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Abstract

The Intensive Diet and Exercise for Arthritis (IDEA) trial was an 18-month randomized controlled
trial that enrolled 454 overweight and obese older adults with symptomatic and radiographic knee
osteoarthritis (OA). Participants were randomized to either exercise (E), intensive diet-induced
weight loss (D), or intensive diet-induced weight loss plus exercise (D + E) interventions. We
previously reported that the clinical benefits of D + E were significantly greater than with either
intervention alone (e.g., greater pain reduction, and better function, mobility, and health-related
quality of life). We now test the hypothesis that D + E has greater overall benefit on gait
mechanics compared to either intervention alone. Knee joint loading was analyzed using inverse
dynamics and musculoskeletal modeling. Analysis of covariance determined the interventions’
effects on gait. The D + E group walked significantly faster at 18-month follow-up (1.35 m s71)
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than E (1.29 m s™1, p = 0.0004) and D (1.31 m s~%, p = 0.0007). Tibiofemoral compressive
impulse was significantly lower (p = 0.0007) in D (1069 N s) and D + E (1054 N s) compared to E
(1130 N s). D had significantly lower peak hip external rotation moment (p = 0.01), hip abduction
moment (p = 0.0003), and peak hip power production (p = 0.016) compared with E. Peak ankle
plantar flexion moment was significantly less (p < 0.0001) in the two diet groups compared with
E. There also was a significant dose-response to weight loss; participants that lost >10% of
baseline body weight had significantly (p = 0.0001) lower resultant knee forces and lower muscle
(quadriceps, hamstring, and gastrocnemius) forces than participants that had less weight loss.
Compared to E, D produces significant load reductions at the hip, knee, and ankle; combining D
with E attenuates these reductions, but most remain significantly better than with E alone.
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1. Introduction

In a classic review, Griffin and Guilak (2005) opined how knee osteoarthritis (OA) develops
from a complex interaction of biomechanical and inflammatory disease pathways. Obesity
was common to both pathways, resulting in increased mechanical joint stress and the release
of proinflammatory cytokines and adipokines. The Intensive Diet and Exercise for Arthritis
(IDEA) trial demonstrated that 18-months of intensive dietary weight loss, with or without
exercise, affected both pathways, with the combined group exhibiting superior clinical
outcomes (Messier et al., 2013a). Weight loss also affected the mechanical pathway by
reducing peak knee compressive loads by more than 200 N per step relative to the exercise
comparator group, even as preferred walking speed increased. This empirical evidence
supported earlier studies that showed two-to-four times the reduction in peak knee
compressive forces for each kg of weight loss (Aaboe et al., 2011; DeVita et al., 2016;
Messier et al., 2005a). Aaboe et al. (2011) also investigated the biomechanical response to
16 weeks of intensive weight loss (mean weight loss 13.5%) in obese knee OA patients and
found significantly lower (7%) knee compressive forces and internal knee abduction
moments (12%). The lack of a control group and the short intervention period were limiting
factors.

Weight loss outcomes in knee OA patients, however, are equivocal. Henriksen et al. (2013)
found that a subset of knee OA patients actually increased joint loading after substantial
weight loss, presumably due to increased walking speed and improved knee function. In
contrast, others have shown significant reductions in weight leads to lower knee joint loads
and faster walking speeds (DeVita et al., 2016; Messier et al., 2018). We seek to clarify the
biomechanical locomotion responses to weight loss with this study, the purpose which was
to examine the long-term effect of intensive dietary weight loss, with or without exercise, on
hip, knee, and ankle spatiotemporal, kinematic, and kinetic variables. We hypothesized that
intensive dietary weight loss combined with exercise will have the greatest overall benefit on
gait mechanics in older, overweight and obese adults with knee OA compared to either
intervention alone.

J Biomech. Author manuscript; available in PMC 2021 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Messier et al.

Page 3

2. Methods

2.1. Study oversight

IDEA was conducted from July 2006 to June 2011 at Wake Forest University and the Wake
Forest School of Medicine. The study was approved by the Human Subjects Committee of
Wake Forest University Health Sciences and was monitored by an independent safety
officer. Informed consent was obtained from all study participants.

2.2. Study design

IDEA was an assessor-blinded, single-center, 18-month, randomized controlled trial.
Participants were randomized into 1 of 3 groups: exercise-only control (E), intensive diet-
induced weight loss (D), or intensive diet-induced weight loss plus exercise (D + E).
Personnel responsible for data collection were blinded to group assignment. A detailed
description of the trial design and rationale is reported elsewhere (Messier et al., 2009).

2.3. Study sample

The study sample included 454 ambulatory, community-dwelling persons age =55 years
with: (1) Kellgren-Lawrence (KL) grade 2 or 3 (mild to moderate) radiographic tibiofemoral
OA or tibiofemoral plus patellofemoral OA of one or both knees; (2) 27.0 kg m™2 < BMI <
41 kg m~2; and (3) a sedentary lifestyle, defined as less than 30 min per week of formal
exercise within the past 6 months. All participants maintained their usual medications
including non-steroidal anti-inflammatory drugs (NSAIDs) and other analgesics. With their
physician’s consent, they could adjust or discontinue medications as needed. Presented
elsewhere are details of the eligibility, screening measurements, and recruitment techniques
(Messier et al., 2009). Community participants were recruited between November 2006 and
December 2009. A stratified-block randomization method was used to assign all eligible
persons to 1 of 3 intervention arms, stratified by BMI (27-29.9, 30-34.9, 35-41 kg m~2) and
gender.

2.4. Interventions

2.4.1. Intensive weight loss—Both the D + E and D groups received identical dietary
interventions developed within a social cognitive framework. The weight loss goal for both
was a group mean of at least 10% of baseline weight, with a desired range between 10% and
15%. The dietary plan was based on partial meal replacements, including up to 2 meal-
replacement shakes per day (Lean Shake®, provided by General Nutrition Centers, Inc.,
Pittsburgh, PA.). All participants daily caloric intake was adjusted according to their rate of
weight change between intervention visits.

2.4.2. Exercise—Both the D + E and E groups received identical exercise interventions
developed within a social cognitive framework. Sixty-minute sessions were conducted 3 d
wk~1 for 18 months. The 3 d wk~1 program consisted of aerobic walking (15 min), strength
training (20 min), a second aerobic phase (15 min), and cool-down (10 min).
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2.5. Gait analysis

A 37-reflective marker set, using the Cleveland Clinic full-body configuration, and a 6-
camera motion analysis system (Motion Analysis Corporation, Santa Rosa, CA) set to
sample data at 60 Hz were used to collect 3-D kinematics at baseline, and follow-up tests at
6 (FU6) and 18-months (FU18). The data were collected, tracked, edited, and smoothed,
using EVaRT 4.4 software, and a Butterworth low-pass filter with a cut-off frequency of 6
Hz. The processed data were compiled using OrthoTrak 6.0 4 clinical gait analysis
software.

A 6-channel force platform (Advanced Mechanical Technologies, Inc., Newton, MA) was
integrated with the motion capture system for simultaneous kinetic data collection at 480
Hz. Six successful trials in which the participant walked within + 3.5% of freely chosen
speed and placed the entire foot on the force platform in a visually normal stride were
collected on each participant; three were averaged to yield representative values. Relevant
temporospatial and kinematic variables included walking velocity, stride length, stride rate,
hip and knee flexion/extension, internal/external rotation and abduction/adduction, and ankle
dorsiflexion/plantar flexion range of motion. The smoothed coordinate data, ground
reaction, and gravitational and inertial forces informed an inverse dynamics model to
calculate 3-D hip, knee, and ankle internal flexion/extension, abduction/adduction, internal
rotation, and external rotation moments, powers, and impulses.

We used the musculoskeletal model developed by DeVita and Hortobagyi (DeVita and
Hortobagyi, 2001) to calculate tibiofemoral compressive and AP shear forces and
patellofemoral compressive force, as well as quadriceps, hamstrings and gastrocnemius
muscle forces. The integral of each force-time curve determined force impulse. This torque-
driven musculoskeletal model encompassed two basic components. The first involved
calculating joint moments and reaction forces from kinematic, physiological, and force-plate
data. The second used the positional kinematics, joint moments and joint reaction forces to
calculate individual muscle forces and compressive and shear forces. We have used our
model extensively to estimate knee-joint biomechanics (Messier et al., 2005a, 2011, 2005b,
2013a); it has been explained along with its limitations previously (Messier et al., 2011).
Briefly, the principal limitation to our model is the absence of most knee ligaments. This
will increase knee-muscle force predictions, since these tissues resist external loads. The
model does include the lateral collateral ligament, which produces the principal non-
muscular restraint during the stance phase. A second limitation was the assumption of no co-
contraction by the hip flexors. This assumption may have introduced error due to missing
force production in the rectus femoris in early stance when the hamstrings were active and
produced force. Finally, our model determines the muscle forces of the quadriceps,
hamstrings, and gastrocnemius; it does not partition these muscles into their components.
Our predictions for knee muscle and joint forces compare favorably to those of other
predictive models (Schipplein and Andriacchi, 1991; Winby et al., 2009) and are similar to
measured forces from an instrumented knee joint prosthesis (Fregly et al., 2012; Messier et
al., 2013b).

J Biomech. Author manuscript; available in PMC 2021 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Messier et al.

Page 5

2.6. Statistical analysis

Analyses conducted with SAS v9.2 (SAS Institute, Cary, NC) included all participants in
their randomly assigned groups regardless of subsequent withdrawal from the treatment or
deviation from the protocol (i.e., intention-to-treat analysis). Analyses of variance and chi-
square tests addressed differences in baseline characteristics among groups. Repeated
measures analyses of covariance (ANCOVA) adjusted for IDEA stratification factors,
baseline BMI, gender, and baseline values determined the interventions’ effects on gait
kinematics. Analysis of kinetic data also included 18-month gait speed as a co-variate.

IDEA was a randomized clinical trial, hence the randomization effect removed the need for
consideration of factors that may have differed across individuals at baseline such as mass
and height because randomization leads to balanced groups (Evans, 2010; Zarin et al.,
2019), especially with samples as large as presently used. Any differences between groups
following the trial period can be attributed solely to the treatment effect (i.e., exercise and
weight loss). Follow-up kinetic data were not normalized to body mass because
normalization conceptually scales each participant to a “standardized” body size so that
modification of a participant’s body mass due to the intervention is lost. Our adjustment of
baseline values of the outcome, baseline BMI, and gender further helped guard against
potential follow-up imbalances caused by differential study attrition.

All follow-up data and intervention effects were estimated at each follow-up visit. Month x
intervention interaction tests determined consistency over time. When the interactions were
not significant, the average effect estimates over time were tested and presented. The overall
P value for the two primary outcomes (IL-6 and tibiofemoral compressive force) that were
reported elsewhere was < 0.025 with specific pairwise differences adjusted for 6
comparisons (p < 0.008) (Messier et al., 2009, 2013a). Tibiofemoral compressive force data
are restated here for completeness. When the overall FU18 p value for secondary outcomes
(including all biomechanical variables with the exception of tibiofemoral compressive force)
was < 0.05, we calculated specific pairwise differences with the significance level adjusted
for multiple comparisons (p < 0.0167). Percent differences for each group were calculated as
(FU18-Baseline)/Baseline.

Repeated measures ANCOVA, controlling for BMI, gender, baseline values, and group
assignment assessed the dose-response relationship between weight-change category (<5%,
5-9.9%, =210%) and knee joint variables.

3. Results

Descriptive (mean + SD) baseline characteristics of the study participants were age, 66 + 6
yrs.; 72% female; weight, 93 kg; BMI, 33.6 + 3.7 kg m™2; and KL grade, 2.56 + 0.59. These
values were similar across groups (p greater than 0.05). Additional descriptive data and a
CONSORT diagram are presented elsewhere (Messier et al., 2013a). Of the 454 participants,
399 (88%) completed the study (returned for FU18). Those who did not return were not
significantly different from the others at baseline in terms of age, sex, race, number of
comorbidities, initial radiographic score, knee pain, or physical function. Retention did not
differ significantly among the groups (E, 89%; D, 85%; D + E, 89%).
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As previously reported (Messier et al., 2013a) both diet groups lost significantly (p <
0.0001) more weight relative to the E group. The D group lost an average of 9.5% (8.9 kg),
the D + E group lost11.4% (10.6 kg), and the E group lost 2.2% (1.8 kg) of their baseline
body weight (Messier et al., 2013a). P values for significant pairwise comparisons (i.e., p <
0.0167) are noted in the succeeding sections of the results.

3.1. Spatiotemporal and kinematics

At FU18 the D + E group walked significantly faster than the D (p = 0.0007) or E (p =
0.0004) groups. D + E also had a significantly (p = 0.0001) longer stride length than E and a
faster cadence than D (p = 0.008) (Table 1). The within-group changes were 6-11% for gait
speed, 3-6% for stride length, and 1-3% for cadence.

Pairwise comparisons revealed no statistically significant sagittal or transverse plane
kinematic between group differences at FU18 (Table 1). Analysis of frontal plane knee
kinematics revealed varus thrust was not significantly different between the groups at FU18
(Table 1).

3.2. Kinetics

Since the intent of the interventions was to improve mobility (i.e., gait speed), co-variates
were limited to baseline values, baseline BMI, and gender. We also present significance
values that accounted for differences in gait speed at FU18.

Peak vertical ground reaction forces were greater in E than in D (p <0.0001) and D + E (p <
0.0001), with and without adjusting for gait speed (Table 2). Loading rate (N s~1), however,
was not significantly different between the groups (p = 0.30). Peak anterior braking ground
reaction forces were less in D + E than E (p = 0.003). After adjusting for gait speed, both D
and D + E had lower values than E (p < 0.009).

Peak bone-on-bone tibiofemoral compressive force was significantly less in D (p = 0.007)
compared to E. When adjusted for gait speed at FU18, this force remained significantly less
in D (p =0.007); D + E was not significant (p = 0.0175) relative to E. Tibiofemoral
compressive impulse, a marker of total knee compressive load per step, was significantly
different among the groups (p = 0.0007); D (p = 0.004) and D + E (p = 0.0003) were
significantly less than E (Table 2, Figs. 1-2). Knee shear and patellofemoral forces at FU18
were not different between the groups, and adjusting for gait speed did not change these
outcomes.

Compared to E, the hamstring forces were significantly less in the D (p = 0.004) group; the
gastrocnemius forces were significantly less in D (p = 0.0001) and D + E (p < 0.0001); and
quadriceps forces were similar between groups at FU18 (Table 2, Figs. 3-5). Adjusting for
gait speed did not alter these results.

The D group displayed a significantly lower mean peak hip extension moment than E (p =
0.002); peak hip adduction moments in both D (p = 0.005) and D + E (p = 0.0002) were less
than in E; and peak hip power production (p = 0.004) in D was lower thaninE. D + E
lowered hip extension moment by 12% and D lowered hip power production by 20% relative
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to E. When adjusted for 18-month gait speed, the results were similar and significant (Table
3).

Knee extension, abduction, and internal rotation moments were not significantly different
among the groups with and without adjusting for 18-month gait speed. Peak extension
moments tended to increase between 5 and 10% in the three groups. Peak knee power
absorption and production values did not differ between the groups at FU18; all groups
increased these values from baseline. Knee stiffness, defined as the change in the knee
extension moment/change in the knee flexion angle, was similar between the groups.

Peak ankle plantar flexion moment was significantly less (5%) in the two diet groups
compared with E (p < 0.0001). When adjusted for 18-month gait speed, the plantar flexion
moment remained significantly lower in the two diet groups.

3.3. Dose response to weight loss

Tests for significance (p < 0.05) between categories (<5%, 5-9.9%, = 10%) revealed a dose
response to weight loss such that greater weight loss was related to lower resultant knee joint
forces (p < 0.0001) (Table 4). The decline in resultant knee force from the lowest to the
highest weight loss categories was 319 N per step, a 13% decline. The reduction in knee
forces was due, in large part, to a reduction in muscle forces with greater weight loss.
Participants that lost greater than 10% of their baseline weight had significantly reduced
quadriceps, hamstring, and gastrocnemius muscle forces compared to those that lost less
weight (Table 4).

4. Discussion

IDEA was the first randomized clinical trial to study the long-term effects of intensive
dietary weight loss and exercise, alone and in combination, on lower extremity gait
biomechanics in older, overweight and obese adults with knee OA. Significantly longer
stride length and faster cadence in D + E resulted in significantly improved gait speed
compared to either intervention alone. This has potentially important long-term health
implications as epidemiologic data indicate that increased gait speed is associated with
increased life expectancy; every 0.1 m/s increase in gait speed at age 65 is associated with a
2.5 year increase in life expectancy (Studenski et al., 2011). D + E improved gait speed by
0.15 m/s from baseline.

An analysis of lower extremity motion revealed no significant differences between groups in
hip, knee, or ankle range of motion. This was due, in part, to the use of an exercise-only
group as the comparison group. For example, maximum hip extension angle that occurred
prior to toe-off increased 66% and 72% from baseline in the D and D + E groups,
respectively; an increase of 51% in the E group, however, resulted in no between-group
difference.

The kinetic data reported here support our OA disease model that suggests intensive weight
loss and exercise significantly affect the biomechanical OA disease pathway (Messier et al.,
2009). Specifically, vertical and anterior braking ground reaction forces and tibiofemoral
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compressive impulse were significantly lower in the D and D + E groups compared to E. In
contrast, the sharp rise in tibiofemoral and patellofemoral compressive and shear forces at 6
months in the E group mimicked the increase in gait speed. From 7-to-18 months, however,
these loads decreased, moving closer to baseline values, suggesting that the E group adapted
biomechanically and perhaps physiologically to the new gait speed. The adaptations
included decreased stride length, gait velocity, and knee flexion, the combined effect that
helped reduce knee loads (Tables 1-2). Hence, in the short term, exercise therapy without
intensive dietary weight loss in overweight and obese adults with knee OA has some
potentially negative biomechanical consequences.

Both the D and D + E interventions resulted in significantly lower joint loads compared to
the E intervention. At FU18, D + E walked at a mean speed (1.35 m/s) that is commonly
associated with healthy, middle-aged men and women (Perry, 1992). Hence, weight loss
combined with exercise provided the positive consequences of higher preferred gait speeds
with the benefits of lower knee joint loads. After controlling for gait speed the knee joint
loads in D and D + E remained significantly lower than in E, indicating the powerful effect a
10% weight loss has on joint loading, independent of exercise.

The external knee adduction moment, equivalent in magnitude to our internal abduction
moment, is a surrogate measure of medial knee joint loading (Hurwitz et al., 2002) and is
useful in distinguishing the effects that frontal plane knee alignment has on knee loading
(Messier et al., 2014). The lack of a between group difference in knee abduction moment is
consistent with our previous work that showed that bone-on-bone tibiofemoral compressive
forces are more sensitive to changes in BMI than the internal abduction moment (Messier et
al., 2011, 2014). Indeed, D decreased tibiofemoral compressive force and D and D + E
decreased tibiofemoral compressive impulses whereas the abduction moment was unaffected
by these treatments. This lack of response in the abduction moment may be due to a
narrower step width after weight loss that would increase the lever arm of the smaller GRF
(Jegede et al., 2017).

The peak knee extension moment that occurs during loading after heel strike was not
different between the groups at 18-month follow-up. Reduced knee extension moments in
knee OA patients indicates a quadriceps avoidance pattern as the patient attempts to reduce
the load on the painful knee (Berchuck et al., 1990). The magnitude of peak knee extension
moments in healthy adults is approximately 60 Nm (DeVita and Hortobagyi, 2000; Winter,
1980). All three groups increased this value from baseline but remained well below normal
at FU18 with a mean value of 40 Nm. Furthermore, peak quadriceps muscle force relative to
body weight and peak knee extension moment relative to body mass increased across the
three groups, from means of 1.37 to 1.53 BW and from 0.38 to 0.46 Nm/kg, respectively.
Taken together, these data indicate that the interventions partially attenuated any avoidance
tendency at baseline and support the idea that exercise and weight loss, alone or in
combination, can reduce neural inhibition of the quadriceps in knee OA patients (Hurley and
Scott, 1998).

The hip represents the junction between the lower extremity and the head, arms and trunk
with the primary role of the hip musculature during stance being to stabilize the mass of the
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superimposed trunk (Perry, 2010) and perform positive work to accelerate this mass (DeVita
et al., 2007). This task becomes more difficult when upper body mass is excessive, acting as
a wobbling mass that may be difficult to control (Liu and Nigg, 2000). As body weight
decreased over the 18 months in the D and D + E groups, hamstring force, hip extension and
abduction moments, and hip power production decreased as the demand on the hip
extensors, primarily the hamstrings and gluteus maximus, decreased. Hence weight loss
dramatically reduced all hip kinetics values, indicating less force is required at heel strike to
control and then accelerate a much lighter upper body mass despite the increase in gait speed
(Hortobagyi et al., 2011).

The ankle plantar flexors, primarily the gastrocnemius and soleus, act eccentrically to
control the forward motion of the leg throughout stance, to stabilize body mass, and to assist
in propulsion in late stance. After weight loss, both diet groups had significantly lower
gastrocnemius muscle forces and plantar flexion moments that tended to reduce the power
required to control and propel the lighter body weight. Interestingly, all of the changes in
kinetics at the hip and ankle in the diet groups were accomplished with virtually no between-
group differences in kinematics. Moreover, these hip and ankle differences were not
accompanied by lower knee moments. Hortobagyi et al. (2011) found similar results in
patients that had massive weight loss after bariatric surgery.

The beneficial effects of weight loss on the knee in our patients were more apparent in the
bone-on-bone compressive forces and impulses, which were a consequence of lower
hamstring and gastrocnemius forces. Hence, significant weight loss results in significantly
lower loads (moments and/or forces) on all lower extremity joints while concurrently
increasing gait speed, cadence, and stride length. Previously, we reported that this significant
weight loss resulted in only a slight reduction in bone mineral density in this overweight and
obese population (Messier et al., 2018).

Muscle weakness is a well-accepted impairment in knee OA; yet excessive muscle forces
around the knee may cause abnormal joint loading (Bennell et al., 2009; Henriksen et al.,
2013). This contradiction, muscle weakness as a risk factor for knee OA yet excessive
muscle forces may exacerbate symptoms (Sharma et al., 2001), suggests there is a range of
muscle forces that produces physiologic optimal joint loads. We speculate that joint loads
within this range may initiate healthy, rather than unhealthy responses in joint tissues. Mild-
to-moderate exercise did not influence muscle forces, yet weight loss resulted in
significantly lower gastrocnemius and hamstring forces compared to E, suggesting less co-
contraction about the knee. These results emphasize the importance of at least a 10% weight
loss as an initial goal for overweight and obese adults with knee OA (Messier et al., 2013a).

We hypothesized dietary weight loss combined with exercise would have the greatest overall
benefit on gait mechanics compared to either intervention alone. However, it was dietary
weight loss that produced the most significant load reductions at the hip, knee, and ankle;
combining diet with exercise attenuated these reductions, but most remained significantly
better than with exercise alone. Of the three interventions, our previous results clearly
indicated that intensive dietary weight loss plus exercise produced the best clinical outcomes
(Messier et al., 2013a). Biomechanically, however, there appears to be a slight advantage for
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dietary weight loss-only. Given the influence of obesity on OA pathogenesis, intervening on
this modifiable risk factor with a dietary weight loss intervention, alone or in combination
with exercise, will lead to improved clinical and biomechanical outcomes compared to
exercise alone.
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Mean knee bone-on-bone compressive forces at FU18 for the exercise, diet, and diet plus

exercise groups.
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Mean knee compressive impulse (mean + SE) for the diet, exercise, and diet plus exercise

groups adjusted for gender, baseline BMI, and baseline values.
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Mean hamstring muscle forces at FU18 for the exercise, diet, and diet plus exercise groups.
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Mean quadriceps muscle forces at FU18 for the exercise, diet, and diet plus exercise groups.
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Mean 18-month Gastrocnemius Force
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