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Abstract

PURPOSE—This study sought to elucidate the effects of a low- and high-load jump resistance
exercise (RE) training protocol on cortical bone of the tibia and femur mid-diaphyses.

METHODS—Sprague-Dawley rats (male, 6-mos-old) were randomly assigned to high-load RE
(HRE; n = 16), low-load RE (LRE; n = 15) or cage control (CC; n = 11) groups. Animals in the
HRE and LRE groups performed 15 sessions of jump RE for 5 weeks. Load in the HRE group was
progressively increased from 80g added to a weighted vest (50 repetitions) to 410g (16
repetitions). The LRE rats completed the same protocol as the HRE group (same number of
repetitions) with only a 30g vest applied.

RESULTS—Low- and high-load jump RE resulted in 6-11% higher cortical bone mineral
content (BMC) and cortical bone area compared to controls as determined by in vivo pQCT
measurements. In the femur, however, only LRE demonstrated improvements in cortical
volumetric bone mineral density (vBMD; +11%) and cross-sectional moment of inertia (CSMI;
+20%) versus CC group. Three-point bending to failure revealed a marked increase in tibial max
force (25-29%), stiffness (19-22%), and energy to max force (35-55%), and a reduction in elastic
modulus (—11-14%) in both LRE and HRE compared to controls. Dynamic histomorphometry
assessed at the tibia mid-diaphysis determined that both LRE and HRE resulted in 20-30% higher
periosteal mineralizing surface versus CC group. Mineral apposition rate (MAR) and bone
formation rate (BFR) were significantly greater in LRE animals (27%, 39%) than in the HRE
group.

CONCLUSION—These data demonstrate that jump training with minimal loading is equally, and
sometimes more, effective at augmenting cortical bone integrity compared to overload training in
skeletally mature rats.
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INTRODUCTION

Bone is a dynamic tissue that responds to the external stimuli imparted upon it. In
accordance with Wolff’s Law, the size, shape, and strength of bone depend upon the
mechanical environment it must withstand. When gravitational load is removed (e.g., spinal
cord injury and spaceflight), bone turnover begins to favor resorption, leading to subsequent
losses in bone mass and strength (7, 19). Conversely, physical exercise can induce skeletal
anabolism. That is, increased mechanical load via exercise aids in the accrual of bone in
youth and the preservation or prevention of bone accretion in adulthood. Various types of
exercise in humans, including jogging (5,1 4), resistance training (17, 41), and high-impact
jumping (1, 11) elicit an osteogenic response from exercise-induced mechanical loading. In
fact, high-impact, dynamic training, such as jumping (10), produces a larger anabolic
response when compared to low-impact, high-repetition exercise, such as walking (18).
Similar results have been shown in animal research

Free-fall impact landing in rats, a variation of jump resistance exercise (RE), enhanced
mineral apposition rate (MAR) (16), volumetric bone mineral density (vBMD) (37), and
bone strength (16, 36) versus non-exercising controls. High-impact jump training in rats
increased bone formation rate (BFR) (24,28) vBMD (15), mRNA levels of osteocalcin (38),
and mechanical properties (35) compared to ambulatory controls. Voluntary jump RE in
animals has been performed with (32, 38) and without (15, 24, 26, 35) added resistance (i.e.,
weighted vests), yet testing for a graded response in bone formation response to increasing
intensity of RE in weight-bearing animals has not been performed. Furthermore, measures
of cortical bone remodeling, mass, and mechanical properties following voluntary jump
training in skeletally mature rats are sparse (2, 38).

The RE protocol used in this study has previously been shown to increase proximal tibia
cancellous vBMD, BFR, and relative bone volume (BV/TV, %), and elastic modulus (32).
Contrary to other external loading paradigms commonly used to test bone outcomes, this RE
training increases muscle mass and protein synthesis, and is performed voluntarily in
conscious animals (8, 9, 12). The physiological response elicited by the lower-limb squat
action performed by the animals in this study closely resembles that of weightlifting in
humans (4, 29).

To our knowledge, no study has assessed the effects of low- and high-load jump RE on
weightbearing cortical bone. Additionally, few RE studies have investigated the effects of
voluntary rodent RE on cortical bone formation, geometry, and mechanical properties in
skeletally mature animals. The purpose of our investigation was to evaluate the effects of
low-and high-load voluntary rodent jump RE on changes in mechanically sensitive cortical
bone mass, structure, and mechanical properties at the tibia and femur mid-diaphyses.
Furthermore, we sought to define the effects of these two exercise loads on cortical bone
formation. We hypothesized that high-load jump RE would result in a significantly greater
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osteogenic response leading to enhanced cortical bone formation and geometry, and greater
cortical bone material properties as compared to low-load jump RE.

MATERIALS AND METHODS

Animals

Forty-two male Sprague-Dawley rats (6 months old, ~400 g) were obtained from Harlan
(Houston, TX) and individually housed in a climate-controlled room (23 £ 2°C) with a 12
hour light (0600-1800) and dark cycle (1800-0600) in an Association for Assessment and
Accreditation of Laboratory Animal Care-accredited animal care facility. Rats were fed an
ad libitum diet (Purina Test Diet, 5001) that was comprised of 24% protein, 12% fat, 54%
carbohydrate, 7% ash, 5% fiber, and vitamins; and randomized by body mass to high-load
resistance exercise (HRE, n = 16), low-load resistance exercise control (LRE, n = 15) or
cage control (CC, n = 11) groups. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Texas A&M University and adhere to
ACSM animal care standards. Calcein injections (25 mg/kg body mass) were administered
subcutaneously 9 and 2 days prior to sacrifice to label mineralizing bone for
histomorphometric analyses. At necropsy, right tibia and femur were removed, cleaned of
soft tissue, and stored at -80 °C in PBS soaked gauze for ex vivo pQCT scans and/or
mechanical testing, whereas left tibia were removed of soft tissue, cleaned, and stored in
70% ethanol at 4 °C for histology.

Operant Conditioning

The HRE and LRE animals were operantly conditioned to depress an illuminated bar located
12 in high on a Plexiglas exercise cage with dimensions 9 in x 9 in x 16 in (2, 39). Each
training session, the exercised rat was first placed in the Plexiglas cage atop an electrical
grid. Negative reinforcement via a brief electrical foot shock (1 mA, 60Hz) from an
electrical grid was used to train the rats to perform the desired movements. After four
sessions of operant conditioning (on alternating days for 8 days), a Velcro vest (30 g) was
strapped over the scapulae and the rats were required to touch the illuminating bar 50 times
for two additional sessions. The CC animals did not perform any conditioning or exercise
activities and remained single-housed over the course of the study.

Voluntary Jump Resistance Exercise Paradigm

The HRE and LRE rats performed 15 training sessions (three sessions per week separated by
at least 48 hours of rest) over a 5-week period as previously reported (9, 12, 25, 38). In brief,
the HRE group completed a progressive resistance training program with a starting weight
of 80 g for 50 repetitions on session one and increasing to 410 g for 16 repetitions on session
15. Training volume for each session was computed by multiplying the total number of
repetitions times the added weight (in excess of body mass). The intent of this progressive
resistance training paradigm was to overload the lower body skeletal muscle during each
successive training session and provide anabolic stimulus to musculoskeletal tissue. As a
result, total exercise volume decreased (increased added resistance to the weighted pack and
decreased number of repetitions/jump) by 5% per week for a total of 25% over the 5 week
training period (32). The LRE rats completed the same protocol as the HRE group,
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performing the same number of repetitions and receiving the same number of electrical foot
shocks, wearing only the 30g Velcro vest (~8% body mass). Few, if any, shocks were
necessary to elicit a positive response during the training sessions, and a minimum of 5-10
seconds of inserted rest was given between each repetition.

Peripheral Quantitative Computed Tomography (pQCT)

Tibia Mid-diaphysis (in vivo)—On days 1 and 35 of the study, in vivo tomographic
scans were performed on anesthetized animals at the mid-diaphysis of the left tibia with a
Stratec XCT Research-M device (Norland Corp., Fort Atkinson, WI), using a voxel size of
100 pm and a scanning beam thickness of 500 pm. Daily calibration of this machine was
performed with a hydroxyapatite standard cone phantom. Two transverse images of the left
tibia mid-diaphysis (50% of the total tibia length), 1 mm apart, were averaged to obtain a
mean value for each of the cortical bone outcomes. A standardized analysis for diaphyseal
bone (separation 1, threshold of 0.605 g/cm3) was applied to each section.

Femur Mid-diaphysis (ex vivo)—Thawed right femora were placed in a 1 mol/L PBS-
filled vial to maintain proper hydration during the course of the scan, after which time they
were returned to the —80 °C freezer. Two serial slices (1 mm apart) were taken at the femur
mid-diaphysis and averaged to yield a mean value. A standard analysis for diaphyseal bone
was again applied to each section, as described above, with a voxel resolution of 70 um x 70
pm x 500 pm.

Values of cortical volumetric bone mineral density (vBMD), cortical bone mineral content
(BMC) and cortical bone area were averaged across slices at each bone site. Additionally,
mid-diaphyseal cross-sectional moment of inertia (CSMI) was obtained with respect to the
bending axis during three-point bending for later estimation of material properties of tibia
and femur bone. Machine precision (based on manufacturer’s data) is £9 mg/cm? for cortical
vBMD. In vivo coefficients of variation for cortical vBMD (0.7%), cortical BMC (1.2%),
cortical bone area (1.5%), and CSMI (3.0%) were determined from repeat scans completed
on a subset of animals (n = 6).

Biomechanical Testing

Whole right tibiae and femora were tested by three-point bending to assess cortical bone
structural and material properties at the mid-diaphysis pQCT sampling site (50% of total
bone length). Femur and tibia mid-diaphyseal cortical bone mechanical properties were
estimated using three-point bending to failure on an Instron 1125 machine as previously
described (28). The anterioposterior (AP) and mediolateral (ML) surface diameters were
measured with digital calipers (Mitutoyo Corp., Japan) at each mid-diaphysis. The day of
testing, bones were thawed at room temperature and placed either anterior (femur) or lateral
(tibia) side down on metal pin supports having a span of 18 mm (tibia) and 15 mm (femur).
Quasi-static loading was applied at a rate of 2.54 mm/min at mid-diaphysis to the posterior
surface of the femora and medial surface of the tibia until fracture. All specimens were
sprayed with PBS immediately preceding testing to maintain hydration. Displacements were
monitored by a linear variable differential transformer (LVDT) interfaced with a personal
computer (Gardener Systems software) and loads were recorded using a 1000 N load cell
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calibrated to 100 N maximum load. Raw data were collected at 10 Hz as load vs.
displacement curves and analyzed with Table-Curve 2.0 (Jandel Scientific; San Rafael, CA).
Structural variables were obtained directly from load/displacement curves. The maximum
load attained was defined as maximum force (MF), and the slope of the linear elastic portion
of the curve defined as stiffness (S). Material properties of tibia and femur were calculated
as previously mentioned (33). Briefly, material properties were estimated by normalizing
structural properties to bone geometry at the site of testing using cross-sectional moment of
inertia (CSMI; from pQCT), bone diameter (D) measured by calipers, and the support span
distance (L) of either 18 mm (tibia) or 15 mm (femur). Formulas for elastic modulus (EM)
and ultimate stress (US) were as follows:

EM=(S x L*)/(48 x CSMI x 1,000);US=[MF x L x (D/2)]/(4 x CSMI)

Histomorphometry Analysis

Undemineralized distal left tibia were subjected to serial dehydration and embedded in
methylmethacrylate (Sigma-Aldrich M5, 590-9). Serial cross-sections (150-200 um) of
mid-shaft cortical bone were cut starting 2.5 mm proximal to the tibial-fibular junction with
an Isomet diamond wafer low-speed saw (Buehler, Lake Bluff, IL). Sections were hand
ground to reduce thickness (<80 um) before mounting on glass slides. The
histomorphometric analyses were performed using the OsteoMeasure Analysis System,
Version 1.3 (OsteoMetrics, Atlanta, GA). Measures of labeled surfaces and interlabel widths
were obtained at 200x magnification, and standardized calculations and terminology were
used (6). Periosteal and endocortical mineral apposition rates (MAR, pm/d) were calculated
by dividing the average interlabel width by the time between labels (7 days), and
mineralizing surface (MS) for both periosteal and endocortical bone surfaces was calculated
using the formula

%MS/BS=|| (single labeled surface/2)+double labeled surface] /surface perimeter] x 100

Bone formation rate (BFR) was calculated as (MAR x %MS/BS).

Statistical Analyses

All data are expressed as mean + standard error, and their statistical relationships were
evaluated using the statistical package SPSS (v.15). All in vivo and ex vivo variables were
analyzed using a one-way ANOVA. When a significant main effect was found, Tukey’s
post-hoc analyses were performed for pairwise comparisons. For all data, statistical
significance was accepted at p < 0.05.

RESULTS

Femur and tibia cortical bone benefits from jump resistance exercise, regardless of
applied load

In vivo pQCT scans, taken on days 1 and 35, assessed longitudinal changes in mid-diaphysis
tibia cortical bone. Both LRE and HRE training protocols significantly increased tibial
cortical vBMD (2%), BMC (17%), bone area (14%), and CSMI (26%) during the 5 weeks of
training (Fig 1). No significant pre-to-post changes were found in CC animals. Both LRE
and HRE training protocols resulted in significantly greater femur mid-diaphysis cortical

Med Sci Sports Exerc. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Boudreaux et al.

Page 6

BMC and bone area, 6% to 11%, as compared to CC (Table 1). However, only LRE (and not
HRE) demonstrated beneficial effects for femur cortical vBMD and CSMI (11% and 20%
higher, respectively, vs. CC). In addition, there was a 2.6 to 3.4-fold increase in these
parameters when the change (pre- vs. post) in BMC, bone area, and CSMI values in the LRE
and HRE groups were normalized to that of the CC group.

Mechanical properties of cortical bone are enhanced with both LRE and HRE

The effects of low- and high-load jump RE on tibia cortical bone mechanical properties
were determined by three-point bending to failure. Both LRE and HRE resulted in
significantly greater tibia max force (25-29%), stiffness (19-22%), and energy to max force
(35-55%) compared to CC group (Table 2). Estimated elastic modulus values were lower
for both LRE and HRE (by 11% and 14%, respectively).

Similar to the tibia, biomechanical properties of femur from LRE and HRE groups
demonstrated greater max force (27-42%), stiffness (14-25%), and energy to max force
(87% to 2-fold) vs. CC (Table 2). In addition, ultimate stress was 23% higher after LRE as
compared to controls. However, the greatest effects on femur mechanical properties were
evidenced in the LRE group. Compared to HRE, LRE resulted in significantly greater femur
max force (11%) and stiffhess (12%).

Jump resistance exercise increases periosteal but not endocortical bone formation

Low-and high-load jump RE significantly increased mid-diaphysis tibia cortical bone
dynamic measures of osteoblast activity as compared to controls (Fig 2). HRE and LRE
resulted in 20-30% higher periosteal %MS/BS, respectively, vs. the CC group (Fig. 2A).
Although both LRE and HRE significantly increased cortical MAR and BFR vs. controls,
the greatest effects were demonstrated by low-load jump RE (Fig. 2B-C). Compared to the
HRE group, LRE training resulted in significantly greater MAR (27%) and BFR (39%).
Extensive flurochrome labeling and large interlabel width on the periosteal and endocortical
surfaces were evidenced in the HRE and LRE groups (Figure 3B,C).

DISCUSSION

The purpose of this study was to evaluate changes in cortical bone densitometric properties,
structure, strength, and turnover in skeletally mature rodents exposed to either low- or high-
load voluntary jump resistance exercise (RE). Our hypothesis that increased load during
jump RE would result in a significantly greater osteogenic response was not supported by
these data. Although cortical bone accretion was significantly higher in both LRE and HRE
compared to controls, HRE was not shown to be more osteogenic than LRE. Moreover,
periosteal bone formation rate (BFR) was 40% greater in LRE than HRE. This enhanced
BFR improved mid-diaphysis tibial mass, area, and moment of inertia, although the
differences between LRE and HRE were not significant. Furthermore, gains in cortical mass
and structure from jump RE at both loading levels caused an enhancement of tibial and
femoral mechanical properties. Contrary to our hypothesis, overload was not required to
produce a greater anabolic response in cortical bone properties versus low-load resistance
exercise. Minimal loading (~8% body weight) was equally, and sometimes more, effective
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at augmenting cortical bone properties compared to overload training (100% of body
weight).

Other studies have investigated the relationship between loading and osteogenesis in
animals. External stimuli, such as axial compression, applied to anesthetized mice caused an
increase in tibial bone formation, structure, and mechanical properties (31). Increasing the
number of loading cycles per day, however, does not always lead to further increases in
bone mass. Externally applied loading (0.5 Hz frequency) in rooster ulna using four cycles
each day was equally successful at enhancing bone mass and formation compared to 36 and
1800 cycles/day (27). Furthermore, five jumps per day in growing rats improved bone mass
and strength with few differences versus animals jumped between 10 and 40 times per day
(34). In fact, bending stress in the 5-jump group was higher than all other groups, including
animals jumped 100 times per day. These data are in agreement with the data presented
herein, where increasing the load is not necessarily superior for bone modeling.

Both LRE and HRE resulted in increased cortical bone area and mass at the mid-diaphysis
femur and tibia, but vBMD was only improved in the femur of the LRE group. Similar site-
specific reactions to jump RE have been shown previously by our lab, where cancellous
vBMD in the proximal tibia, but not in the femoral neck, was improved in both low- and
high-load RE groups (32). Enhanced vBMD, however, is not necessary for improvements in
mechanical properties. Femoral max force, stiffness, and energy to max force all improved
despite the absence of vBMD gains (HRE group). These mechanical improvements are
likely the product of periosteal apposition. Tibial MAR and BFR were improved in both
LRE (88%, 155%) and HRE (47%, 82%) groups, occurring along the periosteum. This
increased periosteal apposition corresponds to larger cross-sectional area and moment of
inertia, both well-established determinants of strength in bending, at the mid-diaphysis tibia.
All mechanical property measurements from three-point bending, with the exception of
ultimate stress, were augmented with jump RE exercise in the tibia, with no significant
differences between RE groups. Previous data investigating femoral neck strength provided
evidence of improved bone strength where enhanced endocortical apposition and increased
bone mass were the likely determinants (32).

Although LRE and HRE both improved mechanical properties in the tibia and femur, LRE
unexpectedly led to larger gains in femoral maximum force and stiffness compared to HRE.
Furthermore, the dynamic histomorphometric variables MAR and BFR were higher in LRE
animals. A potential explanation for differences in bone formation is the window of time in
which fluorchrome labels were administered and the ability of animals in the different
groups to land squarely on their feet during that time frame. During the final training
sessions, which corresponded to the first and second calcein injections, animals in the HRE
group were jumping with 360-410 g affixed to their backs. This appended weight was
approximately 100% of the animals’ body weight, making it difficult to land solely on their
feet. Although only observational, animals in the HRE group, and most pronounced towards
the latter training sessions, often landed on their flanks rather than on their limbs. Since it is
well understood that dynamic strain is highly osteogenic, one may conjecture that the HRE
animals’ inability to consistently land on their feet led to less cumulative strain, and
subsequently less bone formation, than animals landing with only 30 g (~8% of body

Med Sci Sports Exerc. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Boudreaux et al.

Page 8

weight) attached to their backs. This observation suggests that impact forces generated by
approximately one body weight of force are optimal for osteogenic adaptation, at least over
the time duration of this experiment.

The evidence provided here that high-load impact exercise is not necessary for bone
hypertrophy has vast clinical relevance. In youth, bone accretion can be augmented by
implementing a thrice weekly school-based jumping program consisting of 10 jumps each
session (23). Similar studies in children have proven successful at promoting bone
hypertrophy with low-load, high-impact exercise (20, 21, 40). Although youth are not likely
at risk for low bone mass, heightening peak bone mass in adolescence is a proven
countermeasure for preventing adult-onset osteoporosis (22). Jump training has also been
investigated in adults, particularly post-menopausal women. Five years of weighted vest
jump training completely prevented age-related bone loss in the femoral neck and trochanter
of post-menopausal women (30). It is worth noting that compliance reported by Snow et al.
was over 80% during the course of their long-term study. With fractures of the femoral neck
and trochanter comprising up to 90% of all hip fractures (13), low-repetition jump exercise
in the aging population has shown to be a safe and practical training modality that adult
patients adhere to with high compliance. Furthermore, an additional clinical benefit of this
study is that it demonstrates that low-load jumping is equally, and sometimes more
beneficial to bone health, thus decreasing the likelihood of injury in a jump training exercise
prescription.

This study is not without limitations. First, neither strain measurements nor ground reaction
forces during the landing phase were assessed in this study, making conclusions about
exercise-induced landing deformations and impacts between groups somewhat conjectural.
Although other studies have demonstrated that peak strain magnitude during high-impact
exercise is the probable determinant of osteogensis (3, 28), we cannot definitively conclude
here that differences in strain and/or impact forces upon landing were responsible for
variations in skeletal anabolism between LRE and HRE animals. Additionally, CC animals
were not subjected to the same stresses as the LRE and HRE groups. More specifically, CC
animals were not placed in the jump boxes on training days and thus were not subjected to
negative reinforcement shock treatment. Furthermore, a comparison of corticosterone levels
between LRE and HRE may have aided in the explanation of group differences. Although
limited, this is the first study to our knowledge to show absolute gains in in vivo longitudinal
measurements of cortical bone in adult rodents subjected to voluntary jump RE.
Additionally, the comparison of two different intensities of RE in fully weightbearing
rodents has not previously been investigated.

In summary, our data suggest that low-load jump RE was effective at enhancing bone mass,
structure, and material properties in tibial and femoral cortical bone. Contrary to our
hypothesis, high-load jumping (up to 100% of body weight) did not produce a more robust
osteogenic response when compared to low-load jumping (~8% body weight). In fact, LRE
proved more beneficial for tibial bone formation and femoral mechanical strength versus
HRE. These data demonstrate that jump training with minimal loading is equally, and
sometimes more, effective at augmenting cortical bone integrity compared to overload
training in skeletally mature rats.
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Effects of low- and high-load resistance exercise (LRE, HRE) on changes in densitometric

and geometric properties of the tibial mid-diaphysis as taken by in vivo pQCT scans.

Changes are for the duration of the study (day 35 values minus day 0 values). A: Cortical
volumetric bone mineral density (vBMD). B: Cortical bone mineral content (BMC). C:
Cortical bone area. D: Polar cross-sectional moment of inertia (CSMI). Each bar represents
the group mean + standard error of the mean. T vs. CC (p < 0.05); * vs. day 0 (p < 0.05).
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Effects of low- and high-load resistance exercise (LRE, HRE) on dynamic
histomorphometry analyses measured at the tibia diaphysis (on day 35). A: Mineralizing
Surface (%MS/BS). B: Mineral Apposition Rate (MAR). C: Bone Formation Rate (BFR).
Values are group mean = standard error of the mean. T vs. CC; ¥ vs. HRE (p < 0.05).
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Visual depiction (100x) of calcein labeling on the periosteal and endocortical surfaces of
cortical bone at the tibia diaphysis. A: CC B: LRE C: HRE. Note the extensive flurochrome
labeling (arrows) and large interlabel width (LRE and HRE).

Figure 3.
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Table 1

Effects of low- and high-load resistance exercise (LRE, HRE) on densitometric and geometric properties of
the mid-diaphysis femur as taken by ex vivo pQCT scans at study end (day 35).

CcC LRE HRE

Cortical vVBMD (mg/cm3) 144520 +4.80 145897+ 3,957 1457.15+5.42
Cortical BMC (mg) 11.61+0.20 12.93+0.21% 12.40 + 0.24%

Cortical Bone Area (mm?) ~ 8.03+0.14 8.86 + 0.131 8.50+0.151
CSMI (mm“) 21.30 £0.80 2551 + 0.87T 23.58 +0.84

Values are group mean =+ standard error of the mean.

f vs. CC (p<0.05).
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Effects of low- and high-load resistance exercise (LRE, HRE) on mechanical properties of tibia and femur

Table 2

mid-diaphysis cortical bone at study end (day 35).

cC LRE HRE
Tibia
Max Force (N) 11457+346 1479542607  144.06+3.81"
Stiffness (N/mm) 371.90+£12.20  45497+987T  442.37+12.32T
Elastic Modulus (GPa) 341+0.11 2.92+006" 3.05 +0.09%
Ultimate Stress (MPa) 64.18 £2.79 62.32+1.43 63.35+1.58
Energy to Max Force (mJ) ~ 32.27+2.16 49.90 + 3.02T 43.46 + 1.90F
Femur
Max Force (N) 184.02£1570  260.74 + 8421  234.23+ 10897
Stiffness (N/mm) 675.92£42.06 g44.42 +26.59TF  752.06 + 27.34T
Elastic Modulus  (GPa) 4.53+0.39 4.71+0.19 4.54+0.18
Ultimate Stress (MPa) 11459+11.31 14168+ 4.89F 137.37+£5.72
Energy to Max Force (mJ) ~ 48.96 + 11.01 10477 +7.01T 0145+ 10.63"

Values are group mean + standard error of the mean.

f vs. CC (p<0.05);

ivs. HRE (p<0.05).
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