
INTRODUCTION

Stroke is the most common cause of adult death resulting from 
cardiovascular disease [1]. Cerebral ischemia is caused by restrict-
ed blood flow to the brain [2], and accounts for approximately 88% 
of all stroke cases [3]. Most ischemic strokes occur in the region 
of the middle cerebral artery (MCA) and lead to irreversible brain 
injury [4].

Stroke has a significant impact on the activities of daily living 
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Ischemic stroke results from arterial occlusion and can cause irreversible brain injury. A non-human primate (NHP) model of ischemic stroke was 
previously developed to investigate its pathophysiology and for efficacy testing of therapeutic candidates; however, fine motor impairment remains 
to be well-characterized. We evaluated hand motor function in a cynomolgus monkey model of ischemic stroke. Endovascular transient middle 
cerebral artery occlusion (MCAO) with an angiographic microcatheter induced cerebral infarction. In vivo magnetic resonance imaging mapped 
and measured the ischemia-induced infarct lesion. In vivo diffusion tensor imaging (DTI) of the stroke lesion to assess the neuroplastic changes 
and fiber tractography demonstrated three-dimensional patterns in the corticospinal tract 12 weeks after MCAO. The hand dexterity task (HDT) 
was used to evaluate fine motor movement of upper extremity digits. The HDT was modified for a home cage-based training system, instead of 
conventional chair restraint training. The lesion was localized in the middle cerebral artery territory, including the sensorimotor cortex. Maximum 
infarct volume was exhibited over the first week after MCAO, which progressively inhibited ischemic core expansion, manifested by enhanced 
functional recovery of the affected hand over 12 weeks after MCAO. The total performance time decreased with increasing success rate for both 
hands on the HDT. Compensatory strategies and retrieval failure improved in the chronic phase after stroke. Our findings demonstrate the recov-
ery of fine motor skill after stroke, and outline the behavioral characteristics and features of functional disorder of NHP stroke model, providing a 
basis for assessing hand motor function after stroke.
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(ADLs) in patients with stroke [5]. Indeed, the presence of neuro-
logical disorder presenting as ipsilateral hemiparesis significantly 
affects ADLs in these patients, and ADL performance is predomi-
nantly related to upper extremity motor function. A recent study 
reported that upper extremity dysfunction is associated with 
several ADL limitations in patients with upper motor neuron 
disorder after stroke [6, 7]. In particular, hand motor impairments 
diminish movement capacity and coordination in stroke patients, 
which is consistent with animal studies [8]. Over 80% of stroke 
patients with neurological disorder experience a loss of voluntary 
movement and mobility in the upper extremities [9].

Animal models of stroke have been used to investigate the 
impact of cerebral ischemia on functional motor function [10]. 
However, there are limitations in the translation of animal model 
studies to clinical studies due to the different characteristics be-
tween human stroke patients and animal models. While there are 
similarities in the general structure of neurological systems in 
various mammals, the motor systems and fine motor control are 
most similar between humans and non-human primates (NHPs) 
[11-13]. The development of the corticospinal tract and manual 
dexterity is related in rodents, NHPs, and humans’ [14]. Despite 
requiring a complicated procedure, the NHP stroke model is valu-
able and frequently utilized due to its similarity to human ischemic 
stroke [15]. The endovascular transient middle cerebral artery 
occlusion (MCAO) method is widely used to create NHP models 
of ischemic stroke [16]. However, a few studies have assessed mo-
tor skills in the MCAO-induced NHP stroke model. NHP stroke 
models displayed contralateral motor deficits in manual dexterity 
and grip strength [17, 18]. McEntire et al. demonstrated impaired 
dexterity in African green monkey stroke models using the object 
retrieval task with a barrier-detour [19]. Moore et al. reported that 
the dexterity of the affected hand recovered to the baseline level 
using the hand dexterity task (HDT) in the rhesus monkey stroke 
models induced by cortical injury [20].

In the present study, we attempted to generate an NHP stroke 
model using an endovascular transient MCAO method, and 
evaluated hand dexterity impairment by a modified HDT that was 
designed for a home cage-based training system. Specific features 
of the NHP stroke model were demonstrated by assessing infarct 
lesions, diffusion tensor imaging (DTI) based fiber tractography, 
neurologic function, and behavioral changes, including fine motor 
function of the hand. Furthermore, lesion localization of the sen-
sorimotor cortex was confirmed by assessing the macaque Paxinos 
atlas. Our findings have clinical applications, especially given the 
striking similarity between NHPs and humans. 

MATERIALS AND METHODS

Animals

We used three adult (12-year-old) female cynomolgus macaques 
(Macaca fascicularis), which were obtained from Suzhou Xishan 
Zhongke Laboratory Animal Co. (Suzhou, China) and maintained 
in individual indoor cages at the National Primate Research Cen-
ter (NPRC) in the Korea Research Institute of Bioscience and Bio-
technology (KRIBB), as described previously [21, 22]. Animal was 
fed commercial monkey chow (Harlan, USA), supplemented with 
various fruits and water ad libitum. The controlled environmental 
conditions had a temperature of 24±2°C, a relative humidity of 
50±5%, and a 12-h light/dark cycle. All procedures were approved 
by the KRIBB Institutional Animal Care and Use Committee (Ap-
proval No. KRIBB-AEC-17080). Experimental procedures were 
performed in accordance with national guidelines and complying 
with the Guide for the Care and Use of Laboratory Animals. All 
animals were monitored minimally 2 times daily and were pro-
vided appropriate veterinary care by trained personnel. The health 
of animals was monitored by the attending veterinarian consistent 
with the recommendations of the Weatherall Report. Animal 
health monitoring was performed by microbiological tests includ-
ing B virus, simian retrovirus (SRV), simian immunodeficiency vi-
rus (SIV), simian virus 40 (SV40), and simian T-cell lymphotropic 
virus (STLV) at once a year, as described previously [23]. In this 
study, hand motor function was assessed by using positive rein-
forcement training, and no animals were sacrificed. All animals 
were returned to their home cage at the end of the study. 

Experimental design

The in vivo experimental study is shown in Fig. 1A. Baseline 
magnetic resonance imaging (MRI) was performed 8 days before 
MCAO to acquire the baseline image for comparison with post-
occlusion and reperfusion images. Follow-up MRI was performed 
to measure the infarct volume. Hand motor function was assessed 
using behavioral analysis. Among several NHP stroke models 
induced by MCAO, only one (Monkey A) showed that the hand 
motor function returned to baseline levels at 12 weeks. In this 
study, Monkey A has been used to investigate the localization of 
ischemic lesions, the reorganization of the white matter fiber and 
the functional changes in grip strategies.

Transient ischemic stroke model and MRI

The transient endovascular MCAO technique was applied as 
in our previous study [24, 25]. An endovascular occlude was ad-
vanced over micro-guidewire (Synchro 14, Boston Scientific, Fre-
mont, CA) and wedged in the distal M1 or superior M2 division 
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branch of the right MCA under double fluoroscopic roadmap im-
ages. Contrast media (Iversense 240, Accuzen, Seoul, Korea) was 
injected via a microcatheter, and flow arrest/stasis of the contrast 
media in the distal vasculature was monitored (Fig. 1B). Transient 
occlusion of the MCA was maintained for 90 min. immediately af-
ter the 90 min MCA occlusion, the animal was transported to the 
3.0-T MRI scanner (Achieva 3.0 T, Philips Medical Systems, Best, 
Netherlands) with a 32-channel head coil. Three-dimensional (3D) 
sagittal T1-weighted images were acquired using a Turbo Field 

Echo sequence. Fluid-attenuated inversion recovery (FLAIR) im-
aging was performed to determine the infarct size and lesion loca-
tion after MCAO (Fig. 1C). Details of MRI protocols were same as 
the previous report [24].

Diffusion MRI processing and diffusion tensor tractography 

All the scans were acquired by 128-direction DTI scanning and 
three different voxel sizes (0.94×0.94×2.3 mm3). The dcm2nii was 
used to convert the NIfTI file from the DICOM file. The con-

Fig. 1. Schematic presentation of the experimental design and magnetic resonance-based assessment for assessing the post stroke outcome. (A) The in 
vivo experimental study followed this scheme. (B) Magnetic resonance (MR) angiography of non-human primate models of focal cerebral ischemia. The 
occlusion and reperfusion of the middle cerebral artery (MCA) were confirmed using MR angiography. Left: the yellow rectangle indicates the circle of 
Willis located at the base of the brain. Right: MCA blood flow can be observed during reperfusion. (C) Representative 3D maximum intensity projection 
views of fluid-attenuated inversion recovery (FLAIR) images of the ischemic lesion 24 h after reperfusion. BA, basilar artery; ICA, internal carotid artery; 
MCA, middle cerebral artery; L, left; R, right; P, posterior; A, anterior; S, superior; I, inferior.
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verted NIfTI data were preprocessed using FSL, and maps of the 
diffusion metrics, including fractional anisotropy (FA) and mean 
diffusivity (MD), were obtained. The region of interest (ROI) was 
defined on the structural T1-weighted MPRAGE images that 
underwent affine registration by FSL. FA and MD values were 
extracted from the ROIs placed within the corpus callosum (CC), 
and the right and left corticospinal tract (CST). Fiber tracking was 
performed using the fiber assignment by a continuous tracking 
(FACT) algorithm with an angle threshold of 35 degrees. The CST 
fiber tract was identified using multiple ROIs at different cervical 
levels. For the fiber tractography, CST segmentation was based on 
the multi ROI using the TrackVis software program (http://www.
trackvis.org) and DTI fiber tracking was performed with a 35 de-
gree threshold. 

Localization of cerebral ischemic infarct lesion 

Lesion localization was determined and visualized using FLAIR 
imaging and T1-weighted imaging at different time points after 
MCAO. The sagittal 3D FLAIR imaging data that were acquired by 
merging images at different time points showed the rostral-caudal 
extents of infarction. All the coronal images for lesion localization 
were selected from first appearance of infarct lesion at the rostral 
aspect of the central sulcus, past the region of the infarct core to 
its disappearance near the lunate sulcus. Representative coronal 
images through the infarct lesion were illustrated and regions of 
interest (ROIs) for analysis of cortical lesion location were outlined 
using the Paxinos Macaque Atlas illustration [26].

Infarct volume measurement

All MR data sets were transferred from the MR scanner to a 
personal desktop (Intel, Xeon, CPU E5-2620 v2). After data ac-
quisition, whole-head FLAIR images were consistently cropped 
by box dimensions (x=79.50 mm, y=129.75 mm, z=78.96 mm) 
for further analysis. ROIs were measured with IRW v4.2 software 
(Siemens Healthcare, PA, US). The following formula was used to 
calculate the infarct volume: Infarct volume (%)=infarction (mm3)/
whole brain (mm3)×100 without a template volume. ROIs were 
automatically determined using equivalent thresholds to retain 
experimental objectivity including whole brain (38.0/251.0), in-
farct area (81.0/251.0), and window level (-1.6/268.6). The ROIs 
based on FLAIR images were indicated in representative images 
focused on slice 315/512 coronal sections, axial FOV=12.98×19.47 
cm, coronal FOV=13×19.47 cm, sagittal FOV=13×19.47 cm, and 
scale=1.15. Four ROIs were selected for the whole brain (RGB: 
0.255.0), infarct lesion (RGB: 255.0.0), brain template (RGB: 
0.204.204), and infarction template (RGB: 255.0.255). The mean, 
standard deviation, min value, and max value were also automati-

cally calculated using IRW with the exception of the template. 

Hand dexterity task

The HDT was used to evaluate fine motor functions of the hand 
and digits, as described in previous rhesus monkey studies by 
Moore et al [27]. The HDT used in this study was slightly modi-
fied, whereby the testing apparatus was designed for a cage-based 
training system. The testing apparatus consisted of three compo-
nents, including (1) a transparent acrylic case, (2) a transparent 
acrylic door, and (3) a HDT board (Fig. 2A). The front door of 
stainless steel home cage could be replaced by the acrylic door 
combined with acrylic case and the HDT board (Fig. 2B). The level 
of hand motor deficit was determined according to the latency to 
retrieve a reward. The HDT procedure for measuring the latency 
is shown in Fig. 3. Tracker video analysis for measuring the latency 
was conducted using the video analysis program by Tracker Video 

Fig. 2. The testing apparatus used to assess fine motor function of the 
hand in the NHP model. (A) The testing apparatus consisted of transpar-
ent acrylic case, transparent acrylic door, and HDT board. Top view of the 
HDT board (top-left panel). (B) The acrylic case combined with the HDT 
board was attached to the front panel of acrylic door by the hooks (black 
arrow in right panel). The acrylic door was connected to the home cage by 
the locks (red arrow in right panel). Rt, right; Lt, left.

http://www.trackvis.org
http://www.trackvis.org
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Analysis and Modelling Tool 4.87 (https://physlets.org/tracker/).
The animals were trained to retrieve 190 mg pellets (Fruit 

Crunchies, Bio Serv, USA) from four wells of various depths and 
diameters located in a tray on the left or right side of the apparatus 
[28]. The four wells had the following characteristics: Well 1=nar-
row and shallow, Well 2=wide and shallow, Well 3=wide and deep, 
Well 4=narrow and deep; diameter: narrow=1.9 cm, wide=2.5 cm; 
depth: shallow=0.95 cm, deep=1.6 cm. A baseline test consisting 
of four trials for each of the four wells, for a total of eight trials for 
each hand, was conducted 1 week before the MCAO procedure. 
After MCAO, a total of four trials for the affected and non-affected 
hands were conducted once per week for 12 weeks. The score was 
defined by the execution time between the first pass through the 
entrance and the moment the hand left the HDT instrument with 
the reward. The execution time of each trial was limited to 2 min 
and the latency cut-off time was 15 s.

Hand dominance was also determined using the HDT. The 
dominant hand was the hand that exhibited superior manual dex-
terity, defined as follows:

Hand dominance=(L-R)/(L+R)

The number of times the left hand (L) was used as the dominant 
hand minus the number of times the right hand (R) was used, di-
vided by the total number of hand uses [29]. Negative and positive 
hand dominance reflect left and right handedness, respectively. 

Statistical analysis

Statistical analyses were performed using SPSS 18.0 (SPSS Inc., 
Chicago, IL, USA). Data are represented as the mean±SD or stan-
dard error of the mean. The significance of ischemic infarct vol-
ume change on MRI was assessed by a repeated measure ANOVA 
with a post hoc Tukey’s test. A p-value of <0.05 was considered 
statistically significant.

RESULTS

Amelioration of brain damage after transient MCAO

3D axial and coronal FLAIR imaging obtained during follow-up 
was used to determine the longitudinal changes in MCAO terri-
tory infarct lesion (Fig. 4A). The ischemic lesions were observed 
in the MCA territory across the distal M1 and the superior M2 
division branch. Notably, the substantial infarct size exhibited 
sustained effects of transient cerebral ischemia induced by MCAO 
at 1 week after reperfusion. Reduced infarct size was observed 
during the post-stroke recovery period. Total infarct volume was 
measured on FLAIR images (Fig. 4B). Maximal expansion of the 
ischemic lesion reached maximal expansion at 1 day after MCAO 
and ischemic injury was sustained at 1 week after MCAO. Total 
infarct volume was significantly reduced at 4~12 weeks compared 
to that at 1 day and 1 week after MCAO. 

Fig. 3. Schematic representation 
of the HDT procedure. (A) The 
arrow indicates the RGB region. 
(B) An RGB region track mea-
sures the mean lightness of target 
and compares the color differ-
ences between two specimens, 
the bottom plate of the HDT 
and the forelimb of the monkey. 
(C, D) Representative images 
of the tracker video analysis of 
the HDT using the video analy-
sis program by Tracker Video 
Analysis and Modelling Tool.

https://physlets
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Localization of ischemic lesions in the NHP stroke model

MR imaging was used to quantitatively assess the lesion localiza-
tion. Following an ischemic attack caused by an arterial occlusion, 
cerebral infarction occurred in the MCA territory. The boundar-
ies of the infarcted regions demonstrating the change of lesion 
location was indicated by red area on each coronal MR imaging 
and illustration (Fig. 5). Infarct lesion included the parietal cortex 
(somatosensory cortex and posterior parietal cortex), basal ganglia 
(putamen, caudate nucleus), and white matter. However, ischemic 
injury was not found in the premotor cortex and primary motor 
cortex during the post-stroke period. In the first week following 
MCAO, the infarct lesion was observed from near the central 
sulcus, past the region of somatosensory cortex to the posterior 
parietal cortex. However, the infarct lesion was not detected from 
3 to 12 weeks after MCAO on the anterior aspect of the coronal 
section. Persistence of ischemic infarct lesion after MCAO is sum-
marized in Table 1. The infarct lesion in primary somatosensory 
cortex and basal ganglia including putamen and caudate nucleus 
was exhibited during 1 week after MCAO. However, ischemic 
injury in putamen was not exhibited at 1 day but 1 week after 
MCAO due to expansion of the infarct lesion. The infarct lesion 
in secondary somatosensory cortex was revealed during 2 weeks, 
whereas ischemic injury persisted in posterior parietal cortex and 
white matter. 

Pre-operative assessment of hand function

Pre-operative mean time to retrieve rewards from each well on 
the HDT was recorded during the baseline assessment (Fig. 6A). 
Hand dexterity differed between the shallow wells and deep wells. 
The latency for the deep wells was longer than that for the shallow 
wells. However, there was no difference in the motor function of 
each hand between these wells. These results indicated that the 
HDT with shallow wells is a simple and low-level task, whereas the 
deep wells require high-level manual dexterity.

During pre-operative training, the dominant hand that exhibited 

greater efficiency when performing a manual dexterity task was 
determined using the HDT. The laterality of hand dominance was 
assessed by comparing the mean time to perform the HDT be-
tween left and right hands. The individual hand dominance from 
three animals was indicated in Fig. 6B. Hand dominance was par-
ticularly evident for Well 3. A longer latency was exhibited by the 
right hand, which suggested left handedness. 

Longitudinal assessment of fine motor recovery in the af-

fected hand after MCAO 

HDT performance improved over the 12 weeks following 
MCAO (Fig. 6C). When the non-affected hand was used to assist 
the affected hand, the latency cut-off time was 15 s. During the 
first 4 weeks after MCAO, an increased mean time to retrieve a 
reward was observed in all four wells for the affected hand. Hand 
motor deficits were observed <4 weeks after MCAO in well 1~4 
and then spontaneously recovered. The mean time to retrieve a 
reward from the deep wells before MCAO was longer than that 
to retrieve a reward from the shallow wells. However, enhanced 
manual dexterity was observed 8 weeks after MCAO. Among the 
NHP stroke models induced by MCAO, Monkey A showed that 
the mean latency on each well and the motor function returned 
to baseline levels at 12 weeks after MCAO. These results indicated 
that hand motor recovery after stroke occurred past the 12-week 
time point, consistent with DTI data showing reorganization of 
the white matter fiber tract (Fig. 7). DTI scans were obtained at 
baseline (Fig. 7A), 8 weeks (Fig. 7B) and 12 weeks (Fig. 7C) after 
MCAO. Temporal changes in the contralateral and ipsilateral CST 
were observed, and discontinuity of the ipsilateral tract was appar-
ent at 8 weeks after MCAO. At 12 weeks after MCAO, structural 
reorganization of the CST fibers was observed in the ipsilateral 
region, as evidenced by DTI-based fiber tractography. In addition, 
the longitudinal changes of the FA (Fig. 7D) and MD (Fig. 7E) were 
observed. The FA and MD is associated with pathological changes 
and neural injury following MCAO. A reduction in the FA values 

Fig. 4. Measurement of cerebral ischemic infarct lesion. (A) FLAIR MR follow-up was performed at 1 day, 1, 2, 3, 4, 8, and 12 weeks after MCAO. (B) 
Total infarct volume was measured using FLAIR imaging. Data are represented as the mean±SD, n=3. *p<0.05 vs.  1d and 1W.
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Fig. 5. Localization of cerebral ischemic infarct lesion. Cerebral ischemic infarct lesion was determined by FLAIR imaging and T1-weighted imaging. 
Representative coronal images from the rostral to caudal aspect of infarct core region were illustrated using the macaque brain atlas. Location of infarct 
lesion is indicated by red area. The shadow rectangles showed brain anatomical regions.
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Fig. 5. Continued.

Table 1. Persistence of ischemic infarct lesion after MCAO

Anatomical area
Time after MCAO

1d 1W 2W 3W 4W 8W 12W

Cortex Primary somatosensory + +
Secondary somatosensory + + +
Posterior parietal cortex + + + + + + +
Temporal cortex (auditory) + + + + + + +
Occipital cortex (visual) + + + + + + +

Basal ganglia Putamen +
Caudate nucleus + +

White matter + + + + + + +

Fig. 6. Longitudinal assessment of fine motor recovery in the affected hand. (A) Comprehensive baseline assessment for evaluating hand function. Pre-
operative mean time to retrieve rewards from each well for both hands on the hand dexterity task. (B) Hand dominance was assessed by the average 
latency to retrieve a reward. (C) Quantitative analysis of impaired hand function, illustrating progressive improvement after MCAO to the level of base-
line function. Enhanced retrieval performance was observed for each well of the hand dexterity task at 4 weeks after MCAO. Following middle cerebral 
artery occlusion (MCAO), the animal exhibited contralateral fine motor deficits of the hand. Data are represented as the mean±SD, n=3.
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represents disintegration of the CST fibers, whereas increased MD 
values indicate vasogenic edema caused by MCAO. The FA values 
in the ipsilateral CST was lower than the baseline and contralateral 
side during the acute stroke phase (1 day and 1 week after MCAO), 
indicating the amount of damage in the CST due to MCAO. How-
ever, both contralateral and ipsilateral FA values improved from 
4 to 12 weeks. The MD values in the ipsilateral and contralateral 
CST increased 4 weeks after MCAO due to vasogenic edema and 
then decreased as a result of axonal damage recovery. These results 
indicated that the reorganization and axonal recovery of the CST 
occurs post-stroke. 

Compensatory movement strategies 

At baseline, standard hand movement was observed during the 

motor task. However, compensatory behavior involving use of the 
non-affected hand to perform the task was observed after MCAO 
(Fig. 8A). Animals exhibited these altered hand movements and 
impaired dexterity after stroke while performing the HDT (Sup-
plementary Video). A lower frequency of compensatory behavior 
and retrieval failure was exhibited in all wells of the HDT at 8~12 
weeks after MCAO, indicating spontaneous functional recovery 
(Fig. 8B). 

A high prevalence of grip deficits and compensatory grip in the 
shallow wells was observed at 4 weeks after MCAO, and alterna-
tive and precision grip patterns were observed at 8~12 weeks after 
MCAO (Fig. 8C). Most grip deficits were observed in the deep 
wells at 2 weeks, and recovery patterns were observed at 8 weeks 
after MCAO. This indicates that the extraneous movement of the 

Fig. 7. Three-dimensional reconstruction of corticospinal tract (CST) from the non-human primate (NHP) stroke model on the axial sections of the 
DTI imaging and longitudinal changes of the DTI parameters. Representative CST fiber tractography at baseline (A), after 8 weeks (B) and after 12 
weeks after MCAO (C). Temporal changes of DTI-based tractography after MCAO in contralateral (Left hemisphere) and ipsilateral (Right hemisphere) 
corticospinal tract (CST). While the fiber disruption of CST was detected in ipsilateral region at 8 weeks after MCAO, the structural reorganization 
was revealed at 12 weeks after MCAO. (D) The FA values of the ipsilateral CST (Right hemisphere) decreased during 1 week after MCAO compared to 
baseline, and recovered past the 12-week time point. However, ipsilateral FA values of the CST was lower than contralateral side. (E) The MD values of 
the ipsilateral CST increased after MCAO during 4 weeks compared to baseline, and decreased pattern was observed at 8-12 weeks after MCAO. Lt, left 
hemisphere; Rt, right hemisphere; Con, contralateral CST; IP, ipsilateral CST; FA, fractional anisotropy; MD, mean diffusivity. Data from Monkey A are 
represented as the mean±standard error of the mean.
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non-affected hand was a consequence of motor compensation 
that occurred in response to unilateral impairment of the motor 
system following stroke. 

DISCUSSION

The present study demonstrates the impact of cerebral ischemia 
on fine motor function in an NHP stroke model. We assessed the 
impairment of hand dexterity and examined motor recovery fol-
lowing stroke using the HDT, which was modified from Moore 
et al. ’s HDT used to assess hand motor function in NHPs [28, 30]. 
Although various assessment scales and devices to evaluate hand 
motor function in NHP models have been reported, most have 
been performed using chair restraint training [31-33]. The HDT 
used in this study adopted cage-based training that allowed it to 
be fully portable and cage-mountable for all NHP models. Imple-

menting training within the animal’s home cage reduces the efforts 
involved in chair training and decreases stress. 

In this study, endovascular transient MCAO is used to investigate 
the mechanism underlying the spontaneous recovery after isch-
emic stroke. The permanent MCAO creates larger infarct lesion 
and induces irreversible neuronal damage [34]. However, transient 
MCAO model is useful to study neural repair process because the 
main target for stroke therapeutic approach is vessel recanalization 
to improve blood circulation to the reversible damaged ischemic 
tissue [35, 36]. The optimal recanalization for acute ischemic 
stroke could improve clinical outcomes, whereas ischemia-reper-
fusion has the potential to induce subsequent damage to ischemic 
brain tissue [37]. Our main finding was that the brain structural 
changes, including the development and expansion of the infarct 
lesion, occur during the acute phase of stroke, and are accompa-
nied by the loss of manual dexterity, which caused by reperfusion 

Fig. 8. Impaired dexterity and functional change in grip strategies. (A) Representative image demonstrating the standard position for the HDT (left 
panel), and compensatory behavior observed during the HDT (right panel). (B) Recovery curves of the success rate for retrieval after reperfusion. The 
reductions in compensatory behavior and retrieval failure were associated with increases in the success rate. (C) Grip pattern and deficits: failure (black), 
compensatory behavior (gray), and success (yellow).
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injury in response to oxidative stress, excitotoxicity, free radicals 
and mitochondrial dysfunction [38]. However, this neurological 
impairment improved progressively after stroke. This is consistent 
with clinical stroke study that reported the important part of neu-
rological recovery occurring in the first three months following 
stroke [39]. In our study, we demonstrated the discontinuation and 
the reorganization of the CST fibers following MCAO, which were 
defined using fiber tractography and the two main parameters 
derived from the DTI dataset [40-42]. The axonal damage in the 
ipsilateral CST occurred during the acute phase and new CST fi-
bers was observed past the 12-weeks point after onset, which sug-
gests that post-stroke recovery results from neuroplasticity-related 
structural CST changes. 

Consistent with these results, previous studies have reported the 
involvement of cerebral cortex lesions in the functional recovery 
of manual dexterity [27]. The impaired movement of the affected 
hand and the relative increase in reaction time in stroke patients 
have been reported to be correlated with the size of the brain le-
sions in the ipsilateral hemisphere [43, 44]. In macaque monkeys, 
the manual dexterity deficit with flaccid paralysis induced by 
the motor cortex lesion exhibited functional recovery during the 
early post-recovery period, and was also accompanied by plastic 
responses, including enhanced activity and increased functional 
connectivity within the motor cortex [45, 46]. In addition, the 
increased brain activity of the ipsilateral hemisphere in stroke pa-
tients has been reported in several functional MRI studies [47]. 

Interestingly, the frequency of compensatory movement was de-
creased, and was accompanied by restoration of manual dexterity 
in the chronic phase of stroke. Compensatory movement with the 
non-affected limb can emerge as a temporary response to and sup-
port the process of brain remodeling after stroke [48]. Neverthe-
less, even stroke patients with only mild impairment of the affected 
limb exhibit persistent compensatory movement with disuse of 
the affected side [49]. This was also observed in the present study, 
wherein the stroke NHP model relied on the non-affected hand 
instead of the affected hand. However, recent studies suggest that 
the use of compensatory movement strategies on the non-affected 
side activates the contralateral motor cortex and is correlated with 
post-stroke neural reorganization in acute stroke [50-52]. In a ro-
dent stroke model, synaptic connectivity reorganization and syn-
apse maturation were observed in the remaining neural circuits as 
a result of prior training in the non-affected forelimb [53]. These 
animal and clinical research results suggest that compensatory 
reliance on the non-affected side can promote brain plasticity and 
recovery after stroke. In macaque monkeys, the impaired preci-
sion grip that resulted from motor cortical infarcts was improved 
by alternative grip patterns, and was driven by daily training-

induced compensation [54]. Similarly, such alternative movement 
is frequently observed in stroke patients, and could be developed 
via earlier rehabilitative intervention [55, 56]. In our study, infarct 
lesion was observed primarily in the posterior parietal cortex, and 
the somatosensory cortex, in which ischemic injury occurred dur-
ing the acute phase of stroke, exhibited spontaneous recovery. The 
parietal cortex has two functional zones, including the anterior and 
posterior part [57]. While the anterior parietal cortex, including 
the primary and secondary somatosensory area, has been consid-
ered as the somatic sensation and perception processing area, the 
posterior parietal cortex plays a role in integrating somatosensory 
information about limb position and controlling the guidance of 
movements [58]. We found that the parietal cortex injury induced 
by transient MCAO produced abnormal hand movements and 
compensatory behavior in the NHP model. 

In this study, we describe the use of a behavioral assessment tool 
to provide an objective evaluation of fine motor function based 
on hand dexterity. Furthermore, the spontaneous recovery of fine 
motor function was confirmed in our NHP stroke model. Taken 
together, these findings will be useful in basic and translational re-
search for quantitative assessment of impaired motor function fol-
lowing ischemic stroke. Despite animal-based pre-clinical models, 
our findings highlight the main characteristics of stroke progres-
sion, could provide a platform for further studies of a translational 
NHP stroke model, and could impact the diagnosis and evaluation 
of stroke patients. One limitation of our study is its small sample 
size. However, primary characteristics of NHP stroke model in-
cluding the brain structural and pathophysiological change and 
progressive motor dysfunction were clearly demonstrated with 
expectation that NHP will mimic human results.
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