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Objective: The aim of this study was to detect the key changes during sit-to-stand 
(STS) movement cycle in hemiparetic stroke survivors using a five-phase kinematic and 
kinetic analysis.

Methods: Twenty-five subacute stroke survivors and 17 age-matched healthy adults 
participated in this study. The kinematic and kinetic parameters during STS cycle were 
measured using three-dimensional motion analysis system with force plates. The five 
standard phases of STS cycle were identified by six timing transitional points.

results: Longer total time as well as larger changes were observed at the initial phase 
(phase I, 0.76 ± 0.62 VS 0.43 ± 0.09 s; p = 0.049) and at the end of hip and knee 
extension phase (phase IV, 0.93 ± 0.41 VS 0.63 ± 0.14 s; p = 0.008) in the stroke group 
than healthy group. Time to maximal knee joint moment was significantly delayed in the 
stroke group than in the control group (1.14 ± 1.06 VS 0.60 ± 0.09 s, p < 0.001). The 
maximal hip flexion was lower during the rising phase from seated position on the affected 
side in the stroke group than in the control group (84.22° ± 11.64°VS 94.11° ± 9.40°; 
p = 0.022). Ground reaction force was lower (4.61 ± 0.73 VS 5.85 ± 0.53 N, p < 0.001) 
in the affected side of the stroke group than in the control group. In addition, knee 
joint flexion was significantly lower at just-standing phase (T4) and at end point (T5) 
(5.12° ± 5.25° VS 8.21° ± 7.28°, p = 0.039; 0.03° ± 5.41° VS 3.07° ± 6.71°, p = 0.042) 
on the affected side than the unaffected side. Crucial decrease of knee joint moment at 
abrupt transitory (T2) and the maximal moment was also observed on the affected side 
in comparison with the unaffected side (0.39 ± 0.29 VS 0.77 ± 0.25 Nm/kg, p < 0.001; 
0.42 ± 0.38 VS 0.82 ± 0.24 Nm/kg, p < 0.001).

conclusion: The findings of movement decomposition analysis provided useful infor-
mation to clinical evaluation of STS performance, and may potentially contribute to the 
design of rehabilitation intervention program for optimum functional recovery of STS after 
stroke.
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Table 1 | Anthropometric characteristics of the subjects.

Patients  
Mean (sD)

healthy subjects  
Mean (sD)

p-Value

Number of subjects 25 17
Sex (male:female) 17:8 11:6 1.000
Age (years) 58.24 (10.46) 57.53 (6.63) 0.792
Days of post-injury 43.56 (23.65) –
Height (mm) 1,646 (73.43) 1,617 (62.13) 0.178
Body weight (kg) 66.24 (11.1) 64.45 (9.38) 0.858
Leg length (mm) 843.32 (42.21) 829.12 (35.54) 0.337
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inTrODUcTiOn

The ability to stand up from a seated position is very important 
in performing activities of daily living independently. It is also 
a prerequisite for gait (1, 2). The execution of sit-to-stand (STS) 
can be affected by several factors, including age, seat height, 
armrests, feet position, muscle strength, and balance ability 
(3–6). Stroke survivors suffer from impaired mobility and walk-
ing ability (7, 8) and these common symptoms contribute to 
STS disability that further confines their activities of daily life 
(9). Stroke survivors are prone to fall during STS because of the 
reduced ability of standing up from a chair (10). The severity of 
fear of falling was shown to be correlated with Timed up and Go 
test (11). Previous study revealed that 37.2% of falls in stroke 
survivors occurred while changing position from STS (12). 
The standardized evaluation on effectiveness of intervention 
to improve STS performance is still insufficient. There is also 
divergence on the clinical efficacy of standard beside repetitive 
practice of STS in rehabilitation clinic (9). Thus, the ability of ris-
ing from a chair remains difficult to recover after stroke (13). It is 
necessary to have an improved understanding on STS character-
istics during the action implementation to improve training task 
performance and to decrease the fall rate in hemiparetic stroke 
survivors (14).

Sit-to-stand movement is the bridge between static position 
to dynamic body activity from the biomechanical view and 
defined as a transitional movement to the upright posture (15). 
The dynamic of STS is usually described using kinematic and 
kinetic variables. STS is generally assumed as a symmetrical 
activity of the lower extremity in the sagittal plane in healthy 
individuals (15–17). Previous researchers demonstrated that the 
influence of standing up velocity, center of pressure sway, and 
muscle activation pattern were related to the functional capability 
(18, 19). Chou and co-workers used a 3D motion analysis system 
combined with force plate to investigate the relationship between 
STS and gait parameters. The results indicated that a shorter 
duration of standing up or less vertical force difference on body 
weight distribution was associated with better gait performance 
(20). However, detailed phase analysis in STS is still limited which 
affects the further understanding of the specific motion deficits in 
stroke survivors during STS.

Previously, some authors studied the phases of habit develop-
ment during STS activity from a biomechanical aspect and used it 
for optimization analysis (16, 21). The kinematic and kinetic data 
suggested that STS movement cycle could be divided into four or 
five phases (22–24). Galli and co-workers found prolonged STS 
in the ascending phase and different vertical forces in people after 
stroke in comparison with healthy controls (24). However, which 
specific phases are particularly crucial during the STS motion 
remains unclear. Previous studies on STS motion reported a 
wide variety of testing protocols, including difference in seat 
height, initial joint angle, and foot placement which led to dif-
ferent kinematic and kinetic results and conclusions (16, 21–24). 
In addition, the kinetic and kinematic characteristics of the 
timing and transitional points during STS cycle were seldom 
explored. Quantitative data such as movement duration, joint 
angle, and moment of timing and phases reference during STS 

of hemiparetic subjects are scarce, especially in stoke patients at 
subacute stage. Detailed motion analysis that depends on move-
ment decomposition may identify typical pattern of change dur-
ing STS after stroke. This would then contribute to the design of 
subject-specific training program based on the timing point and 
phase data for stroke survivors to regain the ability to perform 
STS task.

Therefore, this study aimed to explore the kinematic and 
kinetic characteristics of STS based on phases and transitional 
points analysis in bilateral lower limbs of subacute stroke sur-
vivors, and to compare the characteristic changes with healthy 
adults. The results of the current study would contribute to the 
knowledge of movement characteristics in people after stroke 
during STS and assist the development or evaluation of rehabilita-
tion intervention of this specific motor task.

MaTerials anD MeThODs

subjects
Twenty-five subjects (17 male and 8 female, age from 43 to 
77  years old) with subacute stroke (from 14 to 85  days after 
stroke) were recruited for this study. The characteristics of the 
stroke survivors were summarized in Table  1. Patients were 
selected according to the following inclusion criteria: (1) the 
occurrence of a first stroke with unilateral hemiparesis lesions 
confirmed by magnetic resonance imaging or computed 
tomography; (2) no more than 3 months after stroke; (3) ability 
to stand up and sit down independently more than six times 
from a standard chair; (4) abnormal 10-m walk time accord-
ing to age. Abnormal 10-m walk time was defined as: (i) age 
<60 = total completion time of over 10 s or slower than 1 m/s, 
(ii) age 60–69  =  over 12.5  s or slower than 0.8  m/s, (iii) age 
≥70 = over16.6 s or slower than (0.6 m/s) (25); and (5) adequate 
mental and auditory capacity to follow oral commands (Mini 
mental state examination score ≥27).

Seventeen healthy controls matched for age, weight, leg length, 
and gender participated in this study to provide the reference 
data for STS movement. All subjects had no history of back 
pain, joints pain, and no diagnosed lower limbs musculoskeletal 
disorders within 6  months prior to data collection. This study 
was approved by the Human Subjects Ethics Sub-committee of 
the First Affiliated Hospital, Sun Yat-sen University, China (ethic 
number [2014]0.88). The study was conducted in accordance 
to the Declaration of Helsinki. All subjects provided informed 
written consent prior to enrollment.
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FigUre 1 | Time point and phase definition in current study: T0, initial point of trunk flexion; T1, point of maximal hip flexion; T2, point of abrupt transitory knee 
extension; T3, point of maximal ankle dorsiflexion; T4, point of just standing with full extension of hip and knee; T5, end of sit-to-stand (stable standing). Phase I, 
forward transfer of trunk; Phase II, hip lifting off the chair and maximal hip flexion; Phase III, transitory knee extension point to maximal ankle dorsiflexion; Phase IV, 
maximal ankle dorsiflexion to point of just standing up in nearly full extension of the knee and hip; Phase V, stable standing.
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instrumentation
Vicon Motion Analysis System (VICON MX13, VICON Peak, 
Oxford, UK) was used for motion analysis. The locations of 
passive reflective markers taped to the skin overlying bony land-
marks of the pelvis and lower limbs were: (1) the sacrum at the 
level of the posterior superior iliac spines; (2) anterior superior 
iliac spines; (3) lower lateral one-third and halfway points on the 
thighs; (4) lateral epicondyle of knees; (5) lower lateral one-third 
and halfway points of the shanks; (6) lateral malleolus; (7) the 
second metatarsal head; (8) the calcaneus at the same height 
as the second metatarsal head and; and (9) T10. Trajectories of 
reflective markers were recorded by six wall mounted infrared 
cameras. Two force plates (OR6-7, AMTI Inc., Watertown, 
MA, USA) embedded in the floor were used to record ground 
reaction force (GRF). Kinematic and kinetic data were captured 
using Vicon Nexus (version 1.7.1) and Plug-in-Gait. The data 
from VICON cameras were sampled at 100 Hz and the data from 
force plates were sampled at 1,000 Hz, simultaneously. The data 
from one frame of cameras parallel with 10 frames of force plate. 
Temporal, kinematic, and kinetic parameters were processed and 
analyzed using Polygon (version 3.5.1). A height-adjustable chair 
without back or armrests was used in the experiment.

experiment and Tasks
All of the subjects sat on the chair with seat height adjusted to 
keep the hip and knee joints as closed to 90°as possible. Both feet 
were placed on the force plates at neutral position and shoulder 
width apart. Arms were crossed on the chest with head facing 
forwards at a horizontal direction (Figure  1). For a complete 
movement cycle, subject was asked to stand up, remained stood 
up for 10 s, and then sat down. This was repeated for 10 cycles. 
Only the data from STS were analyzed. Subjects had a break of 5 s 
in between each complete cycle. The subjects were asked to keep 
their trunks and heads at upright position and to remain station-
ary as much as possible prior to STS task. They then started to rise 
from a seated position after the oral cue was heard. The start of 
STS was defined as the point where trunk flexion first occurred 
and was marked by the forward movement of T10 marker (22). 
The endpoint of stable standing was defined as the stoppage of 
the trunk and lower-limb markers (24). The transitional points 
of STS action were measured from the data on one force plate 

and angular movement. The data of the right and left lower limbs 
were collected by two force plates and markers trajectories. The 
task was performed at natural speed of the subjects’ habit and 
ability. All subjects were asked to keep both heels in contact with 
the force plates without moving their feet during STS movement 
and between cycles. A line marked at 50% of the thigh length 
was aligned with the anterior border of the seated chair. Kinetic, 
kinematic, and temporal variables were measured at sagittal plane 
during STS movement.

Data analyses and statistics
The STS analysis was organized into phases that depend on 
kinematic variables, GRFs and momentum-transfer phase (13), 
STS movement has consistent pattern that can be divided into 
five phases and six transitional points based on biomechanical 
view and kinematic data (22, 24). The six transitional points are 
as follow: T0 = the initial point of trunk started to flex; T1 = the 
point of maximal hip flexion; T2 = the point where knee started 
to extend, which is also called abrupt transitory point; T3 = the 
point of maximal ankle dorsiflexion; T4 =  just standing to full 
extension of hip and knee; T5 = end of STS (stable standing), also 
referred to as end point. The five phases of STS obtained from six 
timing points were defined as: (i) phase I—from T0 to before the 
hip left the seat (vector force begin to increase on force plate); (ii) 
phase II—from hip lifting off seat to T1; (iii) phase III—from T2 
to T3; (iv) phase IV, from T3 to T4; and (v) phase V—from T4 to 
T5 (Figure 1).

Statistics analysis was performed using SPSS version 15.0. 
Descriptive statistics were computed for demographic character-
istics and for all other parameters. Six trials with the smoothest and 
highest coincidence from the 10 recorded trials were included for 
data analysis according to reliability and validity of STS repetition 
(22, 24). The mean of the six STS cycles were computed for each 
subject. The Fisher’s exact test was used to compare the difference 
of gender ratio between the stroke group and the healthy group. 
Anthropometric data (age, body height and weight, leg length) 
for hemiparetic and healthy subjects were analyzed by independ-
ent samples t-test. Independent t-test was also used to assess 
the between group differences in timing phases and the time in 
point between stroke and healthy groups. The differences in joint 
angle, moment, and GRF of each transitional points at sagittal 
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FigUre 2 | Averaged joint angle curves of hip (a), knee (b), and ankle (c) 
during sit-to-stand (STS) movement in the affected side (blue), unaffected 
side (red), and healthy control group (orange).
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plane between the three groups (affected, unaffected, and healthy 
lower limbs) were assessed using one-way ANOVA. Statistical 
significant level was set as p < 0.05 (two tailed).

resUlTs

The stroke and healthy groups had no statistical significant differ-
ence in age and anthropometric parameters (Table 1).

The total timing of a STS cycle was calculated from T0 to T5 and 
was converted to 100%. Averaged joint angle curves of hip, knee, 
and ankle during STS movement in the affected, unaffected, and 
healthy group are shown in Figure 2.

Figure 3 shows the timing point from T1 to T5 and the five 
phases in the stroke and healthy groups. All timing transitional 

points were significantly delayed in the stroke group when com-
pared with the healthy group (p < 0.05). Phase I and phase IV 
were significantly lengthened in the stroke group when compared 
with the healthy group (0.76 ± 0.62 VS 0.43 ± 0.09 s, p = 0.049; 
0.93 ± 0.41 VS 0.63 ± 0.14 s, p = 0.008, respectively) (Figure 3A). 
The angle at T1 point of maximal hip flexion was significantly 
lower in the stroke group (84.22° ± 11.64°) than the healthy group 
(94.11° ± 9.40°, p = 0.022), and maintained more flexion at end 
point (T5) of STS. The knee angle of affected limb in full extension 
point (T4) (5.12° ± 5.25°) was less flexed than the unaffected limb 
(8.21° ± 7.28°, p = 0.039). There was significantly smaller flexion 
angle on the affected limb than the unaffected limb at the end 
point (T5) of STS cycle for the stroke group (0.03° ±  5.41° VS 
3.07° ± 6.71°, p = 0.042) (Figure 3B).

The knee joint moment was significantly lower in the 
affected limb than unaffected limb at abrupt transitory point 
(T2) (0.39 ± 0.29 VS 0.77 ± 0.25 Nm/kg, p < 0.001). The unaf-
fected knee moment of the stroke group increased significantly 
compared with the healthy group at T2 point (0.77  ±  0.25 VS 
0.42 ± 0.22 Nm/kg, p = 0.006) (Figure 4B). GRF decreased sig-
nificantly at affected lower limb (4.61 ± 0.73 N) in comparison 
with the unaffected lower limb (6.69 ± 0.86 N) and healthy lower 
limb (5.85 ± 0.53 N, p < 0.001, respectively).

The maximum knee joint moment was significantly lower on 
the affected limb than the unaffected limb in the stroke group 
(0.42 ± 0.38 VS 0.82 ± 0.24 Nm/kg, p < 0.001, Figure 5A). Time 
to maximal knee joint moment was significantly delayed in the 
stroke group when compared with the healthy group (1.14 ± 1.06 
VS 0.60 ± 0.09 s, p < 0.001). Time to maximal ankle joint moment 
was significantly delayed in the unaffected limb of the stroke 
group when compared with the healthy group (1.89 ± 0.72 VS 
1.16 ± 0.31 s, p = 0.027, Figure 5B).

DiscUssiOn

This study used 3D motion analysis to explore the phases and 
transitional points of kinematic and kinetic differences of lower 
limbs during STS motion in subacute stroke survivors and com-
pared those with age-matched healthy adults.

All of the transitional points were significantly delayed and 
the total time of STS task was significantly longer in the subacute 
stroke group when compared with healthy adults (Figure 3A). 
The results of the motion analysis indicated that the increase in 
total STS time was mostly related to the delay in phase I and 
phase IV (Figure 3B), where the majority of the time was spent 
on trunk flexion before the hip left the seat, and before hip and 
knee joints reached full extension. The increased time observed 
during phase I means that slow velocity of standing up from a 
seated position derives from the initial stage. Reduced veloc-
ity is proportionate to the disability of standing up previously 
reported in literature (18). Our findings were in line with Galli 
and co-workers who also found hemiplegic adults had a pro-
longed initial phase of STS (24). These changes might be related 
to poor trunk control and weak muscle strength (13, 26, 27). 
The increased total time of the STS task caused by lower speed 
indicates rising from a seated position is a challenging activity 
for subacute stroke survivors. It is recommended to incorporate 
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FigUre 3 | Time point (a) and five phases (b) comparisons among the affected, unaffected side of stroke and healthy controls during sit-to-stand (STS) task 
(*p < 0.05).
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the training of lean forward speed at the early stage of rehabilita-
tion. In addition, the time point of hip lifting off the seat (the 
beginning of phase II) previously reported was notably earlier 
than the T1 point observed in our study. This led to a negative 
data of phase II in some subacute stroke survivors. This reverse 
strategy may also influence the stability of posture control (22) 
that contributes to increase risk of falling (10). Therefore, find-
ings of this study suggest that trunk forward flexion and hip 
flexion should be particularly trained in people after stroke to 
enable a higher speed to shorten phase I of STS and keep hip 
joint fully flexed at T1.

The body of literature suggested that hip flexion angle 
contributed to rising from a seated position in healthy subjects 
(28). The results of this study showed that people with subacute 
stroke decreased maximal hip flexion angle during T1 when 
compared with healthy adults before standing up from a seated 
position. This indicated the hip left the seat before getting suf-
ficient flexion (Figures 2A and 4A). This partly explained that 

subacute stroke survivors might encounter difficulty to stand 
and easy to fall when lifting from a seated position. An interest-
ing finding from our study was that the affected knee joint had 
close to full extension to maintain stability at upright position 
(T5) and the unaffected knee joint maintained a slight flexion 
to maintain postural stability (Figures 2B and 4A). In contrast, 
hip joint remained slightly flexed at end point (T5). The inability 
to achieve full hip extension and knee extension in lock posi-
tion with stroke survivors might be related to the weakness of 
the gluteus maximus and quadriceps femoris (13) muscles. The 
higher ankle anterior–posterior swung between dorsiflexion and 
plantar flexion in the stroke group (Figure 2C) might be one of 
the factors that influenced the balance function of people after 
stroke (29).

It is important to detect the moment in joint angles when ris-
ing from a seated position, which requires larger hip flexion and 
knee extension than walking or climbing (3). Our results showed 
that the knee joint moment at the point of abrupt transitory 
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extension (T2) (Figure  4B) and GRF were significantly lower 
on the affected side when compared with the unaffected side and 
control subjects. In addition, our study also found the maximal 
hip flexion moment was synchronous with maximal knee exten-
sion moment on the unaffected side of the stroke group and on 
the healthy group, with the timing point of maximum moment 
of knee joint occurred after extension began on the affected 
limb (T2) (Figure 5B). These findings revealed that difficulties 
in rising from seated position might be related to weakness of 
lower extremity muscle strength and abnormal moment timing 
point. Subacute stroke subjects depend much more on the unaf-
fected limb while implementing the STS movement, especially 
when knee extension started (30). Therefore, it might need to 
increase knee extensors strength in subacute stroke survivors, 
especially at initial extension position to maintain symmetry 
of STS movement pattern. Our study showed an unequal GRF 
between affected and unaffected side, while the total GRF of the 
stroke group were similar with healthy adults. Impairments in 
muscles strength, postural control and balance were factors pre-
viously shown that contributed to asymmetrical weight-bearing 
in patients with stroke (20, 31, 32). Subacute stroke survivors 
put less weight on the affected limb and increased the load of 
the unaffected limb. Similar results were reported in previous 
studies (33, 34). All of these findings suggested that balance 
and weight-bearing training were needed for people with stroke 

to improve their motor function and posture control to regain 
ability of STS.

People with stroke have difficulties to rise from a seated posi-
tion. This ability is not easily recovered due to muscle weakness, 
impaired motor control, and balance function. In our study, the 
results would assist the development of a targeted rehabilitation 
interventions to improve STS ability for people after stroke. The 
training of trunk leaning forward can begin as early as possible 
while the person after stroke can sit up, and focus on increasing 
the velocity and amplitude of trunk and hip joint flexion. The 
muscles strength of gluteus maximus and quadriceps femoris 
must be reinforced by exercise, and should be trained at early 
stage of bed rest. In addition, by means of designing exercises at 
bed rest stage and exercise that mimic STS motion to increase 
GRF at affected limb. Therefore, these results may give a cue and 
guidance to improve STS performance.

This study has several limitations which limits the interpre-
tation and generalizability of the data. First, we only recorded 
the motion data and GRF during STS. We did not have elec-
tromyography recording of the lower limb muscles nor the 
objective muscle strength data from dynamometer. Further 
combination of kinematic, electrophysiological signals and 
muscle strength measurements could increase understanding 
on the mechanisms of motor control changes during STS fol-
lowing stroke. This would lead to a better understanding of the 
alteration of movement sequence. Second, we focused on lower 
limb kinematic and kinetics characteristics and did not consider 

A

B

FigUre 4 | Joint angle (a) and joint moment (b) at timing point comparison 
among the affected, unaffected side of stroke, and healthy controls 
(*p < 0.05).

A

B

FigUre 5 | Time to maximal joint moment (a) and Maximal joint moment  
(b)  during transitional action among the affected, unaffected side of stroke, 
and healthy controls (*p < 0.05).

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive


7

Mao et al. Phase Changes During STS of Stroke Survivors

Frontiers in Neurology | www.frontiersin.org March 2018 | Volume 9 | Article 185

reFerences

1. Guralnik JM, Ferrucci L, Simonsick EM, Salive ME, Wallace RB. Lower-
extremity function in persons over the age of 70 years as a predictor of 
subsequent disability. N Engl J Med (1995) 332(9):556–61. doi:10.1056/
NEJM199503023320902 

2. Nevitt MC, Cummings SR, Kidd S, Black D. Risk factors for recurrent nonsyn-
copal falls. A prospective study. JAMA (1989) 261(18):2663–8. doi:10.1001/
jama.261.18.2663 

3. Rodosky MW, Andriacchi TP, Andersson GB. The influence of chair height 
on lower-limb mechanics during rising. J Orthop Res (1989) 7(2):266–71. 
doi:10.1002/jor.1100070215 

4. Janssen WG, Bussmann HB, Stam HJ. Determinants of the sit-to-stand 
movement: a review. Phys Ther (2002) 82(9):866–79. doi:10.1093/ptj/82.9.866 

5. Ng SS, Kwong PW, Chau MS, Luk IC, Wan SS, Fong SS. Effect of arm position 
and foot placement on the five times sit-to-stand test completion times of 
female adults older than 50 years of age. J Phys Ther Sci (2015) 27(6):1755–9. 
doi:10.1589/jpts.27.1755 

6. Lord SR, Murray SM, Chapman K, Munro B, Tiedemann A. Sit-to-stand 
performance depends on sensation, speed, balance, and psychological status 
in addition to strength in older people. J Gerontol A Biol Sci Med Sci (2002) 
57(8):M539–43. doi:10.1093/gerona/57.8.M539 

7. Olney SJ, Richards C. Hemiparetic gait following stroke. Part I: charac-
teristics. Gait Posture (1996) 4(2):136–48. doi:10.1016/0966-6362(96) 
01063-6 

8. Isho T, Usuda S. Association of trunk control with mobility performance 
and accelerometry-based gait characteristics in hemiparetic patients with 
subacute stroke. Gait Posture (2016) 44:89–93. doi:10.1016/j.gaitpost.2015. 
11.011 

9. Pollock A, Gray C, Culham E, Durward BR, Langhorne P. Interventions for 
improving sit-to-stand ability following stroke. Cochrane Database Syst Rev 
(2014) 26(5):CD007232. doi:10.1002/14651858.CD007232.pub4 

10. Lipsitz LA, Jonsson PV, Kelley MM, Koestner JS. Causes and correlates of 
recurrent falls in ambulatory frail elderly. J Gerontol (1991) 46(4):M114–22. 
doi:10.1093/geronj/46.4.M114 

11. Guan Q, Jin L, Li Y, Han H, Zheng Y, Nie Z. Multifactor analysis for risk 
factors involved in the fear of falling in patients with chronic stroke from 
mainland China. Top Stroke Rehabil (2015) 22(5):368–73. doi:10.1179/1074
935714Z.0000000048 

12. Nyberg L, Gustafson Y. Patient falls in stroke rehabilitation. A challenge 
to rehabilitation strategies. Stroke (1995) 26(5):838–42. doi:10.1161/01.
STR.26.5.838 

13. Boukadida A, Piotte F, Dehail P, Nadeau S. Determinants of sit-to-stand tasks 
in individuals with hemiparesis post stroke: a review. Ann Phys Rehabil Med 
(2015) 58(3):167–72. doi:10.1016/j.rehab.2015.04.007 

14. Britton E, Harris N, Turton A. An exploratory randomized controlled trial of 
assisted practice for improving sit-to-stand in stroke patients in the hospital 
setting. Clin Rehabil (2008) 22(5):458–68. doi:10.1177/0269215507084644 

15. Yoshioka S, Nagano A, Hay DC, Fukashiro S. Biomechanical analysis of the 
relation between movement time and joint moment development during a sit-
to-stand task. Biomed Eng Online (2009) 8:27. doi:10.1186/1475-925X-8-27 

16. Błażkiewicz M, Wiszomirska I, Wit A. A new method of determination of 
phases and symmetry in stand-to-sit-to-stand movement. Int J Occup Med 
Environ Health (2014) 27(4):660–71. doi:10.2478/s13382-014-0280-x 

17. Schenkman M, Berger RA, Riley PO, Mann RW, Hodge WA. Whole-body 
movements during rising to standing from sitting. Phys Ther (1990) 
70(10):638–48,discussion648–51. doi:10.1093/ptj/70.10.638 

18. Ada L, Westwood P. A kinematic analysis of recovery of the ability to stand 
up following stroke. Aust J Physiother (1992) 38(2):135–42. doi:10.1016/
S0004-9514(14)60558-4 

19. Lee MY, Wong MK, Tang FT, Cheng PT, Chiou WK, Lin PS. New quantitative 
and qualitative measures on functional mobility prediction for stroke patients. 
J Med Eng Technol (1998) 22(1):14–24. doi:10.3109/03091909809009994 

20. Chou SW, Wong AM, Leong CP, Hong WS, Tang FT, Lin TH. Postural control 
during sit-to-stand and gait in stroke patients. Am J Phys Med Rehabil (2003) 
82(1):42–7. doi:10.1097/00002060-200301000-00007 

21. Sadeghi M, Emadi Andani M, Bahrami F, Parnianpour M. Trajectory of 
human movement during sit to stand: a new modeling approach based on 
movement decomposition and multi-phase cost function. Exp Brain Res 
(2013) 229(2):221–34. doi:10.1007/s00221-013-3606-1 

22. Park ES, Park CI, Lee HJ, Kim DY, Lee DS, Cho SR. The characteristics of 
sit-to-stand transfer in young children with spastic cerebral palsy based on 
kinematic and kinetic data. Gait Posture (2003) 17(1):43–9. doi:10.1016/
S0966-6362(02)00055-3 

23. Jeng SF, Schenkman M, Riley PO, Lin SJ. Reliability of a clinical kinematic 
assessment of the sit-to-stand movement. Phys Ther (1990) 70(8):511–20. 
doi:10.1093/ptj/70.8.511 

24. Galli M, Cimolin V, Crivellini M, Campanini I. Quantitative analysis of 
sit to stand movement: experimental set-up definition and application to 
healthy and hemiplegic adults. Gait Posture (2008) 28(1):80–5. doi:10.1016/j.
gaitpost.2007.10.003 

25. Wade DT, Wood VA, Heller A, Maggs J, Langton Hewer R. Walking after 
stroke. Measurement and recovery over the first 3 months. Scand J Rehabil 
Med (1987) 19(1):25–30. 

movement of the upper body such as the neck and shoulders. 
This prevented the detailed analysis of whole-body posture 
comparison and evaluation between healthy control and people 
after stroke during STS.

cOnclUsiOn

The total time of STS task was significantly longer in people 
with subacute stroke when compared with the healthy controls. 
Knee moment, abnormal timing point, and GRF on the affected 
side during STS task were reduced. The observed kinematic and 
kinetic changes in subacute stroke survivors during STS provide 
suggestions to the clinical intervention of improvement of STS 
motor performance.

eThics sTaTeMenT

The experiment was approved by the Human Subjects Ethics Sub-
committee of the First Affiliated Hospital, Sun Yat-sen University, 
China (ethic number [2014]88).

aUThOr cOnTribUTiOns

YM, XW, and JZ analyzed the data, interpreted the results, and 
drafted the manuscript. YM, WL, JZ, MD, ZX, LC, and RB con-
ducted the experiment and collected the data. XW contributed 
to the revision of MS and the answers to the comments from the 
reviewers and editor. DH and LL designed the study and per-
formed all stages of the study including data collection, analysis, 
interpretation, and substantial revision of the manuscript. All the 
authors approved the final version of the manuscript.

FUnDing

This work was funded by National Natural Science Foundation of 
China (No. 30973165,81372108, 31771016) and in part by 5010 
Planning Project of Sun Yat-sen University of China (No.2014001) 
and Science and Technology Planning Project of Guangdong 
Province, China (No.2016A020220009, 2015B020233006, 
2015B020214003, 2014B090901056), and Guangzhou Research 
Collaborative Innovation Projects (No. 201604020108).

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive
https://doi.org/10.1056/NEJM199503023320902
https://doi.org/10.1056/NEJM199503023320902
https://doi.org/10.1001/jama.261.18.2663
https://doi.org/10.1001/jama.261.18.2663
https://doi.org/10.1002/jor.1100070215
https://doi.org/10.1093/ptj/82.9.866
https://doi.org/10.1589/jpts.27.1755
https://doi.org/10.1093/gerona/57.8.M539
https://doi.org/10.1016/0966-6362(96)01063-6
https://doi.org/10.1016/0966-6362(96)01063-6
https://doi.org/10.1016/j.gaitpost.2015.11.011
https://doi.org/10.1016/j.gaitpost.2015.11.011
https://doi.org/10.1002/14651858.CD007232.pub4
https://doi.org/10.1093/geronj/46.4.M114
https://doi.org/10.1179/1074935714Z.0000000048
https://doi.org/10.1179/1074935714Z.0000000048
https://doi.org/10.1161/01.STR.26.5.838
https://doi.org/10.1161/01.STR.26.5.838
https://doi.org/10.1016/j.rehab.2015.04.007
https://doi.org/10.1177/0269215507084644
https://doi.org/10.1186/1475-925X-8-27
https://doi.org/10.2478/s13382-014-0280-x
https://doi.org/10.1093/ptj/70.10.638
https://doi.org/10.1016/S0004-9514(14)60558-4
https://doi.org/10.1016/S0004-9514(14)60558-4
https://doi.org/10.3109/03091909809009994
https://doi.org/10.1097/00002060-200301000-00007
https://doi.org/10.1007/s00221-013-3606-1
https://doi.org/10.1016/S0966-6362(02)00055-3
https://doi.org/10.1016/S0966-6362(02)00055-3
https://doi.org/10.1093/ptj/70.8.511
https://doi.org/10.1016/j.gaitpost.2007.10.003
https://doi.org/10.1016/j.gaitpost.2007.10.003


8

Mao et al. Phase Changes During STS of Stroke Survivors

Frontiers in Neurology | www.frontiersin.org March 2018 | Volume 9 | Article 185

26. Yoshida K, Iwakura H, Inoue F. Motion analysis in the movements of standing 
up from and sitting down on a chair. A comparison of normal and hemiparetic 
subjects and the differences of sex and age among the normals. Scand J Rehabil 
Med (1983) 15(3):133–40. 

27. Butler PB, Nene AV, Major RE. Biomechanics of transfer from sitting to the 
standing position in some neuromuscular diseases. Physiotherapy (1991) 
77(8):521–5. doi:10.1016/S0031-9406(10)61866-4 

28. Alqhtani RS, Jones MD, Theobald PS, Williams JM. Correlation of lumbar-hip 
kinematics between trunk flexion and other functional tasks. J Manipulative 
Physiol Ther (2015) 38(6):442–7. doi:10.1016/j.jmpt.2015.05.001 

29. Delahunt E, Monaghan K, Caulfield B. Altered neuromuscular control 
and ankle joint kinematics during walking in subjects with functional 
instability of the ankle joint. Am J Sports Med (2006) 34(12):1970–6. 
doi:10.1177/0363546506290989 

30. Roy G, Nadeau S, Gravel D, Piotte F, Malouin F, McFadyen BJ. Side difference 
in the hip and knee joint moments during sit-to-stand and stand-to-sit 
tasks in individuals with hemiparesis. Clin Biomech (Bristol, Avon) (2007) 
22(7):795–804. doi:10.1016/j.clinbiomech.2007.03.007 

31. Lomaglio MJ, Eng JJ. Muscle strength and weight-bearing symmetry relate 
to sit-to-stand performance in individuals with stroke. Gait Posture (2005) 
22(2):126–31. doi:10.1016/j.gaitpost.2004.08.002 

32. Malouin F, Richards CL, Doyon J, Desrosiers J, Belleville S. Training 
mobility tasks after stroke with combined mental and physical practice: 
a feasibility study. Neurorehabil Neural Repair (2004) 18(2):66–75. 
doi:10.1177/0888439004266304 

33. Brunt D, Greenberg B, Wankadia S, Trimble MA, Shechtman O. The effect 
of foot placement on sit to stand in healthy young subjects and patients 
with hemiplegia. Arch Phys Med Rehabil (2002) 83(7):924–9. doi:10.1053/
apmr.2002.3324 

34. Engardt M, Olsson E. Body weight-bearing while rising and sitting down in 
patients with stroke. Scand J Rehabil Med (1992) 24(2):67–74. 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Mao, Wu, Zhao, Lo, Chen, Ding, Xu, Bian, Huang and Li. This is 
an open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/S0031-9406(10)61866-4
https://doi.org/10.1016/j.jmpt.2015.05.001
https://doi.org/10.1177/0363546506290989
https://doi.org/10.1016/j.clinbiomech.2007.03.007
https://doi.org/10.1016/j.gaitpost.2004.08.002
https://doi.org/10.1177/0888439004266304
https://doi.org/10.1053/apmr.2002.3324
https://doi.org/10.1053/apmr.2002.3324
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	The Crucial Changes of Sit-to-Stand Phases in Subacute Stroke Survivors Identified by Movement Decomposition Analysis
	Introduction
	Materials and Methods
	Subjects
	Instrumentation
	Experiment and Tasks
	Data Analyses and Statistics

	Results
	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	References


