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Abstract

We reported that weight loss induces bone loss which is prevented by exercise training; however,
the mechanism for this observation remains unclear. Sclerostin, an inhibitor of bone formation,
has been found to increase in states of unloading and may mediate the changes in bone
metabolism associated with weight loss and exercise. The objective of the study was to determine
the effect of lifestyle intervention in obese older adults on sclerostin levels, and on hip geometry
parameters. One-hundred-seven obese (BMI =30 kg/m?2) older (=65 yrs) adults were randomly
assigned to control, diet, exercise and combined diet-exercise for 1 year. Sclerostin levels were
measured by ELISA at baseline, 6, and 12 months, while hip geometry parameters were obtained
from bone mineral density (BMD) images done by dual-energy x-ray absorptiometry using hip
structure analysis at baseline and 12 months. Both the diet and diet-exercise groups had significant
decreases in body weight (-9.6% and —9.4%, respectively), while weight was stable in the
exercise and control groups. Sclerostin levels increased significantly and progressively in the diet
group (6.6+1.7% and 10.5+£1.9% at 6 and 12 months, respectively, all A<0.05), while they were
unchanged in the other groups; in particular, they were stable in the diet-exercise group (0.7+1.6%
and 0.4+1.7% at 6 and 12 months, respectively, all ~=NS). Hip geometry parameters showed
significant decreases in cross-sectional area, cortical thickness, and BMD; and increases in
buckling ratio at the narrow neck, intertrochanter and femoral shaft. These negative changes on
bone geometry were not observed in the diet-exercise group. Significant correlations between
changes in sclerostin and changes in certain hip geometry parameters were also observed
(P<0.05). In conclusion, the increase in sclerostin levels with weight loss which was prevented by
exercise may partly mediate the negative effects of weight loss on bone metabolism and the
osteoprotective effect of exercise training.

*This work was presented in part to the 2011 annual meeting of the American Society for Bone and Mineral Research, San Diego,
CA, USA.
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Introduction

Weight loss therapy to improve overall health in obese older adults is limited by
concomitant loss of bone mineral density (BMD).(X) However, we recently reported that the
addition of exercise training (ET) to weight loss attenuates the decrease in hip BMD induced
by weight loss.(%3) The precise mechanisms for weight loss-induced bone loss are not
known. Although alterations in hormones regulating bone metabolism that occur during
weight loss have been proposed, results from prior studies showed inconsistent results.(-6)
Our recent study(?6) found no correlation between the changes in bone-active hormones and
the changes in BMD. Moreover, we found that the protective effect of ET against weight
loss-induced bone loss occurred despite decline in bone-active hormones (e.qg. estradiol,
leptin). On the other hand, the changes in lean body mass were strongly correlated with the
changes in BMD, particularly at the weight-bearing site of the hip.(2) These findings support
the hypothesis that decreased mechanical stress on the weight-bearing skeleton may be the
primary mechanism underlying weight loss-induced bone loss. However, the mediator or the
signaling pathway involved in the changes in BMD when obese older adults undergo weight
loss therapy remains undetermined.

Sclerostin is a secreted Wnt antagonist which regulates bone mass by binding to LRP5/6 and
inhibiting the canonical Wnt/p-catenin signaling resulting in inhibition of osteoblastic
proliferation and differentiation, thus reduced bone formation.(7:8) Animal studies indicate
an increase in sclerostin levels in experimental models of skeletal unloading,® while bone
loading and intermitent PTH injection inhibit sclerostin release.(19) Theoretically, by
inhibiting bone formation, an increase in sclerostin levels in obese patients undergoing
voluntary weight loss would lead to bone loss and perhaps deterioration in bone quality.
Therefore, our objective in the present study is to determine the effect of lifestyle
intervention on sclerostin levels and hip geometry parameters in obese older adults
undergoing weight loss, exercise or combined weight loss and exercise. We hypothesized
that bone loss in obese subjects undergoing weight loss therapy is mediated by an increase in
sclerostin levels, which in turn is prevented by ET. Furthermore, we hypothesized that bone
loss leads to deterioration in hip geometry, a measure of bone quality,(!1) which is prevented
by ET.

METHODS

Subjects

This project was a secondary analysis of data from a previous study on the effect of lifestyle
intervention on physical function in obese older adults.(® This study was done in accordance
withthe guidelines in the Declaration of Helsinki for the ethicaltreatment of human subjects.
It was conducted at Washington University School of medicine and was approved by the
Institutional ReviewBoard. Participants were recruited through advertisements and written
informed consent was obtained from each subject. Briefly, eligibility criteria included: 1)
older age (=65 years), 2) obese (BMI = 30 kg/m?), 3) sedentary lifestyle, 4) stable body
weight (£2 kg) over the past year, and 5) on stable medications for 6 months before
enrollment. Subjects who were treated with bone-acting drugs (e.g. biphosphonates,
glucocorticoids, sex-steroid compounds) during the previous year were excluded from
participation. Additional inclusion and exclusion criteria have been previously described in
detail.(®) The effects of weight loss and/or ET on measures of frailty, body composition,
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BMD, bone turnover, specific physical functions, and quality of life on these subjects were
reported previously.(23) The present study reports the effects of weight loss and/or ET on
serum sclerostin levels and parameters of hip geometry.

Study Design

Subjects were randomized, with stratification for sex, for a 52-week study, to 1 of 4 groups:
1) control group, 2) diet-induced weight loss (diet group), 3) exercise training (exercise
group), and 4) diet-induced weight loss and exercise training (diet-exercise group). Subjects
in the control group did not receive advice to change their diet or activity habits. They were
prohibited from concurrently participating in any weight loss or exercise program. They
were provided general information about a healthy diet during monthly visits with the staff.
The diet group was prescribed a balanced diet to provide an energy deficit of 500750 kcal/
day from daily energy requirement. Subjects met weekly as a group with a dietitian for
caloric intake adjustments and behavioral therapy. They were instructed to set weekly
behavioral goals and to attend weekly weigh-in sessions. Food diaries were reviewed and
new goals were based on diary reports. The goal was to achieve a ~10% weight loss at 6
months and weight maintenance for an additional 6 months. Subjects in the exercise group
were given information regarding a diet that would maintain their current weight and
counseled on maintaining a weight-stable diet and participated in a multi-component ET
program supervised by a physical therapist. Each session was approximately 90 minutes in
duration; 15 min of flexibility exercises, 30 min of aerobic exercise,30 min of progressive
resistance training, and15 min of balance exercises. Additional details about the
interventions including exercise intensity have been described previously.(®) Subjects in the
diet-exercise group participated in both weight management and ET programs described
above, which were conducted separately from the other groups. All subjects were provided
supplements to ensure an intake of ~1500 mg of calcium/day and ~1000 IU vitamin D/
day.(!) Additional details about the interventions including compliance data have been
reported previously.®)

Outcome assessments

Parameters of hip geometry—Hip geometry was measured at baseline and after 12
months of the diet and exercise interventions. Hip geometry parameters were determined
using hip structure analysis (HSA) software as previously described.(12:13) This program
uses mineral mass and dimensional data from conventional dual energy absorptiometry
(DXA) images of the hip of bone cross-sections traversing the proximal femur. The regions
of interest include the narrow neck (which corresponds to the narrowest area on the femoral
neck), the intertrochanter (which traverses the bisector of the neck and shaft axes), and the
femoral shaft (situated at a distance equal to 1.5 times the neck width distal to the
intersection of the neck and shaft axes. Five parallel profiles are generated and averaged
using the algorithm by Beck,(12) to calculate the following parameters: 1) bone mineral
density (grams per square centimeter), 2) outer cortical diameters (centimeters), 3) bone
cross sectional area (square centimeter), and 4) the cross-sectional moment of inertia
(CSMI). The CSMI was used to calculate the section modulus (cm3), which is the CSMI
divided by the maximum distance from the center of mass to the outer cortical margin. The
estimated average cortical thickness of the narrow neck, intertrochanter and shaft were
modeled as circular annuli with 60%, 70%, and 100% of the measured mass in the cortex,
respectively. Buckling ratios were computed as the maximum distance from the center of
mass to the outer diameter divided by the mean cortical thickness. The precision for HSA
parameters ranges from 1-5%.(14)

Serum concentrations of sclerotin—Venous blood samples were obtained in the
morning after subjects fasted for at least 12 hours at baseline, 6 months, and 12 months. An
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aliquot of the sample was stored at —80 C until time of assay. All samples were assayed
together in a single batch by a trained blinded technician. Enzyme-linked immune absorbent
assay kit was used to measure serum sclerostin level (TECO Sclerostin, TECOmedical AG,
Sissach, Switzerland). The coefficient of variation for this assay in our laboratory was <
10%.

Body weight and body composition—Body weight was measured in the morning after
subjects had fasted for 12 hours. Body composition was also measured using dual energy x-
ray absorptiometery (Delphi 4500-W; Hologic In. Walthan, MA) as previously reported.(®)

Statistical Analyses

The primary outcome was the changes in sclerostin level from baseline at months 6 and 12.
Secondary outcomes included changes in parameters of hip geometry. Intention-to-treat
analyses were performed using SAS version 9.2, with inclusion of all participants who
provided any data after baseline. Baseline characteristics were compared using analyses of
variance or Fisher’s exact tests. Longitudinal changes between groups were tested with
mixed-model repeated-measures analyses of variance, adjusting for baseline values and sex.
Within the framework of the mixed model, when the Pvalue for an interaction was
significant, the specific contrasts were used to test the null hypothesis that changes between
2 specific time points in 1 group were equal to corresponding changes in another group.
Analyses testing for within-group changes also were performed using mixed-model
repeated-measures ANOVA. Pearson’s correlation was used to examine relationships among
changes in selected variables. Data are presented as mean+SE. £<0.05 was considered
statistically significant. Our study was powered to detect a difference of 5 percentage points
in the percentage change in sclerostin between study arms with 80% power and a=0.05.

The results of enrollment, randomization, and follow-up have been reported previously. 3
Briefly, of the 107 volunteers who were randomized, ninety-three (87%) completed the
study. Fourteen participants discontinued the intervention due to personal or medical reasons
but were included in the intention-to-treat analyses. Compliance based on mean attendance
at exercise sessions was 88% (interquartile range, 85 to 92) among participants in the
exercisg)group and 83% (interquartile range, 80 to 88) among those in the diet-exercise
group.

The 4 groups did not significantly differ in baseline characteristics including age, sex, race,
weight, BMI, hip BMD and T-score, and serum concentration of sclerostin (Table 1). In
addition, the 4 groups did not significantly differ in baseline parameters from hip structure
analyses across the sites of the narrow neck, intertrochanter, and femoral shaft (Table 2).

As previously reported, () body weight decreased significantly and comparably in the diet
group (—9.6+1.2%) and diet-exercise group (—9.4+0.8%) but not in the exercise group
(-0.6+0.7%) and control group (—0.2+0.7%) (~<0.001 for the between-group differences).
Lean body mass declined less in the diet-exercise group (—3.2%+0.5%) than in the diet
group (=5.3%=0.7%) while it increased in the exercise group (2.4%0.5%).

Serum sclerostin levels significantly and progressively increased at 6 months and at 12
months in the diet group compared to baseline (Figure 1). In contrast, sclerostin levels did
not significantly change in the control, exercise, and diet-exercise groups compared to
baseline. Group comparisons revealed a significant difference in the changes in sclerostin
levels in the diet group compared to the other groups at each time point (A<.001 for the
between-group differences).
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The changes in parameters of hip geometry are depicted in Figure 2. Compared to baseline,
significant decreases in cross-sectional area, cortical thickness, and BMD and significant
increase in buckling ratio at the a) narrow neck (Figure 2A), b) intertrochanter (Figure 2B)
and c) femoral shaft (Figure 2C) occurred in the diet group. In comparison, significant
increases in cross-sectional area, cortical thickness, and BMD and significant decrease in the
buckling ratio at the femoral shaft (Figure 2C) were observed in the exercise group. By
contrast, there were no significant changes in any of these parameters in the diet-exercise

group.

Group comparisons revealed significant differences in the hip geometry changes among the
different groups (all £<.05 for the between-group differences). In the narrow neck (Figure
2A), significant between-group differences were observed in a) cross-sectional (diet vs.
control, exercise, and diet-exercise groups); b) section modulus (diet vs. exercise); c)
cortical thickness (diet vs. exercise and diet-exercise) d) buckling ratio (diet vs. control), and
e) BMD (diet vs. exercise). In the intertrochanter (Figure 2B), significant between-group
differences were observed in the: a) cross-sectional area (diet vs. exercise); b) section
modulus (diet vs. exercise; c) cortical thickness (exercise vs. diet and diet-exercise); d)
buckling ratio (diet vs. exercise); and BMD (diet vs. exercise). Finally for the femoral shaft
(Figure 2C), the following between-group differences were observed: a) cross-sectional area
(diet vs. control and exercise); b) section modulus (exercise vs. diet, control and diet-
exercise); c) cortical thickness (diet vs. control and exercise; d) buckling ratio (exercise vs.
diet and diet-exercise); and 5) BMD (diet vs. control, and exercise and exercise vs. control
and diet-exercise). These data are also presented in Table 1 in the Supplementary Appendix.

Pearson correlation analysis for the entire cohort revealed that changes in sclerostin levels
correlated negatively with changes in lean body mass (r= —0.24, £=0.03). Importantly,
changes in sclerostin levels also correlated significantly with changes in cortical thickness
(r=-0.23, P=0.04) and with changes in BMD (r= —0.22, P=0.05) at the narrow neck. In
addition, significant correlations were also found between changes in sclerostin and changes
in section modulus (r= —0.25, £=0.03) and changes in buckling ratio (r=0.24, P=0.04) at the
intertrochanter. No significant correlations were found with parameters of hip geometry at
the femoral shaft. In addition, there were no significant correlations (r=—0.06 to 0.13, all
P>0.05) between changes in sclerostin and previously reported®:19) changes in leptin,
markers of bone turnover (CTX, PINP, and osteocalcin), and markers of exercise intensity
(changes inVOapeak and total one-repetition strength).

DISCUSSION

Our results showed that weight loss among subjects in the diet group was associated with a
significant increase in sclerostin levels. However, the increase in sclerostin was prevented
by the addition of ET in a similar way that ET prevented bone loss and the increase in
markers of bone turnover in the combined diet and exercise group as previously reported.(@)
Likewise, weight loss was associated with deterioration in hip geometry parameters while
the addition of ET appeared to result in attenuation of these negative effects. In addition, an
inverse relationship was found between the changes in sclerostin and lean body mass
highlighting the important influence of mechanical stress on circulating sclerostin levels.

Diet therapy is the cornerstone in every management program designed to reduce weight and
treat obesity. However, our group showed that weight loss from diet alone in older adults is
associated with loss of bone and muscle mass, which could exacerbate osteopenia and
sarcopenia respectively.(3416) The cause for the weight-loss associated bone loss is
multifactorial and complex. Some investigators believed the change in hormone levels is the
primary cause for bone loss among these subjects,(17:18) while others proposed that the
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reduction in skeletal stress from unloading as a result of weight loss is the main cause for
bone loss.(9) We previously reported that changes in estradiol and leptin in these same
subjects are not major determinants of bone loss.(?) Although there were significant
reductions in estradiol and leptin among patients in the weight loss groups, changes in lean
body mass and muscle strength as well as bone marker were the only major determinants of
bone loss, suggesting that perhaps the relative reduction in skeletal stress from unloading
could be the primary driver for bone loss. To date, the exact mediator for bone loss in this
setting remains unclear.

The discovery of the canonical Wnt signaling pathway as a key regulator of bone
homeostasis has led to an understanding of the mechanism of skeletal adaptation to
mechanical loading and unloading.(®:20.21) Activation of the pathway leads to osteoblastic
differentiation, proliferation and activity resulting in enhanced bone formation. This
pathway can be antagonized by secreted inhibitors, which include secreted Frizzled-related
protein, Dickoff or DKK-1, and sclerostin.(22) Sclerostin is secreted almost exclusively by
the osteocytes, the bone mechanostat, and binds to LRP5/6 to inhibit the canonical Wnt
signaling. Sclerostin appears to be the main inhibitor involved in states of mechanical
loading and unloading-(21) Animal studies revealed that tail suspension is associated with
an increase in sclerostin staining of unloaded hindlimbs in comparison to the exercising
forelimbs.(®) Human studies likewise demonstrated an increase in sclerostin levels in
patients immobilized by stroke relative to age-matched subjects.(23) Our findings of an
increase in sclerostin with weight loss in the diet group which was prevented by the addition
of ET in the combined diet and exercise group (despite the same amount of weight loss as
the diet group) may provide additional proof as to the role of mechanical stress in
modulating sclerostin levels. Realizing the effect of sclerostin on bone metabolism, it is
possible that the resulting rise in sclerostin levels or lack thereof among subjects in the diet
and diet-exercise group, respectively, in turn mediate the skeletal effects of lifestyle
interventions in both bone mineral density(® and hip geometry parameters in our subjects.

We did not find any correlation between changes in sclerostin and changes in leptin and
markers of bone turnover. This is not totally surprising because of mixed results reported in
other smaller intervention studies (mostly drug trials). In two studies using teriparatide, one
showed a reduction in sclerostin while the other did not.(10:24) Furthermore, in both studies
there was no correlation between changes in sclerostin and markers of bone turnover.(10.24)
Both raloxifene and biphosphonates are antiresorptive agents, but raloxifene was associated
with a lowering(® while bisphosphonates either had no effect(2) or increased sclerostin
levels.(24 In addition, a correlation between changes in sclerostin and markers of bone
turnover was only reported in the raloxifene-treated patients. Given these conflicting results,
data from larger intervention trials may shed light on correlations with changes in sclerostin
associated with different types of therapies.

We anticipated a reduction in sclerostin from baseline in the exercise group but found none.
A possible explanation is that there may be a floor effect of mechanical loading on the
osteocyte’s response in these chronically overloaded obese subjects. On the other hand, a
lack of increase in sclerostin levels in response to mechanical loading by exercise has also
been reported recently(®6) in younger nonobese subjects. This study considered the effect of
an int(ezrgive physical training program compared to sedentary lifestyle on sclerostin

level.

Despite the substantial body of information on the effect of diet, exercise or both on BMD in
the context of lifestyle interventions,(19.27.28) |ittle is known regarding the effect of these

interventions on bone quality, most especially in elderly obese. In addition, little information
is available on the role of sclerostin as a potential determinant of bone quality in humans. As
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presented in the results section of this manuscript, there was a significant deterioration in hip
geometry parameters among subjects in the diet group. On the other hand, this decline in
bone quality at 12 months with weight loss appeared to be prevented by the addition of ET
as hip geometry in the diet-exercise group showed no significant change from baseline.
Overall, these changes are consistent with the changes in BMD by hologic DXA reported
earlier, indicating that the decline in BMD in the diet group was also associated with
negative effects on bone quality. More importantly, however, our data suggest that the
addition of ET did not only prevent further bone loss but also resulted in preservation of
bone quality as assessed using hip geometry parameters.

Using hip structure analysis, prior studies reported superior bone geometrical parameters in
young athletes relative to non-athletic controls:(29:30) |_ongitudinal data showed that exercise
score was predictive of cortical thickness at both narrow neck and femoral shaft in young
women ages 21 and 22 years old.(31) A 6 year study in boys and girls aged 4 to 12 at the
study initiation also showed that moderate and vigorous physical activity was a positive
independent predictor of femoral neck cross-sectional area and section modulus-(32) Our
study demonstrates that mechanical loading does have the same positive affect on the
skeleton of elderly subjects as it does on younger individuals. Moreover, the significant
correlations between changes in sclerostin with changes in certain hip geometry parameters
would imply that sclerostin may mediate the deterioration in bone quality from unloading in
patients who are undergoing voluntary weight loss and its preservation with the addition of
ET.

Our study is the first to report the independent and combined effect of weight loss and ET on
sclerostin levels and hip geometry parameters in obese older adults based on a one year
randomized controlled trial. As previously reported,(3 we used comprehensive diet and
exercise programs with a high rate of compliance to the interventions. However, this study
has some limitations. Given the intensity of the interventions and testings involved, we have
relatively small number of subjects per group. In addition, we do not have data on trabecular
microarchitecture which directly assesses bone structure, and should be included in future
studies. We used HSA to assess hip geometry, which is inherently limited to analyses in a
single plane, and, thus, may not fully reflect bone strength.(33) However, HSA has been
found to compare favorably with volumetric QCT, which supports the validity of a
projective technique such as DXA to derive hip geometry parameters.(4) Additional
limitations of HSA include sensitivity to variations in the positioning of the patient; and
blurred scan images in heavier patients may result in edge detection issues.-(3%) We
minimized these limitations by ensuring accurate femur positioning (performed by a single
expert ISCD certified technician), scanning at a low speed to minimize noise and improve
the scan image, and using a state-of-the art Hologic densitometer. Although another
limitation of HSA is that it is based on the assumption that average tissue mineralization
does not change much through adult life, this is a reasonable assumption in our study.(35
Besides, because our study is a randomized controlled trial, we would expect any
uncertainties related to the method to average out in all the randomized groups. Accordingly,
despite equal weight loss (~10%) between the diet group and diet-exercise group, HSA
analyses were clearly able to demonstrate that hip geometry deteriorated in the diet group
but not in the diet-exercise group, indicating an osteoprotective effect of exercise. More
importantly, despite its limitations, HSA-derived hip geometry parameters have been found
to be useful noninvasive and inexpensive surrogate measures of bone strength and may
predict hip fractures.(36-38) For instance, investigators from the Study of Osteoporotic
Fractures found that cortical thickness and average buckling ratio predicted incident hip
fractures equally well as areal BMD.(38)
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In summary, our results suggest that sclerostin may partially mediate bone loss and
deterioration in bone structure among obese elderly patients undergoing weight loss.
Theoretically, the reduction in skeletal stress associated with weight loss leads to an increase
in sclerostin production by the mechanostat in bone tissues, the osteocytes. By binding to the
LRP5/6 receptors, sclerostin inhibits signaling through the canonical Wnt signaling resulting
in an inhibition of osteoblastic differentiation, thus bone formation. Our results indicate that
skeletal loading from ET increases BMD and improves bone geometry, and when added to
diet, inhibits the weight loss-induced increase in sclerostin, resulting in the attenuation of
bone loss and preservation of bone geometry. Increased understanding of the mechanisms
for weight loss-induced bone loss could lead to more effective interventions to prevent bone
loss most especially in those who already have osteoporosis. An antibody to sclerostin is
currently in drug development. In addition to exercise, this agent may be used as a potential
tool to counteract weight loss-induced bone loss, in particular, in obese older subjects who
may already have low bone mass prior to lifestyle therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Changes from baseline in circulating sclerostin levels in obese older adults during the 1-year
interventions. Values are mean + SE. *£<0.05 for the comparison of the value to baseline,
calculated using mixed-model repeated measures analyses of variance. T£<0.05 for the
comparison of the value to control group, exercise group, and diet-exercise group, each
calculated using mixed-model repeated measures analyses of variance contrasts.

J Bone Miner Res. Author manuscript; available in PMC 2013 May 01.



1duosnuei\ Joyiny Vd-HIN 1duosnueiN Joyiny Vd-HIN

1duosnuey JoyIny vd-HIN

Armamento-Villareal et al. Page 12

A Narrow neck (%)

mmm Control

Diet

=z Exercise
Diet-exercise

A Intertrochanter (%)

A Femoral shaft (%)

Cross-sectional Section Cortical Buckling Bone
Area Modulus  Thickness Ratio  Mineral Density

Figure2.

Changes from baseline in parameters of hip geometry in obese older adults during the 1-year
interventions. Values are given as mean + SE. 27<0.05 for the comparison of the value to
baseline, as calculated using mixed-model repeated measures analyses of variance. °/<0.05
for the comparison of the value to control group, ¢£<0.05 for the comparison of the value to
diet group, 9/<0.05 for the comparison of the value to exercise group, each calculated using
mixed-model repeated measures analyses of variance contrasts.
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