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IMPORTANCE Thigh muscle weakness is associated with knee discomfort and osteoarthritis
disease progression. Little is known about the efficacy of high-intensity strength training in
patients with knee osteoarthritis or whether it may worsen knee symptoms.

OBJECTIVE To determine whether high-intensity strength training reduces knee pain and
knee joint compressive forces more than low-intensity strength training and more than
attention control in patients with knee osteoarthritis.

DESIGN, SETTING, AND PARTICIPANTS Assessor-blinded randomized clinical trial conducted at
a university research center in North Carolina that included 377 community-dwelling adults
(�50 years) with body mass index (BMI) ranging from 20 to 45 and with knee pain and
radiographic knee osteoarthritis. Enrollment occurred between July 2012 and February 2016,
and follow-up was completed September 2017.

INTERVENTIONS Participants were randomized to high-intensity strength training (n = 127),
low-intensity strength training (n = 126), or attention control (n = 124).

MAIN OUTCOMES AND MEASURES Primary outcomes at the 18-month follow-up were Western
Ontario McMaster Universities Osteoarthritis Index (WOMAC) knee pain (0 best-20 worst;
minimally clinically important difference [MCID, 2]) and knee joint compressive force, defined
as the maximal tibiofemoral contact force exerted along the long axis of the tibia during
walking (MCID, unknown).

RESULTS Among 377 randomized participants (mean age, 65 years; 151 women [40%]), 320
(85%) completed the trial. Mean adjusted (sex, baseline BMI, baseline outcome values)
WOMAC pain scores at the 18-month follow-up were not statistically significantly different
between the high-intensity group and the control group (5.1 vs 4.9; adjusted difference, 0.2;
95% CI, −0.6 to 1.1; P = .61) or between the high-intensity and low-intensity groups (5.1 vs 4.4;
adjusted difference, 0.7; 95% CI, −0.1 to 1.6; P = .08). Mean knee joint compressive forces
were not statistically significantly different between the high-intensity group and the control
group (2453 N vs 2512 N; adjusted difference, −58; 95% CI, −282 to 165 N; P = .61), or
between the high-intensity and low-intensity groups (2453 N vs 2475 N; adjusted difference,
−21; 95% CI, −235 to 193 N; P = .85). There were 87 nonserious adverse events
(high-intensity, 53; low-intensity, 30; control, 4) and 13 serious adverse events unrelated to
the study (high-intensity, 5; low-intensity, 3; control, 5).

CONCLUSIONS AND RELEVANCE Among patients with knee osteoarthritis, high-intensity
strength training compared with low-intensity strength training or an attention control did
not significantly reduce knee pain or knee joint compressive forces at 18 months. The findings
do not support the use of high-intensity strength training over low-intensity strength training
or an attention control in adults with knee osteoarthritis.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCT01489462
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O steoarthritis is the most common form of arthritis
and a leading cause of disability among adults.1

A report from 2012 estimated that knee osteoarthri-
tis affected more than 250 million people worldwide.2 Clini-
cal guidelines recommend strength training for patients with
knee osteoarthritis based on clinical trial evidence of
effectiveness.3 Improved strength mediates pain relief,4

enhances psychological well-being,5 maintains cartilage
integrity in animal models,6,7 and may increase the shock
absorbing capability of lower extremity muscles during
walking.8 Limitations of prior randomized trials of strength
training for patients with osteoarthritis include the use of
training intensities below those recommended by practice
guidelines9-13 and use of short-duration interventions, lasting
between 6 and 24 weeks.11,12

High-intensity strength training may be detrimental for
knee osteoarthritis symptoms due to the greater contact forces
exerted on the joint.14 However, a prior study suggested that
short-term, high-intensity strength training was safe and well
tolerated by older adults with knee osteoarthritis.15 Improv-
ing strength gains with intense exercise over the long-term
could improve clinical outcomes. The objective of this study
was to determine whether high-intensity strength training low-
ered pain levels and reduced knee joint compressive forces,
defined as the maximal tibiofemoral contact force exerted along
the long axis of the tibia during walking, compared with low-
intensity strength training and attention control.

Methods
Study Design
The Strength Training for Arthritis Trial (START) was an
assessor-blinded, single-center (Wake Forest University,
Winston-Salem, North Carolina), randomized clinical trial with
3 parallel groups followed up for 18 months. The trial proto-
col appears in Supplement 1. The Human Subjects Commit-
tee of Wake Forest Health Sciences approved this protocol. Par-
ticipants provided written informed consent.

Participants
The study included ambulatory, community-dwelling adults,
50 years or older with self-reported disability due to knee
osteoarthritis (Figure 1). Enrollment occurred between July
2012 and February 2016. Inclusion criteria were (1) mild to
moderate radiographic medial tibiofemoral osteoarthritis
(Kellgren-Lawrence score, 2 or 3) in at least 1 knee associated
with radiographic skyline views demonstrating patellofemo-
ral osteoarthritis (none to moderate severity); (2) neutral
(−2° valgus to 2° varus), or varus (≤10° varus) mechanically
aligned knee16; (3) body mass index (BMI, calculated as
weight in kilograms divided by height in meters squared)
ranging from 20 to 45; (4) and no participation in formal
strength training more than 30 minutes a week in the past
6 months. All participants continued their medications,
including nonsteroidal anti-inflammatory drugs (NSAIDs). If
pain decreased, they could reduce them with their physi-
cian’s approval.

Exclusion criteria included (1) severe patellofemoral os-
teoarthritis (joint space width, 3 using the Osteoarthritis
Research Society International atlas from skyline x-ray views17)
(2) lateral more than medial tibiofemoral osteoarthritis; (3) or
less than 20 on the Montreal Cognitive Assessment.18

Participants were randomly assigned to treatment groups
via a computer-generated permuted block randomization
scheme with randomly selected sized blocks of 3, 6, 9, or 12
stratified by sex and baseline BMI (calculated as weight in ki-
lograms divided by height in meters squared). Participants were
not aware of the hypotheses tested.

Interventions
Strength Training
Strength training sessions were conducted in groups of par-
ticipants 3 times weekly over 18 months. Sessions consisted
of a 5-minute warm-up, 40-minute training, and 15-minute
cooldown conducted 3 times a week at the Wake Forest Clini-
cal Research Center and supervised by staff interventionists.
After the first 4 sessions during which participants were taught
proper techniques, the maximum amount a participant was
capable of lifting in a single repetition was measured (1 rep-
etition maximum [1RM] tests) to determine their starting re-
sistance. The program included 6 lower body exercises, with
each leg exercised separately to prevent unequal load distri-
bution between limbs: hip abduction and adduction; leg curl,
leg extension, and leg press; and seated calf; and 4 upper body
and core exercises: compound row, vertical chest, lower back,
and abdomen.

The high-intensity group performed 3 sets of each exer-
cise beginning at 75% of 1RM with 8 repetitions per set for 2
weeks, progressing to 80% of the 1RM with 8 repetitions per
set for weeks 3 and 4, 85% of the 1RM with 6 repetitions per
set for weeks 5 and 6, and 90% of the 1RM with 4 repeti-
tions per set for weeks 7 and 8. Week 9 was a taper week
with alternate exercises and establishing new 1RMs for each
exercise. This 9-week block was repeated using the new
1RM values. The low-intensity group used the same 9-week
block pattern but performed 3 sets of 15 repetitions at 30%
to 40% 1RM of the exercises described above. The target
workload per total volume performed during these 9-week
cycles was the same regardless of whether the participant

Key Points
Question Is high-intensity strength training more effective than
low-intensity strength training and attention control for the
outcomes of knee pain and knee joint compressive forces in
participants with knee osteoarthritis?

Findings In this randomized clinical trial involving 377 participants
with knee osteoarthritis, high-intensity strength training,
compared with low-intensity strength training and an attention
control, did not significantly improve knee pain or knee joint
compressive forces at 18 months.

Meaning These findings do not support the use of high-intensity
strength training over low-intensity strength training or attention
control in adults with knee osteoarthritis.
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Figure 1. Participant Flow Through the Study of the Effect of High-intensity Strength Training on Knee Pain and Knee Joint Compressive Forces

3259 Participants with knee osteoarthritis symptoms screened

1503 Excluded (not interested)

553 Excluded
542 Not eligible at screening visit 1

5 Not eligible at screening visit 2
6 Not eligible at randomization visit

205 X-ray findingsb

165 No longer interested
70 WOMAC <1
45 Health
13 BMI <20 or >45
10 Study duration
6 Wanted compensation
6 Prior knee trauma
5 Unwilling to be randomized
5 Staff concernsc

5 Planned knee surgery/injection
18 Other

826 Excludeda

310 Knee or hip replaced
249 Lived >30 min from site 
207 Prior knee trauma
194 Participated in a strength training program ≤6 mo
164 No knee pain
141 Other type of arthritis
139 Unwilling to attend 3 d/wk
127 BMI <20 or >45
106 Knee injection
89 Study duration too long
79 <50 y
58 Planned knee surgery/injection 
55 Had no difficulty performing ADLs
54 In another study
53 Other health problems
41 Refused randomization
36 Unable to walk unassisted 
28 Unwilling to stop pain medication
28 Wanted compensation
27 Planned on leaving for >1 mo
19 Severe heart disease
17 COPD
16 Recent knee surgery
14 Required assistance for ADLs
10 Receiving cancer treatment
10 Other

377 Randomizedd

104 Included in the primary analysis (pain)

64 Included in 18-mo primary analysis
(compressive force)
44 Did not attend biomechanical visit

4 Missing outcome data
108 Included in the primary analysis (pain)

65 Included in 18-mo primary analysis
(compressive force)
44 Did not attend biomechanical visit

1 Missing outcome data

126 Randomized to receive low-intensity
strength training

127 Randomized to receive high-intensity
strength training

124 Randomized to healthy living

99 Included in the primary analysis (pain)

63 Included in 18-mo primary analysis
(compressive force)
40 Did not attend biomechanical visit

4 Missing outcome data

108 Attended 18-mo follow-up
18 Did not attend

17 Canceled or no contact
1 Uncontrolled high blood pressure

109 Attended 18-mo follow-up
18 Did not attend

14 Canceled or no contact
3 Withdrew consent
1 Cancer

103 Attended 18-mo follow-up
21 Did not attend

17 Canceled or no contact
3 Moved
1 Withdrew consent

1756 Completed prescreening visit

930 Completed screening visits

a Participant may have been ineligible for more than 1 reason.
b Persons excluded due to x-ray for multiple reasons.
c Staff considered participation a danger to themselves or others.

d A stratified block randomization method, stratified by body mass index (BMI)
and sex, was used to assign all eligible persons to 1 of 3 intervention groups.
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was assigned to the high-intensity or low-intensity group.19

To improve adherence and retention, interventionists were
trained in standardized behavioral techniques developed in
a social cognitive framework.20

Attention Control Group
Participants attended 60-minute group workshops biweekly
for the first 6 months and monthly thereafter (total of 24 ses-
sions over 18 months). Details of the control intervention are
included in Supplement 1 and the design publication.19

Measurements and Procedures
Primary Outcomes
The 2 primary outcomes at the 18-month (long-term) fol-
low-up were self-reported knee pain using the Likert version
of the Western Ontario and McMaster Universities Osteoar-
thritis Index (WOMAC)21 and maximum knee joint compres-
sive force during walking (minimally clinically important dif-
ference [MCID] unknown).

Excessive knee joint compressive forces are an important
mechanism in the osteoarthritis disease pathway and are
associated with poor clinical and structural outcomes.22,23

The WOMAC knee pain score assesses knee pain over the last
48 hours.24 The total score ranges from 0 to 20 (higher scores
indicate greater pain). The MCID in WOMAC pain between
groups is 2 on a 20-point Likert scale.25 The pain categories
on a 0 to 20 scale are 2 to 8, mild; more than 8 to 14, moder-
ate; more than 14 to 20, severe (transformed from 0-10 scale
reported by Kapstad et al26).

Secondary Outcomes
The 2 primary outcomes were also included as prespecified
secondary outcomes at the 6-month (short-term) follow-up
time point. Prespecified secondary outcomes measured at
the 6-month and 18-month follow-up were WOMAC physical
function, which assesses the degree of difficulty with activi-
ties of daily living in the last 48 hours with the total score
range of 0 to 68; higher scores indicate poorer function with
a score of 21 or higher indicating physical work limitations27

and the 6-minute walk distance, referred to as a clinical mea-
sure of mobility in the study protocol, assessed the maxi-
mum distance a participant could walk along a standardized
walkway in 6 minutes (MCID, 26-55 m).28

Prespecified secondary outcomes included at 18 months
only were disease progression assessed as change in
medial tibiofemoral joint space width from bilateral pos-
teroanterior weight-bearing fixed-flexion knee x-rays using
a positioning device (SynaFlexer, BioClinica Inc) and modi-
fied Lyon-Schuss technique,29 and thigh skeletal muscle
volume and thigh fat volume (sum of subcutaneous and
intermuscular fat depots) determined using volumetric non-
contrast enhanced computed tomography (CT) (VCT 64, GE
Healthcare). IL-6 serum levels, knee extensor strength, and
hip abductor strength were secondary outcomes for which
testing time points were not specified in the protocol.
Plasma IL-6 was measured with morning venipuncture
samples (50 mL per visit) at least 2 hours after rising and
after a 10-hour overnight fast. The IL-6 measure was per-

formed in duplicate using an IL-6 enzyme-linked immu-
nosorbent assay (Quantikine ELISA kits, R&D Systems). The
mean value was used in data analysis. Knee extensor
strength (termed quadriceps strength in the protocol) and
hip abductor strength were measured using a Humac NORM
isokinetic dynamometer at 30° per second (Computer
Sports Medicine Inc). Prespecified secondary outcomes
not included in this report were knee adductor moment;
knee anteroposterior shear force; tumor necrosis factor,
soluble tumor necrosis factor receptor 1, leptin, serum
N-propeptide of collagen IIA, cartilage oligomeric matrix
protein, and urinary type II collagen telopeptide levels; and
muscle power.

Post Hoc Outcomes
Post hoc outcomes at 6 and 18 months were knee flexor
strength and pain medication use (NSAIDS, analgesics,
selective serotonin releasing agents, anticonvulsants, and
opioids).30 A responder analysis used the Outcome Measures
in Rheumatology Clinical Trials and the Osteoarthritis
Research Society International (OMERACT-OARSI) criteria31

for minimally clinically important improvement of 20% or
more for pain and function at 18 months.

Sample Size and Power Calculations
Trial stratification factors, baseline BMI, and sex were
included in all statistical models. A total sample of 372 pro-
vided 80% statistical power, assuming 80% retention to
detect between-group differences of 1.1 or more (17.6%) in
WOMAC pain (20 point scale) and 316 N or more (9.6%)
in knee joint compressive force assuming a 2-sided test at
a .05/6 = .0083 significance level (3 pairwise comparisons for
2 coprimary outcomes). These values were based on our pre-
vious trial32 and pilot study that showed mean differences
between strength training and control groups of 1.12 (18%) for
pain, and 657 N (20%) for knee joint compressive force.
Power was determined based on absolute effects; the relative
effects (%) were listed in the protocol for clarity.

Statistical Analyses
Participants were analyzed according to their assigned ran-
domization group even if they were nonadherent to their
assigned intervention. Primary analyses were conducted
using complete-case data. Prespecified sensitivity analyses
were conducted for all participants using multiple imputa-
tion methods for missing observations based on baseline
and, when available, follow-up data assuming missing data
are missing at random.

The primary aim was to determine if high-intensity
strength training lowered pain levels and reduced knee joint
compressive forces compared with low-intensity strength train-
ing and attention control at the 18-month follow-up. These
and all other repeated measure continuous outcomes were
assessed for significant treatment effects using a repeated
measures analysis of covariance (ANCOVA) model using
complete case outcome data at 6 and 18 months, adjusted for
sex, baseline BMI, and baseline outcome values. The analytic
plan focused primarily on pairwise comparisons between
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treatment groups at 18 months. Pairwise group differences be-
tween the primary outcomes of pain and knee joint compres-
sive forces were deemed significant using a Bonferroni-
adjusted .0083 2-sided level of significance, accounting for 3
group pairwise comparisons across 2 outcomes.

An adjusted significance level of .05 was used for pair-
wise comparison of secondary and post hoc outcomes. Short-
term effects were determined by using 6-month treatment ef-
fect estimates from the primary and secondary outcome
models. Outcomes assessed at baseline and 18 months only
(joint space width and thigh muscle and fat volume) were com-
pared using an ANCOVA model for treatment effects adjusted
for sex, baseline BMI, and baseline outcome values. The study
power was calculated for the coprimary outcomes. Given the
large number of secondary outcomes and lack of adjustment
for multiple comparisons, the secondary outcomes should be
interpreted as exploratory.

Post Hoc Analyses
Knee flexion strength pairwise comparisons were performed
using repeated measures ANCOVA at 6 and 18 months
adjusted for sex, baseline BMI, and baseline outcome values.
Longitudinal pain medication use was estimated for each
group using a repeated-measures negative binomial regres-
sion model fit with treatment group, visit, and their interac-
tion assuming an unstructured covariance, and visit-specific
estimates were generated using contrast statements. Sensi-
tivity analyses determined whether results were biased due
to missing data via multiple imputation methods. Analyses
were conducted on the 2 primary outcomes using the meth-
ods described above with additional adjustment for knee
varus and valgus frontal plane alignment and patellofemoral
osteoarthritis severity. Unadjusted pairwise comparisons
used complete case changes from baseline at 6 or 18 months
using analysis of variance at the same thresholds as the
adjusted models. All statistical analyses were performed
using SAS version 9.4 (SAS Institute Inc).

Results
Study Cohort
Table 1 shows the characteristics of randomized participants
by group. Among 377 participants randomized (mean age, 65
years; 40% women), 320 (85%) attended the 18-month visit
(high-intensity, 109; low-intensity, 108; control, 103) (Figure 1).
At 18 months, 311 contributed data for the primary outcome
of pain and 192 contributed data for the primary outcome of
knee joint compressive force (Table 2). The difference in the
number of completers for the 2 primary outcomes was due to
missing baseline or follow-up biomechanical gait analyses or
both. For the 6-month visit, 310 participants contributed data
for the pain outcome, and 196 contributed data for the knee
joint compressive force outcome. Noncompleters (no 18-
month follow-up data) were comparable with completers, with
the exception of age, which was a mean of 65.3 years (SD, 7.7
years) for the completers vs for 63.0 years (SD, 9.6 years) for
the noncompleters (P = .04) (eTable 1 in Supplement 2).

During the first 6 months, patients in the high-intensity
group had an adherence rate of 78% vs 77% in the low-
intensity group. The overall adherence rates were 66% in the
high-intensity group vs 69% in the low-intensity group. Ad-
herence rates for the control group were 83% at 6 months and
80% overall.

Primary Outcomes
There was no statistically significant difference between groups
in the mean WOMAC pain at the 18-month (long-term) follow-
up, 5.1 in the high-intensity group vs 4.9 in the control group
(adjusted difference, 0.2; 95% CI, −0.6 to 1.1; P = .61) and 4.4
in the low-intensity group (adjusted difference, 0.7; 95% CI,
−0.1 to 1.6; P = .08). Mean maximum knee joint compressive
force was not statistically significantly different between the
high-intensity and the 2 other groups: high-intensity vs con-
trol, 2453 N vs 2512 N (adjusted difference, −58; 95% CI, −282
to 165 N; P = .61) and high-intensity vs low-intensity, 2453 N
vs 2475 N (adjusted difference, −21 N; 95% CI, −235 to 193;
P = .85) (Figure 2 and Table 2).

Secondary Outcomes
Similar results for the 2 primary outcomes were found with-
out adjustment (Table 2), using multiple imputation, and in
post hoc analysis adjusting for knee varus and valgus frontal
plane alignment and patellofemoral osteoarthritis severity
(eTables 2 and 3 in Supplement 2).

At the 6-month (short-term) follow-up, the low-intensity
group had statistically significantly lower WOMAC knee pain
(5.6 vs 4.4; adjusted difference, 1.2; 95% CI, 0.5 to 1.9;
P = .001) and better WOMAC function (20.8 vs 16.1; adjusted
difference, 4.8; 95% CI, 2.4 to 7.2; P < .001) than did the high-
intensity group. The knee joint compressive forces were not
statistically significantly different at 6 months among
groups. The high-intensity group had a mean of 2453 N com-
pared with 2483 N in the control group (adjusted difference,
−30 N; 95% CI, −231 to 172; P = .77) and compared with 2536
N in the low-intensity group (adjusted difference, −83 N; 95%
CI, −276 to 110; P = .40).

The mean 6-minute walk distance at 6 months was not sta-
tistically significantly different between the high-intensity
group (493 m) and the control group (508 m; adjusted differ-
ence, −14 m; 95% CI, −32 to 3.7; P = .12). But the mean dis-
tance walked in the high intensity group was significantly less
than in the low-intensity group (mean, 514; m in the low-
intensity group (adjusted difference, −21 m; 95% CI, −38 to −3.6;
P = .02) (eTable 4 in Supplement 2).

At the 18-month follow-up, comparisons of the mean
WOMAC function scores were as follows: high-intensity
vs control, 17.8 vs 16.4 (adjusted difference, 1.4; 95% CI,
−1.3 to 4.1; P = .32); high-intensity vs low-intensity, 17.8 vs
14.9, adjusted difference, 2.9; 95% CI, 0.2 to 5.6; P = .03)
(Table 3 and eFigure 1 in Supplement 2). Changes in the
6-minute walk distance were not statistically significantly
different among the groups at 18 months. The mean dis-
tance for the high-intensity group was 508 m vs 515 m in the
control group (adjusted difference, −6 m; 95% CI, −31 to 18;
P = .62) and 514 m in the low-intensity group (adjusted
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difference, −5 m; 95% CI, −29 to 18; P = .67) (Table 3 and
eFigure 1 in Supplement 2).

Knee extensor mean strength was statistically significantly
greater in the high-intensity group (98.5 Newton meter [Nm])

Table 1. Demographic and Clinical Characteristics of the Study Participants at Baseline

Baseline characteristics

No. (%)

Intensity

ControlHigh Low
No. 127 126 124

Age, mean (SD), y 67 (9) 64 (8) 64 (7)

Weight, mean (SD), kg 89 (19) 89 (18) 89 (16)

Height, mean (SD), m 1.68 (0.11) 1.69 (0.10) 1.68 (0.10)

BMI, mean (SD) 31 (6) 31 (6) 32 (5)

Sex

Women 52 (41) 51 (41) 48 (39)

Men 75 (59) 75 (59) 76 (61)

Racea

White 103 (81) 99 (79) 94 (76)

Black 20 (16) 24 (19) 26 (21)

Asian 2 (2) 0 1 (1)

More than 1 race 2 (2) 3 (2) 3 (2)

Ethnicity, No./total (%)a,b

Hispanic 3/118 (3) 2/120 (2) 1/123 (1)

Annual household income, $b

No. 123 124 121

<20 000 10 (8) 9 (7) 7(6)

20 000-34 999 14 (11) 13 (10) 10(8)

35 000-49 999 17 (14) 23 (19) 17 (14)

50 000-74 999 32 (26) 23 (19) 34 (28)

75 000-99 999 23 (19) 25 (20) 19 (16)

≥100 000 27 (22) 31 (25) 34 (28)

Educationb

No. 124 124 122

<High school 0 2 (2) 1 (1)

High school 9 (7) 17 (14) 5 (4)

Vocational school 11 (9) 10 (8) 9 (7)

Some college/
community college

34 (27) 26 (21) 33 (27)

College 28 (23) 34 (27) 32 (26)

Post college 13 (10) 11 (9) 8 (7)

Graduate degree 29 (23) 24 (19) 34 (28)

Comorbid illness, No.c 127 126 124

Patellofemoral OA, severity, 1, 2
(mild-moderate)d

108 (85.7) 106 (84.1) 109 (87.9)

Hypertension 71 (56) 64 (51) 61 (49)

Obesity (BMI ≥30)e 68 (54) 66 (52) 68 (55)

Arthritis in other joints 30 (24) 26 (21) 18 (15)

Cardiovascular disease 17 (13) 8 (6) 14 (11)

Type 2 diabetes 12 (9) 14 (11) 14 (11)

Kellgren-Lawrence grade
(most affected)f

2 63 (50) 64 (51) 57 (46)

3 50 (39) 48 (38) 57 (46)

4 14 (11) 14 (11) 10 (8)

WOMAC, mean (SD)g

Pain (range 0-20) 7.0 (2.7) 7.4 (2.6) 7.2 (2.7)

Function (range 0-68) 25.5 (10.3) 26.6 (10.7) 25.0 (10.3)

Abbreviations: BMI, body mass index,
calculated as weight in kilograms
divided by height in meters
squared; JSW, joint space width;
OA, osteoarthritis; OARSI,
Osteoarthritis Research Society
International; WOMAC, Western
Ontario and McMaster Universities
Osteoarthritic Index.
a Reported on a self-administered

demographics questionnaire.
b Some variables had a small amount

of missing data due to refusing to
answer the question.

c Reported on a self-administered
health history questionnaire (with
the exception of patellofemoral OA)
as conditions diagnosed by a health
care professional. With comorbid
illnesses that could exclude patients
from participation, final approval or
denial for participation provided
after patient evaluation by study
physician.

d Patellofemoral OA measured from
skyline view radiograph using the
OARSI scale (0, none; 1, mild;
2, moderate; 3, severe).17 Patients
with severe (JSW, 3) patellofemoral
OA were excluded. One patient was
missing baseline skyline view
radiographs.

e Measured during screening visit.
f The Kellgren-Lawrence scale ranges

from 0 to 4. A grade of 2 or greater
indicates definite osteoarthritis on
posteroanterior weight-bearing
radiograph. A grade of 2 indicates
definite osteophytes and possible
joint space narrowing; grade 3,
multiple osteophytes, definite joint
space narrowing, sclerosis, and
possible bony deformity; and grade
4, large osteophytes, marked
definite joint space narrowing,
severe sclerosis, and definite bony
deformity.

g The WOMAC index consists of a
self-administered questionnaire
including 5 questions on pain, and 17
questions on physical function
(scale for each question range, 0 no
symptoms to 4 extreme
symptoms). Composite scores for
pain ranged from 0 to 20 and for
function 0 to 68. Pain cut points are
on a 0 to 20 scale: 2 to 8, mild;
more than 8 to 14, moderate; more
than 14 to 20, severe (transformed
from 0-10 scale reported in26). A
function score 21 or higher indicates
physical work limitations.28
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than in the control group (88.5 Nm) at 18 months (adjusted
difference, 10.0 Nm; 95% CI, 3.8 to 16.2; P = .002) but
was not statistically significantly greater than in the low-
intensity group (93.2 Nm; adjusted difference, 5.3 Nm;
95% CI, −0.8 to 11.4; P = .09). The mean hip abductor
strength for the high-intensity group was 74.6 Nm vs 69.5
Nm in the control group (adjusted difference, 5.0 Nm; 95%
CI, 0.7 to 9.3; P = .02) but was not significantly different
from the low-intensity group (adjusted difference, 0.0 Nm;
95% CI, −4.3 to 4.2; P = .99) (Table 3 and eFigure 2 in
Supplement 2).

The mean thigh muscle volume for the high-intensity
group was 672 cm3 compared with 670 cm3 in the control
group (adjusted difference, 2 cm3; 95% CI, −20 to 23;
P = .89) and compared with 679 cm3 in the low-intensity
group (adjusted difference, −8 cm3; 95% CI, −29 to 13;
P = .48). The mean thigh fat volume in the high-intensity
group of 712 cm3 compared with 709 cm3 in the control
group (adjusted difference, 3 cm3; 95% CI, −37 to 42;
P = .89) and compared with the 721 cm3 in the low-intensity
group (adjusted difference, −10 cm3; 95% CI, −49 to 30,
P = .63) was not statistically significantly different for either

Table 2. Primary Outcomes at 18-Month Follow-up in a Study of the Effect of High-Intensity Strength Training on Knee Pain and Knee Joint
Compressive Forces Among Patients With Knee Osteoarthritis

Outcome

Intensity

Control
Mean difference
(95% CI) P valueaHigh Low

Primary outcomes

WOMAC pain (0-20)

Baseline mean (SD) 7.0 (2.7) 7.4 (2.6) 7.2 (2.7)

18-mo follow-up,
unadjusted mean (SD)

4.9 (3.2) 4.5 (3.4) 4.8 (2.9)

18-mo absolute change
(95% CI)

−2.0 (−2.6 to −1.4) −2.8 (−3.5 to −2.2) −2.3 (−2.9 to −1.6)

No. 108 104 99

High intensity vs controlb 0.3 (−0.6 to 1.2) .56

High intensity vs low intensity 0.8 (−0.1 to 1.7) .07

Low intensity vs control −0.6 (−1.5 to 0.3) .22

18-mo adjusted means
(95% CI)c

5.1 (4.5 to 5.7)d 4.4 (3.8 to 4.9) 4.9 (4.3 to 5.5)

No. 91 86 84

High intensity vs control 0.2 (−0.6 to 1.1) .61

High intensity vs low intensity 0.7 (−0.1 to 1.6) .08

Low intensity vs control −0.5 (−1.4 to 0.3) .22

Knee joint compressive force, Ne

Baseline, mean (SD) 2326 (727) 2325 (782) 2261 (691)

18-mo follow-up,
unadjusted mean (SD)

2448 (783) 2498 (813) 2456 (844)

18-mo absolute change
(95% CI)

89 (−59 to 237)f 116 (−6.2 to 238) 162 (10 to 314)

No. 65 64 63

High intensity vs controlb −73 (−271 to 124) .47

High intensity vs low intensity −27 (−223 to 170) .79

Low intensity vs control −46 (−245 to 152) .65

18-mo, adjusted means
(95% CI)

2453 (2296 to 2611) 2475 (2325 to 2625) 2512 (2352 to 2672)

No. 50 55 48

High intensity vs control −58 (−282 to 165) .61

High intensity vs low intensity −21 (−235 to 193) .85

Low intensity vs control −37 (−256 to 181) .74

Abbreviation: WOMAC, Western Ontario and McMaster Universities
Osteoarthritic Index.
a Pairwise comparisons were deemed significant at P � .05/6 = .0083 from the

adjusted model.
b Unadjusted pairwise comparisons based on 18-month changes.
c The model-adjusted outcomes used only participants with complete follow-up

data. Sensitivity analyses were conducted to multiply imputed data for
participants with missing data under the assumption that data were missing at
random (eTable 2 in Supplement 2).

d The difference in the number of completers between the unadjusted and
adjusted analyses was due to the model-adjusted outcomes using only
participants with complete follow-up data.

e One pound of force is equal to 4.45 N of force.
f The difference in the number of completers in the unadjusted analysis for the

2 primary outcomes was due to missing baseline and/or a follow-up
biomechanical gait analysis.
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comparison at the 18-month follow-up (Table 3 and eFig-
ure 3 in Supplement 2).

The mean log IL-6 levels were the same (0.9) in all 3
groups at 18 months. The adjusted difference between the
high-intensity and the control group was 0.0 (95% CI, −0.1
to 0.2; P = .88) and between the high-intensity group vs
low-intensity group was 0.0 (95% CI, −0.1 to 0.2; P = .58)
(Table 3 and eFigure 3 in Supplement 2).

The mean joint space width at 18 months was not statis-
tically significantly different between the high-intensity group
(2.9 mm) and the control group (2.8 mm; adjusted difference,
0.2 mm; 95% CI, −0.0 to 0.4; P = .054) or between the high-
intensity group and the low-intensity group (2.8 mm; ad-
justed difference, 0.1 mm; 95% CI, −0.0 to 0.3; P = .12) (Table 3
and eFigure 3 in Supplement 2).

Adverse Events
There were 87 nonserious adverse events: 53 in the high-
intensity, 30 in the low-intensity, and 4 in the control
groups. Of those, 29 were related to the study: 20 in the
high-intensity, 9 in the low-intensity, none in the control
groups. Twenty patients experienced body pain: 12 in the
high-intensity, 7 in the low-intensity, and 1 in the control
groups; 19 experienced falls: 11 in the high-intensity, 6 in the
low-intensity, and 2 in the control groups; and 10 experi-
enced muscle strain: 8 in the high-intensity and 2 in the
low-intensity groups, all which were the most frequent
adverse events. Three knee replacements occurred, 1 in
each group. The 13 serious adverse events (5, high-intensity;
3, low-intensity; 5, control) were determined unrelated to
the study by the external safety monitor (eTables 6-8 in
Supplement 2).

Post Hoc Outcomes
The mean knee flexor strength at 18 months was statistically
significantly greater in both exercise groups than in the con-
trol group. The mean high-intensity group measured
51.5 Nm compared with 43.8 Nm in the control group (ad-
justed difference, 7.6 Nm; 95% CI, 3.6 to 11.7; P < .001).
The low-intensity group measured 52.6 Nm, and compared
with the control group had an adjusted difference of 8.7 Nm
(95% CI, 4.7 to 12.7; P < .001). The mean knee flexor
strength was not significantly different between the high-
intensity group and the low-intensity group (adjusted dif-
ference, −1.1 Nm; 95% CI, −5.1 to 2.9; P = .59) (Table 3; eFig-
ure 2 in Supplement 2).

The proportion of participants using pain medication
declined across the 18-month intervention period, with no
statistical difference among the groups at the 18-month
follow-up: high-intensity, 0.45 (95% CI, 0.35 to 0.58); low-
intensity, 0.34 (95% CI, 0.25 to 0.48); and control, 0.55 (95%
CI, 0.44 to 0.68; P = .06) (eFigure 4 in Supplement 2). The
number and percentage of participants in each group that
achieved the OMERACT-OARSI clinical criteria31 of 20% or
more improvement from baseline in pain and function at 18
months were 42 of 93 (45%) in the high-intensity; 49 of 88
(56%) in the low-intensity; and 56 of 94 (60%) in the control
groups (χ2 P = .12).

Discussion
Among participants with knee osteoarthritis, high-intensity
strength training did not significantly reduce WOMAC
knee pain or knee joint compressive forces at 18 months

Figure 2. Unadjusted Pain Score and Knee Joint Compressive Force Across the 18-Month Study

20

8

12

16

4

0

W
O

M
AC

 p
ai

n 
sc

or
e,

 0
-2

0

Time, mo

Knee painA

Low intensity ControlHigh intensity

0

127
126
124

No. of patients
High intensity
Low intensity
Control

6

105
102
103

18

108
104

99

Le
ss

 p
ai

n
M

or
e 

pa
in

6000

2000

3000

5000

4000

1000

0

Kn
ee

 jo
in

t c
om

pr
es

si
ve

 fo
rc

e,
 N

Time, mo

Joint compressive forceB

0

102
99

107

No. of patients
High intensity
Low intensity
Control

6

66
66
64

18

65
64
63

Be
tt

er
W

or
se

The middle line in the plot boxes represents the median values; the X, the mean
values; and the boxes, the interquartile range. The whiskers extend to the most
extreme observed values within 1.5 × the interquartile range of the nearer quartile,
and the dots represent observed values outside the range. WOMAC indicates
Western Ontario and McMaster Universities Osteoarthritic Index.

B, A knee compressive force of 872 N was equivalent to mean body weight.
One pound (0.45 kg) of force is equivalent to 4.45 N of force.
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Table 3. Baseline and Adjusted Secondary and Post Hoc Outcomes at the 18-Month Follow-up in a Study of the Effect of High-Intensity
Strength Training on Knee Pain and Knee Joint Compressive Forces Among Patients With Knee Osteoarthritisa

Outcomes

Intensity

Control
Mean difference
(95% CI) P valueaHigh Low

Prespecified secondary outcomes

WOMAC function (0-68)

Baseline, mean (SD) 25.5 (10.3) 26.6 (10.7) 25.0 (10.3)

18 mo, adjusted means (95% CI)b 17.8 (15.9 to 19.7) 14.9 (13.0 to 16.8) 16.4 (14.4 to 18.4)

No. 88 89 88

High intensity vs control 1.4 (−1.3 to 4.1) .32

High intensity vs low intensity 2.9 (0.2 to 5.6) .03

Low intensity vs control −1.5 (−4.3 to 1.2) .27

6-Minute walk distance, m

Baseline, mean (SD) 466 (91) 479 (90) 490 (92)

18 mo, adjusted means (95% CI) 508 (492 to 525) 514 (497 to 530) 515 (497 to 532)

No. 73 75 67

High intensity vs control −6 (−31 to 18) .62

High intensity vs low intensity −5 (−29 to 18) .67

Low intensity vs control −1 (−25 to 23) .94

Knee extensor strength, Nm

Baseline, mean (SD) 72.6 (31.2) 75.1 (30.2) 75.9 (32.8)

18 mo, adjusted means (95% CI) 98.5 (94.2 to 102.8) 93.2 (88.9 to 97.6) 88.5 (84.0 to 93.0)

No. 79 78 75

High intensity vs control 10.0 (3.8 to 16.2) .002

High intensity vs low intensity 5.3 (−0.8 to 11.4) .09

Low intensity vs control 4.7 (−1.5 to 10.9) .13

Hip abductor strength, Nm

Baseline, mean (SD) 62.8 (22.7) 66.9 (25.4) 64.7 (22.6)

18-mo, adjusted means (95% CI) 74.6 (71.5 to 77.6) 74.6 (71.6 to 77.6) 69.5 (66.5 to 72.6)

No. 74 77 73

High intensity vs control 5.0 (0.7 to 9.3) .02

High intensity vs low intensity −0.0 (−4.3 to 4.2) .99

Low intensity vs control 5.0 (0.8 to 9.3) .02

Thigh muscle volume, cm3

Baseline mean (SD) 662 (183) 685 (188) 661 (171)

18 mo, adjusted means (95% CI) 672 (657 to 687) 679 (664 to 694) 670 (655 to 685)

No. 73 76 75

High intensity vs control 2 (−20 to 23) .89

High intensity vs low intensity −8 (−29 to 13) .48

Low intensity vs control 9 (−12 to 30) .39

Thigh fat volume, cm3

Baseline, mean (SD) 736 (367) 712 (351) 750 (342)

18 mo, adjusted means (95% CI) 712 (683 to 740) 721 (693 to 749) 709 (681 to 737)

No. 73 76 75

High intensity vs control 3 (−37 to 42) .89

High intensity vs low intensity −10 (−49 to 30) .63

Low intensity vs control 12 (−27 to 51) .54

Log IL-6c

Baseline, mean (SD) 1.0 (0.7) 0.9 (0.6) 0.9 (0.7)

18 mo, adjusted means (95% CI) 0.9 (0.8 to 1.0) 0.9 (0.8 to 1.0) 0.9 (0.8 to 1.0)

No. 88 93 85

High intensity vs control 0.0 (−0.1 to 0.2) .88

High intensity vs low intensity 0.0 (−0.1 to 0.2) .58

Low intensity vs control −0.0 (−0.2 to 0.1) .70

(continued)
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compared with low-intensity strength training or with an
attention control group.

One potential explanation for why the outcomes in the
high-intensity strength training and control groups were not
significantly different relates to the improvement in pain in
the control group. In this trial, knee osteoarthritis pain
improved by 33% in the control group, compared with from
1% to 17% in prior trials.15,32-34 In these earlier trials, the
control intervention consisted of limited healthful lifestyle
educational material. In the current study, the control group
attended group educational sessions with interventionists
trained in social cognitive strategies to maximize adher-
ence, and interacted with other participants in a social envi-
ronment. The characteristics of the control intervention
may have contributed to a larger control group effect than
reported previously.

Alternatively, Englund35 suggested the true effect of ex-
ercise interventions for knee osteoarthritis is modest, with im-
provements in pain and function due primarily to the pla-
cebo effect, natural history of the disease, and regression to
the mean. The large sample size and long duration of the in-
tervention may also have increased the placebo response for
the subjective outcome of pain.36 These, together with the sub-
stantial reduction in pain in the control group, may explain why
the high-intensity strength training group was not signifi-
cantly different from the control group.31,36

The study premise was that long-term high-intensity
strength training would affect the biomechanical pathway
via reduced knee joint compressive forces resulting in
reduced knee pain and attenuated osteoarthritis disease
progression.15,19 However, significant increases in muscle

strength were not associated with improvement in knee
joint loads.

The decrease in medial joint space width across groups
(mean, 0.2 mm; 4%-5% per year) was consistent with the natu-
ral history of osteoarthritis progression.37 These data suggest
that high-intensity strength training did not exacerbate radio-
graphic disease progression.

Nonserious adverse events were more prevalent in the
high-intensity (n = 53) and low-intensity (n = 30) strength
training groups than in the control group (n = 4) but did
not appear to affect retention adversely (high-intensity
and low-intensity, 86% vs control, 83%). Furthermore,
the 95% CI around the pairwise difference in WOMAC
pain between the high-intensity group and the low-intensity
and control groups included worse scores for the high-
intensity group of between 1 and 2 points that are of uncer-
tain clinical importance.23 Hence, clinically important levels
of increased pain with high-intensity training cannot be
ruled out.

Limitations
This study has several limitations. First, the results may be
more generalizable to individuals who are comparable with
the study sample, the majority of whom were men, white,
obese, and had more than a high school education. Second,
the range of eligible frontal plane knee angles was −2° valgus
to 10° varus; hence, these results are most generalizable to
alignments within this range. Third, musculoskeletal model-
ing was used to estimate knee joint compressive forces. This
method is limited by many simplifying assumptions about
joint properties and structures.38

Table 3. Baseline and Adjusted Secondary and Post Hoc Outcomes at the 18-Month Follow-up in a Study of the Effect of High-Intensity
Strength Training on Knee Pain and Knee Joint Compressive Forces Among Patients With Knee Osteoarthritisa (continued)

Outcomes

Intensity

Control
Mean difference
(95% CI) P valueaHigh Low

Joint space width, mm

Baseline, mean (SD) 3.1 (1.3) 3.0 (1.5) 3.0 (1.4)

18 mo, adjusted means (95% CI) 2.9 (2.8 to 3.1) 2.8 (2.7 to 2.9) 2.8 (2.6 to 2.9)

No. 83 84 81

High intensity vs control 0.2 (−0.0 to 0.4) .054

High intensity vs low intensity 0.1 (−0.0 to 0.3) .12

Low intensity vs control 0.0 (−0.1 to 0.2) .68

Post hoc outcome

Knee flexor strength, Nm

Baseline mean (SD) 35.0 (20.1) 38.2 (20.3) 38.1 (22.5)

18 mo, adjusted means (95% CI) 51.5 (48.7 to 54.3) 52.6 (49.7 to 55.4) 43.8 (40.9 to 46.8)

No. 79 78 75

High intensity vs control 7.6 (3.6 to 11.7) <.001

High intensity vs low intensity −1.1 (−5.1 to 2.9) .59

Low intensity vs control 8.7 (4.7 to 12.7) <.001

Abbreviation: WOMAC, Western Ontario and McMaster Universities
Osteoarthritic Index.
a Pairwise treatment group comparisons performed at the .05 significance level

for testing 18-month effect.
b The model-adjusted outcomes used only participants with complete follow-up

data and were adjusted for sex, baseline BMI, and baseline outcome values.

Sensitivity analyses were conducted to multiply impute data for participants
with missing data under the assumption that data were missing at random
(eTable 2 in Supplement 2).

c Log-transform data presented because IL-6 data in pg/mL do not meet the
assumption of normality. This aligns with the statistical comparisons that were
based on the log-transformed data.
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Conclusions

Among participants with knee osteoarthritis, high-intensity
strength training compared with low-intensity strength train-

ing or an attention control did not significantly reduce WOMAC
knee pain or knee joint compressive forces at 18 months. The
findings do not support the use of high-intensity strength train-
ing over low-intensity strength training or an attention con-
trol in adults with knee osteoarthritis.
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