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Context: Little is known of the relationships between muscle function and bone, based on the
recently developed technique of jumping mechanography.

Objective: Our objective was to determine associations between peak ground reaction force and
peak power during a 1-legged hopping test and a single 2-legged jump, respectively, and cortical
bone parameters.

Design and Setting: This was a cross-sectional observational study in participants from the high
bone mass cohort.

Participants: Participants included 70 males (mean age 58 years) and 119 females (mean age 56
years); high bone mass cases and controls were pooled.

Main Outcome Measures: Total hip bone mineral density (BMD) (measured by dual-energy x-ray absorp-
tiometry scanning) and mid-tibial peripheral quantitative computed tomography (Stratec XCT2000L).

Results: Jump power was positively related to hip BMD (standardized � [95% confidence interval] �

0.29 [0.07, 0.51], P � .01), but hopping force was not (0.03 [�0.16, 0.22], P � .74) (linear regression
analysis adjusted for age, gender, height, and weight). In 113 participants with force and peripheral
quantitative computed tomography data, both jump power and hopping force were positively asso-
ciated with tibial strength strain index (0.26 [0.09, 0.44], P � .01; and 0.24 [0.07, 0.42], P � .01 respec-
tively). Although hopping force was positively associated with bone size (total bone area 0.22 [0.03,
0.42], P � .02), jump power was not (0.10 [�0.10, 0.30], P � .33). In contrast, jump power was inversely
associated with endocortical circumference adjusted for periosteal circumference (�0.24 [�0.40,
�0.08], P � .01) whereas no association was seen for hopping force (�0.10 [�0.26, 0.07], P � .24).

Conclusions: Although power and force are both positively associated with cortical bone strength,
distinct mechanisms appear to be involved because power was primarily associated with reduced
endocortical expansion (reflected by endocortical circumference adjusted for periosteal circum-
ference, and hip BMD), whereas force was associated with increased periosteal expansion (re-
flected by total bone area). (J Clin Endocrinol Metab 99: 266–275, 2014)
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The concept that the skeleton is able to adapt to loads
imposed upon it has been termed the mechanostat

theory, according to which the bone mass of an animal is
proportional to its typical mechanical use (1), as bone
must be strong enough to withstand peak forces in order
to prevent fractures under normal use (2, 3). Regional
muscle contractions are suggested to be the most signifi-
cant source of strains acting upon the skeleton in day-to-
day life (4–6), exceeding contributions from body weight
even in weight-bearing bones (2, 5). In support of this
theory, several cross-sectional studies have observed that
muscle mass in humans is proportional to bone mass (4,
7–9). Furthermore, studies examining isometric/isokinetic
muscle strength have found positive associations with
bone mass/bone mineral density (BMD) (3, 10–12). Mus-
cle function has also been associated with bone strength in
cross-sectional studies, such as strength strain index (SSI)
as measured by peripheral quantitative computed tomog-
raphy (pQCT) (13, 14). Loss of muscle function is also
likely to play a key role in the pathogenesis of osteoporo-
sis, as reflected by evidence that sarcopenia contributes to
bone loss and increased fracture risk in older populations
(15, 16).

Jumping mechanography provides an alternative method
for assessing muscle function by measurement of ground
reaction forces produced while jumping on a force plate.
Unlike isometric methods, this allows maximal muscle
forces to be estimated, providing a more accurate estimate
of peak strains thought to be key drivers of skeletal ad-
aptation (17). Peak force is measured directly in newtons
by jumping mechanography, ideally during the multiple
1-legged hopping test because peak forces are typically
greater during 1-legged serial hopping than during either
2-legged serial hopping or countermovement or squat
jumps (17). Jumping mechanography also allows peak
power to be calculated as the product of force and velocity
(18, 19), typically measured during the standing 2-legged
countermovement jump. Jumping mechanography is re-
producible across a broad age range from children to frail
older populations (19, 20).

Relatively few studies have compared the functional
consequences of peak force and power as measured by
jumping mechanography. While peak power is thought to
reflect the action of hip, thigh, and (to a lesser extent) calf
muscles, in addition to muscle activity peak force is also
likely to be influenced by joint angle kinematics, tensile
properties of the Achilles tendon, and biomechanical
properties of the ankle, subtalar, and midfoot joints.
Therefore, whilst peak muscle power is strongly influ-
enced by muscle conditioning, peak force may have other
determinants such as Achilles tendon elasticity that are
largely governed by constitutional factors and likely to be

more consistent over the lifespan. In support of this, age
predicts declines in peak power more strongly than de-
clines in peak force when both are assessed using jumping
mechanography (21). However, the extent to which peak
muscle power and ground reaction force show distinct
relationships with cortical bone strength is currently un-
clear. In one study of 105 prepubertal children, bone
strength, as reflected by SSI obtained from tibial pQCT
scans, was related to peak power as measured by jumping
mechanography more strongly than to peak force (22).
Whether these relationships persist into adulthood re-
mains to be determined.

In this study, we used jumping mechanography to in-
vestigate the role of muscle function in maintaining lower
limb bone strength in later life. We aimed to establish 1)
whether peak jumping power and force are both related to
bone strength as assessed at the midtibia by pQCT, 2)
whether these relationships are greater for power as op-
posed to force in adults, and 3) whether any potential
differences in the relationships between peak power/force
and bone strength are explained by distinct associations
with bone microarchitecture (cortical bone size, thickness,
and density). To aid statistical power and maximize our
ability to detect underlying associations, we studied a pop-
ulation augmented by individuals with extreme high bone
mass (HBM), in whom cortical bone strength as measured
by pQCT is known to be increased (23); by pooling HBM
and non-HBM individuals, we ensured a wide range of
values for the bone traits of interest within our study
population.

Subjects and Methods

Participant recruitment
The HBM study is a United Kingdom-based multicenter ob-

servational study of adults with unexplained HBM and unaf-
fected family/spouse controls. At 3 of our larger study centers,
338 cases of unexplained HBM were identified by screening Na-
tional Health Service dual-energy x-ray absorptiometry (DXA)
databases (n � 158 769); these methods have been previously
reported (24). HBM in index cases was defined as 1) both L1
Z-score of ��3.2 and total hip Z-score of ��1.2 or 2) both total
hip Z-score ��3.2 and L1 Z-score of ��1.2. HBM status in
first-degree relatives was defined as summed L1 Z-score plus
total hip Z-score of ��3.2; in spouses, the index definition was
applied. Family controls comprised unaffected relatives and
spouses. All participants were clinically assessed by one doctor
using a standardized structured history questionnaire and ex-
amination, after which lumbar spine and hip DXA scans were
performed for relatives and spouses, using local GE Lunar Inc
DXA systems applying manufacturer’s standard scan and posi-
tioning protocols. The questionnaire included smoking status,
alcohol use and diabetes. Routine height measurements were
recorded. Most participants later completed a postal physical
activity questionnaire based on the short last 7 days self-admin-
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istered International Physical Activity Questionnaire (25) (re-
vised version August 2002) and scored using standard protocols
with activity levels categorized as low, moderate, or high. Par-
ticipants were excluded if under 18 years of age, pregnant, or
unable to provide written informed consent for any reason.

Jumping mechanography
A Leonardo Mechanography Ground Reaction Force Plat-

form (Leonardo software version 4.2; Novotec Medical GmbH)
was used to assess lower limb muscle force, power, velocity,
jumping height, and total body weight by a trained assistant
using a standard operating procedure. The ground reaction plat-
form was calibrated before each participant assessment, and par-
ticipants wore standard footwear. When an individual had dif-
ficulty performing either jump type, free text details were
recorded by the operator. Peak power and jump height were
assessed during countermovement jumps; ie, individuals briefly
squat before jumping. The initial jump was 2-footed. Individuals
were asked to jump, aiming to get their head as high as possible,
thus producing the maximum elevation of the center of mass.
Peak force was assessed for the dominant leg, during the hopping
test, with participants instructed to bounce on the ball of the foot
with the knee almost straight and to keep the ankle joint as stiff
as possible. Each type of jump was repeated until 3 acceptable
jumps were obtained, and the jump with the greatest peak power/
force was then analyzed.

pQCT methods
pQCT scans were performed in those participants attending

the center at Hull, where the largest number were seen. The
diaphyseal midshaft of the tibia (66% from the distal endplate)
was scanned in the nondominant lower limb using a Stratec
XCT2000L (Stratec Medizintechnik) with voxel size 0.5 mm, CT
speed 30 mm/s (XCT software version 5.50d). A reference line at
the distal endplate was determined from the initial frontal scout
view. Cortical bone was defined using a threshold above 650
mg/cm3 (optimal for bone geometry) (26). Cortical thickness,
periosteal circumference, and endocortical circumference were
derived using a circular ring model. Other cortical parameters
were measured, including cortical BMD, total bone area, cortical
bone area (reflecting a combination of periosteal and endocor-
tical expansion), and cortical bone area/total bone area (per-
cent). SSI was calculated according to Stratec’s user manual (27).
Data acquisition and analysis methods were uniform for all
participants.

Ethics
Recruitment ran from September 2008 until April 2010.

Written informed consent was obtained for all in line with the
Declaration of Helsinki (28). This study was approved by the
Bath Multicenter Research Ethics Committee and at each Na-
tional Health Service Local Research Ethics Committee.

Statistical methods
Descriptive statistics are presented as mean (SD) for contin-

uous variables and counts (percent) for categorical variables for
all relevant outcomes, exposures, and covariates. In summariz-
ing the jumping mechanography data, mean values for both ab-
solute muscle power (kilowatts) and force (kilonewtons) as well
as relative muscle power (watts per kilogram) and force (newtons
per kilogram) were generated. Power and force were both log-

transformed. Multiple linear regression was used to examine
associations between the exposure variables muscle power
(standing 2-legged jump) and force (hopping test) and bone out-
comes (DXA hip BMD and pQCT mid-tibial structural vari-
ables). Age, gender, and height were considered a priori con-
founders (model 1), and weight was an additional key
confounder (model 2); we planned therefore to base our infer-
ences primarily on model 2. The influence of other potential
confounders (smoking, alcohol, diabetes, and physical activity)
was additionally explored. The relationship between force/log
force and weight was approximately linear, but that between
power/log power and weight was better represented by adding a
quadratic; therefore, absolute force (kilonewtons) and power
(kilowatts) were the exposures, adjusting for weight (force)/
weight and weight2 (power) in the regression model. A similar
approach has been used in a previous study analyzing jumping
mechanography variables in a population of adolescent girls
(18). All bone outcome variables were normally distributed, al-
though one isolated extreme outlier with total hip Z-score of
�9.4 was excluded. Exposure and outcome variables were stan-
dardized for regression analyses, with standardized �-coeffi-
cients presented. Analyses of endocortical circumference were
additionally adjusted for periosteal circumference (ECPC) to pro-
vide an estimate of endocortical expansion, independent of bone
size. Data were managed using Microsoft Access (data entry
checks; error rate �0.12%) and analyzed using Stata release 12
statistical software (StataCorp). Preplanned sensitivity analyses
were as follows: 1) exclusion of individuals with difficulty per-
forming the relevant jump and 2) restriction of analyses to in-
dividuals who successfully completed both jump types.

Results

Participant characteristics
The study population comprised 189 participants who

completed the 2-legged jump, of whom 113 were origi-
nally recruited as HBM cases and 76 as controls (Figure 1);
182 of the participants also completed the hopping test.
The mean age of the study population was 57 years, with
63% females (of whom 68.9% were postmenopausal)
(Table 1). The population was overweight with a mean
body mass index (BMI) of 29.4 kg/m2. Mean total hip
Z-score was �1.9 (range �1.9 to �6.4). All individuals
were of white European origin. The principal character-
istics of individuals who received a tibial pQCT scan (n �

113, 59%) were compared with those who did not (Sup-
plemental Table 1, published on The Endocrine Society’s
Journals Online website at http://jcem.endojournals.org).
There were no differences in age, absolute hopping force,
or menopausal status in females according to whether a
subject underwent pQCT. Weight, height, BMI, jump
power, and relative hopping force were all greater in those
who did not undergo pQCT, explained by the greater pro-
portion of females in the pQCT group.
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Two-legged jump power and bone outcomes
After adjustment for age, gender, and participant height,

jump power was strongly associated with total hip BMD (stan-
dardized � [95% confidence interval, CI] � 0.48 [0.28, 0.67],
P � .01, model 1, Table 2). Jump power was also strongly
positively associated with midtibial cortical area, total bone
area, cortical to total bone area ratio, and tibial SSI (model 1,
Table 2). A strong inverse association between 2-legged jump
power and endocortical circumference (ECPC) was also
observed.

After additional weight adjustment (model 2, Table 2),
jump power remained strongly associated with hip BMD

(0.29 [0.07, 0.51], P � .01), cortical area of the midtibia
(0.29 [0.11, 0.46], P � .01), and tibial strength (SSI 0.26
[0.09, 0.44], P � .01); however, the association with over-
all bone size (total bone area (0.10 [�0.10, 0.30], P � .33,
model 2, Table 2) was attenuated. Interestingly, power
remained strongly inversely associated with ECPC after
age, gender, height, and weight adjustment (�0.24
[�0.40, �0.08], P � .01, model 2, Table 2), suggesting
that jump power is more closely related to reduced endo-
cortical expansion than periosteal expansion. Although a
positive association was seen between jump power and
cortical BMD (0.39 [0.06, 0.73], P � .02), examination of

Figure 1. Flow diagram summarizing (A) recruitment of HBM cases and controls to this study and (B) jumping mechanography and pQCT data
collection.
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the distribution revealed one obvious outlier, exclusion of
which attenuated this association (0.23 [�0.08, 0.54], P �
.15 excluding outlier).

Hopping force and bone outcomes
After adjustment for age, gender, and height (model 1),

hopping force was positively associated with hip BMD (0.21
[0.04,0.38],P� .02).Furtherpositiveassociationswereseen
with midtibial cortical area, total bone area, and tibial SSI,
and again, an inverse association was seen with ECPC (model
1, Table 3). There was no association between hopping force
and cortical to total bone area ratio (0.09 [�0.15, 0.32], P �
.47)orcorticalBMD(�0.11[�0.36,0.14],P� .38).Weight
adjustment (model 2) fully attenuated the association be-
tween hopping force and hip BMD (0.03 [�0.16, 0.22], P �
.74) and ECPC (�0.10 [�0.26, 0.07], P � .24). The associ-
ation with midtibial cortical area was also weakened (0.17

[�0.01, 0.35], P � .06). However, a strong association per-
sistedbetweenhoppingforceandtotalbonearea(0.22[0.03,
0.42],P� .02)andtibialSSI (0.24[0.07,0.42],P� .01)after
weight adjustment.

Analysis by quintiles
Further analyses were carried out subdividing jump

power and force into quintiles to ascertain the dose-re-
sponse relationship between the muscle variables and
bone outcomes (Figure 2). After adjusting for age, gender,
height, and weight (model 2), a stronger association was
observed between quintile of hopping force and total bone
area compared with quintile of jump power. There was a
possible threshold effect, with the higher values for total
bone area largely restricted to the upper 2 quintiles of
power/force. Conversely, quintile of jump power was
more strongly associated with ECPC compared with quin-

Table 1. Descriptive Characteristics of Overall Study Populationa

All (n � 189)

HBM Cases (n � 113) HBM Controls (n � 76)

Males
(n � 24)

Females
(n � 89)

Males
(n � 46)

Females
(n � 30)

Age, y 57.03 � 13.66 63.04 � 13.74 58.41 � 11.94 55.65 � 14.51 50.23 � 14.62
Weight, kg 84.76 � 18.17 92.21 � 14.11 82.99 � 18.29 89.18 � 15.23 77.26 � 21.49
Height, m 169.57 � 9.53 178.27 � 7.59 164.08 � 6.08 178.82 � 7.01 164.72 � 6.27
BMI, kg/m2 29.43 � 5.67 28.96 � 3.65 30.77 � 6.10 27.89 � 4.50 28.22 � 6.49
Two-legged max jump

power, kW
2.49 � 0.96 3.02 � 0.95 2.05 � 0.56 3.35 � 1.02 2.01 � 0.64

Relative 2-legged max
jump power, W/kg

29.29 � 8.92 32.69 � 8.81 25.06 � 5.76 37.61 � 9.33 26.41 � 5.99

Two-legged max jump
height, m (n � 188)

0.27 � 0.16 0.32 � 0.13 0.24 � 0.19 0.33 � 0.11 0.26 � 0.11

Two-legged max jump
velocity m/s

1.81 � 0.40 1.97 � 0.40 1.63 � 0.29 2.16 � 0.39 1.68 � 0.30

One-legged max hopping
force, kN (n � 182)

2.04 � 0.50 2.31 � 0.43 1.85 � 0.39 2.36 � 0.53 1.88 � 0.44

Relative 1-legged max
hopping force, N/kg
(n � 182)

24.50 � 4.83 24.89 � 4.48 23.10 � 4.33 26.58 � 4.90 25.06 � 5.22)

Females 119 (62.96) 89 (100.00) 30 (100.00)
Postmenopausal 82 (68.91) 70 (78.65) 12 (40.00)

Physical activityb (n � 172)
Low 18 (10.50) 2 (9.09) 9 (10.98) 3 (7.69) 4 (13.79)
Moderate 66 (38.40) 11 (50.00) 32 (39.02) 11 (28.21) 12 (41.38)
High 88 (51.20) 9 (40.91) 41 (50.00) 25 (64.10) 13 (44.83)

Smoking status (n � 188)
Never 81 (43.10) 4 (17.39) 41 (46.07) 21 (45.65) 15 (50.00)
Ex 83 (44.20) 16 (69.57) 36 (40.45) 20 (43.48) 11 (36.67)
Current 24 (12.80) 3 (13.04) 12 (13.48) 5 (10.87) 4 (13.33)

Alcohol intakec

None 45 (23.80) 4 (16.67) 28 (31.46) 4 (8.70) 9 (30.00)
Occasional 29 (15.30) 5 (20.83) 18 (20.22) 2 (4.35) 4 (13.33)
Regular 85 (45.00) 14 (58.33) 35 (39.33) 22 (47.83) 14 (46.67)
Heavy 30 (15.90) 1 (4.17) 8 (8.99) 18 (39.13) 3 (10.00)

Diabetes 18 (9.50) 2 (8.33) 8 (8.99) 5 (10.87) 3 (10.00)
a Results are shown as mean �SD or n (%). Unless stated otherwise, n � 189.
b Physical activity categories derived from International Physical Activity Questionnaire short form last 7 days questionnaire (standard scoring used).
c Occasional means �2 U/wk, regular is 3 to 21 U/wk, and heavy is �21 U/wk.
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tile of hopping force. The association between jump power
quintile and ECPC was in keeping with a dose-response
relationship, with no evidence of a threshold effect. No
association was seen between quintile of jump power or
hopping force and cortical BMD (not shown).

Sensitivity analyses and interactions
Physical activity data were available for 172 study par-

ticipants (91%) a mean of 7.9 months after the jump test,
adjustment for which did not materially alter the results
(data not shown). Likewise adjusting for smoking status,
alcohol intake, and diabetes did not alter the associations
seen. Point estimates were unaffected by exclusion of those
with difficulty in jumping (n � 6 for 2-legged jump, n �
23 for hopping test) (data not shown). Repeating the anal-
ysis in the subset of individuals who completed both jump
types and therefore had both force and power data (n �

181 for hip BMD, n � 111 for pQCT variables) also did
not materially alter the associations seen. In the above
analyses, data from HBM cases and controls were pooled
to increase statistical power. The validity of this approach
was checked by examination of scatter plots for hip BMD.
Although there was some evidence that the positive asso-
ciation between 2-legged jump power and hip BMD was
stronger in controls, interaction tests showed P � .1 (Sup-
plemental Figure 1, left panels). In further analyses strat-
ified by gender, there was no evidence of a gender inter-
action (Supplemental Figure 1, right panels).

Discussion

We used jumping mechanography to determine associa-
tions between peak power and force, based on the 2-legged

Table 2. Regression Analysis of Logged Maximum 2-Legged Jump Power Versus Bone Outcomesa

Outcome Model �-Coefficient 95% CI P Value

Hip BMD, g/cm2 1 0.48 0.28, 0.67 �.01
2 0.29 0.07, 0.51 .01

Cortical area, mm2 1 0.38 0.23, 0.53 �.01
2 0.29 0.11, 0.46 �.01

Cortical BMD, mg/cm3 1 0.23 �0.06, 0.51 .12
2 0.39 0.06, 0.73 .02

ECPC, mm 1 �0.32 �0.46, �0.18 �.01
2 �0.24 �0.40, �0.08 �.01

Total bone area, mm2 1 0.18 (0.01, 0.36 .04
2 0.10 �0.10, 0.30 .33

Cortical to total bone area ratio, % 1 0.29 0.03, 0.56 .03
2 0.26 �0.06, 0.57 .11

Tibial SSI, mm3 1 0.34 0.18, 0.49 �.01
2 0.26 0.09, 0.44 �.01

a All outcome and exposure variables were standardized. Standardized �-coefficients represent SD change in outcome per SD change in exposure
(log 2-legged jump power). Model 1 was adjusted for age, gender, and height. Model 2 was adjusted for age, gender, height, and weight (as
quadratic term). For hip BMD, n � 189; for all other other outcomes, n � 113.

Table 3. Regression Analysis of Logged Maximum 1-Legged Hopping Force Versus Bone Outcomesa

Outcome Model �-Coefficient 95% CI P Value

Hip BMD, g/cm2 1 0.21 0.04, 0.38 .02
2 0.03 �0.16, 0.22 .74

Cortical area, mm2 1 0.26 0.12, 0.40 �.01
2 0.17 �0.01, 0.35 .06

Cortical BMD, mg/cm3 1 �0.11 �0.36, 0.14 .38
2 �0.10 �0.42, 0.23 .55

ECPC, mm 1 �0.20 �0.33, �0.07 �.01
2 �0.10 �0.26, 0.07 .24

Total bone area, mm2 1 0.21 0.06, 0.36 .01
2 0.22 0.03, 0.42 .02

Cortical to total bone area ratio, % 1 0.09 �0.15, 0.32 .47
2 �0.07 �0.38, 0.23 .63

Tibial SSI, mm3 1 0.26 0.12, 0.39 �.01
2 0.24 0.07, 0.42 .01

a All outcome and exposure variables were standardized. Standardized �-coefficients represent SD change in outcome per SD change in exposure
(log 1-legged hopping force). Model 1 was adjusted for age, gender, and height. Model 2 was adjusted for age, gender, height, and weight. For
hip BMD, n � 182; for all other other outcomes, n � 113.
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jump and hopping test, respectively, and skeletal param-
eters from hip DXA and mid-tibial pQCT scans. In our
fully adjusted model, peak jump force and power showed
equivalent positive associations with bone strength, as re-
flected by tibial SSI. However, the pathways involved ap-
peared to differ. Peak force was primarily positively asso-
ciated with total bone area of the mid-tibia, suggesting a
relationship with periosteal expansion. Conversely, peak
power was primarily inversely associated with ECPC, sug-
gesting an inverse relationship with endocortical expan-
sion. Furthermore, peak power was positively associated
with hip BMD, whereas an equivalent association was not

seen for peak force. In contrast, after exclusion of an out-
lier, there was little evidence that peak power was related
to cortical BMD. Hip BMD is affected by several different
parameters measured by pQCT, including overall bone
size, cortical BMD, and cortical thickness. However when
taken together, the present findings suggest that associa-
tions between peak power and hip BMD that we observed
are predominantly related to changes in cortical thickness
as reflected by ECPC.

Our findings are broadly consistent with previous stud-
ies indicating a positive relationship between measures of
muscle function and bone outcomes. For example, grip

Figure 2. Quintiles of jump power/hopping force plotted against pQCT outcomes. A, Quintiles of jump power and hopping force vs total bone
area (square millimeters). B, Quintiles of jump power and hopping force vs ECPC (millimeters). Model 1 was adjusted for age, gender, and height;
model 2 was adjusted for age, gender, height, and weight.
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strength was found to be positively related to SSI as as-
sessed by radial pQCT in older men (13) and in a popu-
lation of women aged 65 to 75 years, peak muscle power
was related to bone strength as assessed by tibial pQCT
(14). However, few previous studies have evaluated rela-
tionships between bone parameters and peak force/power
as assessed by jumping mechanography. Bailey and
Brooke-Wavell (3) measured peak ground reaction force
during a maximal countermovement hop in a population
of 88 sedentary premenopausal women in relation to areal
lumbar spine and hip BMD. Although an association be-
tween peak force and BMD was initially observed, this did
not persist after adjustment for body mass, in contrast to
a positive association that persisted between isometric
knee extension strength and hip BMD. Anliker et al (17)
examined associations between maximum force during
multiple 1-legged hopping and tibial volumetric bone min-
eral content (vBMC) as a measure of bone strength in a
mixed-gender population aged 8 to 82 years. Peak force
was strongly correlated with vBMC at the 14% tibial site;
this correlation was stronger than that between vBMC and
muscle area, suggesting a greater influence of muscle func-
tion compared with muscle mass on skeletal strength. Sim-
ilarly, Rantalainen et al (29, 30) showed a strong corre-
lation between peak power, measured during a maximum
countermovement jump, and SSI at the tibial midshaft in
a population of pre- and postmenopausal women (29),
and correlation of both maximal ground reaction force
and peak power with bone strength (as section modulus)
in young and elderly men (30). We are aware of only one
previous jumping mechanography study to have com-
pared peak power and force in terms of skeletal outcomes.
Binkley and Specker in 2008 (22) examined muscle-bone
relationships in prepubertal children, measuring peak
power and force during a 2-footed countermovement
jump. Their observation of a stronger positive association
between peak power and cortical area (assessed at the
20% tibial site), as compared with peak force, is consistent
with our present findings. However, in contrast to our
observations, they found peak power to be more strongly
related to total bone area and SSI compared with force,
raising the possibility that relationships between peak
force and bone area and strength are stronger in older
adults as compared with children. A limitation of this
study compared with ours was the use of the 2-legged jump
to assess force, which may lead to underestimation of max-
imal force (17).

As experimental studies have shown that most bending
moments on a bone arise from muscle forces (6), it follows
that muscles capable of producing greater force should
result in stronger bones. However, it is not clear how max-
imum force and power outputs that can be generated dur-

ing an activity such as jumping relate to day-to-day mus-
cle-induced bone strains. The strains that bones are
habitually subjected to may depend upon other factors
such as physical activity level in addition to intrinsic mus-
cle properties. For example, studies in the myostatin-
knockout mouse have shown that the effects of increased
muscle size and strength on bone may depend upon phys-
ical activity, with differences between mutant mice and
controls becoming apparent only after a period of exercise
(6, 31). However in the present study, adjusting for self-
reported levels of physical activity did not alter our results.
Other factors that may limit the effect of intrinsic muscle
force/power on bone include tendon properties, which al-
ter with age (21) and may not be readily modifiable.

A few studies in humans have suggested that physical
activity has similar associations with pQCT-measured
bone geometry to those seen here for jumping mechanog-
raphy parameters. For example, Sayers et al (32) looked at
the associations between different intensities of habitual
physical activity (quantified by accelerometer) in adoles-
cents with tibial pQCT outcomes. Vigorous physical ac-
tivity equivalent to jogging was associated with increased
cortical BMC, arising from both increased periosteal cir-
cumference and reduced ECPC. Vainionpää et al (33) in a
study of 120 women aged 35 to 40 years randomized to an
exercise or control group also found that relatively high
impact activity (equivalent to running/jumping) was as-
sociated with increased cortical thickness and bone cir-
cumference measured by QCT. Interestingly, studies com-
paring high-performance athletes with controls have
additionally suggested that sports requiring very high
muscle power outputs (eg, the triple jump) are associated
with relatively larger differences in cortical area/thickness
compared with those observed for total cross-sectional
bone area (34, 35). This would support a particular asso-
ciation between reduced endocortical expansion and mus-
cle power, although it is not clear to what extent findings
in elite athletes translate to our much older, more seden-
tary study population.

The present study is consistent with these studies of
physical activity that suggest that both periosteal and en-
docortical envelopes are responsive to mechanical strain.
As forwhypeak forceandpowerappear todiffer in respect
of their associations with these 2 envelopes, presumably
this may reflect additional determinants of peak force as
compared with peak power. Whereas muscle power is
strongly influenced by physical activity and strength train-
ing, peak force may additionally be affected by features
such as Achilles tendon elasticity, governed by constitutive
factors that are currently poorly understood. Based upon
our results, it is tempting to speculate that Achilles tendon
elasticity shares common constitutive influences with skel-
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etal traits such as overall bone size. Because both traits are
relatively stable over time, their relationship is likely to
persist or even strengthen throughout life. If this interpre-
tation is correct, it would imply that, through its ability to
evaluate peak force, jumping mechanography provides
key additional information about the strain environment
responsible for maintaining skeletal integrity as compared
with conventional approaches centered on assessment of
physical activity and/or muscle function.

One limitation of our study is its cross-sectional design,
making it difficult to assess the direction of causality. As
outlined by Robling (6), the close relationship between
muscle strength/mass and bone mass/strength could be
interpreted in several ways, including skeletal adaptation
to greater muscle forces, muscular adaptation to increased
bone mass, or an underlying genetic predisposition to both
high muscle and bone mass/strength independently. Tem-
poral relationships between gain of muscle strength and
increases in BMD support a pathway by which changes in
muscle strength affect bone rather than vice versa (5, 13).
However, although the genetic basis of HBM in the ma-
jority of our cases is currently unknown (36), it is likely to
be primarily genetically determined, raising the possibility
that genes contributing to increased bone mass and
strength may have pleiotropic influences on muscle prop-
erties. There is therefore a need to confirm these findings
in other cohorts, because it is unclear whether findings in
this extreme population would also apply to other popu-
lations with a more typical BMD distribution. An addi-
tional limitation of the study is the higher proportion of
females and consequently reduced values for the key mus-
cle measures in the subgroup who underwent pQCT scan-
ning compared with the study population as a whole; our
conclusions regarding the pQCT bone outcomes therefore
require replication in other populations, particularly
males. Another point to note is that in this study, pQCT
was performed on the nondominant leg, whereas hopping
force was tested on the dominant leg; although these mea-
surements would ideally have been made on the same limb,
we feel that in this nonathletic population, leg dominance
is unlikely to significantly influence local strains and there-
fore should not have materially affected our findings.
pQCT also has some inherent technical limitations. Non-
differential partial volume effect, which has a greater im-
pact on thinner than thicker cortices, may have increased
measurement error.

In conclusion, we have studied the relationship between
peak force and power, as measured by jumping mecha-
nography, and cortical bone traits in an adult population
enriched by HBM cases in addition to unaffected family
controls. In common with other studies, we demonstrated
an association between peak force/power and bone

strength (SSI) as measured by pQCT. However, peak force
and power may modify cortical bone strength through
distinct mechanisms, as force and power appeared to be
primarily associated with increased periosteal expansion
and reduced endocortical expansion, respectively. Addi-
tional studies are required to establish the basis for these
differences and, in particular, whether these reflect a pre-
viously unappreciated role of factors unrelated to muscle
function, such as Achilles tendon elasticity, in determining
lower limb bone strength.
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