) (Constant) 0.905 0.013 0.516 0.249 ,0.001
Medial to HL �0.011 0.003

% time in impaired pellet zone (week 1) (Constant) 16.517 2.268 0.696 0.433 0.012
CFA �0.703 0.229

% time in impaired pellet zone (week 7) (Constant) 20.774 4.397 0.677 0.404 0.016
RFA �2.593 0.892

Pellets remaining in impaired pellet zone (week 1) (Constant) 1.970 0.423 0.712 0.457 0.009
CFA 0.137 0.043

Pellets remaining in impaired pellet zone (week 7) (Constant) 0.873 0.667 0.764 0.542 0.004
RFA 0.507 0.135

a All predictors represent the sum of infarct volume within a specific subregion. The unit for each determinant is task-specific and shown in its corresponding figure. For bivariate correlations between each behavior and all
ROIs, see Table 2.
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Results
Infarct volume and location
The cold light photothrombosis procedure created a lesion in
;92% of subjects (n= 44 of 48). The use of multiple light aper-
tures to restrict lesion size resulted in an even distribution of
small to large infarcts (5.7-155.5 mm3) with a mean of
70.66 7.03 mm3 (Fig. 2A,B). The maximum range of anteropos-
terior injury across all animals was from 7.2 to �3.2 mm relative
to bregma (Fig. 2C). Injury volume was primarily centered
around RFA, CFA, and HL (Fig. 2D). The range of lesion sizes

and differential impact on forelimb, HL, and surrounding brain
regions across animals provided an excellent sample for relating
lesion characteristics to impairment and recovery on a battery of
motor outcomes and to make predictions of the behavioral
effects of stroke at the individual level (see Figs. 4–11).

Staircase
Photothrombotic stroke resulted in significant group impair-
ments in pellet grasping and retrieval in the staircase task at all
poststroke weeks (F(4,248) = 24.213, p, 0.001; Fig. 4A,B). The

Table 2. Bivariate correlations between behavioral tasks and each ROIa

ROI

Behavioral task Medial HL Lateral HL Medial CFA Lateral CFA Medial RFA Lateral RFA HL CFA RFA

Staircase: impaired limb pellets retrieved (week 1) –0.180* –0.344** –0.571† –0.721† –0.474† –0.698† –0.439*** –0.741† –0.698†

Staircase: impaired limb pellets retrieved (week 7) –0.208* –0.355** –0.672† –0.785† –0.627† –0.802† –0.442*** –0.760† –0.773†

Cylinder: impaired limb usage (week 1) –0.212* –0.465† –0.380** –0.551† –0.322** –0.438*** –0.411*** –0.591† –0.475†

Cylinder: impaired limb usage (week 7) –0.246* –0.414*** –0.471† –0.562† –0.382** –0.455*** –0.427*** –0.544† –0.538†

Beam forelimb: % of successful steps (week 1) –0.270* –0.296* –0.340** –0.350** –0.194* –0.250* –0.351** –0.393*** –0.379**
Beam forelimb: % of successful steps (week 7) –0.080* –0.335** –0.132* –0.488† –0.084* –0.389*** –0.218* –0.346** –0.321**
Beam hindlimb: % of successful steps (week 1) –0.370** –0.482† –0.357** –0.426*** –0.244* –0.312** –0.550† –0.434*** –0.260*
Beam hindlimb: % of successful steps (week 1) –0.516† –0.392*** –0.241* –0.138* –0.072* –0.083* –0.454*** –0.178* –0.071*
Pellets remaining in impaired pellet zone (week 1) 0.461* 0.620** 0.267* 0.599** 0.114* 0.441* 0.484* 0.712*** 0.396*
Pellets remaining in impaired pellet zone (week 7) 0.344* 0.437* 0.650** 0.664** 0.526* 0.731*** 0.614** 0.733*** 0.764***
a Cell values are the Pearson correlation coefficient (r) between the intersecting behavioral task and ROI.
* p. 0.05; **p, 0.05; ***p, 0.01; †p, 0.001.

Figure 5. A, Bivariate Pearson correlation coefficients (r) between staircase performance at week 1 and lesion volume within each ROI. B, Rank order of correlation coefficients from A, with
1 indicating the strongest correlation and 9 indicating the weakest correlation. C, Bivariate correlation coefficient between staircase performance at week 7 and lesion volume within each ROI.
D, Rank order of correlation coefficients from C, with the same ranking structure as previously described. A-D, The change in spatial relationship between infarct volume and staircase perform-
ance from week 1 to week 7, with infarct volume in anterior and lateral regions more strongly predicting performance at week 7 than at week 1. All correlations were significant at the
p, 0.05 level, except for the region medial to HL, at both weeks 1 and 7 (Table 2). A-D, Darker red represents stronger correlations between variables.
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mean difference in pellet retrieval between sham and stroke rats
at the poststroke time points was 5.686 0.99 pellets. Multiple
linear regression indicated that the sum of damage in both the
CFA and RFA was most predictive of staircase performance at
week 1 after stroke (R=0.784; R2adj = 0.595; p, 0.001; Tables 1,
2; Figs. 4C,D, 5A,B). In contrast, at week 7 after stroke, the sum
of damage to the CFA and the adjacent region lateral to RFA
were the subregions most predictive of pellet retrieval (R=0.849;
R2adj = 0.707; p, 0.001; Figs. 4E,F, 5C,D). At both weeks 1 and 7,
infarct volume in the predictive regions was negatively related to
task performance, meaning that greater damage in these subre-
gions was associated with reduced task performance.

Cylinder
Spontaneous use of the forelimb for exploration in the cylinder
was also significantly reduced by stroke at weeks 1, 3, and 5 after
stroke (F(4,248) = 10.819, p, 0.001; Fig. 6A,B). Mean use of the

impaired limb was reduced by 14.16 3.3% in rats with stroke
compared with sham rats at these time points. Infarct volume
within the CFA alone was the best predictor of impaired limb
usage at week 1 after stroke (R= 0.591; R2adj = 0.334; p, 0.001;
Figs. 6C,D, 7A,B), whereas the infarct volume of the region lat-
eral to the CFA was the best predictor of impaired limb usage at
week 7 (R= 0.562; R2adj = 0.299; p, 0.001; Figs. 6E,F, 7C,D).

Beam
Accuracy of paw placement during walking was assessed in both
the impaired forelimb and hindlimb using the beam-walking
task (Fig. 8A). Although impairments could be observed in some
individual rats, the overall stroke group did not show a signifi-
cant reduction in successful steps with the forelimb compared
with the sham group at any poststroke time point (F(4,248) =
1.328, p= 0.264; Fig. 8B). However, mean reductions in success-
ful hindlimb placements were observed at poststroke weeks 1, 3,

Figure 6. A, Cylinder task. Rats spontaneously rear and support their body weight using their forelimbs against the cylinder as they explore the environment. B, Mean use of the impaired
limb in the cylinder task was significantly reduced compared with sham rats at weeks 1, 3, and 5 after stroke. C, D, Impaired limb use at week 1 was best predicted by infarct volume in the
CFA subregion. E, F, However, limb use at week 7 was best predicted by infarct volume in the subregion lateral to CFA. Full regression parameters are shown in Table 1. N= 64 (sham= 20,
stroke = 44). *p, 0.05.
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and 7 (F(4,248) = 3.457, p=0.009; Fig. 8C). Rats in the stroke
group demonstrated a mean reduction of 7.26 2.6% successful
steps compared with shams at these time points. Individual per-
formance in successful placement of the forelimb at week 1 was
best predicted by the infarct volume in the CFA (R= 0.393; R2adj
= 0.134; p= 0.008; Figs. 8D, 9A,B), whereas performance with the
hindlimb was best predicted by infarct volume in HL (R=0.550;
R2adj = 0.286; p, 0.001; Figs. 8E, 9E,F). As similarly observed in
the staircase and cylinder tasks, regions adjacent to those that
predicted performance at week 1 were the best predictors of both
forelimb and hindlimb performance in the beam at week 7. In
the case of the forelimb, infarct volume in the region lateral to
CFA was the best predictor of week 7 performance (R=0.488;
R2adj = 0.220; p=0.001; Figs. 8F, 9C,D). For the hindlimb, infarct
volume in the region medial to HL was the best predictor of suc-
cessful steps on the beam at week 7 (R=0.516; R2adj = 0.249;
p, 0.001; Figs. 8G, 9G,H).

Spontaneous activity, socialization, and limb use
The PhenoTyper cage enabled analysis of locomotor activity
(distance traveled), socialization, and spontaneous use of the
forelimb for reaching and grasping in a seminaturalistic caging
environment over an extended period of time (1 h/session). This
afforded an opportunity to assess how rats engage with their
environment and whether they use their impaired limbs sponta-
neously, rather than in a task where they were trained/forced to

use it (i.e., staircase). This is an important complement to the
task-based measures (i.e., staircase, cylinder, beam), as it has
been previously shown that ability to perform a motor task does
not necessarily translate into increased use of the paretic limb
during activities of daily living (Rand and Eng, 2012). We
observed no significant difference in total distance traveled
within a session between the sham (261.96 12.2 m) and stroke
(257.46 11.7 m) groups (F(4,84) = 0.718, p=0.582). We observed
a significant group � zone interaction in the proportion of time
spent in the PhenoTyper (F(7,147) = 3.035, p= 0.005; Fig. 10A).
Post hoc analysis of this effect indicated that rats in the stroke
group spent a significantly greater proportion of time in the
PhenoTyper in the pellet tray zone than rats in the sham group
(t(22) = 4.475, p=0.047; Fig. 10B). Based on this effect, the pellet
zone accessible by using only the impaired limb was selected for
further analysis.

There was no significant difference in the amount of time
that stroke and sham groups spent in the pellet zone for the
impaired limb (F(4,84) = 1.345, p=0.260; Fig. 10C); however,
sham rats retrieved significantly more pellets than stroke rats at
weeks 5 and 7 after stroke in the PhenoTyper (F(4,84) = 3.662,
p= 0.028; Fig. 10D). Pellet retrieval in the PhenoTyper at week 1
was best predicted by infarct volume in CFA (R=0.712; R2adj =
0.457; p= 0.009; Figs. 10E,F, 11A,B), whereas pellet retrieval at
week 7 was best predicted by infarct volume in the adjacent RFA
region (R=0.764; R2adj = 0.542; p= 0.004; Figs. 10G,H, 11C,D).

Figure 7. A, Bivariate Pearson correlation coefficients (r) between cylinder performance at week 1 and lesion volume within each ROI. B, Rank order of correlation coefficients from A, with
1 indicating the strongest correlation and 9 indicating the weakest correlation. C, Bivariate correlation coefficient between cylinder performance at week 7 and lesion volume within each ROI.
D, Rank order of correlation coefficients from C, with the same ranking structure as previously described. A-D, The change in spatial relationship between infarct volume and cylinder perform-
ance from week 1 to week 7, with infarct volume in both medial and lateral regions surrounding CFA more strongly predicting performance at week 7 than at week 1. All correlations were sig-
nificant at the p, 0.05 level, except for the region medial to HL, at both weeks 1 and 7 (Table 2). A-D, Darker red represents stronger correlations between variables.
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Discussion
Lesion volume in domain-specific motor subregions best
predicts postinjury task impairment
Following photothrombotic stroke in the motor cortex, rats
exhibited impairments in several motor domains, including
skilled reaching, spontaneous forelimb use, and limb placement
during walking, that were assessed using classic rodent tasks
(Corbett et al., 2017; Balkaya et al., 2018). We also assessed unre-
stricted reaching and spontaneous activity in a free-ranging
housing environment. We observed that the degree of impair-
ment at week 1 after stroke was best predicted by the volume of
damage within domain-specific regions of the motor cortex. In
other words, each task had specific motor subregions that, when
damaged, decreased the performance on that task in a volume-
dependent manner. Damage to the CFA and RFA impaired fore-
limb function on the staircase task, whereas damage to the CFA

and HL impaired forelimb and hindlimb placing responses,
respectively, on the beam task. Furthermore, damage to the CFA
impaired spontaneous use of the impaired forelimb in the cylin-
der task, as well as the spontaneous retrieval of pellets within the
PhenoTyper. For each of these domains, impairment was posi-
tively correlated with the volume of damage to the corresponding
motor subregion. The hierarchical, region-specific representation
of motor functions within the motor cortex is an established
principle (Leyton and Sherrington, 1917; Hall and Lindholm,
1974; Barth et al., 1990), and our results are consistent with other
preclinical studies demonstrating the importance of specific
motor subregions to single behavioral tasks (Schallert et al., 2002;
S. Y. Kim and Jones, 2010; Touvykine et al., 2016). These find-
ings emphasize the importance of mapping both the size and
specific location of cortical damage when contextualizing behav-
ioral impairments after stroke.

Figure 8. A, Beam task. Rats cross the beam toward the darkened goal box and avoid stepping on the lower ledge. Successful stepping becomes more difficult following stroke as the goal
box is approached as width of the beam gradually tapers. B, Overall, the mean forelimb performance on the beam task was not significantly different between stroke and sham groups.
However, impairments in this task can still be observed on an individual animal level (gray dots). C, In contrast, hindlimb performance on the beam task was significantly impaired in stroke
rats relative to sham at weeks 1, 3, and 7 after stroke. D, Successful steps with the forelimb at week 1 after stroke were best predicted by infarct volume in the CFA, (E) whereas infarct volume
in the HL was the best predictor of hindlimb performance. F, At week 7 after stroke, successful steps with the forelimb were best predicted by infarct volume in the region lateral to CFA, (G)
while successful steps with the hindlimb were predicted by infarct volume medial to the HL. Full regression parameters are shown in Table 1. N= 64 (sham= 20, stroke = 44). *p, 0.05.
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Perilesional regions that are unique to each motor domain
influence degree of recovery from brain injury
Recovery from initial impairment at week 7 after stroke followed
a similar pattern as impairment at week 1, wherein each motor

domain corresponded to a unique topographical subregion of
the motor cortex. However, the regions involved in recovery at
week 7 were adjacent to those involved in initial impairment at
week 1. Damage to the CFA and area lateral to the RFA, which

Figure 9. A, Bivariate Pearson correlation coefficients (r) between forelimb beam performance at week 1 and lesion volume within each ROI. B, Rank order of correlation coefficients from
A, with 1 indicating the strongest correlation and 9 indicating the weakest correlation. At week 1, the correlations for HL, CFA, RFA, and the regions medial and lateral to CFA were significant
at the p, 0.05 level (Table 2). C, Bivariate correlation coefficient between forelimb beam performance at week 7 and lesion volume within each ROI. D, Rank order of correlation coefficients
from C, with the same ranking structure as previously described. At week 7, the correlations for CFA, RFA, and the regions lateral to HL, CFA, and RFA were significant at the p, 0.05 level
(Table 2). A-D, The change in spatial relationship between infarct volume and forelimb beam performance from week 1 to week 7, with infarct volume in all the regions lateral to HL, CFA, and
RFA more strongly predicting performance at week 7 than at week 1. E, Correlation between hindlimb beam performance at week 1 and lesion volume within each ROI. F, At week 1, the corre-
lations for all regions, except RFA and the region medial to RFA, were significant at the p, 0.05 level (Table 2). G, Bivariate correlation coefficient between hindlimb beam performance at
week 7 and lesion volume within each ROI. H, At week 7, only the correlations for HL and the regions both medial and lateral to HL were significant at the p, 0.05 level (Table 2). E-H, The
change in spatial relationship between infarct volume and hindlimb beam performance from week 1 to week 7, with infarct volume in the region medial to HL more strongly predicting per-
formance at week 7 than at week 1. A-H, Darker red represents stronger correlations between variables.
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Figure 10. A, Following stroke, rats spent a larger proportion of their time in the pellet reaching zones (nonimpaired1 impaired) of the PhenoTyper than sham rats. B, Mean group heat
map showing the difference in time spent in the pellet zones (indicated by yellow dashed line) between the sham and stroke groups. Brighter color represents areas where stroke rats spent
more time than sham. C, Rats with stroke did not spend significantly less time attempting to reach pellets with their impaired limb than sham rats. D, Despite this, on average, rats with stroke
had significantly more pellets remaining at the end of a PhenoTyper session than shams at weeks 5 and 7 after stroke. This indicates that, on average, shams learned to successfully reach and
grasp pellets in the PhenoTyper environment, whereas rats with stroke did not. E, F, Pellet retrieval in the PhenoTyper at week 1 was best predicted by infarct volume in CFA. G, H, Infarct vol-
ume in RFA best predicted pellet retrieval at week 7. Full regression parameters are shown in Table 1. N= 24 (sham= 12, stroke = 12). *p, 0.05.
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corresponds to mouth (jaw and tongue) motor area (Neafsey et
al., 1986), decreased functional recovery of performance in the
staircase task at week 7 after stroke. Damage to the area lateral to
the CFA, corresponding to somatosensory region of the forelimb
(Palomero-Gallagher and Zilles, 2015), impaired recovery of
forelimb placement during the beam task, whereas damage to
the area medial to the HL, related to vibrissae and frontal eye
fields regions (Neafsey et al., 1986), impaired the functional re-
covery of hindlimb placement. Increased volume of damage in
the area lateral to the CFA resulted in a decrease in recovery of
spontaneous usage of the impaired forelimb during the cylinder
task, while the volume of damage within RFA impacted recovery
of spontaneous retrieval of pellets within the PhenoTyper. In all
cases, damage that encroached on areas adjacent to the initial do-
main-specific regions reduced the ability to recover from lesion-
induced impairments. Reorganization of motor representations
in adjacent brain regions is thought to contribute to functional
recovery (Nudo and Milliken, 1996; Xerri et al., 1998; Jones and
Adkins, 2015). However, the present study suggests that each
motor domain has specific brain regions that are primarily asso-
ciated with recovery, and that reorganization of poststroke motor
functions in the undamaged cortex is highly localized. For exam-
ple, tissue rostral to the stroke may not have the same potential
for restoring function of a given motor domain as tissue located
lateral or medial to the stroke. This conclusion is congruent with
other studies in which two-stage lesions have been performed in
attempts to reinstate poststroke deficits that have recovered over
time. For example, simply enlarging the motor cortex lesion and/
or lesioning the homologous motor area in the other hemisphere
did not reinstate upper limb deficits in nonhuman primates

(Leyton and Sherrington, 1917). In contrast, McNeal et al. (2010)
showed that the recovered upper limb deficits in rhesus monkeys
following M1 lesions could be reinstated by secondary injury to
the supplementary motor area (or M2). Similar findings have
been reported following photothrombotic stroke to the RFA por-
tion of the mouse motor cortex. Single-pellet reaching was dis-
rupted by the lesion, followed by behavioral recovery. A second
stroke in the agranular medial cortex (M2 in rodents), a region
thought to be analogous to the primate’s premotor areas, rein-
stated the original deficits (Zeiler et al., 2013).

These findings have important implications as technologies for
region-specific activation/suppression of brain activity become
more readily available in clinical practice (Smith and Stinear,
2016). It may be that techniques, such as transcranial magnetic
stimulation, will need to target domain-specific brain regions
based on the lesion profile and impairments of each individual
patient to obtain benefit. Indeed, a failure to individualize treat-
ment based on lesion characteristics could contribute to failure of
clinical trials (Stinear et al., 2020).

Spontaneous activity and limb use following stroke
During inpatient hospital stays, a decrease in physical activity is
common following stroke (Bernhardt et al., 2004; West and
Bernhardt, 2012). We did not observe such a decrease; our rats
maintained activity levels similar to their sham counterparts.
This disparity may be due to differences between typical clinical
and preclinical environments. Rats in our study were exposed to
an enriched environment in which they had full autonomy to
explore and engage with the objects around them. In a hospital

Figure 11. A, Bivariate Pearson correlation coefficients (r) between pellets remaining in the PhenoTyper at week 1 and lesion volume within each ROI. B, Rank order of correlation coeffi-
cients from A, with 1 indicating the strongest correlation and 9 indicating the weakest correlation. At week 1, the correlations for CFA and the regions lateral to both CFA and HL were signifi-
cant at the p, 0.05 level (Table 2). C, Bivariate correlation coefficient between pellets remaining in the PhenoTyper at week 7 and lesion volume within each ROI. D, Rank order of correlation
coefficients from C, with the same ranking structure as previously described. At week 7, all regions, except for the region medial to RFA and both the regions medial and lateral to HL, were sig-
nificant at the p, 0.05 level (Table 2). A-D, The change in spatial relationship between infarct volume and pellets remaining in the PhenoTyper from week 1 to week 7, with infarct volume
in the regions surrounding CFA both medially and laterally, as well as RFA and the region lateral to RFA more strongly predicting performance at week 7 than at week 1. A-D, Darker red repre-
sents stronger correlations between variables.
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setting, although patients report boredom, they are encouraged
to remain in bed and rest, discouraging physical activity (Kenah
et al., 2018). Our findings in rats using the PhenoTyper task are
similar to those of Rosbergen et al. (2017), in humans, who
found that using an enriched environment promoted increased
levels of physical activity, along with associated benefits, follow-
ing stroke.

While in the PhenoTyper, the stroke rats spent more time on
average than the sham rats within the pellet reaching zone, de-
spite being relatively unsuccessful at retrieving pellets with their
impaired limb. This contrasts with the clinical literature where
the ability to use the impaired limb does not necessarily translate
into increased use of that limb in daily life (Rand and Eng, 2012).
This discrepancy highlights the fact that the rats remained highly
motivated to use their impaired limb for food rewards, and that
impairment does not necessarily lead to limb learned nonuse
(Taub et al., 2006). The brain regions associated with impaired
pellet retrieval in the PhenoTyper were consistent with those of
the staircase at both weeks 1 and 7. This finding reinforces the
conclusion that CFA and RFA are critical motor regions for
skilled reaching tasks, and that the most important areas for re-
covery appear to be those that are adjacent, in a spatially selective
manner (i.e., lateral vs medial), to the initial domain-specific site.

Lesion location and patient-specific interventions for stroke
recovery
It is evident from our study that lesion location is a critical deter-
minant of cortical reorganization and subsequent functional
recovery following stroke. However, despite the ubiquity of
reporting lesion volume within the preclinical literature, precise
infarct location is rarely considered as influencing functional
outcome (Karthikeyan et al., 2019). Clinical research has placed
greater importance on location, but analyses of location tend
to be descriptive in nature (e.g., cortical, subcortical), with rela-
tively few studies adjusting treatment parameters based on indi-
vidualized lesion characteristics (Kirton et al., 2008). Here, using
imaging methods like those that can be used clinically, we dem-
onstrate a clear relationship between lesion characteristics and
poststroke impairment and recovery, indicating that detailed
lesion assessment should be a routine element of all stroke
research. Given that preclinical research often precedes clinical
adoption, attempts should be made to standardize lesion map-
ping practices across species to maximize the likelihood of trans-
lational success (Corbett et al., 2017).

The term “perilesional” is commonly used to describe the
region surrounding the infarct and represents a potential target
of localized interventions to maximize recovery (Krakauer and
Carmichael, 2017). In preclinical studies, interventions (e.g.,
application of drugs, optogenetic stimulation) related to perile-
sional areas are common, but without regard to specific func-
tional subregions within this area or the individual functional
impairments of each animal (Alia et al., 2017; Coleman et al.,
2017). In light of the present study, we propose that this lack of
precision may be an important contributing factor to the con-
flicting results observed in clinical trials where a treatment, such
as transcranial magnetic stimulation, delivered to one specific
brain region across patients can differentially interfere with or
promote recovery (Nowak et al., 2009; McDonnell and Stinear,
2017). Instead, the targeted area in the perilesional region or con-
tralesional hemisphere should be carefully selected based on the
specific lesion profile and impairments, on a subject-by-subject
basis. This approach is beginning to emerge in clinical noninva-
sive brain stimulation studies (Di Pino et al., 2014; Boddington

and Reynolds, 2017). Similarly, delivery of other interventions,
including stem cells and rehabilitation, could be adjusted based
on knowledge of precise stroke location, level of impairment,
and other predictive variables. This more personalized approach
would not require that patients be enrolled in clinical trials based
on lesion location. Instead, the knowledge of lesion location and
the implications for recovery could help explain variability in dif-
ferential responses to treatment between individuals. It is essen-
tial that preclinical research should also move in the same
direction as clinical studies (Corbett et al., 2017), incorporating
quantification of lesion volume and location when assessing
therapies (e.g., optogenetic stimulation, stem cell transplants) to
enhance stroke recovery (Tennant et al., 2017; Wahl et al., 2017;
Jeffers et al., 2018b).

An important goal of preclinical and clinical research is the
development of poststroke biomarkers that will lead to individu-
alized stroke treatments to optimize poststroke recovery (Corbett
et al., 2015, 2017; Boyd et al., 2017; Stinear et al., 2017). To ac-
complish this, individual biomarkers, be they functional, struc-
tural, or electrophysiological, need to be evaluated for their
ability to predict long-term functional outcome. The results of
the present study suggest that precise lesion location may be one
such important prognostic factor for stroke recovery.
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