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Abstract

Background End-stage knee osteoarthritis (OA) patients awaiting total knee replacement (TKR) often experience
prolonged wait times and worsening symptoms. Whole-body vibration (WBV) has shown potential benefits in OA
management. This study compared the efficacy of supervised exercise therapy alone and combined with WBV

in reducing pain and improving function in this population.

Methods In this prospective cohort study, 555 patients with end-stage knee OA awaiting TKR were allocated

to three groups: Exercise (n=227), Exercise + WBV (n=127), and Control (n=201). The Exercise and Exercise + WBV
groups underwent an 8-week intervention comprising strength and flexibility exercises. Primary outcomes were pain
(Numeric Pain Rating Scale, NPRS) and function (Knee Injury and Osteoarthritis Outcome Score, KOOS). Outcomes
were assessed at baseline and after the final treatment session. Statistical analysis included ANOVA with post-hoc
Bonferroni correction for baseline comparisons and paired t-tests for longitudinal comparisons. Minimal Clinically
Important Difference (MCID) and Minimal Detectable Change (MDC) were calculated to assess the clinical significance
of the results.

Results Both exercise modalities significantly reduced knee pain from baseline to final session (P<0.001). The
Exercise +WBV group showed a larger reduction in NPRS score (mean + standard deviation (SD); from 5.57 + 1.82

to 4.65+2.15) compared to the Exercise group (from 5.35+2.11 to 4.88 + 1.96), exceeding both MCID (0.94 vs. 0.45)
and MDC (0.34 vs. 0.27) thresholds. The Exercise + WBV group demonstrated significant improvements in KOOS sub-
scales (KOOS-KP: 54.31+16.95 to 60.04+17.13, P<0.001; KOOS-S: 57.27 +19.56 to 60.50+18.07, P=0.033; KOOS-ADL:
66.99+19.42 to 71.52+16.32, P=0.003), while the Exercise group did not. These improvements in KOOS subscales
met or exceeded the MDC (ranging from 2.42 to 3.99) but showed variable clinical significance relative to MCID
(—0.49 to 0.04). The Exercise +WBV group also showed significant improvement in knee ROM (110.68°+16.52°

to 115.43°+18.59° P<0.001), while the Exercise group did not.
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Conclusion Both interventions effectively reduced pain and improved function in end-stage knee OA patients await-
ing TKR, with the addition of WBV leading to greater improvements in several outcomes. Particularly in pain reduc-
tion, changes exceeded both MCID and MDC thresholds, suggesting WBV's potential as a clinically valuable adjunct
to exercise therapy. While some improvements in functional outcomes were statistically significant and surpassed
MDC values, their clinical significance varied, future research should focus on optimizing WBV protocols and investi-
gating long-term effects to guide clinical practice in managing patients awaiting TKR.

Keywords Exercise, Whole body vibration, End-stage knee osteoarthritis

Background

Knee osteoarthritis (OA) is a leading cause of disability
worldwide, with a global prevalence of 3.8% in females
and 2.8% in males, respectively [1]. The increasing preva-
lence of knee OA, driven in part by an aging population,
has led to a growing demand for total knee replacement
(TKR) surgery [2]. However, this demand has resulted
in long waits for surgery in many countries, sometimes
exceeding 48 months [3-5]. During these extended waits,
OA symptoms such as pain and stiffness continue to sig-
nificantly impact patients’ quality of life [6, 7].

Conservative management options, including exer-
cise and whole-body vibration (WBV), may help allevi-
ate symptoms and improve function in patients awaiting
TKR. Exercise therapy has been shown to reduce pain
[8, 9] and improve physical function [9] in patients with
early to moderate knee OA. However, its effects on end-
stage knee OA and TKR candidates have not been exten-
sively studied [10, 11]. The severe joint damage and pain
associated with end-stage knee OA may limit the effec-
tiveness of exercise therapy and increase the risk of exac-
erbating symptoms [12].

WBV [13, 14] has emerged as a promising adjunct to
exercise therapy for knee OA [15, 16]. WBYV is safe to use
[17] and is thought to reduce knee OA pain [18], improve
strength [19] and enhance functional performance [20,
21] by stimulating neuromuscular function, propriocep-
tion, and joint stability [22, 23]. However, the effects of
WBYV have not been investigated in end-stage knee OA
patients awaiting TKR [24-26]. Like exercise therapy,
end-stage knee OA may also limit the efficacy of WBV.

Combining exercise therapy with WBV may offer syner-
gistic benefits for end-stage knee OA patients due to the
targeted neuromuscular stimulation and joint stability
benefits from vibration alongside conditioning from exer-
cise [19, 22, 27]. Studying such approaches specifically in
end-stage knee OA patients awaiting joint replacement is
crucial given the rising demand, prolonged wait times, and
need for conservative bridging therapies [12, 28].

Despite the promising results of WBYV in earlier stages
of OA, its effect, when added to exercise in end-stage
knee OA, awaiting TKR remain unknown. Addressing
this gap is critical considering the expanding need for

effective solutions during surgical delays. This was a pro-
spective cohort study to compare the efficacy of super-
vised exercise therapy alone and combined with WBYV in
reducing pain and improving physical function among
end-stage knee OA patients awaiting TKR. We hypoth-
esized that the combination of exercise and WBV would
confer greater improvements compared to exercise alone.
The primary objective was to assess changes in knee pain,
and self-reported physical function; while secondary
objectives included evaluating changes in objective func-
tional performance, and quality of life.

Materials and methods

Study design and ethics

This was a prospective cohort study conducted to com-
pare the efficacy of supervised exercise therapy alone
and in combination with whole-body vibration among
patients with end-stage knee OA awaiting TKR. It was
approved by The Joint Chinese University of Hong
Kong—New Territories East Cluster Clinical Research
Ethics Committee (Reference No.: 2020.401). All partici-
pants provided written informed consent, and partici-
pant confidentiality was ensured throughout the study.
This study was registered at clinicaltrials.gov with regis-
tration number NCT06183177.

Participants

Patients with end-stage knee OA, awaiting primary TKR
were recruited from Prince of Wales Hospital, Hong
Kong between October 2021, and January 2023 (Fig. 1).

Inclusion and exclusion criteria
TKR selection followed the EULAR guidelines, including
those participants with severe pain, significant functional
limitation and radiographic evidence of joint damage
[29]. Exclusion criteria included: severe physical condi-
tions (e.g., uncontrolled cardiovascular disease, severe
neurological disorders) or psychological conditions (e.g.,
severe depression, cognitive impairment) that would hin-
der participation (Table 1).

A total of 555 patients were enrolled and allocated
to one of three groups: “Exercise group” (n=227),
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Patients with end-stage
knee OA awaiting TKR
(n =555)
Refused 0 join l:nrollc;’d into Exercise
5 rogram
(Control) (n = 201) (n = 354)
Exercise Only group (n = 227) Exercise + WBV group (n = 127)
« Physiotherapist-led « Same exercise program
exercise program ¢ + 10 minutes WBV during
e 4-5 session + home exercise sessions
exercise program
« Assessed at baseline
« Assessed after intervention
« Data analysis
Fig. 1 Flow diagram of study design
Table 1 Exclusion Criteria for all participants
Exclusion Criteria Category Specific Conditions or Factors
Cardiovascular conditions o Metal/synthetic/electrical implants (e.g., pacemaker, artificial cardiac

valves, recent stents)

o Cardiovascular diseases (e.g., acute thromboses, increased throm-

botic afflictions in recent 6 months)

Implant/devices o Implants (e.g., hip, knee or other joint replacements)

Medical conditions o Respiratory diseases
o Abdominal diseases (e.g., gallstones)

Patient characteristics

o Urological diseases (e.g., kidney and bladder stones)

o Gynecological diseases with intrauterine devices

o Neurological diseases (e.g., epilepsy within the last 2 years, spasticity)
o Acute injuries to the head

0 Severe 0steoporosis

o Tumors with metastases in the musculoskeletal system

0 Body mass exceeding the maximum loaded weight of the whole
body vibration machine
o Pregnancy

These criteria were assessed through questionnaire, physical examination and review of medical records
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“Exercise+ Whole-Body Vibration (WBV) group” (n=127),
or “Control group” (n=201) following convenience sam-
pling method without randomization. This study employed
a patient-preference design to assess efficiency, which
was deemed appropriate for the research objective. The
rationale for this allocation method was to ensure patient
adherence and to reflect real-world clinical practice, where
patient preferences often guide treatment decisions.

Interventions

The interventions period lasted 8 weeks, with partici-
pants in the exercise and exercise + WBV group attend-
ing 4-5 sessions. Each session consisted of a 20-min
education talk, 30 min of group exercises, and 30 min
of individual exercise. Handouts, videos, and activity
diaries were provided as supplemental resources.

Exercise group (n=227).

The exercise program was led by licensed physio-
therapists and included with education, strengthening,
stretching, functional, and balance exercises (Fig. 2).
Sessions comprised:

0 20 minutes of knee OA education (Table 2) [30—32].
0 60-minute strengthening exercises for hips,
quadriceps, hamstrings, calves; stretching; func-
tional exercises; balance/proprioception exercises
performed in group and individually.

The exercises included the following:

o Semi-squatting, standing hamstrings curl, stand-
ing with hip knee flexed in 90 degrees and calf
raises (2—3 sets of 10—15 repetitions). (Fig. 3)

o Hip abduction, adduction, flexion, extension (2-3
sets of 10—15 repetitions).

o Resisted knee extension, hip abduction/flexion
and ankle plantar flexion with TheraBand in sitting
(2—3 sets of 10—15 repetitions).

o Stretching: Hamstrings, quadriceps, and gastroc-
nemius (10 repetitions of 30 s holds).

o Balance exercises: Single leg stands, toe raises
(2—-3 sets of 30—60 s).

o Intensity progressively increased from 1-2 Ibs to
3-5 lbs weights.

0 Duration increased from 30 s holds/10 reps to
45-60 s holds/15-20 reps.

o Exercises were modified according to ability/tol-
erance and aimed to strengthen and stabilize the
knee and improve flexibility and proprioception.
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Participants were encouraged to perform same set of
exercise in their home exercise program, their compliance
was monitored through exercise logs and follow-up calls.

Exercise+WBV group (n=127).

Participants in this group received the same exer-
cise program as the exercise group, with the addition of
10 min of whole-body vibration during semi-squatting or
forward lunges (12-16 Hz, varying intensity from low to
high depending on patient’s tolerance, using either man-
ual mode with Sonix SW-VHI11 (Sonix, Korea)/TurboS-
onic TT2590-Ovation device (TurboSonic, USA) or auto
mode (Leg) with Sonix SW-VH11/ “Training” mode with
TurboSonic TT2590-Ovation device; or 35 Hz with either
low/high intensity depending on patients’ tolerance using
Fitvibexcel Pro Medical device (Fitvibemedical, USA).
Forward lunges (90° knee flexion) and semi-squatting
(60° knee flexion, weight predominantly through heels)
were performed to maximize vibration transmission to
the knee (Fig. 4) [33-35].

The intensity of the whole-body vibration intervention
was adjusted based on the patient’s tolerance, starting at
a lower intensity, and gradually increasing as the patient
became accustomed to the sensation. Patients were
instructed to maintain proper form during the exercises
and to report any discomfort or pain. The physiothera-
pists closely monitored the patients during the WBV
intervention to ensure safety and proper technique.

Control group (n=201).

Participants in the control group did not receive any
specific intervention related to the study. However, all
participants, including those in the control group, con-
tinued to receive regular clinical follow-up and standard
medical treatment included regular consultations and
prescribed analgesics throughout the study period.

Adverse event
No adverse event related to the study interventions was
reported in any of the groups.

Outcome measures

Outcomes were assessed at the baseline, initial and final
treatment sessions by licensed physiotherapists who had
received specific training in the study protocols and out-
come measures.

Primary Outcome Measures are as follows: (1) 11-point
numerical pain rating scale (NPRS): Assessed pain in
the past week, and (2) Knee injury and Osteoarthritis
Outcome Score (KOOS) and subscales, including pain
(KOOS-KP), symptoms (KOOS-S), function in daily living
(KOOS-ADL), function in sports and recreation (KOOS-
Sport/Rec) and knee-related quality of life (KOOS-QOL).
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Table 2 Topics included in Educational Theory Classe

Lesson

Content

Knee OA disease, symptoms, and risk factors. The role of exercise and aims of
OA management. Introduction to home exercise program. Handouts on knee
anatomy, OA explanation and home exercise guide provided.

Illustration of exercise:

Stretching Exercise Muscle Strengthening Exercise

Benefits of exercise. Progressively increasing exercise duration and intensity.
Strategies to incorporate exercise into daily routine. Map of local exercise

facilities provided

Diet, body mass and sarcopenia. Balanced nutrition and management of OA. Use

of diet and exercise diaries to monitor progress

Acute and chronic pain physiology. Exacerbating factors and self-management

techniques including relaxation skills

Introduction to TKR procedure, pre/post-operative process and importance of

ongoing exercise. Video on what to expect with TKR shown

Secondary Outcome Measures are as follows: (1) Diseased ~ Sample size calculation

leg range of motion (ROM) using goniometer, (2) Gait:
Normal or limping, (3) Knee Society Score (KSS) and Knee
Society Function Assessment (KSFA), and (4) Timed up
and go test, 30-s chair stand test, and Functional reach test.
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We conducted a pilot study on a small group of patients
who received the same exercise program and whole body
vibration after receiving ethics approval and before com-
mencement of the actual study. Mean pain levels (in
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Fig. 3 Forward lunges for hip flexor strengthening using the WBV
machine

terms of NPRS) and standard deviation (SD) collected
between the first session and final session of the program
were used to calculate the effect size and the sample size.
Given the calculated effect size at 0.50, two-sided a at
0.05 and power at 0.95, the total sample size was 103. Cal-
culations were performed using G*Power 3.1.9.7. Consid-
ering the possibility of patient dropout, a mark-up of 20%
was applied and the sample size was 124 per group.
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Fig. 4 Semi-squatting for knee extensor strengthening using

the WBV machine. a NPRS. b Diseased ROM. ¢ Gait (% Column). Knee
Society Score. e Knee Society Functional Assessment. f KOOS. g
Timed Up and Go. h 30-s chair stand. i Functional reach

Statistical analysis

Demographic characteristics, Kellgren and Lawrence
(KL) grades, pain duration (years), walking tolerance
(minutes), and alignment (valgus, varus, neutral) were
summarized by mean + SD for numeric data or N (%) for
categorical data where appropriate. NPRS, diseased leg
ROM, gait, KSS, KSFA, KOOS and subscales, Timed up
and go test, 30-s chair stand test, and functional reach
test measured at the first session (1st session) were com-
pared among the 3 groups using ANOVA with post-hoc
Bonferroni multiple comparison correction. Stepwise
linear regression modelling on potential factors, both
crude and stepwise controlling for confounding vari-
ables, was carried out to eliminate the influence of pos-
sible confounding factors. Dummy variables were created
for confounding factors in categorical format. Longitu-
dinal comparisons of outcomes and scores in the “Exer-
cise group” and “Exercise + WBV group” were compared
using Student’s ¢-test (for numeric variables) or the chi-
square test (for categorical variables) where appropriate.
Minimal clinically important difference (MCID) of NPRS
was calculated to determine the meaningful change of
the mean pain score of the patients after coming through
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the exercise program, using anchor-based method on
standard error of mean. All data analyses were carried
out using IBM SPSS 28.0 (Armonk, New York, NY, USA).
A two-sided P-value<0.05 was considered statistically
significant.

Results

Demographics and baseline characteristics

The demographics and baseline characteristics of the
Control group (n=201), Exercise group (n=227),
and Exercise+WBV group (n=127) are presented in
Tables 3 and 4. The Exercise+WBV group was sig-
nificantly younger (mean age 66.86+6.55 years) com-
pared to the Control (70.58+6.22 years) and Exercise
(69.40 £6.09 years) groups (P<0.001). Gender distribu-
tion differed significantly (P=0.002), with more female
patients in the Exercise group (75.3%) compared to the
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Control (59.2%) and Exercise+WBV (67.7%) groups.
Knee alignment also varied significantly (P=0.010):
valgus alignment was more prevalent in the Exercise
group (16.3%) compared to the Control (6.5%) and Exer-
cise+ WBV (8.7%) groups.

At baseline, the Control group had significantly
higher knee pain (mean+SD; NPRS score 5.81+1.74)
compared to the Exercise (5.35+2.11) and Exer-
cise+ WBV (5.57+1.82) groups (P=0.045). post-hoc
Bonferroni correction results showed that Exercise
group achieved significant improvement, compared
with Control group (P=0.039) (Table 4). The Exer-
cise+WBYV group had significantly higher Knee Soci-
ety Function score (63.66+17.12) compared to the
Control group (59.08+13.66) and Exercise group
(59.13+15.14) (P=0.012). post-hoc Bonferroni correc-
tion results showed that Exercise + WBV group attained

Table 3 Demographics and baseline characteristics in the control, exercise, and exercise + whole-body vibration (WBV) groups

Control Exercise Exercise + WBV P-value
(n=201) (n=227) (n=127)
Age (years) 70.58+6.22 69.40+£6.09 66.86+£6.55 <0.001*
Gender, n (%)
Male 82 (45.8) 56 (31.3) 41 (22.9) 0.002*
(40.8) (24.7) (32.3)
Female 119(31.6) 171 (45.5) 86 (22.9)
(59.2) (75.3) (67.7)
Body mass (kg) 68.84+12.40 69.28+12.77 66.53+13.52 0.138
BMI (kg/mz) 28.09+4.56 27.81+4.87 26.74+6.06 0.055
Side of affected knee, n (%)
Left knee only 35 (44.3) 32 (40.5) 12(15.2) 0.080
(17.4) (14.1) 9.4)
Right knee only 42 (43.3) 37(38.1) 18(18.6)
(20.9) (16.3) (14.2)
Bilateral knee 124 (32.7) 158 (41.7) 97 (25.6)
61.7) (69.6) (76.4)
KL grading, n (%)
2 20 (43.5) 15(32.6) 11(23.9) 0.011*
(10.0) 6.6) (9.4)
3 82(31.2) 111 (42.2) 70 (26.6)
(40.8) (48.9) (59.8)
4 99 (41.9) 101 (42.8) 36(15.3)
(49.3) (44.5) (30.8)
Pain duration (years) 8.09+3.76 7.60+3.99 6.94+4.04 0.035*
Walking tolerance (min) 30.20£17.36 3269+17.25 37.95+£20.14 <0.001*
Alignment, n (%)
Valgus 13(21.3) 37 (60.7) 11(18.0) 0.010%
6.5) (16.3) 8.7)
Varus 114 (38.6) 107 (36.3) 74 (25.1)
(56.7) (47.1) (58.3)
Neutral 74 (37.2) 83 (41.7) 42 (21.1)
(36.8) (36.6) (33.1)

BMI=Body Mass Index; KL grading =Kellgren and Lawrence grading; WBV =Whole Body Vibration

" Statistical significance (P <0.05)
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Table 4 Baseline outcomes in the control, exercise, and exercise + whole-body vibration (WBV) groups
Control Exercise Exercise +WBV (n=127) P-value
(n=201) (n=227)
The 1st session
NPRS 581+174° 535+2.11° 557+1.82 0.045*
Diseased leg ROM (°) 106.89+18.33 107.89+17.95 110.68+16.52 0.164
Gait, n (%)
Normal 71(35.0) 75 (36.9) 57 (28.1) 0.077
(35.3) (33.0 (44.9)
Limping 130 (36.9) 152 (43.2) 70(19.9)
(64.7) (67.0) (55.1)
Knee Society Score 60.85+12.55 61.90+£19.68 61.20+£17.52 0.806
Knee Society Functional Assess-  59.08+ 13.66° 59.13+15.14° 63.66+17.12°¢ 0012*
ment
KOOS-KP - 52.24+18.60 5431+£16.95 0.302
KOOS-S - 49.83+21.86 57.27+19.56 0.002*
KOOS-ADL - 62.44+2041 66.99+19.42 0.072
KOOS-Sport/Rec - 29.93+22.50 38.20+22.93 0.004"
KOOS-QOL - 37.12+21.09 3596+18.19 0.646
Time and up go 1523+857 14.59+5.70 1335+6.24 0.060
30-s chair stand 7.57+3.72 8.11+4.39 8.10+3.25 0.298
Functional reach - 21.61+4.70 2342+6.51 0.003*

P-values after post-hoc Bonferroni multiple comparison correction: 2 Between Exercise and Control; P=0.039; ® Between Exercise +WBV and Control; P=0.023; ¢

Between Exercise + WBV and Exercise; P=0.021

NPRS =Numeric Pain Rating Scale; ROM = Range of Motion; WBV =Whole Body Vibration; KOOS = Knee injury and Osteoarthritis Outcome Score; KOOS-KP =Knee
injury and Osteoarthritis Outcome score-Knee Pain; KOOS-S =Knee injury and Osteoarthritis Outcome score-Other Symptoms; KOOS-ADL =Knee injury and
Osteoarthritis Outcome score—Activities of Daily Living; KOOS-Sport/Rec =Knee injury and Osteoarthritis Outcome score-Sport and Recreation function; KOOS-

QOL =Knee injury and Osteoarthritis Outcome score-knee-related Quality of Life
" Statistical significance (P<0.05)

significant improvement, compared with Control group
(P=0.021) and Exercise group (P=0.023). The Exer-
cise+ WBV group scored significantly higher on KOOS-
S (57.27+19.56) than the Exercise group (49.83+21.86)
(P=0.002). The Exercise group had significantly lower
scores on the KOOS-Sport/Rec (29.93 +£22.50) than the
Exercise+WBV group (38.20+22.93) (P=0.004). The
Exercise+WBV group had significantly higher func-
tional reach score (23.42 +6.51) than the Exercise group
(21.61 +4.70) (P=0.003).

Longitudinal comparisons between the Exercise group

and Exercise + WBV group (baseline vs. 8 weeks)

Pain

Both exercise modalities significantly reduced knee
pain from baseline to the final session (both P<0.001)
(Table 5) (Fig. 5). The Exercise+ WBV group showed
a larger reduction in NPRS score (from 5.57+1.82
to 4.65+2.15) compared to the Exercise group (from
5.35+2.11 to 4.88+1.96). Mean differences between
the 1st session and final session were calculated in both
groups. Statistically significant differences were found

in NPRS (P=0.014), diseased ROM (P<0.001), knee
society score (P=0.006), KOOS-KP (P<0.001), KOOS-
S (P=0.038), KOOS-ADL (P=0.005) scores, 30-s chair
stand (P <0.001), and functional reach (P=0.002).

Knee function and quality of life
After the final session, both groups showed significant
improvements in knee function:

o Knee Society Score: Exercise group from
61.90+19.68 to 65.34+19.18; Exercise + WBV group
from 61.20+17.52 to 68.86 +17.06 (both P<0.001)

o Functional Assessment: Exercise group from
59.13+15.14 to 61.82+15.28; Exercise+ WBV group
from 63.66+17.12 to 68.07 +16.75 (both P<0.001)

o KOOS-S: Exercise group from 48.83+21.86 to
49.25+22.05 (P=0.024); Exercise + WBV group from
57.27 £19.56 to 60.50 + 18.07 (P=0.033)

o KOOS-Sport/Rec: Exercise group from 29.94 + 22.50
to 33.58+24.04 (P=0.007); Exercise+WBV group
from 38.20+22.93 to 43.83 £22.96 (P=0.011)
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Table 5 Longitudinal comparisons of outcomes and scores among the exercise group and exercise +whole-body vibration (WBV)

group
The 1st session Final session Pvalue Difference in mean values P value (between
between the 1st sessionand  Exercise +WBV group and
Final session Exercise group)
Pain
NPRS Exercise 535+2.11 4.88+1.96 <0.001* —047+159 0.014*
Exercise+WBV  557+1.82 4.65+£2.15 <0.001* —-092+1.78
Range of motion and gait
Diseased ROM Exercise 107.89+17.95 107.42+17.36 0444 —-047+9.18 <0.001*
Exercise+WBV  110.68+16.52 11543+18.59 <0.001* 476+11.46
Gait, N (%) Exercise
Normal 75 (44.4) 70(72.2) 0.689 - -
(33.0) (30.8)
Limping 152 (45.9) 157 (77.7) -
(67.0) (69.2)
Exercise + WBV
Normal 57 (49.6) 58 (50.4) 0900 - -
(44.9) (45.7)
Limping 70 (50.4) 69 (49.6) -
(55.1) (54.3)
Knee function and quality of life
Knee Society Score  Exercise 61.90+19.68 65.34+19.18 <0.001* 344+13.84 0.006*
Exercise+WBV 6120+17.52 68.86+17.06 <0.001* 765+13.90
Knee Society Func-  Exercise 59.13£15.14 61.82+15.28 <0.001* 2.69+10.50 0.161
tional Assessment Exercise +WBY  63.66+17.12 680741675 <0001 44141137
KOOS
KOOS-KP Exercise 52.24+1860 51.95+19.38 0729 -030+12.84 <0.001*
Exercise+WBV  5431+16.95 60.04£17.13 <0.001* 5.73+£14.07
KOOS-S Exercise 48.83+21.86 49.25+22.05 0.024* —0.58+16.84 0.038*
Exercise+WBV  57.27+£19.56 60.50+18.07 0.033* 323+1594
KOOS-ADL Exercise 6244+2041 61.56+£19.93 0399 -0.88%15.56 0.005*
Exercise +WBV  66.99+19.42 7152+16.32 0003" 453+14.20
KOOS-Sport/Rec Exercise 29.94+2250 33.58+£24.04 0.007" 36442005 0430
Exercise+WBV  3820+22.93 4383+22.96 0011" 563+2036
KOOS-QOL Exercise 37.12+£21.09 36.67+21.07 0694 -045+17.33 0.133
Exercise+WBV  3596+18.19 3871+£19.72 0112 275+16.16
Balance, lower extremity strength and functional reach
Timed Upand Go  Exercise 14.59+5.70 13484552 <0.001* —1.11+£4.58 0.146
Exercise+WBV  13.35+6.24 1149+3.88 <0.001* —1.87+£494
30-s chair stand Exercise 8.11+4.39 7.94+343 0499 -0.17+3.82 <0.001*
Exercise+WBV  8.10+3.25 932+3.64 <0.001* 1.22+2.84
Functional reach Exercise 21.61+4.70 2346+549 <0.001* 1.85+£5.25 0.002*
Exercise+WBV 23424651 27.77+£7.55 <0.001* 435+7.85

MCID =Minimal Clinically Important Difference; MDC = Minimal Detectable Change; NPRS =Numeric Pain Rating Scale; ROM =Range of Motion; WBV =Whole Body
Vibration; KOOS =Knee injury and Osteoarthritis Outcome Score; KOOS-KP =Knee injury and Osteoarthritis Outcome score — Knee Pain; KOOS-S =Knee injury and
Osteoarthritis Outcome score — Other Symptoms; KOOS-ADL =Knee injury and Osteoarthritis Outcome score - Activities of Daily Living; KOOS-Sport/Rec=Knee injury
and Osteoarthritis Outcome score - Sport and Recreation function; KOOS-QOL =Knee injury and Osteoarthritis Outcome score - knee-related Quality of Life

" Statistical significance (P<0.05)
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Fig. 5 Comparisons of baseline outcomes between Exercise and Exercise + whole-body vibration (WBV) groups
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Significant improvements in other KOOS subscales
were only observed in the Exercise +WBYV group:

o KOOS-KP: from 54.31+16.95 to 60.40+17.13
(P<0.001)
o KOOS-ADL: from 66.99+19.42 to 71.52+16.32
(P=0.003)

No significant difference was observed in the KOOS-
QOL score in either group.

Range of motion and gait
The Exercise4+WBV group accomplished significantly
improved knee ROM, from 110.68°+16.52° to 115.43°+18.59°
(P<0.001), while the Exercise group showed no significant
change. No statistically significant change was observed in
gait in either group.
Balance, lower extremity strength and functional reach.
Significant improvements were observed in:

o Timed Up and Go test: Exercise group from
14.59+5.70 to 13.48+5.52 s; Exercise+WBV group
from 13.35+6.24 to 11.49 +3.88 s (both P<0.001)

o Functional reach test: Exercise group from
21.61+4.70 to 23.46+549 cm; Exercise+WBV
group from 23.42+6.51 to 27.77+7.55 cm (both
P<0.001)

0 30-sec Chair Stand test: Significant improvement
only in the Exercise+WBV group from 8.10+3.25
to 9.32+3.64 stands (P<0.001), while the Exercise
group showed no significant change.

Stepwise linear regression analyses
Statistically significant differences were found in NPRS,
diseased ROM, Knee Society Score, KOOS-KP, KOOS-
S, KOOS-ADL, 30-s chair stand, and functional reach
between Exercise+WBV group and Exercise group (P
value (between Exercise + WBV group.

and Exercise group) <0.05 (Table 5), entered the linear
regression models. Results of linear regression models
were tabulated in Supplementary Information. Except
KOOS-S in which no statistically significant difference
was found after controlling for age (Model 1.2 in Supple-
mentary Information-Table S5), statistically significant
differences could still be found in NPRS, diseased ROM,
Knee Society Score, KOOS-KP, KOOS-ADL, 30-s chair
stand, and functional reach after controlling for age, gen-
der (ref: female), body mass, BMI, side of affected knee
(ref: bilateral), KL grades (ref: Grade 2), pain duration,
walking tolerance, and alignment (ref: neutral)(Supple-
mentary Information-Tables S1-S4, S6-S8).
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Minimal clinically important difference (MCID) of NPRS

For pain score (NPRS), the difference in SD was 1.78 and
the 95% confidence interval lied between 1.12 and 2.44.
These results were in line with previous findings that the
use of a 2-point reduction as a standard for significant
clinical improvement across interventions [36, 37].

Discussion

This study aimed to compare the efficacy of exercise
therapy alone and with the addition of WBV target-
ing pain relief and function improvement in end-stage
knee OA patients awaiting TKR. The results showed
that both interventions led to significant improvements
in pain and self-reported physical function. The addi-
tion of WBYV yielded greater improvements in range of
motion, KOOS-KP, and KOOS-ADL scores. These find-
ings are consistent with previous studies showing exer-
cise therapy and WBV to be effective in reducing pain
and improving function in early and moderate stage
knee OA patients [8, 10, 38, 39].

Clinical implications

This study provided evidence that supervised exercise
therapy can significantly improve outcomes even for
patients with end-stage knee OA awaiting joint replace-
ment. Incorporating structured exercised therapy into
the routine preoperative management of TKR patients
could help alleviate symptoms and improve function
during protracted surgical waits [40]. Based on the study
findings, an 8-week program consisting of 4—5 sessions,
with each session including a 20-min education talk,
30-min of group exercises, and 30 min of individual exer-
cises, appears to be an effective approach.

The addition of WBV to traditional exercise therapy
led to significantly greater improvements in several out-
comes, suggesting that WBV may be a valuable adjunct
to optimize the benefits of exercise therapy. For end-stage
knee OA patients, a combined approach starting with
WBYV as an entry-level intervention before progressing to
traditional exercises could potentially achieve greater and
more sustainable improvements in pain and function.
However, the clinical significance of the observed differ-
ences between the “Exercise group” and “Exercise + WBV
group” should be carefully considered, as the added cost
and complexity of incorporating WBYV into rehabilitation
programs may not be justified for all patients.

Further research directions

Future studies should aim to validate the findings of this
study and address its limitations. Larger, multi-site ran-
domized controlled trials with sham control groups
and longer follow-up periods are needed to confirm the
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sustained, long-term benefits and generalizability of the
interventions. Studies directly comparing the effects of
exercise therapy and WBYV to other conservative manage-
ment options, such as manual therapy, bracing, or pain
medication, would help determine the relative effectiveness
of these interventions and guide clinical decision-making.

Standardizing and optimizing exercise and WBYV proto-
cols based on the best available evidence could maximize
benefits to patients and support policy changes to increase
access to conservative management options during pro-
longed surgical waits. Additionally, future studies should
explore the cost-effectiveness of incorporating WBV into
rehabilitation programs and its potential impact on health-
care resource utilization and patient outcomes.

Study limitations
This study has several limitations that should be consid-
ered when interpreting the results. First, the non-ran-
domized allocation of participants to the study groups
may have introduced the observed differences between
groups. Second, the sample size of the exercise+WBV
group was relatively small compared to the other groups,
which may limit the generalizability of the findings.
Third, the follow-up period was limited to 8 weeks, so
the long-term effects of the interventions remain unclear.
Fourth, the application of additional inclusion and exclu-
sion criteria specifically for the exercise+whole-body
vibration (WBV) group, which may have introduced
selection bias. These criteria included the ability to stand
independently and a walking tolerance > 15 min, and the
rest are stated in Table 1 [19]. Fifth, the intensity of the
whole-body vibration intervention was adjusted based
on patient’s tolerance, which may have introduced vari-
ability in the treatment received. Sixth, severe psycho-
logical conditions were already carefully considered at
recruitment; however, other psychological conditions,
including self-efficacy and motivation, can all impact on
individual’s perspectives and involvement in the inter-
vention. Finally, the Exercise+WBV group was signifi-
cantly younger than the other groups, which may have
influenced the results. MCID and MDC values of the two
primary outcomes, NPRS and KOOS series, indicated
that the comparisons showing statistical significances did
not necessarily reflect clinical significances. MCID for
pain score was 1.5 [41] and KOOS was around 10 points
[42]. These results might have impacted the application
of results in a clinical setting. This was the first study to
describe the effect of WBV in patients with end-stage
knee OA. Data generalizability could be improved when
study designs are improved and samples are larger.
Future studies should address these limitations by
implementing randomization, using sham interventions,

Page 12 of 14

recruiting larger and more balanced sample sizes, extend-
ing follow-up periods, using consistent inclusion/exclu-
sion criteria, and standardizing intervention protocols to
minimize potential confounding factors.

Study strengths

Despite its limitations, this study has several notable
strengths. It is one of the first to examine the effects of
exercise therapy and WBYV in patients with end-stage knee
OA, a population that has been underrepresented in previ-
ous research. The study’s findings provide valuable insights
into the potential of these interventions to improve pain,
function, and quality of life in patients awaiting TKR, high-
lighting the importance of optimizing conservative man-
agement options during prolonged surgical waits.

Exercise therapy and exercise therapy plus WBYV sig-
nificantly reduced knee pain and improved physical func-
tion in end-stage knee OA patients awaiting TKR. The
addition of WBYV led to further improvements in several
outcomes compared to exercise alone, suggesting the
WBYV may be a useful adjunct to optimize the benefits of
exercise therapy. These results contribute to the mount-
ing evidence on the effectiveness of conservative man-
agement options for end-stage knee OA and underscore
the need for further research to refine and standardize
these interventions to maximize patient benefits.

Conclusions
This study demonstrated that both exercise therapy
alone and exercise therapy combined with whole-body
vibration (WBV) were effective in reducing pain and
improving function in end-stage knee osteoarthritis
(OA) patients awaiting total knee replacement (TKR).
The addition of WBYV to exercise therapy led to greater
improvements in several outcomes, suggesting that
WBV may be a valuable adjunct to optimize the ben-
efits of exercise therapy. These findings have important
implications for patient care and healthcare systems, as
incorporating these interventions into the preoperative
management of TKR patients could significantly improve
patient outcomes, reduce healthcare costs, and optimize
resource utilization during prolonged surgical waits.
Further research should focus on addressing the limi-
tations of the current study, confirming the generaliz-
ability and long-term sustainability of the findings, and
exploring strategies to implement these interventions
effectively in clinical practice. By prioritizing conserva-
tive management options, such as exercise therapy and
WBYV, healthcare providers can ensure that patients
receive the best possible care while awaiting TKR, ulti-
mately leading to better outcomes and more efficient
use of healthcare resources.
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Abbreviations

OA Osteoarthritis

TKR Total knee replacement

WBV Whole body vibration

ROM Range of motion

NPRS Numeric pain rating scale

KOOS Knee injury and osteoarthritis outcome score

KOOS-KP Knee injury and osteoarthritis outcome score—pain

KOOS-S Knee injury and osteoarthritis outcome score-symptoms

KOOS-ADL Knee injury and osteoarthritis outcome score—function in
daily living

KOOS-Sport/Rec  Knee injury and osteoarthritis outcome score—function in

sport and recreation

KOOS-QOL Knee injury and osteoarthritis outcome score—knee-
related quality of life

KSS Knee society scale

KSFA Knee society functional assessment
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