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Abstract: After incomplete spinal cord injury (SCI), neural circuits may be plastically reconstructed 
to some degree, resulting in extensive functional locomotor recovery. The present study aimed to 
observe the post-SCI locomotor recovery of rhesus monkey hindlimbs and compare the recovery 
degrees of different hindlimb parts, thus revealing the recovery process of locomotor function. Four 
rhesus monkeys were chosen for thoracic hemisection injury. The hindlimb locomotor performance 
of these animals was recorded before surgery, as well as 6 and 12 weeks post-lesion. Via principal 
component analysis, the relevant parameters of the limb endpoint, pelvis, hindlimb segments, and 
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joints were processed and analyzed. Twelve weeks after surgery, partial kinematic recovery was 
observed at the limb endpoint, shank, foot, and knee joints, and the locomotor performance of the 
ankle joint even recovered to the pre-lesion level; the elevation angle of the thigh and hip joints 
showed no obvious recovery. Generally, different parts of a monkey hindlimb had different spontaneous 
recovery processes; specifically, the closer the part was to the distal end, the more extensive was 
the locomotor function recovery. Therefore, we speculate that locomotor recovery may be attributed 
to plastic reconstruction of the motor circuits that are mainly composed of corticospinal tract. This 
would help to further understand the plasticity of motor circuits after spinal cord injury.
Key words: locomotion, monkey, spinal cord injury, spontaneous recovery

Introduction

The spinal cord is part of the central nervous system 
and serves as a connecting pathway between the brain 
and peripheral nervous system. Spinal cord injury (SCi) 
physically destroys neural circuits at the lesion site, usu-
ally causing the loss of motor and sensory functions 
beneath the injury site. after incomplete SCi, neural 
circuits have plasticity to some degree [5, 16, 17, 34] 
that plays a role in facilitating the recovery of sensory 
and motor function [27]. neural plasticity has been dem-
onstrated in incomplete spinal cord injury rodents [4, 30, 
33, 35] and cats [18, 20]. For instance, Weidner et al. 
reported that after bilateral dorsal corticospinal transec-
tion of the rat cervical spinal cord, spontaneous sprout-
ing from the ventral corticospinal tract occurred and was 
paralleled by functional recovery of rat forelimbs [32]. 
Martinez et al. [19] found that for a thoracic hemisection 
injury cat, treadmill training may facilitate spontaneous 
compensatory changes of the spinal circuitry and con-
sequently promote locomotor recovery. nevertheless, 
the post-SCi locomotor recovery of these animal models 
is quite different from that of human beings because they 
have different spinal cord structures [11]. Let us take the 
corticospinal tract (CST) that controls spontaneous 
movement in humans as an example. in rodents, the CST 
is mainly located in the dorsal column, originating from 
the contralateral motor cortex [11]. Compared with rats, 
the lateral CST of cats is located in the lateral funiculi, 
representing appreciable amounts of contralateral pre- 
and postcruciate cortex [28]. approximately 88% of 
corticospinal axons in primates decussate along the spi-
nal cord midline, representing appreciable amounts of 
contralateral peri-Rolandic cortex; primates are more 
similar to humans than cats [11, 15]. A significant propor-
tion of CST fibers project to the ventral horn, and some 

axons synapse directly on motoneurons.
With a similar spinal cord structure to humans, nonhu-

man primates have been commonly used to explore 
functional recovery after SCi [6, 23, 24, 29]. Babu et al. 
[3] reported that 4–7 months after thoracic hemisection 
injury, parameters such as toe spread and intermediary 
toes of the monkey footprint recovered to the pre-lesion 
level. Rosenzweig et al. [26] observed that six months 
after cervical cord hemisection, movement of monkey 
forelimbs and hindlimbs had recovered to some degree. 
The study by Friedli et al. [11] revealed the critical role 
of reorganization of the corticospinal tract in functional 
locomotor recovery in lateral SCI rats and monkeys. All 
of these investigations, however, were less likely to dis-
play the different recovery processes of each limb part. 
actually, distal and proximal muscles do not have ex-
actly the same motor control circuits. Distal musculature 
is mainly controlled by the corticospinal tract, enabling 
fine control and voluntary modification of gaits, similar 
to the rubrospinal tract [10]. Proximal musculature is 
mainly controlled by the reticulospinal tract and ves-
tibulospinal tract [14] and works to maintain a standing 
posture. Different motor circuits may have different re-
covery processes after SCI, explaining the different mo-
tor performances in different limb positions. Under these 
circumstances, exploring motor performances of differ-
ent limb segments is believed to be helpful in uncovering 
specific recovery processes of different descending mo-
tor pathways.

Principal component analysis (PCa) is a linear mul-
tivariate analysis that is used for data reduction and clas-
sification and has been widely used in studies of human 
locomotion [8, 25]. For instance, PCa is conducted for 
the relevant matrices to produce new variables (i.e., 
principal components, PCs) that are used to substitute 
numerous originally correlated variables of movement. 
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The first principal component (PC1) has the largest pos-
sible variance (i.e., accounts for the most of the vari-
ability in the data among all principal components), 
which would be the most efficient representation of the 
original database, and we sought it as the main locomo-
tion kinematic parameter of each segment in this study.

We hypothesized that different hindlimb positions may 
display different locomotor recovery processes after SCI. 
The motor performance of monkey hindlimbs was ana-
lyzed after thoracic hemisection injury in terms of con-
trol hierarchy [9], which is defined as the variation de-
gree of gait characteristics during movement; that is, the 
higher the control level is, the slighter is the kinematic 
characteristic variation [12]. To assess the recovery pro-
cesses in different positions of different hierarchies, we 
also adopted PC1 as the representation of kinematic 
performance in each limb part and used the PC1 score 
as the evaluation standard. The results indicate that, af-
ter SCI, different hindlimb positions may display differ-
ent locomotor recovery processes.

Materials and Methods

Preparation
Four adult female rhesus monkeys (Macaca mulatta) 

(age, 5.5 ± 0.4 years; weight, 5.9 ± 0.7 kg) were housed 
individually in single stainless steel cages (72 × 61 × 87 
cm) at 22–25°C. all procedures that were performed 
involving animals were in accordance with the ethical 
standards of the animal ethics Committee of Capital 
Medical University. All monkeys received a unilateral 
hemisection at T7–T9 on the right side of the spinal cord, 
with 10 mm of spinal cord tissue being removed.

Data collection
The monkeys received treadmill training with a previ-

ously reported training and fixing method one month 
before surgery [31]. Treadmill locomotion was recorded 
for the first time one week after training, and this was 
repeated at 6 and 12 weeks post-lesion. Leg kinematics 
was recorded with a six-camera ViCon motion system 
(ViCon Motion System Ltd., oxford, uK ; sampling at 
100 Hz). Seven reflective markers were secured to the 
shaved skin of the injured right leg in the following po-
sitions: the anterior superior iliac spine, posterior supe-
rior iliac spine, two-thirds of the femur, knee, ankle, heel, 
and second metatarsophalangeal joint (MTP joint). The 
treadmill speed was set at 0.139, 0.222, and 0.306 m/s. 

each locomotor session consisted of 10 locomotor trials 
(one session at each speed). Data acquisition has been 
detailed previously [36].

Data processing
The joint angles of the hip, knee, and ankle were cal-

culated based on the coordinate position of each marker 
(Fig. 1a). The elevation angle of each segment was 
defined as the angle between each segment and the ver-
tical gravity axis [13], except for the elevation angle of 
the pelvis, which was defined as the angle between the 
vertical gravity axis and the line from the hip to the 
anterior superior iliac crest (Fig. 1B). gait parameters 
are shown in Supplementary Table 1. The methods of 
calculating gait parameters are described in the supple-
mentary materials.

Principal components and statistics analysis
PCa was adopted to analyze the locomotor perfor-

mance of the limb endpoint and each joint, as well as the 
elevation angle of each segment. each relevant matrix 
was composed of all module parameters at each time 
point (Supplementary Table 1). PC1 scores were aver-
aged at each time point and illustrated in a bar graph. 
Factor loadings with greater correlation were extracted 
(the absolute value of factor loading was larger than 0.75 
[2]); from these, the most representative parameters were 

Fig. 1. Measurement of kinematics. A: Definitions 
of joint angles. Hip, knee, and ankle joint 
angles were defined as decreasing during 
flexion. B: Definitions of elevation angles. 
Elevation angles were defined as decreas-
ing during clockwise rotation of the seg-
ments with respect to the vertical axis.
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sequentially selected and illustrated in a bar graph.
One-way analysis of variance (ANOVA) with Tukey’s 

HSD and Dunnett’s T3 post hoc comparison were used 
to test the PC1 scores of each joint, elevation angle of 
each segment, and limb endpoint trajectory at each time 
point, as well as the differences in representative param-
eters. Pearson correlation analysis was conducted for the 
PC scores of the elevation angle of each segment and 
limb endpoint trajectory. Statistical analysis was con-
ducted with SPSS version 19.0 (IBM Corp., Armonk, 
nY, uSa), and all quantitative data were expressed as 
means ± Se. P<0.05 was considered statistically sig-
nificant.

Results

In the present study, leg kinematics in treadmill loco-
motion were recorded for four monkeys before surgery, 
as well as 6 and 12 weeks after surgery. Valid data were 
obtained at 0.139, 0.222, and 0.306 m/s for three mon-
keys, while valid data were only obtained at 0.222 m/s 
for the other one. a total of 300 intact gait cycles of the 
right hindlimb (3 monkeys × 3 speeds × 10 gait cycles 
× 3 time points and 1 monkey × 1 speed × 10 gait cycles 
× 3 time points) were chosen for data analysis.

Limb endpoint
Motor performance was recorded and reconstructed 

before surgery and 6 and 12 weeks post-lesion (Fig. 2A). 
At 6 weeks post-lesion, the right hindlimb drag was re-
markable and was accompanied by smaller limb endpoint 
displacement without valid forward stepping. at 12 
weeks post-lesion, the right hindlimb was observed to 
have obvious forward stepping but was still accompanied 
by partial drag. Massive limb flexion was present, indi-
cating that there might be a compensating trunk mecha-
nism working to initiate movement. PC analysis was 
conducted to compare the motor performance of the limb 
endpoint at each time point (Fig. 2B). A significant dif-
ference was found at all three time points (all time points: 
P<0.001). Compared to 6 weeks post-lesion, PC1 was 
closer to the pre-lesion value at 12 weeks post-lesion 
(Fig. 2B), implying partial recovery of the limb endpoint 
path. Furthermore, the correlation between each variable 
and PC1 was extracted from factor loading. Representa-
tive parameters were extracted from highly correlated 
parameters and illustrated in a bar graph. Step length, 
height, and limb endpoint trajectory were partially re-

covered at 12 weeks post-lesion (all time points: step 
length, all: P<0.001; step height, P<0.001; path length, 
P<0.001; Fig. 2C–e).

Segments
The elevation angle of each segment was analyzed 

with the same method. We first analyzed the pelvis seg-
ment. The pelvis segment at 12 weeks post-lesion was 
significantly different from that at 6 weeks post-lesion 
as well as from that of the healthy stage, without any 
motor recovery (intact vs. 6 weeks, P<0.001; intact vs. 
12 weeks, P<0.05; 6 weeks vs. 12 weeks, P<0.001; Fig. 
3a). The forward, backward, and average of the pelvis 
elevation angles all showed a significant difference at 
the three time points. At 6 weeks post-lesion, the hip 
swung slightly, keeping the body in an upright posture. 
At 12 weeks post-lesion, the hip showed an obvious 
forward pelvis compared with the status before surgery 
(pelvis backward, P<0.001, P<0.01, and P<0.001 for 
intact vs. 6 weeks, intact vs. 12 weeks, and 6 weeks vs. 
12 weeks, respectively; Pelvis forward, P<0.001 for 
intact vs. 6 weeks and 6 weeks vs. 12 weeks; Pelvis 
average, P<0.001, P<0.05, P<0.001 for intact vs. 6 
weeks, intact vs. 12 weeks, and 6 weeks vs. 12 weeks, 
respectively; Fig. 2a).

The PC1 values of the thigh segment at 6 and 12 weeks 
post-lesion were not significantly different but were both 
significantly different from the intact level (P<0.001, for 
intact vs. 6 weeks and intact vs. 12 weeks; Fig. 3B). 
After SCI, the amplitude of thigh forward and backward 
oscillation generally decreased, and the thigh tended 
toward a vertical position (thigh backward, P<0.05 for 
intact vs. 12 weeks; Thigh forward, P<0.001 for intact 
vs. 6 weeks and intact vs. 12 weeks; Thigh average, 
P<0.001 for intact vs. 6 weeks and intact vs. 12 weeks; 
Fig. 3B). This suggests that no remarkable kinematics 
recovery occurred at the thigh segment.

The PC1 values of the elevation angle of the shank 
segment showed partial kinematic recovery at 12 weeks 
post-lesion (all time points: P<0.001; Fig. 3C). at 6 
weeks post-lesion, the amplitude of shank backward and 
forward oscillation was decreased, most likely because 
of stronger drag. At 12 weeks post-lesion, the elevation 
angle of the shank was increased, indicating reduced 
drag (Shank backward, P<0.001 for all time points; 
Shank forward, P<0.001 for all time points; Shank aver-
age, P<0.001 for all time points; Fig. 3C).

The elevation angle of the foot segment showed a 
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similar variation trend to that of the shank (all time 
points: P<0.001; Fig. 3D). At 12 weeks post-lesion, foot 
backward and forward were both positive, indicating 
reduced drag and partially increased back flexion abil-
ity (foot backward, P<0.001 for intact vs. 6 weeks and 
6 weeks vs. 12 weeks; Foot forward, P<0.001 for all time 
points; Foot average, P<0.001, P<0.01, and P<0.001 for 

intact vs. 6 weeks, intact vs. 12 weeks and 6 weeks vs. 
12 weeks, respectively; Fig. 3D).

The motor performances of all three hindlimb seg-
ments at 12 weeks post-lesion were compared with those 
in the intact status. The closer the motor performance 
was to 1, the closer the performance was to intact status. 
our results showed that the value gradually approached 

Fig. 2. Recovery of the limb endpoint. A: Representative stick decompositions of lesion-side 
hindlimb movements at the swing phase during stepping on the treadmill at 0.222 m/s 
before and 6 and 12 weeks after the lesion. The trajectories (n=10 steps; grey, normal gait; 
black, drag) of the limb endpoint are shown together with the intensity and direction of the 
limb endpoint velocities (arrows) at swing onset. B: Bar graph of average scores on PC1 
of the limb endpoint. C: Mean values of the parameters with high factor loadings on PC1 
of the limb endpoint. *P<0.05 (anoVa), **P<0.01 (anoVa), ***P<0.001 (anoVa). 
Data are means ± SEM. Pre, before surgery; w, weeks.
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1 from the proximal limb to the distal limb and that this 
was accompanied by gradually more extensive motor 
performance recovery (Fig. 3e).

Joints
PC analysis of the hip joint showed that PC1 at 12 

weeks post-lesion was significantly different from the 
intact value and the value at 6 weeks post-lesion. The 
difference in motor performance became remarkable 
over time, and no kinematic recovery occurred (P<0.001 
for intact vs. 12 weeks and 6 weeks vs. 12 weeks; Fig. 
4a).

The kinematic performance of the knee joint was re-
covered to some degree at 12 weeks post-lesion (all time 
points: P<0.001) (Fig. 4B). At that time, knee flexion 
ability was strengthened, and in general, the knee per-
formance in the stance phase showed no difference from 
the intact status (knee extension, P<0.001 for 6 weeks 
vs. 12 weeks; knee average, P<0.001 for 6 weeks vs. 12 
weeks; knee stance, P<0.001 for intact vs. 6 weeks and 
6 weeks vs. 12 weeks; Fig. 4B).

For the motor performance of the ankle joint, the PC1 
value at 12 weeks post-lesion was not significantly dif-
ferent from that in the intact status, showing relatively 
good kinematic recovery (P<0.001 for intact vs. 6 weeks; 
P<0.01 for 6 weeks vs. 12 weeks; Fig. 3C). At 12 weeks 
post-lesion, ankle flexion ability was partially recovered, 
and the joint average and ankle swing average showed 
no significant difference from the intact values (Ankle 
flexion, P<0.001 for all time points; Ankle average, 
P<0.001 for intact vs. 6 weeks and 6 weeks vs. 12 weeks; 
Ankle swing, P<0.001 for intact vs. 6 weeks and 6 weeks 
vs. 12 weeks; Fig. 4C).

The comparison of the motor performances of these 
three joints at 12 weeks post-lesion indicated that the 
performance of the ankle joint was closer to the normal 
status, while the hip joint performed the worst (Fig. 4D). 
This implies that motor defects gradually decreased from 
the proximal limb to the distal limb.

Fig. 3. Recovery of hindlimb segments. a: Bar graph of average 
scores on PC1 of the pelvis (A), thigh (B), shank (C), and 
foot (D). Mean values of the representative parameters 
with high factor loadings on PC1 of the pelvis (a), thigh 
(B), shank (C), and foot (D). E: Comparison of recovery 
status of each segment at 12 weeks post-lesion. Each 
value was the ratio of PC1 at 12 weeks post-lesion to pre-
surgery PC1. *P<0.05 (anoVa), **P<0.01 (anoVa), 
***P<0.001 (anoVa). Data are means ± SeM. Deg, 
degrees; a.u., arbitrary units.
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Finally, correlation analysis was conducted between 
the PC1 scores of the limb endpoint and each hindlimb 
segment. The results showed that the limb endpoint was 
correlated with all segments, especially with the foot, 
followed by the shank and the thigh (thigh, r=0.462, 
P<0.001; shank, r=0.818, P<0.001; foot, r=0.824, 
P<0.001; Fig. 5a–C).

Discussion

In the present study, kinematics data were assessed 
before surgery, as well as 6 and 12 weeks post-lesion. 
after a period of time, the motor function was spontane-
ously recovered to some degree. interestingly, the distal 
limb might have more extensive functional recovery than 
the proximal limb. The discovery of different locomotor 
recovery processes from the proximal limb to the distal 
limb may help further understand the spinal cord plastic-
ity after SCi.

Monkeys that received a thoracic hemisection lesion 
exhibited sustained locomotor deficits. all animals 
showed severe hemiplegic paralysis 1 day after injury 
and lay on the floor in a prone position. The most obvi-
ous deficit was paw drag, which was reflected in reduced 
ankle dorsiflexion during the swing phase of gait. As the 
animals recovered, they showed slight to extensive 
movements of the lesion leg. At 12 week post-lesion, the 
monkeys showed recovery in step height, step length, 
and the elevation and joint angles of the hindlimb. Func-
tional recovery comprised reorganization in the spinal 
cord and at the superspinal level.

Previous research evaluated motor function recovery 
after SCi in various aspects, including general hindlimb 
motor performance [26], intra-limb coordination [1, 2], 
inter-limb coordination [7], and control hierarchy [12]. 
While several research studies have focused on general 
hindlimb performance, studies based on different control 
hierarchies have enabled the sensitive reflection of dif-
ferent performances of different hindlimb parts. Here, 
we adopted the control hierarchy theory to analyze mo-
tor performance in terms of limb endpoint movement, 
hindlimb segments, and joint angles. We found that lo-
comotor recovery performance in all three hierarchies 
at 12 weeks post-lesion was partially recovered com-
pared with those at 6 weeks post-lesion. Moreover, we 
observed that in the latter two hierarchies, motor perfor-
mance at the distal limb was closer to the normal level 
than at the proximal limb, showing extensive locomotor 

recovery. Courtine et al. [7] reported that for monkey 
models of a unilateral thoracic corticospinal tract lesion, 
the shank muscle EMG amplitude returned to the pre-
lesion baseline at 12 weeks post-lesion, while the vastus 
lateralis did not show great recovery. The distal muscle 
showed better recovery than did the proximal.

Distal musculature is mainly controlled by the corti-
cospinal tract, which enables fine control and voluntary 
modification of gaits, similar to the rubrospinal tract 
[10]. Proximal musculature is mainly controlled by the 
reticulospinal tract and the vestibulospinal tract [14] and 
works to maintain the standing posture. We speculate 
that more extensive locomotor recovery at the distal limb 
may be attributed to plasticity reorganization of the mo-
tor circuits that are mainly composed of the corticospinal 
tract. after incomplete SCi, plasticity may vary in the 
cortex and spinal cord of the motor system, where the 
corticospinal tract resides [22]. all reorganized plastic-
ity benefits the reorganization of the motor circuits that 
control the distal limb.

of note, Donati et al. [9] reported that after brain-
machine interface-based gait protocol training, SCi 
patients in the chronic phase could have recovery that 
progressed from proximal to distal muscles, in contrast 
with our results. As is well known, spontaneous recovery 
occurs mainly during the first 3 months after SCI. There-
fore, we hypothesize that their recovery resulted from 
rehabilitation training, while our results were due to 
spontaneous recovery.

For limb endpoint recovery, limb endpoint kinematics 
indicates that the motor performance of the highest hi-
erarchy directly reflects kinematic goals [21]. It has been 
reported that after SCI, the limb endpoint was the first 
to show motor performance similar to the normal status 
[12]. as revealed by the correlation analysis between the 
PC1 scores of the limb endpoint and elevation angles of 
each segment, limb endpoint variation was correlated 
with all segments, especially the foot segment. although 
limb endpoint kinematics is considered to be a compre-
hensive reflection of all hindlimb segments, it may be 
most directly impacted by the foot segment, because the 
positions of the foot segment and limb endpoint are 
relatively close in terms of biological structure. Because 
the kinematic variation in the foot segment was most 
closely correlated with that of the limb endpoint, the 
motor performance of the distal end had a greater effect 
on the recovery of the limb endpoint, thus explaining 
why the limb endpoint had a more extensive functional 
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recovery.
We also found that, unlike the segments with remark-

able locomotor recovery, the pelvis segment showed a 
constant increase in forward degree, indicating that the 
SCI monkeys probably used a strategy distinct from the 
normal one. grasso et al. [12] reported that SCi patients 
changed their foot kinematics by strengthening the 
movement of their trunk and pelvis as a new motor strat-
egy after rehabilitation training. We deduce that the 
monkeys in this study probably used a similar strategy 
to compensate for locomotor deficits and complete for-
ward stepping in a new way.

There are some limitations in this study. First, the 
sample number was too small to avoid the influence of 
individual differences on the results. Second, muscula-
ture variation was not detected in terms of eMg activ-
ity in a higher hierarchy, so we could not illustrate the 
recovery status of each hindlimb part more clearly. in 
future research, we will further explore the locomotor 
recovery processes of different hindlimb parts by analyz-
ing and discussing the eMg activity of musculature.

in the present study, we analyzed the functional loco-
motor performance of rhesus monkeys and observed 
partial locomotor recovery after SCi that might be more 

Fig. 4. Recovery of hindlimb joints. A: Bar graph of average scores on PC1 of the hip (A), knee (B), and ankle joint (C). Mean values 
of the representative parameters with high factor loadings on PC1 of the hip (A), knee (B), and ankle (C). D: Comparison of the 
recovery status of each segment at 12 weeks post-lesion. *P<0.05 (anoVa), **P<0.01 (anoVa), ***P<0.001 (anoVa). Data 
are means ± SeM. Deg, degrees; a.u., arbitrary units.

Fig. 5. Linear regression plots that demonstrate the correlation between PC1 scores of the limb endpoint and thigh (A), shank (B), and 
foot (C) at 12 weeks post-lesion. Each circle represents a gait cycle (300 cycles in total).
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extensive at the distal limb. The results revealed that 
different hindlimb parts had different locomotor recovery 
processes. This may indicate the plasticity of motor cir-
cuits after SCi, as well as rehabilitation training for SCi 
patients in clinical trials.
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