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Strength training is recommended by the American Physical Therapy Association to improve

muscle strength, mobility, and balance following knee replacement. Few studies have focused

on the direct effects of strength training on functional ambulation, and potential dose-response
relationships between strength training parameters and the effect remain unclear. The aim of this
systematic review, meta-analysis, and meta-regression was to evaluate the effects of strength
training on functional ambulation following knee replacement (KR). We also aimed to explore
potential dose-response relationships between strength training parameters and performance

in functional ambulation. A systematic literature search of eight online databases was performed

on March 12, 2023, for randomized controlled trials evaluating the effects of strength training on
functional ambulation by six-minute walk test (6MWT) or timed-up and go test (TUG) after KR. Data
were pooled by random-effect meta-analyses and presented as weighted mean difference (WMD).

A random-effect meta-regression was performed for four predetermined training parameters,
namely, duration (weeks), frequency (sessions per week), volume (time per session), and initial

time (after surgery) separately to explore dose-response relationships with WMD. Fourteen trials
encompassing 956 participants were included in our study. Meta-analyses showed an improvement
in 6BMWT performance after strength training (WMD: 32.15, 95% Cl 19.44-44.85) and a decrease

in time to complete TUG (WMD: -1.92, 95% Cl - 3.43 to - 0.41). Meta-regression revealed a dose-
response relationship only between volume and 6MWT, with a decreasing trend (P=0.019, 95%
Cl-1.63 to-0.20). Increasing trends of improvement in 6MWT and TUG were observed with increasing
training duration and frequency. A slight decreasing trend of improvement was observed in 6MWT
with postponed initial time, while an opposite trend was observed in TUG. Based on existing studies,
moderate-certainty evidence suggests that strength training could increase 6MWT distance, and
low-certainty evidence shows that strength training could decrease the time to complete TUG after
KR. Meta-regression results only suggested a dose-response relationship between volume and 6MWT
with a decreasing trend.

Registration: PROSPERO: CRD42022329006.

Knee osteoarthritis (KOA) is a considerable global health burden that may cause knee pain, stiffness, high risk
of falls, and even disability’?, the prevalence of which has doubled since the mid-twentieth century with the
global prevalence of radiographically confirmed KOA being 3.8% in 2010%*. Pharmacological therapies, physical
therapies, and joint-preserving surgical treatment might slow down the progression of the disease and alleviate
pain before end-stage KOA*. If these treatments fail, with consistent pain and dysfunction, knee replacement
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(KR) could be the final choice*®. It has been reported that 80-85% of patients are satisfied after surgery, but there
is a small proportion of patients who experience postsurgi pain and functional ambulation limitations due to
muscle impairment, weakness, and neuromuscular activation deficits>®.

Strength training is effective for attenuating muscle weakness and improving physical performance’. Several
systematic reviews and meta-analyses have shown safety and non-inferiority in functional ambulation of strength
training compared with other interventions after KR®?. Moreover, strength training is strongly recommended for
improving muscle strength, mobility, balance, and knee extension after KR by the American Physical Therapy
Association (APTA)'. Despite the many benefits of strength training for patients after KR, there is still a lack
of generalized parameters in clinical practice'’, and training protocols among relevant studies vary in duration,
frequency, initial time, and intensity.

We conducted the present systematic review, meta-analysis, and meta-regression focusing on functional
ambulation in patients following KR. The aims of this study were as follows: (1) to evaluate the effects of strength
training on functional ambulation following KR and (2) to explore the dose-response relationship between
strength training parameters and functional ambulation.

Methods

Registration. The review was conducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-analysis (PRISMA) checklist'!. The review protocol was registered on the PROSPERO data-
base (CRD42022329006).

Search strategy. We performed a systematic literature search in April of 2022 and an updated literature
search on March 12, 2023, in the following online electronic databases: PubMed, Web of Science, The Cochrane
Library, Embase, Ovid, China National Knowledge Infrastructure (CNKI), Wanfang Data, and Chongqing VIP.
The search strategy included the combination of keywords such as “knee replacement;” “knee arthroplasty;’
“knee prosthesis,” “strength training,” “resistance training,” “weight-bearing exercise,” “eccentric exercise,” “con-
centric exercise,” and “isotonic exercise” The full search strategy is available in Supplementary Table S1 online. A

forward and backward search of reference lists in the included studies was performed manually.

Eligibility criteria. The eligibility criteria were as follows.

Participants: The patients underwent primary KR due to KOA. Patients with severe comorbidities (such as
uncontrolled diabetes and severe cardiovascular or neurological diseases) that could affect functional ambula-
tion performance were excluded.

Intervention: The experimental group received strength training with or without standard care. Strength
training was defined as an exercise for increasing muscle power against a force or gravity'?. A treatment protocol
or an added protocol for the intervention group was regarded as a strength training protocol if: (1) the time for
strength training constituted more than half of the total training time (the time for warm-up and cool-down
exercises was not calculated) and (2) the researchers hypothesized that it could cause larger improvement in
muscle strength or functional ambulation than the control treatment, or else augment the improvement of muscle
strength or functional ambulation on the basis of the control treatment.

Control: The control group received standard care or no intervention. As the APTA guideline highlights that
strength training is beneficial for mobility, balance, and knee extension after KR, and due to ethical concerns,
strength training is sometimes included in standard care protocols™. In this study, we distinguished standard
care protocols from strength training protocols if: (1) strength training was one of the applied therapies (e.g.,
knee range of motion training, balance training, cryotherapy) in a protocol, (2) the time for strength training
constituted no more than half of the total training time, and (3) the aim of the protocol was not to improve
muscle strength or functional ambulation specifically. Studies of strength training in both treatment and control
groups with different parameters (high intensity vs. low intensity, weight-bearing vs. non-weight-bearing, etc.)
were excluded.

Outcome: The 6-min walk test (6MWT) was selected as the primary outcome as it reflects a person’s walking
distance in 6 min, which is close to situations of daily living. The timed-up and go (TUG) test was selected as
the secondary outcome. In this test, participants need to stand up from a seated position, walk 3 m, turn back,
and sit down. A decrease in the time needed to complete TUG indicates an improvement in the outcome®’.

Study: Randomized controlled trials (RCTs) published in English or Chinese were included, with no restric-
tions in terms of year, region, and ethnicity.

Selection process. The retrieved articles were imported into Endnote 20.3, and duplications were removed.
Two independent reviewers read titles and abstracts of all articles, and then a full-text evaluation of potentially
eligible articles was performed. The final selection results were cross-checked between the two reviewers, and
conflicts were solved by discussion or by consulting a third reviewer.

Data extraction. Information from the eligible studies was extracted by two independent reviewers using a
predesigned data extraction form. The following information was collected: (1) study characteristics: publishing
year, country or region, first author, and number of participants in each group; (2) patients’ baseline character-
istics: mean age, body mass index (BMI), and proportion of male/female; (3) strength training characteristics:
details of training procedures, duration (weeks), frequency (sessions per week), volume (minutes per session),
and initial time (after surgery); (4) outcomes of functional ambulation. Discrepancies were solved by discussion.
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Risk of bias assessment. Risk of bias was assessed by the Cochrane risk of bias assessment tool 2 (RoB2)'4.
The RoB2 tool consists of five domains: bias arising from the randomization process, bias due to deviations from
intended interventions, bias due to missing outcome data, bias in the measurement of the outcome, and bias in
the selection of the reported result. There are a series of signal questions for each domain, with an algorithm
that maps the answers “yes,” “probably yes,” “probably no,” “no,” or “no information” to the risk of bias judge-
ments “low risk,” “some concerns,” or “high risk” Risk of bias for a study is rated as “low risk,” “some concerns,”
and “high risk” if all domains are “low risk,” at least one domain is “some concerns” but there are no “high risk”
domains, and at least one domain is “high risk” or multiple domains are “some concerns’, respectively. Two
reviewers assessed the risk of bias independently, and the final results were cross-checked. Conflicts were solved
by discussion or by consulting the third reviewer.

Meta-analyses. We quantified the effects of strength training on functional ambulation by meta-analyses
using the random-effect model. Results of continuous variables were expressed as weighted between-group
mean difference (WMD) with a 95% confidence interval (CI). For studies with two intervention groups, we
divided the control group into two (WMD remained unchanged, while the sample size and the standard devia-
tion halved)'®. P<0.05 was considered statistically significant. In addition, we also computed the weighted mean
differences within the strength training group from baseline to posttreatment by using random-effect meta-
analyses. Inter-study heterogeneity was evaluated by the I? statistic test. I* values of 20, 50, and 75% indicate that
there might be low, moderate, and high heterogeneity, respectively’®. Publication bias was evaluated via funnel
plots if there were 10 or more studies in one meta-analysis. Egger regression test was performed when the funnel
plot showed obvious asymmetry, with a P value > 0.1 indicating potential publication bias'’. Sensitivity analysis
was performed by the leave-one-out method to find any influential studies.

Confidence level assessment of meta-analysis results. We used the GRADE tool to evaluate the
confidence level of our results in GRADEpro software (version 3.6.1). The results of meta-analyses from RCTs
had a high confidence level initially. If there was risk of bias, inconsistency, indirectness, imprecision, and publi-
cation bias in the included studies, the confidence level was downgraded to moderate, low, or very low'.

Meta-regression. We determined the following critical strength training parameters that might affect
the training effects a priori based on the previous studies: duration (training weeks)', frequency (sessions per
week)'®?, volume (minutes per session)?!, and initial time (days after surgery)*. For each outcome, random-
effect univariate meta-regressions were performed by residual restricted maximum likelihood method to meas-
ure the between-study variance®. The dependent variable was WMD, while the parameters were selected as
covariates. Multivariate meta-regression with Knapp-Hartung modification was performed if the number of
parameters with statistical significance (P <0.05) was more than one. Permutation tests were performed to deal
with multiple testing (n=1000)?*. P<0.05 in the multivariate meta-regression indicated a more convincing
dose-response relationship between a parameter and the outcome than that in the univariate meta-regression.
The bubble plot was presented for the trend of dose-response relationship. All statistical analyses and meta-
regression were performed in Stata 17.0 software (StataCorp LLC, College Station, USA).

Results

Search results. A total of 7448 articles were retrieved, and 5170 articles remained after removing dupli-
cates. Twenty-eight studies were full-text evaluated after title and abstract screening. Finally, 14 studies were
included in meta-analyses. Fourteen studies were excluded due to the following reasons: (1) authors did not
assess participants’ functional ambulation®*’; (2) the intervention group received more functional training
(e.g., aerobic exercise and balance training) than strength training®*-*!; (3) both groups received strength train-
ing, only with different parameters®-*%; (4) strength training was applied in the control group, and the interven-
tion group received other treatments®; (5) other reasons, including non-RCT study design or a lack of training
parameters®**’ (Fig. 1).

Characteristics of the included studies. Publication countries of the 14 RCTs included in our study
were Austria (1 study), Korea (1 study), China (4 studies), Norway (1 study), India (1 study), Denmark (2 stud-
ies), Canada (1 study), United States of America (1 study), Australia (1 study), and Finland (1 study). A total of
956 participants were included, with the mean age ranging from 61.8 to 73.1 years, and mean BMI ranging from
23.8 to 37.6 kg/m>.

As for the strength training protocols, five studies applied knee extension-flexion resistance training
six studies applied strength training targeting lower limb muscles involving hip, knee, and ankle!>?*4-45; while
another three studies targeted hip muscles*’~*. The strength training parameters ranged from 4 to 13 (weeks) in
terms of duration, from 2 to 7 in terms of frequency (times), from 15 to 70 in terms of volume (minutes), and
from 2 to 423 in terms of initial time (days) (Table 1).

38-42,
>

Risk of bias in the included studies. As shown in Table 2, six studies showed a low overall risk of bias.
Eight studies had one or two domains with “some concerns,” so their overall risk was rated as “some concerns”
None of the studies had a high risk of bias. For each domain, bias mainly arose from an implicit description of
the randomization process (domain 1, 8 in 14 studies). Two studies had some concerns with domain 2, one with
domain 3, and three with domain 5. All studies had a low risk of bias with domain 4 (bias in the measurement
of the outcome).
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Figure 1. Study flow diagram.

Meta-analyses results. 6MWT. Ten studies encompassing 535 participants had available data regarding
6MWT. The point estimates of the included studies were on the same side, except for the study by Trudelle et al.*?
(including only 12 participants), which showed a 10.3 m smaller increase in 6MWT distance in the strength
training group compared with the control group. Random-effect meta-analysis showed statistically significant
between-group differences (MD: 32.15, 95% CI 19.44-44.85, P<0.001, 1’=13.6%) (Fig. 2). However, out of the
10 included studies, only the studies by Huang et al. and Do et al. showed that strength training could improve
walking distance relative to the control group with statistical significance. Sensitivity analysis showed that the
study by Huang et al. might be influential (see Supplementary Fig. S2 and Table S3 online), but none of its eligi-
bility criteria, baseline characteristics of participants, and treatment protocols in both groups were outlined after
reassessing. Besides, the overall point estimate after leaving out Huang’s study was still within the 95% CIs. Thus,
that study was still included in the meta-regression. The funnel plot was asymmetric, but the Egger test did not
show any potential publication bias (p=0.19) (see Supplementary Fig. S4 online). The MD within the strength
training group from baseline to posttreatment was 112.4 (95% CI 38.6-186.2) meters (see Supplementary Fig. S5
online).

TUG. Eightstudies encompassing 601 participants presented data for TUG. The point estimates of the included
studies were on the same side, except for the study by Bily et al.**, which showed that there was a significant 0.6 s
lower decrease in time to complete TUG in the strength training group than in the control group. Random-effect
meta-analysis showed statistically significant between-group differences (MD:—-1.92, 95% CI-3.43 to—0.41,
P=0.012) (Fig. 3). The value of I* was 92%, which indicated that there might be heterogeneity between the stud-
ies. Sensitivity analysis did not show obvious changes in the effect estimates by the leave-one-out method (see
Supplementary Fig. S6 and Table S7 online). The MD within the strength training group from baseline to post-
treatment was —5.4 (95% CI—7.6 to—3.1) seconds (see Supplementary Fig. S8 online).

Confidence level of meta-analyses results. The confidence level of our meta-analyses results was
evaluated by the GRADE tool. For 6MWT, the confidence level was downgraded from high to moderate due
to inconsistency (moderate-quality evidence), and for TUG, the confidence level was downgraded from high to
low due to imprecision and inconsistency. The reasons for downgrading are shown in Supplementary Figs. S9
and S10 online.

Meta-regression results and dose-response relationship. A univariate meta-regression was per-
formed for the four strength training parameters (duration, frequency, volume, and initial time) separately.
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Table 1. Characteristics of the included studies. EG experimental group, CG control group, BMI body mass

index, ROM range of motion, 6MWT six-minute walk test, TUG timed-up and go.

6MWT (10 studies, 535 participants). Regarding the dose-response relationship, volume showed a
decreasing trend in 6 MW when training time increased between 15 and 70 min per session (P=0.019, coeffi-
cient= —0.91, 95% CI - 1.63 to — 0.20). With no statistical significance, initial time showed a decreasing trend in
6MWT when strength training was initiated from 2 to 423 days after surgery (P=0.85, coeflicient= —0.02, 95%
CI-0.24-0.20). There was an increasing trend in 6 MW T when training weeks increased from 7 to 12 (P=0.18,
coefficient=>5.04, 95% CI—-2.93-13.02) and training frequency increased from 1.5 (average) to 7 times per week
(P=0.34, coeflicient =3.30, 95% CI-4.16-10.76) (see Supplementary Figs. S11-S14).

TUG (9 studies, 601 participants). We did not find dose-response relationships between the four
strength training parameters and TUG. There was a decreasing trend in time to complete TUG when training
weeks increased from 4 to 16 (P=0.56, coefficient= —0.10, 95% CI-0.48-0.29), training frequency increased
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Study D1 |D2 |D3 |D4 |D5 |Overall
Mofftet L L L L L L
Jakobsen L L L L
Vuorenmaa L L L L L L
Bily SC |sC |L L L sC
Harikesavan SC |L L L L SC
Jorgensen sC |L SC |L L sC
Husby sC |L L L L sC
Schache L L L L L L
Do L L L L L
Huang SC |L L L SC |SC
Liao L L L L L L
Trudelle SC |sC |L L L sC
Quan SC |L L L SC |SC
Sun sC L L SC |sC

Table 2. Risk of bias in the included studies. L low risk of bias, SC some concerns.

Study %

D WMD (95% CI) Weight
1
1

Moffet (2004) +——r— 20.90 (-0.97, 42.77) 2326
1
1

Jakobesn (2014) —— 12.20 (-38.07. 62.47) 5.89
1
1

Jorgensen (2017) —6— 38.50 (-21.30, 98.30) 4.26
1
1

Harikesavan (2017) -~ 14.30 (-83.16, 111.76) 1.66
1
1

Husby (2018) - 41.30 (40.37, 122.97) 234
1
1

Schache (2019) —_— 7.00 (-25.00, 39.00) 13.02
1
1

Do (hip muscles) (2020) B E— 48.51 (8.57, 88.45) 891
1
1

Do (quadricep) (2020) o 27.48 (-15.99, 70.95) 767
1
'

Trudelle (2020) < -10.30 (-125.72, 105.12) 119
1
1

Huang FF (2020) | —— 51.90 (34.81, 68.99) 31.79
1

Overall (I-squared = 13.6%, p = 0.318) @ 32.15 (19.44, 44.85) 100.00
1
1

NOTE: Weights are from random effects analysis !
A

T T

-126 0 126
Favour control treatment Favour strength training

Figure 2. Forest plot of randomized controlled trails of strength training vs. control treatment: six-minute walk
test.

from 2 to 7 times per week (P=0.08, coefficient= —0.59, 95% CI —1.28-0.10), training time increased between
15 and 60 min per session (P=0.58, coefficient= —0.004, 95% CI—0.027-0.018), and strength training was initi-
ated from 8 to 180 days after surgery (P=0.68, coeflicient= —0.017, 95% CI-0.23-0.20) (see Supplementary
Figs. S15-S18).

Discussion

In this dose-response meta-analysis, the general effects of strength training on functional ambulation following
KR were first evaluated. Then, we explored the dose-response relationships between the four predetermined
training parameters and the outcome, which was a critical aspect of rehabilitation following KR.

Effects of strength training on functional ambulation after KR.  Our study found a larger improve-
ment (6MWT: 32 m, TUG: - 1.9 s) in functional ambulation of the strength training group relative to the control
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Study %

D WMD (95% Cl) Weight
!
1

Vuorenmaa (2014) | —t -0.37 (-1.58, 0.84) 12.54
1
1

Bily (2016) ] 0.60 (0.36, 0.84) 13.61
1
1

Harikesavan (2017) : -0.20 (-3.82, 3.42) 7.63
1
1

Schache (2019) * - -4.00 (-8.11,0.11) 6.78
1
'

Liao CD (2020) —_— 2,92 (-4.75, -1.09) 11.37
1
1

Do (hip muscles) (2020) —_— 2,94 (-4.37, -1.51) 1217
1
1

Do (quadricep) (2020) —_—— -2.22(-3.82,-0.62) 11.84
1
1

Sun Q (2022) — ! -3.77 (-5.07, -2.47) 12.39
1
|

Quan HL (2022) —_—— -2.14 (-3.82, -0.46) 11.67
'

Overall (I-squared = 91.8%, p = 0.000) <> -1.92 (-3.43, -0.41) 100.00
1
1
1

NOTE: Weights are from random effects analysis :
1

T T
-8.11 8.11
Favour strength training Favour control treatment

Study %

D WMD (95% Cl) Weight
1
1

Vuorenmaa (2014) | — -0.37 (-1.58, 0.84) 12.54
1
1

Bily (2016) \ 0.60 (0.36, 0.84) 13.61
1
1

Harikesavan (2017) : -0.20 (-3.82, 3.42) 7.63
1
1

Schache (2019) +- n -4.00 (-8.11,0.11) 6.78
1
1
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1
1
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Overall (l-squared = 91.8%, p = 0.000) <> -1.92 (-3.43,-0.41) 100.00

NOTE: Weights are from random effects analysis

T
-8.11

Favour strength training

Figure 3. Forest plot of randomized controlled trails of strength training vs. control treatment: timed-up and

go.

group. As a long-term goal after KR, functional ambulation improvement involves demands for primary goals
such as muscle strength restoration, balance control, and pain management®***!. Hence, our results could, from
another point of view, confirm the results of previous studies that adding strength training to rehabilitation
protocols after KR could improve these primary goals?**>**. Moreover, this finding could complement the APTA
guideline on the benefits of strength training after KR to some extent, in addition to improvement of muscle
strength, mobility, balance, and knee extension!®.

T
81

Favour control treatment
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We also computed the differences between baseline and posttreatment within the strength training group. The
results showed 112.4 m increase for SMWTT (the study by Jakobsen et al.** was not included because its baseline
was preoperative) and — 5.4 s decrease for TUG, both of which reached the minimal detectable change (61.34 m at
a90% confidence level*> and —2.27 s at a 95% confidence level®, respectively). Potential mechanisms of functional
ambulation improvement following strength training might be explained by neuromuscular reactivation. Patients
following KR may exhibit quadricep weakness and atrophy resulting from long-term KOA and the surgery, which
can further lead to persistent neuromuscular activation deficits®**. Such deficits can limit the ability to generate
force and result in poor physical functions®. Strength training could cause a series of neurological reactivation at
cortical or spinal level, including reduced variability of motor unit discharge rate, decreased motor unit recruit-
ment threshold, increased motor neuron output, and enhanced muscle strength®-58.

Dose-response relationship between strength training and functional ambulation. Vol-
ume. Meta-regression suggested that there was a dose-response relationship between volume and 6MWT
result with a decreasing trend. Such results differed both from our hypothesis that the training effect would
increase, at least to a certain range, with the increase in training volume, and a previous study that showed simi-
lar increases in muscle strength among small and high volumes of strength training®. A far-fetched explanation
could be that a large training volume could cause pain and muscle fatigue, thereby reducing performance in
functional ambulation. However, considering parameters separately was likely to neglect the interactions among
them, as basic information for a strength training prescription should contain intensity, frequency, and repeti-
tions in addition to volume®.

Frequency and duration. Some trends among the training parameters and outcomes were found, though
there were no significant dose-response relationships. Improvements were found in both 6MWT (increased
meters) and TUG (decreased seconds) with the increases in training duration and frequency. We were not able
to explore the combined contributions of these two parameters to the outcome as neither of them had a dose-
response relationship. Some previous studies have suggested that total training time rather than single frequency
or duration improves strength!®. When patients are trained one to three times per week and the total training
time is unequaled, the muscle force increase is related to a long duration with higher frequency rather than
frequency itself’. When the training frequency is three times per week, a longer total training time results in a
greater muscle force increase?'.

Initial time. A slight decreasing trend of improvement was observed in 6MW'T with postponed initial time
(ranging from 0 to 423 days after surgery), meaning that early strength training has a higher potential benefit
than late strength training. Current evidence suggests that early training, also known as fast-track rehabilitation,
can shorten the in-patient stage and alleviate disfunction®%2. Neuromuscular activation deficits would persist
until training and cause muscle weakness and immobility*#%**. Early strength training activates neuromuscular
control shortly after surgery, leading to an increase of 147% and 112% in muscle force and walking speed, respec-
tively, in 2 weeks? and preventing further muscle atrophy*.

A decreasing trend was observed in TUG, suggesting that early strength training had smaller potential ben-
efits than late strength training. This seems to disagree with much of the existing research (mentioned in the last
paragraph). The reasons may be that those studies found that earlier strength training was associated with better
strength improvement rather than functional ambulation directly.

Limitations and conclusions

There are several limitations to this study: (1) Due to ethical concerns, it is difficult to explore the isolated
dose-response relationship between strength training and functional ambulation. We defined training protocols
as strength training protocols if time of strengthening exercises constituted more than half of the total training
time. Potential selection bias might exist due to subjective judgment of these protocols, though the study selection
process was done by two independent reviewers, and discrepancies were finally resolved. (2) Previous studies
have confirmed that strength training is not inferior to standard rehabilitation for the improvement of strength
and functional ambulation®’. Our results further showed that strength training could improve SMWTT relative to
standard care or no treatment. However, only two out of 10 studies showed statistically significant results. Thus,
the results of our study should be interpreted with caution, and more studies are warranted for a robust conclu-
sion. (3) Studies in healthy adults have shown that training intensity is a critical parameter for the improvement
of muscle strength and functional ability**®”. However, insufficient data for this parameter were presented in
six included studies, so we were not able to explore the dose-response relationship between it and functional
ambulation. In addition, progression is another important parameter during strength training that may affect
the outcome, but it is difficult to compare the effects of various progressive designs through meta-regression. The
results of this review only represent the mean effect of a period of strength training on functional ambulation
in patients after KR. (4) The I” statistic test for evaluating heterogeneity in our study depends on sample size
but we did not further explore this issue with other tools (e.g., the prediction interval)®. (5) We did not search
databases for grey literatures (e.g., Google Scholar), which might lead to potential bias in the searching process
according to the Risk of Bias in Systematic Reviews (ROBIS) criteria®.

In conclusion, though moderate-certainty evidence suggests that strength training could increase 6MWT dis-
tance, the result should be interpreted with caution, as only two out of 10 studies showed statistically significant
results. Moreover, low-certainty evidence shows that strength training could decrease time to complete TUG
after KR. A dose-response relationship was only found between volume and 6MWT (a decreasing trend), which
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is far from the complete picture of relationships between strength training and functional ambulation after KR.
More studies with explicit reports of strength training parameters are needed for further exploration of this topic.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.

Received: 30 June 2022; Accepted: 29 June 2023
Published online: 03 July 2023

References

1. Veronese, N. et al. Knee osteoarthritis and adverse health outcomes: An umbrella review of meta-analyses of observational studies.
Aging Clin. Exp. Res. 35, 245-252 (2022).

2. Cross, M. et al. The global burden of hip and knee osteoarthritis: Estimates from the global burden of disease 2010 study. Ann.
Rheum Dis. 73(7), 13231330 (2014).

3. Wallace, L. J. et al. Knee osteoarthritis has doubled in prevalence since the mid-20th century. Proc. Natl. Acad. Sci. U. S. A. 114(35),
9332-9336 (2017).

4. Michael, J. W, Schliiter-Brust, K. U. & Eysel, P. The epidemiology, etiology, diagnosis, and treatment of osteoarthritis of the knee.
Dtsch. Arztebl. Int. 107(9), 152-162 (2010).

5. Price, A.]. et al. Knee replacement. Lancet 392(10158), 1672-1682 (2018).

6. Meier, W. et al. Total knee arthroplasty: Muscle impairments, functional limitations, and recommended rehabilitation approaches.
J. Orthop. Sports Phys. Ther. 38(5), 246-256 (2008).

7. Papa, E. V,, Dong, X. & Hassan, M. Resistance training for activity limitations in older adults with skeletal muscle function deficits:
A systematic review. Clin. Interv. Aging 12, 955-961 (2017).

8. Chen, X. et al. Effects of progressive resistance training for early postoperative fast-track total hip or knee arthroplasty: A systematic
review and meta-analysis. Asian J. Surg. 44(10), 1245-1253 (2021).

9. Skoffer, B., Dalgas, U. & Mechlenburg, I. Progressive resistance training before and after total hip and knee arthroplasty: A sys-
tematic review. Clin. Rehabil. 29(1), 14-29 (2015).

10. Jette, D. U. et al. Physical therapist management of total knee arthroplasty. Phys. Ther. 100(9), 1603-1631 (2020).

11. Page, M. J. et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 372, n71 (2021).

12. McCambridge, T. M. & Stricker, P. R. Strength training by children and adolescents. Pediatrics 121(4), 835-840 (2008).

13. Graff, K. et al. Using the TUG test for the functional assessment of patients with selected disorders. Int. J. Environ. Res. Public
Health 19(8), 4602 (2022).

14. Higgins, J. P, Chandler, J., Cumpston, M., Li, T., Page, M. J. & Welch, V. A. (editors). Chapter 8: Assessing risk of bias in a rand-
omized trial. [cited 2022; Available from: www.training.cochrane.org/handbook.

15. Do, K. & Yim, J. Effects of muscle strengthening around the hip on pain, physical function, and gait in elderly patients with total
knee arthroplasty: A randomized controlled trial. Healthcare (Basel) 8(4), 489-501 (2020).

16. Higgins, J. P., Thompson, S. G., Deeks, J. J. & Altman, D. G. Measuring inconsistency in meta-analyses. BMJ 327(7414), 557-560
(2003).

17. Sterne, J. A., Gavaghan, D. & Egger, M. Publication and related bias in meta-analysis: Power of statistical tests and prevalence in
the literature. J. Clin. Epidemiol. 53(11), 1119-1129 (2000).

18. Brozek, J. L. et al. Grading quality of evidence and strength of recommendations in clinical practice guidelines. Part 1 of 3. An
overview of the GRADE approach and grading quality of evidence about interventions. Allergy 64(5), 669-677 (2009).

19. Colquhoun, R.]. et al. Training volume, not frequency, indicative of maximal strength adaptations to resistance training. J. Strength
Cond. Res. 32(5), 1207-1213 (2018).

20. Ralston, G. W., Kilgore, L., Wyatt, E. B., Buchan, D. & Baker, J. S. Weekly training frequency effects on strength gain: A meta-
analysis. Sports Med. Open 4(1), 36 (2018).

21. Radaelli, R. et al. Dose-response of 1, 3, and 5 sets of resistance exercise on strength, local muscular endurance, and hypertrophy.
J. Strength Cond. Res. 29(5), 1349-1358 (2015).

22. Jakobsen, T. L., Husted, H., Kehlet, H. & Bandholm, T. Progressive strength training (10 RM) commenced immediately after fast-
track total knee arthroplasty: Is it feasible?. Disabil. Rehabil. 34(12), 1034-1040 (2012).

23. Higgins, J. P. & Thompson, S. G. Controlling the risk of spurious findings from meta-regression. Stat. Med. 23(11), 1663-1682
(2004).

24. Cetinkaya, F. & Karakoyun, A. The effects of elastic band exercise on the pain, kinesiophobia, functional, and psychological status
after total knee arthroplasty: A randomized controlled trial. Clin. Rheumatol. 41(10), 3179-3188 (2022).

25. Kristensen, M. S. et al. Acute and chronic effects of early progressive resistance training on knee pain and knee joint effusion after
unicompartmental knee arthroplasty. Acta Orthop. Belg. 84(3), 262-268 (2018).

26. Molla, R. Y, Sadeghi, H. & Kahlaee, A. H. The effect of early progressive resistive exercise therapy on balance control of patients
with total knee arthroplasty: A randomized controlled trial. Topics Geriatr. Rehabil. 33(4), 286-294 (2017).

27. Tal-Akabi, A., Steiger, U. & Villiger, P. M. Neuromuscular adaptation to early post-operative, high-intensity, short resistance train-
ing of non-operated lower extremity in elderly patients: A randomized controlled trial. J. Rehabil. Med. 39(9), 724-729 (2007).

28. Lj, L., Cheng, S., Wang, G., Duan, G. & Zhang, Y. Tai chi chuan exercises improve functional outcomes and quality of life in patients
with primary total knee arthroplasty due to knee osteoarthritis. Complement Ther. Clin. 35(1), 121-125 (2019).

29. Vuorenmaa, M. et al. Efficacy of a 12-month, monitored home exercise programme compared with normal care commencing 2
months after total knee arthroplasty: A randomized controlled trial. J. Rehabil. Med. 46(2), 166-172 (2014).

30. Piva, S. R. et al. Effect of comprehensive behavioral and exercise intervention on physical function and activity participation after
total knee replacement: A pilot randomized study. Arthrit. Care Res. 69(12), 1855-1862 (2017).

31. Bruun-Olsen, V., Heiberg, K. E., Wahl, A. K. & Mengshoel, A. M. The immediate and long-term effects of a walking-skill program
compared to usual physiotherapy care in patients who have undergone total knee arthroplasty (TKA): A randomized controlled
trial. Disabil. Rehabil. 35(23), 2008-2015 (2013).

32. Bade, M. J. et al. Early high-intensity versus low-intensity rehabilitation after total knee arthroplasty: A randomized controlled
trial. Arthritis Care Res. (Hoboken) 69(9), 1360-1368 (2017).

33. Unver, B., Bakirhan, S. & Karatosun, V. Does a weight-training exercise programme given to patients four or more years after total
knee arthroplasty improve mobility: A randomized controlled trial. Arch. Gerontol. Geriatr. 64, 45-50 (2016).

34. Kondo, Y. et al. Short-term effects of isometric quadriceps muscle exercise with auditory and visual feedback on pain, physical
function, and performance after total knee arthroplasty: A randomized controlled trial. J. Knee Surg. 35(08), 922-931 (2022).

35. Li, L, Lin, J,, Liu, X. L., Yu, L. L. & Wang, D. D. Effects of elastic band resistance training on functional recovery after unilateral

total knee arthroplasty. Chin. J. Rehabil. Med. 32(3), 301-304 (2017).

Scientific Reports |

(2023) 13:10728 | https://doi.org/10.1038/s41598-023-37924-1 nature portfolio


http://www.training.cochrane.org/handbook

www.nature.com/scientificreports/

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

Hardt, S. et al. Improved early outcome after TKA through an app-based active muscle training programmea randomized-con-
trolled trial. Knee Surg. Sports Traumatol. Arthrosc. 26(11), 3429-3437 (2018).

Hsu, W. H. et al. Twenty-four-week hospital-based progressive resistance training on functional recovery in female patients post
total knee arthroplasty. Knee 26(3), 729-736 (2019).

Huang, E. E, Xu, C. X., Wu, W. W,, Tang, H. Y. & Zhang, Q. Y. Effect of early resistance training on motor function and prognosis
of elderly patients with osteoarthritis after total knee arthroplasty. Chin. J. Front. Med. Sci. 12(12), 46-49 (2020).

Husby, V. S., Foss, O. A., Husby, O. S. & Winther, S. B. Randomized controlled trial of maximal strength training vs. standard
rehabilitation following total knee arthroplasty. Eur. J. Phys. Rehabil. Med. 54(3), 371-379 (2018).

Jakobsen, T. L., Kehlet, H., Husted, H., Petersen, J. & Bandholm, T. Early progressive strength training to enhance recovery after
fast-track total knee arthroplasty: A randomized controlled trial. Arthritis Care Res. (Hoboken) 66(12), 18561866 (2014).
Jorgensen, P. B. et al. The efficacy of early initiated, supervised, progressive resistance training compared to unsupervised, home-
based exercise after unicompartmental knee arthroplasty: A single-blinded randomized controlled trial. Clin. Rehabil. 31(1), 61-70
(2017).

Trudelle-Jackson, E., Hines, E., Medley, A. & Thompson, M. Exploration of habitual walking behavior and home-based muscle
power training in individuals with total knee arthroplasty. J. Phys. Act. Health 17(3), 331-338 (2020).

Bily, W. et al. Effects of leg-press training with moderate vibration on muscle strength, pain, and function after total knee arthro-
plasty: A randomized controlled trial. Arch. Phys. Med. Rehabil. 97(6), 857-865 (2016).

Liao, C. D. et al. Effects of elastic resistance exercise after total knee replacement on muscle mass and physical function in elderly
women with osteoarthritis: A randomized controlled trial. Am. J. Phys. Med. Rehabil. 99(5), 381-389 (2020).

Moffet, H. et al. Effectiveness of intensive rehabilitation on functional ability and quality of life after first total knee arthroplasty:
A single-blind randomized controlled trial. Arch. Phys. Med. Rehabil. 85(4), 546-556 (2004).

Sun, Q. & Yao, W. L. Effect of postoperative muscle strength training on lower limb function in elderly patients undergoing total
knee arthroplasty. Rheum. Arthritis. 11(1), 13-16 (2022).

Harikesavan, K., Chakravarty, R. D., Maiya, A. G., Hegde, S. P. & Shivanna, S. Y. Hip abductor strengthening improves physical
function following total knee replacement: One-year follow-up of a randomized pilot study. Open Rheumatol. J. 11, 30-42 (2017).
Quan, H. L., Zheng, J. J., Feng, Y. Y., Zhang, J. & Zhu, Y. H. Early hip abductor training to improve balance and walking ability
after total knee arthroplasty. Chin. J. Tissue Eng. Res. 26(33), 5311-5316 (2022).

Schache, M. B, McClelland, J. A. & Webster, K. E. Incorporating hip abductor strengthening exercises into a rehabilitation program
did not improve outcomes in people following total knee arthroplasty: A randomised trial. J. Physiother. 65(3), 136-143 (2019).
Fortier, L. M., Rockov, Z. A., Chen, A. FE. & Rajaee, S. S. Activity recommendations after total hip and total knee arthroplasty. J.
Bone Joint Surg. Am. 103(5), 446-455 (2021).

Sattler, L., Hing, W. & Vertullo, C. Changes to rehabilitation after total knee replacement. Aust. J. Gen. Pract. 49(9), 587-591 (2020).
Kennedy, D. M., Stratford, P. W., Wessel, J., Gollish, J. D. & Penney, D. Assessing stability and change of four performance measures:
A longitudinal study evaluating outcome following total hip and knee arthroplasty. BMC Musculoskelet. Disord. 6, 3 (2005).
Yuksel, E., Kalkan, S., Cekmece, S., Unver, B. & Karatosun, V. Assessing minimal detectable changes and test-retest reliability of
the timed up and go test and the 2-minute walk test in patients with total knee arthroplasty. J. Arthroplast. 32(2), 426-430 (2017).
Ullrich, B., Stening, J., Pelzer, T. & Raab, J. Long-term data of gait characteristics and moment-knee angle relations in female total
knee arthroplasty patients. Clin. Biomech. (Bristol Avon) 30(5), 462-468 (2015).

Ely, L. A. et al. Training-induced improvements in knee extensor force accuracy are associated with reduced vastus lateralis motor
unit firing variability. Exp. Physiol. 107(9), 1061-1070 (2022).

Vila-Ch3, C. & Falla, D. Strength training, but not endurance training, reduces motor unit discharge rate variability. J. Electromyogr.
Kinesiol. 26, 88-93 (2016).

Griffin, L. & Cafarelli, E. Resistance training: Cortical, spinal, and motor unit adaptations. Can. J. Appl. Physiol. 30(3), 328-340
(2005).

Del Vecchio, A. et al. The increase in muscle force after 4 weeks of strength training is mediated by adaptations in motor unit
recruitment and rate coding. J. Physiol. 597(7), 1873-1887 (2019).

Schoenfeld, B. . et al. Resistance training volume enhances muscle hypertrophy but not strength in trained men. Med. Sci. Sports
Exerc. 51(1), 94-103 (2019).

American College of Sports Medicine Position Stand. Progression models in resistance training for healthy adults. Med. Sci. Sports
Exerc. 41(3), 687-708 (2009).

Bandholm, T. & Kehlet, H. Physiotherapy exercise after fast-track total hip and knee arthroplasty: Time for reconsideration?. Arch.
Phys. Med. Rehabil. 93(7), 1292-1294 (2012).

Kehlet, H. & Thienpont, E. Fast-track knee arthroplasty—status and future challenges. Knee 20(Suppl 1), $29-33 (2013).
Valtonen, A., Péyhonen, T., Heinonen, A. & Sipild, S. Muscle deficits persist after unilateral knee replacement and have implications
for rehabilitation. Phys. Ther. 89(10), 1072-1079 (2009).

Stevens, J. E., Mizner, R. L. & Snyder-Mackler, L. Quadriceps strength and volitional activation before and after total knee arthro-
plasty for osteoarthritis. J. Orthop. Res. 21(5), 775-779 (2003).

Pearcey, G. E. P, Alizedah, S., Power, K. E. & Button, D. C. Chronic resistance training: Is it time to rethink the time course of
neural contributions to strength gain?. Eur. J. Appl. Physiol. 121(9), 2413-2422 (2021).

Rohmansyah, N. A, Ka Praja, R, Phanpheng, Y. & Hiruntrakul, A. High-intensity interval training versus moderate-intensity
continuous training for improving physical health in elderly women. Inquiry 60, 469580231172870 (2023).

Borde, R., Hortobagyi, T. & Granacher, U. Dose-response relationships of resistance training in healthy old adults: A systematic
review and meta-analysis. Sports Med. 45(12), 1693-1720 (2015).

IntHout, J., Ioannidis, J. P.,, Rovers, M. M. & Goeman, J. . Plea for routinely presenting prediction intervals in meta-analysis. BMJ
Open 6(7), €010247 (2016).

Whiting, P. et al. ROBIS: A new tool to assess risk of bias in systematic reviews was developed. J. Clin. Epidemiol. 69, 225-234
(2016).

Acknowledgements
We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of this manuscript.

Author contributions

L.E conceived the review. S.-t.L., Z.L., X.T., and R.-r.Z. searched the literature. ].W. and X.-t.X. were responsible
for data analyzing and writing of the first draft. L.Q., C.-y.G., and R.C. performed data management and figure
modification. L.F. and J.W. modified the manuscript.

Funding
This work was supported by the Three-year Action Plan for the Development of TCM in Shanghai-Highland
construction for International Standardization of TCM (No. ZY (2021-2023)-0212).

Scientific Reports|  (2023) 13:10728 | https://doi.org/10.1038/s41598-023-37924-1 nature portfolio


http://www.letpub.com

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-37924-1.

Correspondence and requests for materials should be addressed to L.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:10728 | https://doi.org/10.1038/s41598-023-37924-1 nature portfolio


https://doi.org/10.1038/s41598-023-37924-1
https://doi.org/10.1038/s41598-023-37924-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of strength training on functional ambulation following knee replacement: a systematic review, meta-analysis, and meta-regression
	Methods
	Registration. 
	Search strategy. 
	Eligibility criteria. 
	Selection process. 
	Data extraction. 
	Risk of bias assessment. 
	Meta-analyses. 
	Confidence level assessment of meta-analysis results. 
	Meta-regression. 

	Results
	Search results. 
	Characteristics of the included studies. 
	Risk of bias in the included studies. 
	Meta-analyses results. 
	6MWT. 
	TUG​. 

	Confidence level of meta-analyses results. 
	Meta-regression results and dose–response relationship. 
	6MWT (10 studies, 535 participants). 
	TUG (9 studies, 601 participants). 

	Discussion
	Effects of strength training on functional ambulation after KR. 
	Dose–response relationship between strength training and functional ambulation. 
	Volume. 
	Frequency and duration. 
	Initial time. 

	Limitations and conclusions
	References
	Acknowledgements


