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Precise identification of deficient intersegmental coordination patterns and functional
limitations is conducive to the evaluation of surgical outcomes after total knee
arthroplasty (TKA) and the design of optimal personalized rehabilitation protocols.
However, it is still not clear how and when intersegmental coordination patterns
change during walking, and what functional limitations are in patients with TKA. This
study was designed to investigate lower limb intersegmental coordination patterns in
patients with knee osteoarthritis before and after TKA and identify how intersegmental
coordination of patients is altered during walking before and after TKA. It was hypothesized
that 6-month after TKA, intersegmental coordination patterns of patients are improved
compared with that before TKA, but still do not recover to the level of healthy subjects. Gait
analysis was performed on 36 patients before and 6-month after TKA and on 34 healthy
subjects. Continuous relative phase (CRP) derived from the angle-velocity phase portrait
was used to measure the coordination between interacting segments throughout the gait
cycle. Thigh-shank CRP and shank-foot CRP were calculated for each subject. Statistical
parametric mapping (SPM), a one-dimensional analysis of the entire gait cycle curve, was
performed directly to determine which periods of the gait cycle were different in patients
and healthy subjects. Six-month after TKA, thigh-shank CRP was significantly higher
during 5–12% of the gait cycle (p = 0.041) and lower during 44–95% of the gait cycle (p <
0.001) compared with healthy subjects, and was significantly higher during 62–91% of the
gait cycle (p = 0.002) compared with pre-operation. Shank-foot CRP was significantly
lower during 0–28% of the gait cycle (p < 0.001) and higher during 58–94% of the gait cycle
(p < 0.001) compared with healthy subjects, and was significantly lower during 3–18% of
the gait cycle (p = 0.005) compared with pre-operation. This study found that patients
exhibited altered intersegmental coordination during the loading response and swing
phase both before and after TKA. Six-month after TKA, the thigh-shank coordination was
partially improved compared with pre-operation, but still did not recover to the level of
healthy subjects, while there was no improvement in the shank-foot coordination pattern
after TKA compared with pre-operation. CRP combined with SPM methods can provide
insights into the evaluation of surgical outcomes and the design of rehabilitation strategy.
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INTRODUCTION

Total knee arthroplasty (TKA) is an effective procedure for
the treatment of advanced knee joint diseases (Yoshida et al.,
2012; Levinger et al., 2013; Bonnefoy-Mazure et al., 2017).
Postoperative physical function assessment is essential for the
evaluation of therapeutic effects and the formulation of
rehabilitation strategies. Gait analysis is an objective
evaluation method that has been widely used in the
evaluation of motor function in patients with knee
osteoarthritis (OA) and TKA (Milner, 2009; Yoshida et al.,
2012; Levinger et al., 2013; Alice et al., 2015; Bonnefoy-
Mazure et al., 2017; Bączkowicz et al., 2018). However,
current gait evaluation mainly focuses on isolated
individual joint kinematics and kinematics at specific
events or on summary metrics, such as maximum and
minimum, which may be insufficient for fully describing
the coordination involved in the completion of a
movement task (Chiu and Chou, 2013; Chiu et al., 2013).
Walking is a complex task that imposes a high demand on the
motor control system to generate coordinated limb
movements to achieve a smooth and accurate gait pattern
(Ogaya et al., 2016; Salehi et al., 2020). The deficit in one joint
can affect the coordination of the entire lower limb chain
(Milner, 2009). Lower limb intersegmental coordination can
be a good indicator of motor control mechanisms during
walking (Ogaya et al., 2016; Salehi et al., 2020).

Continuous relative phase (CRP) derived from the angle-
velocity phase portrait and containing both spatial and
temporal information related to two segments or joints has
been used to measure the coordination between interacting
segments or joints throughout the gait cycle (Chiu et al., 2010;
Ogaya et al., 2016). However, few studies have examined
intersegmental coordination of patients with TKA during
walking, and it remains unclear whether and how TKA causes
the changes of intersegmental coordination in patients. A better
understanding of the alterations of coordination patterns after
TKA could aid clinicians to evaluate therapeutic effects and
design rehabilitation strategies.

In addition, a common practice in biomechanical analysis is
focusing on specific events or summary metrics, rather than
considering the entire measurement domain, which may miss
differences during other instances of the task or along the time
dimension, resulting in increased Type I or Type II error (Pataky
et al., 2013; Donnelly et al., 2017). Statistical parametric mapping
(SPM) is a multidimensional data analysis technique that allows
the presentation of statistical outputs in the original time series,
providing an understanding of temporal regions where significant
differences may occur (Pataky, 2012). It has proven to be
applicable to a variety of biomechanical datasets including
joint angle waveforms (Pataky, 2012; Pataky et al., 2013;
Pataky et al., 2016; Donnelly et al., 2017; Pincheira et al.,
2019; Papi et al., 2020; Moisan et al., 2021). Analyzing the

entire gait waveform directly can enhance the understanding
of the strategies adopted for the full gait cycle (Donnelly et al.,
2017). Precise identification of deficient gait phases is conducive
to the design of optimal personalized rehabilitation protocols.

It is still not clear how and when intersegmental coordination
patterns change during walking, and what functional limitations
are after TKA. Therefore, the aim of this study was to combine the
CRP and SPM methods to investigate lower limb intersegmental
coordination patterns, and to identify how intersegmental
coordination of patients is altered during walking before and
after TKA. It was hypothesized that 6-month after TKA,
intersegmental coordination patterns of patients are improved
compared with that before TKA, but still do not recover to the
level of healthy subjects.

METHODS

Subjects
Thirty-six patients (12 males and 24 females; age 64.9 ± 5.6 years;
weight 70.1 ± 10.0 kg; height 161.3 ± 7.5 cm) planning to undergo
unilateral TKA due to severe knee OA and 34 healthy subjects (15
males and 19 females; age 60.9 ± 6.3 years; weight 65.9 ± 10.6 kg;
height 166.9 ± 7.4 cm) with no known knee pathology were
enrolled in this study. All patients presented with medial
compartment knee OA and had knee pain in the affected limb
with Kellgren & Lawrence disease severity grades of III or IV. The
contralateral limb exhibited no or milder knee OA. Exclusion
criteria for all subjects included a history of lower limb or back
surgery and neurological or orthopedic disorders other than knee
OA that could affect gait. Patients were also excluded if they were
unable to walk a short distance without technical aids. All healthy
subjects were examined for medical history and underwent
clinical examination, excluding subjects with lower extremity
injury, disease or surgical history, and other conditions that
may affect their gait. Approval was obtained from the Ethics
Committee of Capital Medical University. All participants
provided written informed consent.

Total Knee Arthroplasty
Total knee arthroplasty was performed by the same senior chief
physician using a posterior stabilized fixed platform prosthesis
with the patella preserved. A median approach in front of the
knee was taken and the articular cavity was entered through the
medial side of the patella. Anterior and posterior cruciate
ligaments were excised, femoral intramedullary positioning
was performed, and tibial extramedullary positioning was
performed. Osteotomy was performed according to the
recommended standard of the prosthesis. The patient received
standard rehabilitation training in the hospital after surgery and
was instructed to conduct self-rehabilitation training at home
after discharge. Patients were followed up for 6 months after
surgery.
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Clinical Evaluation
Clinical evaluation was performed using the Hospital for Special
Surgery Knee Score (HSS), the American Knee Society Score
(KSS), the WOMAC score, and the knee range of motion (ROM)
measures before and 6 months after TKA. HSS is a commonly
used score for patients with TKA, that is scored between 0 and
100, where 0 indicates extreme symptoms and 100 indicates no
symptoms (Insall et al., 1976). KSS is a joint-specific instrument
consisting of knee and function scores with 100 points for each
subscale, where a higher score indicates better health (Insall et al.,
1989). WOMAC consists of 24 disease-specific questions with a
total score of 240, and higher scores indicate more problems
(Bellamy et al., 1988).

Gait Analysis
A six-camera three-dimensional motion capture system (Motion
Analysis Inc., Santa Rosa, CA, United States) sampled at 120 Hz
was used to collected gait data. The modified Helen Hayes marker
set with 19 markers was used to define body segments. A static
trial was captured to identify joint center locations and to
calculate the segment coordinate systems. Subjects were asked
to walk a few trials along the test walkway at a comfortable speed
to familiarize themselves with the experimental surroundings. In
the formal test, a minimum of six walking trials was performed.
All gait tests were performed by the same experienced
professional. The raw data were filtered using a 6 Hz low-pass
Butterworth filter. Gait data from the middle 3-m was selected for
analysis to exclude the effects of acceleration and deceleration.
OrthoTrak software (Motion Analysis Inc., Santa Rosa, CA,
United States) was used to calculate gait spatiotemporal and
kinematic parameters (Pincheira et al., 2019). Thigh, shank, and
foot angles in the sagittal plane were calculated with respect to the
vertical axis in each frame (Wang et al., 2021). Each gait cycle was
time normalized to 100 data points.

Continuous Relative Phase
A Matlab program (Matlab R2017b, the Mathworks Inc., Natick,
MA, United States) was developed to calculate CRP using the
Hilbert Transform approach as previously described (Lamb and
Stöckl, 2014). The range of the segmental angles’ amplitude was
first centered around zero, and then the phase angles were
calculated based on the zero-centered segmental angle and its
Hilbert transformation. The shank-foot CRP and thigh-shank
CRP were calculated by subtracting the phase angles of the distal
segment from those of the proximal segment. The average CRP
curve calculated as the average for each time point across all gait
cycles from each subject was used for subsequent statistical
analysis. A more detailed description of the computational
method is provided in a prior publication (Wang et al., 2021).

Statistical Analysis
The sample size was calculated with data from our previous study
(Wang et al., 2021) with intersegmental coordination in patients
with knee OA during walking. The mean shank-foot average CRP
during the early stance with the highest standard deviation and
the smallest difference between groups was used (Cabral et al.,
2018). The sample size was determined based on predicted power

to detect a difference of 6.89° (SD 6.82°) between the groups with
an expected effect size of 1.01, an alpha of 0.05 and 90% power.
Based on calculations performed in G*Power (Faul et al., 2007), a
minimum sample size of 22 subjects for each group was needed.
Paired t-tests were performed to compare the clinical evaluation
results before and 6 months after TKA. One-dimensional analysis
of the entire gait cycle curve using SPMwas performed directly to
determine which periods of the gait cycle were different in
patients and healthy subjects. Data from the left and right
limbs of healthy subjects were averaged for subsequent
comparison. A two-tailed independent sample SPM{t} test was
used to determine the difference in the CRP curves between
healthy subjects and both limbs of patients before and 6 months
after TKA. A two-way Repeated Measure ANOVA was used to
analyze the influence of surgery (pre-operation and post-
operation) and limbs (affected/operated limb and unaffected/
non-operated limb) on CRP curves in patients with TKA. If the
interaction effect of surgery and limbs was statistically significant,
post hoc comparisons were undertaken using the paired SPM{t}
test with Bonferroni correction (alpha = 0.05/4). SPM analyses
were implemented in Matlab software using open-access SPM1D
scripts (http://spm1d.org/; Pataky, 2012).

RESULTS

Clinical Evaluation
Six-month after TKA, all the HSS scores, KSS knee score, KSS
function score, WOMAC score and knee ROM were significantly
improved compared with pre-operation (Table 1).

Thigh-Shank Coordination Pattern
Before TKA, thigh-shank CRP of the operated side was
significantly lower compared to that of healthy subjects during
41–97% of the gait cycle (p < 0.001) (Figure 1A), and similar
differences but shorter period was observed between non-
operated side and healthy subjects (Figure 1B). Six-month
after TKA, thigh-shank CRP of the operated side was
significantly higher compared to that of healthy subjects
during 5–12% of the gait cycle (p = 0.041) and significantly
lower during 44–95% of the gait cycle (p < 0.001) (Figure 1C).
There were no significant differences in thigh-shank CRP
between the non-operated side of patients and healthy subjects
throughout the gait cycle (Figure 1D). Compared with pre-
operation, postoperative thigh-shank CRP was significantly
increased during 62–91% of the gait cycle (p = 0.002)
(Figure 1E). Thigh-shank CRP of the operated side was

TABLE 1 | Clinical evaluation results before and 6-month after TKA.

— Pre-operation Six-month after TKA t p

HSS 51.72 ± 9.56 90.04 ± 5.77 −24.142 <0.001
KSS_knee 45.33 ± 7.09 95.67 ± 3.68 −37.319 <0.001
KSS_function 46.81 ± 14.74 80.28 ± 10.55 −10.173 <0.001
WOMAC 102.22 ± 18.05 27.07 ± 9.40 20.774 <0.001
ROM (°) 91.78 ± 19.83 115.32 ± 13.54 −6.490 <0.001
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significantly lower during 32–61% and 69–98% of the gait cycle
compared to that of non-operated side (p ≤ 0.003) (Figure 1F).

Shank-Foot Coordination Pattern
Before TKA, shank-foot CRP of the operated side was
significantly lower compared to that of healthy subjects during
0–18% of the gait cycle (p < 0.001) and significantly higher during
58–92% of the gait cycle (p < 0.001) (Figure 2A). Similar
differences were also observed between non-operated side and
healthy subjects (Figure 2B). Six-month after TKA, shank-foot
CRP of the both operated side and non-operated side were
significantly lower compared to that of the healthy subjects
during 0–26% of the gait cycle (p < 0.001) and significantly
higher during 58–94% of the gait cycle (p < 0.001) (Figure 2C,D).
Compared with pre-operation, postoperative shank-foot CRP of
the operated side was significantly lower during 3–18% of the gait
cycle (p = 0.005) (Figure 2E). Shank-foot CRP of the operated
side was significantly lower during 0–6% and 68–72% of the gait
cycle compared to that of non-operated side (p ≤ 0.044)
(Figure 2F).

DISCUSSION

Thigh-Shank Coordination Pattern
The results of this study showed that 6-month after TKA, the
thigh-shank coordination pattern was significantly improved
during 62–91% of the gait cycle compared to before TKA, but
the lead of thigh over shank of the operated side in patients was
still insufficient in the swing phase compared to healthy
subjects. These results indicate that the thigh-shank
coordination pattern of the operated side following TKA
exhibited more in-phase coupling, and had not yet returned
to the level of the healthy population. Previous studies have
shown that the range of motion and the maximum flexion
angle of the knee joint following TKA are significantly lower
than that of healthy subjects, and patients still move with a
knee-stiffening gait strategy (Alice et al., 2015; Rahman et al.,
2015; Bonnefoy-Mazure et al., 2017) which can result in
excessive in-phase coupling in the movement of thigh and
shank. However, during normal walking more anti-phase is
needed during the early swing to increase foot clearance and

FIGURE 1 | Thigh-shank CRP curves in patients before and after TKA and healthy subjects. A positive value indicates that thigh leads over shank, and a negative
value indicates that shank leads over thigh. The colored lines in A ~ G indicate that there are significant differences during this period when the two are compared.
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prepare for subsequently advancing the lower limbs. This
thigh-shank coordination pattern in patients may also be
related to the inadequate push off and gait velocity. Overall,
patients still had abnormal knee kinematics and thigh-shank
coordination patterns, even though knee pain and limited
range of motion no longer restricted knee movement
after TKA.

This study also found that thigh-shank CRP of the operated
side following TKA was significantly increased compared to that
of healthy subjects during 5–12% of the gait cycle, but there was
no difference between preoperative patients and healthy subjects,
which means that the operated side following TKA had an
excessive lead of thigh over shank during the loading
response. During this phase, a knee flexion excursion is
required to absorb shock and power in order to decelerate the
center of mass of the body (i.e., brake), prevent joint collapse,
maintain forward propulsion, and provide vertical support
(Worthen-Chaudhari et al., 2014). This can result in more in-
phase coupling of thigh and shank movements. Numerous
studies have shown that patients have a decreased knee flexion

excursion during the loading response after TKA (Milner, 2009;
Alice et al., 2015; Rahman et al., 2015; Bonnefoy-Mazure et al.,
2017). The most plausible reason is that postoperative patients
increase muscular co-contraction to maintain knee stability or
adapt to the feeling of knee instability caused by cruciate ligament
resection, proprioceptive defects, alterations in articular
anatomical structure, and abnormal biomechanics of the
prosthesis (Ro et al., 2018). Du et al. (Ro et al., 2018) believe
that the cerebellum, which processes gait, recognizes the
anomalous biomechanics of the knee joint induced by the
implant, such as paradoxical anterior translation prior to
rollback, as an altered gait pattern and suppresses knee
movement via muscular co-contraction. Muscular co-
contraction can limit the rotation of the shank and reduce the
flexion angle of the knee joint, resulting in more anti-phase
coupling of the thigh and shank movements. The maximum
voluntary isometric contraction intensity of the muscles around
the knee joint after TKA was significantly decreased compared to
that of healthy subjects (Bade et al., 2010), indicating that the
muscle strength of patients was weakened. This weakening may

FIGURE 2 | Shank-foot CRP curves in patients before and after TKA and healthy subjects. A positive value indicates that shank leads over foot, and a negative value
indicates that foot leads over shank.
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be caused by factors such as muscle disuse atrophy and surgical
trauma. As a result, patients can only maintain the stability of the
knee joint by tonic contraction of muscle groups, thus affecting
the postoperative thigh-shank coordination pattern. This pattern
of movement in patients may also result in more hip extension
and ankle plantar during the loading response, leading to a
reduction of shank-foot CRP. It is therefore necessary to use
targeted rehabilitation training, such as muscle strength training
and proprioception training, to adjust the gait coordination
pattern of patients.

The non-operated side in patients exhibited significantly
insufficient lead of thigh over shank during the swing phase
before TKA. This insufficiency disappeared following TKA,
indicating that the thigh-shank coordination pattern of the
non-operated side had recovered to the level of the healthy
subjects. This result further confirms the functional
compensatory effect of the non-operated side to the knee
dysfunction of the operated side. Previous studies have
observed the compensation strategies by the unaffected limb in
patients with unilateral knee OA (Lewek et al., 2006; Gustafson
et al., 2019). The excessive compensation by the unaffected limb
may increase its risk of articular cartilage damage and disease
progression over time and should be taken as a warning
(Gustafson et al., 2019). This could help to explain why
numerous individuals with unilateral knee OA eventually
develop symptoms of knee OA in the unaffected limb (Lewek
et al., 2006).

Previous studies have shown that the angle of knee flexion and
the motion amplitude of thigh and shank during walking of the
non-operated side following TKA are less than that of healthy
subjects (Rahman et al., 2015). However, when analyzing the
thigh-shank coordination pattern in the present study, we
observed that the timing and sequence of thigh and shank
movement of the non-operated side following TKA were
similar to that observed in healthy people. This finding also
illustrates the difference between research examining single
joints or intersegment coordination. Thus, the analysis of
intersegmental coordination can provide insight into the
coupling relationship of multiple segments, which is necessary
and meaningful for assessing the walking ability of patients.

Shank-Foot Coordination Pattern
Compared with healthy subjects, the lead of shank over foot
before TKA in patients was significantly insufficient during the
loading response and mid-stance, which was not improved after
TKA. Especially, the operated side exhibited less lead of shank
over foot compared to pre-operation, to the non-operation side,
and to healthy subjects. This pattern of coordination is also due to
the limitation of the knee flexion and the shank rotation during
the loading response caused by the greater and longer muscular
co-contraction around the knee joint, reflecting the functional
compensation and adaptation of the ankle joint to the knee joint.

We also found that patients exhibited excessive lead of shank
over foot both before and after TKA during the swing phase
compared with healthy subjects. In addition, no improvement
was observed postoperatively compared to preoperatively. For
healthy subjects, the lead of shank over foot begins to decrease

after reaching the maximum at about 50% of the gait cycle and
changes to the lead of foot over shank at about 70% of the gait
cycle, until reaching the negative maximum at about 80% of the
gait cycle. The reason for this pattern is that, in mid-stance, the
foot is placed flat on the ground with little movement until the
heel lifts off the ground, and the foot rotation accelerates and
gradually exceeds shank rotation. Before TKA, the timing of the
heel and toe off the ground in patients was later than that of
healthy subjects, which slow down the foot rotation, increasing
the ankle dorsiflexion during the terminal stance, and reducing
the ankle plantarflexion during the push off. This can be
confirmed by previous works that reported patients with knee
OA had higher maximum dorsiflexion during the stance and
lower maximum plantarflexion during the push off compared to
controls (Levinger et al., 2013; Ismailidis et al., 2021). A high-
intensity concentric contraction caused by a rapid ankle
plantarflexion generates sufficient power at the ankle joint
during the propulsion and provides sufficient forward
momentum for the leg swing (Winter 1989). The reduced
ankle plantarflexion limits the ankle power generation during
the push off, and therefore may limit forward progression of the
body and diminish the momentum of the swing limb, which is
also responsible for gait changes such as reduced step length and
walking speed (Levinger et al., 2013). Studies have shown that
patients with knee OA have reduced ankle power generation,
even after adjusting for gait velocity (Levinger et al., 2013). After
TKA, patients performed the same shank-foot coordination
pattern during the swing phase as before the operation. The
probable reason for this is the retention of the pre-operation gait
pattern, as has been reported in previous studies (Smith et al.,
2004; Milner, 2009; Levinger et al., 2013). The longitudinal pre-
and post-surgery data presented by Smith et al. (Smith et al.,
2004) indicated that pre-surgery gait patterns were still retained
18 months after surgery. Therefore, just because individuals are
no longer suffering from pain at the knee and have the ability to
move through a sufficient range of motion, it does not necessarily
mean that they will spontaneously modify their gait to a more
normal pattern. Consequently, therapeutic strategies should focus
on not only rehabilitation designed to improve knee function but
also gait retraining to optimize recovery following TKA.

Clinical Significance
CRP can be used to measure the interactions between segments or
joints throughout the gait cycle, enabling the assessment of the
overall coordination profile during walking. CRP has been
demonstrated to be capable of identifying the essential timing
and sequencing of neuromuscular control over biomechanical
degree of freedom for a smooth and efficient movement and is
considered to be able to complement traditional gait analysis to
provide insights into the complexity of human motor behavior
(Chiu et al., 2010; Chiu and Chou, 2012; Chiu et al., 2013; Ogaya
et al., 2016; Wang et al., 2021). SPM is a useful analysis method
for clinicians because it is more intuitive than considering discrete
variables alone and allows one to explore gait waveform data
without a priori assumptions about when in the gait cycle
statistical differences might occur, and can further provide
objective evidence for best practice clinical decisions making
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(Pincheira et al., 2019). In this study, the combination of CRP and
SPM methods was used to detect the differences in lower limb
intersegmental coordination patterns between patients with
unilateral TKA and healthy subjects throughout the gait cycle.
The results highlight the deficiencies of coordination patterns in
patients with TKA and in which phases of the gait cycle they
occur. Individualized treatment planning could use these findings
as a guideline and studies focusing on the effects of treatment
could further help transfer this knowledge to everyday practice.

Abnormal thigh-shank and shank-foot coordination patterns
were observed during the loading response. This may be related to
the abnormal knee muscle control caused by knee instability,
proprioceptive defects, weakened muscle strength, abnormal
biomechanics of the prosthesis. Accordingly, clinicians should
focus on the knee control training after TKA, especially the
eccentric contraction of the quadriceps femoris to control the
knee joint better during the loading response. Meanwhile,
proprioceptive training should also be carried out as soon as
possible due to the reduction of the patient’s perioperative ground
activities and the lack of cruciate ligaments. Moreover, after TKA,
shank-foot coordination pattern during the swing phase showed
no improvement compared to pre-operation, which may be the
retention of the preoperative gait pattern. Thus, gait training
should be done as early as possible according to the condition of
patients. Verbal cues and Rehabilitation equipment that provides
real-time feedback via cameras and screens may be helpful for
correcting the abnormal gait pattern of patients. In addition,
given the substantial impairment and functional deficits present
prior to knee surgery, as well as the additional trauma of surgery
itself, more aggressive rehabilitation may be needed to remediate
these impairments and functional deficits and restore gait
coordination patterns closer to the levels of healthy adults.
More interventional research following TKA is needed to
address how this can be most effectively accomplished. The
phases of the occurrence of coordination pattern defects in the
gait cycle could assist in clarifying whether a targeted treatment or
a more generalized one would be beneficial for a patient.

Limitations
The interpretations of our study should be considered along
with some limitations. Six months after TKA may not be
sufficient for the recovery. Given a longer recovery time of
more than 6 months, the intersegmental coordination pattern
of patients may be better than that before surgery, and closer
to that of healthy subjects. Some studies have shown that the
recovery period after TKA is about 1 year, and that the gait of
patients stabilized 1 year after surgery (Meier et al., 2008; Kiss
et al., 2012). However, other studies have found that patients
recovering from TKA typically plateau in strength and
functional gains at 6-month, and it is believed that the
degree of gait recovery within 6-month determines the
final gait of patients, so functional rehabilitation training
is recommended within 6-month (Bade et al., 2010). A longer
follow-up is needed to confirm the results of this study. In this
study, the rehabilitation process was not controlled, and
patients were doing their own rehabilitation at home,

which may lead to uneven rehabilitation effects and affect
the recovery of knee function after the operation. A
comfortable rather than controlled gait speed was selected
in this study. Data on controlled gait speed may be less
reflective of the subjects’ regular walking characteristics. In
addition, it is unclear if kinematic alterations are a cause or a
consequence of reduced gait velocity.

CONCLUSION

The changes of intersegmental coordination pattern during the
loading response and swing phase were identified in the surgical
group before and after TKA compared to healthy subjects. Six-
month after TKA, the thigh-shank coordination pattern was
partially improved compared with that before TKA, but still
did not recover to the level of healthy subjects, while there
was no improvement in the shank-foot coordination pattern
after TKA. Rehabilitative strategies may therefore need to
focus not only on improving knee function, but also on gait
coordination pattern retraining, to optimize recovery following
TKA. The combination of CRP and SPM methods can be used to
provide new insights into motor function assessment and the
evaluation of surgical outcomes and the design of rehabilitation
strategy.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Capital Medical University.
The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

YW, JZ, and KZ designed the experiment. YW, SQ and YL
conducted the experiment, analyzed and interpreted the data
and drafted the article. SY, JZ and KZ provided critical feedback
during revision. All authors approved the final manuscript and
agree to be accountable for the content of the work.

FUNDING

This study was supported by the National Natural Science
Foundation of China (grant number 31771018), and the
Beijing Rehabilitation Hospital, Capital Medical University
(grant number 2020R-002, 2021-006).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 8399097

Wang et al. Intersegmental Coordination after TKA

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


REFERENCES

Alice, B.-M., Stéphane, A., Yoshisama, S. J., Pierre, H., Domizio, S., Hermes,
M., et al. (2015). Evolution of Knee Kinematics Three Months after Total
Knee Replacement. Gait & Posture 41, 624–629. doi:10.1016/j.gaitpost.
2015.01.010

Bączkowicz, D., Skiba, G., Czerner, M., and Majorczyk, E. (2018). Gait and
Functional Status Analysis before and after Total Knee Arthroplasty. Knee
25, 888–896. doi:10.1016/j.knee.2018.06.004

Bade, M. J., Kohrt, W. M., and Stevens-Lapsley, J. E. (2010). Outcomes before and
after Total Knee Arthroplasty Compared to Healthy Adults. J. Orthop. Sports
Phys. Ther. 40, 559–567. doi:10.2519/jospt.2010.3317

Bellamy, N., Buchanan, W. W., Goldsmith, C. H., Campbell, J., and Stitt, L. W.
(1988). Validation Study of WOMAC: A Health Status Instrument for
Measuring Clinically Important Patient Relevant Outcomes to
Antirheumatic Drug Therapy in Patients with Osteoarthritis of the Hip or
Knee. J. Rheumatol. 15, 1833–1840.

Bonnefoy-Mazure, A., Armand, S., Sagawa, Y., Suvà, D., Miozzari, H., and Turcot,
K. (2017). Knee Kinematic and Clinical Outcomes Evolution before, 3 Months,
and 1 Year after Total Knee Arthroplasty. The J. Arthroplasty 32, 793–800.
doi:10.1016/j.arth.2016.03.050

Cabral, W. M., Valdir, B. R., Ferraz, P. M., Schenatto, F. A., Deisi, F., Danilo,
D., et al. (2018). Relationship between Knee Abduction Moment with
Patellofemoral Joint Reaction Force, Stress and Self-Reported Pain
during Stair Descent in Women with Patellofemoral Pain. Clin.
Biomech. 59, 110S1653998359–116. doi:10.1016/j.clinbiomech.2018.
09.012

Chiu, S.-L., and Chou, L.-S. (2012). Effect of Walking Speed on Inter-joint
Coordination Differs between Young and Elderly Adults. J. Biomech. 45,
275–280. doi:10.1016/j.jbiomech.2011.10.028

Chiu, S.-L., and Chou, L.-S. (2013). Variability in Inter-joint Coordination
during Walking of Elderly Adults and its Association with Clinical
Balance Measures. Clin. Biomech. 28, 454–458. doi:10.1016/j.
clinbiomech.2013.03.001

Chiu, S.-L., Lu, T.-W., and Chou, L.-S. (2010). Altered Inter-joint Coordination
during Walking in Patients with Total Hip Arthroplasty. Gait & Posture 32,
656–660. doi:10.1016/j.gaitpost.2010.09.015

Chiu, S.-L., Osternig, L., and Chou, L.-S. (2013). Concussion Induces Gait Inter-
joint Coordination Variability under Conditions of Divided Attention and
Obstacle Crossing. Gait & Posture 38, 717–722. doi:10.1016/j.gaitpost.2013.
03.010

Donnelly, C. J., Alexander, C., Pataky, T. C., Stannage, K., Reid, S., and
Robinson, M. A. (2017). Vector-field Statistics for the Analysis of Time
Varying Clinical Gait Data. Clin. Biomech. 41, 87–91. doi:10.1016/j.
clinbiomech.2016.11.008

Faul, F., Erdfelder, E., Lang, A.-G., and Buchner, A. (2007). G*Power 3: A Flexible
Statistical Power Analysis Program for the Social, Behavioral, and Biomedical
Sciences. Behav. Res. Methods 39, 175–191. doi:10.3758/bf03193146

Gustafson, J. A., Anderton, W., Sowa, G. A., Piva, S. R., and Farrokhi, S. (2019).
Dynamic Knee Joint Stiffness and Contralateral Knee Joint Loading during
Prolonged Walking in Patients with Unilateral Knee Osteoarthritis. Gait &
Posture 68, 44–49. doi:10.1016/j.gaitpost.2018.10.032

Insall, J. N., Ranawat, C. S., Aglietti, P., and Shine, J. (1976). A Comparison of Four
Models of Total Knee-Replacement Prostheses. J. Bone Jt. Surg Am 58, 754–765.
doi:10.2106/00004623-197658060-00003

Insall, J. N., Dorr, L. D., Scott, R. D., and Norman,W. (1989). Rationale, of the Knee
Society Clinical Rating System.Clin. Orthopaedics Relat. Res. 248, 13–14. doi:10.
1097/00003086-198911000-00004

Ismailidis, P., Hegglin, L., Egloff, C., Pagenstert, G., Kernen, R., Eckardt, A.,
et al. (2021). Side to Side Kinematic Gait Differences within Patients and
Spatiotemporal and Kinematic Gait Differences between Patients with
Severe Knee Osteoarthritis and Controls Measured with Inertial Sensors.
Gait & Posture 84, 24–30. doi:10.1016/j.gaitpost.2020.11.015

Kiss, R. M., Bejek, Z., and Szendrői, M. (2012). Variability of Gait Parameters in
Patients with Total Knee Arthroplasty. Knee Surg. Sports Traumatol. Arthrosc.
20, 1252–1260. doi:10.1007/s00167-012-1965-y

Lamb, P. F., and Stöckl, M. (2014). On the Use of Continuous Relative Phase:
Review of Current Approaches and Outline for a New Standard. Clin.
Biomech. 29, 484–493. doi:10.1016/j.clinbiomech.2014.03.008

Levinger, P., Menz, H. B., Morrow, A. D., Feller, J. A., Bartlett, J. R., and Bergman,
N. R. (2013). Lower Limb Biomechanics in Individuals with Knee Osteoarthritis
before and after Total Knee Arthroplasty Surgery. J. Arthroplasty 28, 994–999.
doi:10.1016/j.arth.2012.10.018

Lewek, M. D., Scholz, J., Rudolph, K. S., and Snyder-Mackler, L. (2006).
Stride-to-stride Variability of Knee Motion in Patients with Knee
Osteoarthritis. Gait & Posture 23, 505–511. doi:10.1016/j.gaitpost.
2005.06.003

Meier, W., Mizner, R., Marcus, R., Dibble, L., Peters, C., and Lastayo, P. C. (2008).
Total Knee Arthroplasty: Muscle Impairments, Functional Limitations, and
Recommended Rehabilitation Approaches. J. Orthop. Sports Phys. Ther. 38,
246–256. doi:10.2519/jospt.2008.2715

Milner, C. E. (2009). Is Gait normal after Total Knee Arthroplasty? Systematic
Review of the Literature. J. Orthopaedic Sci. 14, 114–120. doi:10.1007/s00776-
008-1285-8

Moisan, G., Miramand, L., Younesian, H., Legrand, T., and Turcot, K. (2021).
Assessment of Biomechanical Deficits in Individuals with a Trans-tibial
Amputation during Level Gait Using One-Dimensional Statistical
Parametric Mapping. Gait & Posture 87, 130–135. doi:10.1016/j.gaitpost.
2021.04.033

Ogaya, S., Iwata, A., Higuchi, Y., and Fuchioka, S. (2016). The Association
between Intersegmental Coordination in the Lower Limb and Gait Speed
in Elderly Females. Gait & Posture 48, 1–5. doi:10.1016/j.gaitpost.2016.
04.018

Papi, E., Bull, A. M. J., and McGregor, A. H. (2020). Alteration of Movement
Patterns in Low Back Pain Assessed by Statistical Parametric Mapping.
J. Biomech. 100, 109597. doi:10.1016/j.jbiomech.2019.109597

Pataky, T. C. (2012). One-dimensional Statistical Parametric Mapping in Python.
Comp. Methods Biomech. Biomed. Eng. 15, 295–301. doi:10.1080/10255842.
2010.527837

Pataky, T. C., Robinson, M. A., and Vanrenterghem, J. (2013). Vector Field
Statistical Analysis of Kinematic and Force Trajectories. J. Biomech. 46,
2394–2401. doi:10.1016/j.jbiomech.2013.07.031

Pataky, T. C., Vanrenterghem, J., and Robinson, M. A. (2016). The Probability of
False Positives in Zero-Dimensional Analyses of One-Dimensional Kinematic,
Force and EMG Trajectories. J. Biomech. 49, 1468–1476. doi:10.1016/j.
jbiomech.2016.03.032

Pincheira, P. A., De La Maza, E., Silvestre, R., Guzmán-Venegas, R., and Becerra,
M. (2019). Comparison of Total Hip Arthroplasty Surgical Approaches by
Statistical Parametric Mapping. Clin. Biomech. 62, 7–14. doi:10.1016/j.
clinbiomech.2018.12.024

Rahman, J., Tang, Q., Monda, M., Miles, J., and McCarthy, I. (2015). Gait
Assessment as a Functional Outcome Measure in Total Knee Arthroplasty:
A Cross-Sectional Study. BMC Musculoskelet. Disord. 16, 66. doi:10.1186/
s12891-015-0525-2

Ro, D. H., Han, H.-S., Lee, D. Y., Kim, S. H., Kwak, Y.-H., and Lee, M. C.
(2018). Slow Gait Speed after Bilateral Total Knee Arthroplasty Is
Associated with Suboptimal Improvement of Knee Biomechanics. Knee
Surg. Sports Traumatol. Arthrosc. 26, 1671–1680. doi:10.1007/s00167-
017-4682-8

Salehi, R., Mofateh, R., Mehravar, M., Negahban, H., Tajali, S., and Monjezi, S.
(2020). Comparison of the Lower Limb Inter-segmental Coordination during
Walking between Healthy Controls and People withMultiple Sclerosis with and
without Fall History.Mult. Scler. Relat. Disord. 41, 102053. doi:10.1016/j.msard.
2020.102053

Smith, A. J., Lloyd, D. G., and Wood, D. J. (2004). Pre-surgery Knee Joint Loading
Patterns during Walking Predict the Presence and Severity of Anterior Knee
Pain after Total Knee Arthroplasty. J. Orthop. Res. 22, 260–266. doi:10.1016/
s0736-0266(03)00184-0

Wang, Y., Zhang, K., Zeng, J., and Yan, S. (2021). Coordination of Lower Limbs in
Patients with Knee Osteoarthritis during Walking. Gait & Posture 83, 160–166.
doi:10.1016/j.gaitpost.2020.10.024

Winter, D. A. (1989). Coordination of Motor Tasks in Human Gait. Adv. Psychol.
61, 329–363. doi:10.1016/s0166-4115(08)60027-8

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 8399098

Wang et al. Intersegmental Coordination after TKA

https://doi.org/10.1016/j.gaitpost.2015.01.010
https://doi.org/10.1016/j.gaitpost.2015.01.010
https://doi.org/10.1016/j.knee.2018.06.004
https://doi.org/10.2519/jospt.2010.3317
https://doi.org/10.1016/j.arth.2016.03.050
https://doi.org/10.1016/j.clinbiomech.2018.09.012
https://doi.org/10.1016/j.clinbiomech.2018.09.012
https://doi.org/10.1016/j.jbiomech.2011.10.028
https://doi.org/10.1016/j.clinbiomech.2013.03.001
https://doi.org/10.1016/j.clinbiomech.2013.03.001
https://doi.org/10.1016/j.gaitpost.2010.09.015
https://doi.org/10.1016/j.gaitpost.2013.03.010
https://doi.org/10.1016/j.gaitpost.2013.03.010
https://doi.org/10.1016/j.clinbiomech.2016.11.008
https://doi.org/10.1016/j.clinbiomech.2016.11.008
https://doi.org/10.3758/bf03193146
https://doi.org/10.1016/j.gaitpost.2018.10.032
https://doi.org/10.2106/00004623-197658060-00003
https://doi.org/10.1097/00003086-198911000-00004
https://doi.org/10.1097/00003086-198911000-00004
https://doi.org/10.1016/j.gaitpost.2020.11.015
https://doi.org/10.1007/s00167-012-1965-y
https://doi.org/10.1016/j.clinbiomech.2014.03.008
https://doi.org/10.1016/j.arth.2012.10.018
https://doi.org/10.1016/j.gaitpost.2005.06.003
https://doi.org/10.1016/j.gaitpost.2005.06.003
https://doi.org/10.2519/jospt.2008.2715
https://doi.org/10.1007/s00776-008-1285-8
https://doi.org/10.1007/s00776-008-1285-8
https://doi.org/10.1016/j.gaitpost.2021.04.033
https://doi.org/10.1016/j.gaitpost.2021.04.033
https://doi.org/10.1016/j.gaitpost.2016.04.018
https://doi.org/10.1016/j.gaitpost.2016.04.018
https://doi.org/10.1016/j.jbiomech.2019.109597
https://doi.org/10.1080/10255842.2010.527837
https://doi.org/10.1080/10255842.2010.527837
https://doi.org/10.1016/j.jbiomech.2013.07.031
https://doi.org/10.1016/j.jbiomech.2016.03.032
https://doi.org/10.1016/j.jbiomech.2016.03.032
https://doi.org/10.1016/j.clinbiomech.2018.12.024
https://doi.org/10.1016/j.clinbiomech.2018.12.024
https://doi.org/10.1186/s12891-015-0525-2
https://doi.org/10.1186/s12891-015-0525-2
https://doi.org/10.1007/s00167-017-4682-8
https://doi.org/10.1007/s00167-017-4682-8
https://doi.org/10.1016/j.msard.2020.102053
https://doi.org/10.1016/j.msard.2020.102053
https://doi.org/10.1016/s0736-0266(03)00184-0
https://doi.org/10.1016/s0736-0266(03)00184-0
https://doi.org/10.1016/j.gaitpost.2020.10.024
https://doi.org/10.1016/s0166-4115(08)60027-8
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Worthen-Chaudhari, L., Bing, J., Schmiedeler, J. P., and Basso, D. M.
(2014). A New Look at an Old Problem: Defining Weight Acceptance
in Human Walking. Gait & Posture 39, 588–592. doi:10.1016/j.gaitpost.
2013.09.012

Yoshida, Y., Zeni, J., and Snyder-Mackler, L. (2012). Do patients Achieve
normal Gait Patterns 3 Years after Total Knee Arthroplasty? J. Orthop.
Sports Phys. Ther. 42, 1039–1049. doi:10.2519/jospt.2012.3763

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

Publisher’s Note: All claims expressed in this article are solely those of the authors and
donot necessarily represent those of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Qie, Li, Yan, Zeng and Zhang. 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(s) 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.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org February 2022 | Volume 10 | Article 8399099

Wang et al. Intersegmental Coordination after TKA

https://doi.org/10.1016/j.gaitpost.2013.09.012
https://doi.org/10.1016/j.gaitpost.2013.09.012
https://doi.org/10.2519/jospt.2012.3763
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Intersegmental Coordination in Patients With Total Knee Arthroplasty During Walking
	Introduction
	Methods
	Subjects
	Total Knee Arthroplasty
	Clinical Evaluation
	Gait Analysis
	Continuous Relative Phase
	Statistical Analysis

	Results
	Clinical Evaluation
	Thigh-Shank Coordination Pattern
	Shank-Foot Coordination Pattern

	Discussion
	Thigh-Shank Coordination Pattern
	Shank-Foot Coordination Pattern
	Clinical Significance
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


