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ABSTRACT

JANZ, K. F., E. M. LETUCHY, T. L. BURNS, S. L. FRANCIS, and S. M. LEVY. Muscle Power Predicts Adolescent Bone Strength:
Towa Bone Development Study. Med. Sci. Sports Exerc., Vol. 47, No. 10, pp. 2201-2206, 2015. Purpose: To assess association between
lower body muscle power and bone strength as well as the mediating effect of muscle cross-sectional area (MCSA) on that association.
Methods: Participants (141 males and 162 females) were approximately 17 yr. Muscle power was predicted using vertical jump and
the Sayers equation. Using peripheral quantitative computed tomography (pQCT), bone strength indices were obtained at two locations
of the tibia, corresponding to primary stressors acting upon each site: bone strength index for compression (BSI) at the distal 4% site;
density-weighted polar section modulus strength-strain index (SSIp) and cortical bone area (CoA) at the 66% midshaft site for torsion.
Muscle cross-sectional area was measured at the 66% site. Pearson bivariate and partial correlation coefficients were estimated to
quantify the strength of the associations among variables. Direct and indirect mediation model effects were estimated, and 95% bootstrap
confidence intervals were constructed to test the causal hypothesis. Height and maturity were examined as covariates. Results: Pearson
correlation coefficients among muscle power, MCSA, and bone strength were statistically significant (P <0.01) and ranged from » = 0.54
to r=0.78. After adjustment for covariates, associations were reduced (= 0.37 to 0.69) (P < 0.01). Mediation models for males for BSI,
SSIp, and CoA accounted for 38%, 66%, and 54% of the variance in bone strength, respectively. Models for females for BSI, SSIp, and
CoA accounted for 46%, 77%, and 66% of the variance, respectively. Conclusions: We found strong and consistent associations as
well as direct and indirect pathways, among muscle power, MCSA, and tibia strength. These results support the use of muscle power
as a component of health-related fitness in bone health interventions for older adolescents. Key Words: ADOLESCENT, BONE
GEOMETRY, BONE STRUCTURE, SKELETON, VERTICAL JUMP

hysical activity is recommended as one of the most

effective strategies for promoting a healthy, strong

skeleton in children and adolescents. During activity,
muscle forces account for most bone strains leading to
structural adaptation, resulting in increases in bone strength
(24). This connection between muscle force and bone
strength is summarized in Harold Frost’s mechanostat
theory (6), indicating that the greater the force on the bone
by muscles, the greater the bone adaptation.

To more directly understand how bone adapts to the
loading characteristics of physical activity, measurement
methods that provide accurate assessments of both bone
strength and muscle function must be used. Advances in
bone imaging (peripheral quantitative computed tomogra-
phy [pQCT]) provide quantitative measures of whole bone

Address for correspondence: Kathleen F. Janz, Ed.D., F.A.C.S.M., E130 Field
House University of lowa, Iowa City, A 52242; E-mail: kathleen-janz@uiowa.edu.
Submitted for publication August 2014.

Accepted for publication February 2015.

0195-9131/15/4710-2201/0
MEDICINE & SCIENCE IN SPORTS & EXERCISEg
Copyright © 2015 by the American College of Sports Medicine

DOI: 10.1249/MSS.0000000000000648

strength indices along the length of the tibia, corresponding
to primary stressors acting on various sites, including bone
strength index (BSI; primarily a measure of strength during
compression), density-weighted polar section modulus (stress—
strain index [SSIp]), a measure of torsional strength, and corti-
cal bone area (CoA), which exponentially increases SSIp (1).
However, assessment of direct muscle function is less com-
mon. Studies (14,15,26,27) examining muscle—bone relation-
ships often use muscle cross-sectional areca (MCSA) as a
surrogate of muscle function. These studies report MCSA as a
strong and consistent predictor of bone strength (14,15,26,27).
However, the assessment of MCSA requires clinical imaging,
which is expensive, and some imaging techniques include ra-
diation exposure. In addition, MCSA is a measure of size, not
function; it does not fully reflect muscle quality, e.g., con-
tractile and neuromuscular integrity properties (6,24). These
properties are influenced by physical activity, suggesting that
muscle function can serve as a proxy for the cumulative ef-
fects of bone-enhancing physical activity. This is similar to
how aerobic fitness serves as a proxy for the cumulative ef-
fects of cardiovascular-enhancing physical activity. Muscle
power can be measured noninvasively via force plates,
isokinetic dynamometry, Wingate testing, or field tests such as
the vertical and long jumps (3). If the associations between
bone strength and an easy-to-measure test of muscle power
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are strong and consistent, muscle power could be used in
health promotion programming, in health-related fitness as-
sessments, and as an outcome in exercise interventions aimed
at improving bone health.

Few studies examining the influence of physical activity
on bone strength in older adolescents exist; and, to the best
of our knowledge, no studies have specifically assessed
physical activities that increase muscle power in relation to
bone strength during late adolescence. However, an obser-
vational cross-sectional study of males and females ranging
from 15 to 20 yr of age conducted by McKay et al. (18)
identified a significant, positive relationship between sports
and physical activities designated as impact loading (e.g., all
activities that involve running) and both minimal and max-
imal cross-sectional moments of inertia of the tibia in males
(explaining 10% and 12% of the variance, respectively). No
significant relationship was seen for females by McKay
et al. (18). A study by Greene et al. (7) reported that BSI was
higher in female middle-distance running athletes (13—
18 yr) compared to female nonathletes, with physical
activity being the greatest predictor of BSI. A recent sys-
tematic review and narrative synthesis conducted by Tan
et al. (28) investigated the influence of physical activity on
bone strength in children and adolescents (age 5-18 yr).
Tan et al. (28) report that physical activity—related changes
in bone structure, rather than bone mass, most often ac-
companied significant changes in bone strength. The authors
also noted that muscle mediated the relationship of physical
activity to bone (28).

The purpose of this study was to assess the association
between lower body muscle power and measures of bone
strength of the distal and proximal tibia: BSI (strength dur-
ing compression) and SSIp and CoA (strength during tor-
sion), respectively. We sought to elucidate the mediation
pathway of muscle power, MCSA, and bone strength. We
also investigated the use of a field test of muscle power, the
vertical jump, to predict bone strength in adolescents.

METHODS

Participants. The lowa Bone Development Study (IBDS)
is an ongoing longitudinal study of bone health during child-
hood, adolescence, and young adulthood. Information about
the study design and demographic characteristics of partici-
pants is available in prior publications (10-12). However, in
brief, participants were recruited from 1998 to 2001 from a
larger group of Midwestern children (n = 890) already par-
ticipating in the Iowa Fluoride Study. Approximately 95% of
the IBDS participants are white and two-thirds of their parents
have college degrees. The current analysis focused on data
collected when participants were approximately 17 yr of
age (141 males and 162 females). The study was approved by
the University of Towa Institutional Review Board (Human
Subjects). The parents provided written informed consent,
and minors provided assent.

Sample design and data collection. Participants
completed a clinical examination that included anthropom-
etry, vertical jump, and pQCT of the lower leg at age 17.
Research staff trained in anthropometry measured the par-
ticipants' weight (kg), standing height (cm), and using stan-
dardized protocols, sitting height (cm) at multiple longitudinal
assessments. Weight was measured using a Healthometer
physician's scale (Continental, Bridgeview, IL), and height
measures were taken using a Harpenden stadiometer (Holtain,
Crymych, UK). Maturity offset (year from peak height ve-
locity [PHV]) prediction equations established by Mirwald
et al. (20) were used to determine somatic maturity. These
equations include age, sex, weight, height, sitting height, and
leg length as predictors. Peak height velocity estimates were
calculated for all participants using ages 11 and 13 examina-
tion data for girls and ages 13 and 15 data for boys, if avail-
able. The clinical examination (between ages 11 and 15),
which provided an estimate of PHV age that was closest to the
actual clinical examination age was used as the best estimate
(the Mirwald equation is most precise closest to actual PHV
age). If only one PHV estimate was available, it was used.

Vertical jump. Participants completed a vertical jump
test to estimate lower body power (watts [W]). Jump height
was quantified using a Vertec (Questek Corp, Elgin, IL),
which has been shown to be strongly (» = 0.91) associated
with vertical jump height determined by a three-camera mo-
tion analysis system (13). The participants were instructed
to perform a squat jump by bending their knees and moving
their arms behind them until their knuckles faced the floor,
pausing in this squat position so as to not gain any mo-
mentum and then jumping as high as possible while
reaching up and hitting the Vertec with the dominant arm.
After a warm-up, three jumps were measured, and the
highest jump height (cm) was recorded. The Sayers equa-
tion was used to predict muscle power (W) = (60.7) x
(jump height [cm]) + 45.3 X (body mass [kg]) — 2055)).
This equation has been validated against force platform
measures of power in male (mean [SD] age, 21.3 [3.4] yr)
and female (mean [SD] age, 20.4 [2.2] yr) athletes and
nonathletes (R* = 0.87; SEE = 328.4 W) (25).

Peripheral quantitative computed tomography
(PQCT). Tibial measures for most of the participants were
acquired using pQCT, software version XCT 6.00 (XCT
2000, Stratec, Inc, Pforzheim, Germany). However, the
Stratec XCT 3000 was used to acquire measures for the
27 participants who had a calf circumference greater than
15.5 inches, which is too large to fit in the XCT 2000 gantry.
An IBDS calibration study found good agreement between
the two models. In that study, in vivo measurements were
obtained at sites corresponding to 4% and 66% lengths of
the tibia for 17 healthy adults (12 females age 21-58 yr) on
both machines within 6 wk of each other. In this IBDS cal-
ibration study, cross-sectional bone area and bone mineral
density for total and trabecular bone were determined for the
4% site. For paired measurements, the mean percentage
differences in total bone area and bone density obtained with
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the XCT 3000 were within 1.5% of the values obtained with
the XCT 2000 machine. In addition to these measures, SSIp
was determined for cortical bone at the 66% site. The mean
difference in SSIp values obtained with the XCT 3000 were
less than 2.2% compared with the results from the XCT
2000 machine (unpublished data).

In light of inadequate evidence supporting the use of the
dominant versus nondominant limb for the bone and muscle
measures (1,31), the left leg was scanned, unless there was a
history of fracture (<1% of participants). Before scanning,
tibial length was measured from the center of the medial
malleolus to the proximal tibial plateau, with the participant
resting the lateral side of one foot on the contralateral knee.
This value was entered into the scanner to standardize the
regions of interest as percentages of individual bone length.
A coronal scout view was acquired at the distal end of the
tibia, and an anatomical reference line was placed to bisect
the medial side of the distal growth plate. Moving in a
proximal direction from the reference line, the scanner was
programmed to acquire measures at 4% and 66% of the tibia
length with a voxel size of 0.4 mm, tomographic slice
thickness of 2.2 mm, and a scan speed of 20 mm-s ™~ '. All
pQCT scans were acquired by one of three International
Society for Clinical Densitometry (ISCD)—certified bone
densitometry technologists.

Analyses of the metaphyseal cross section at the 4% site
found total bone using interactive contour search mode 3,
with the threshold set just above soft tissue density of
169 mg-cm >, This effectively separates lower-density soft
tissue voxels from the higher-density periosteal bone border
and generates a volumetric total bone density outcome. Total
bone compressional strength, or BSI (mg*mm %), was cal-
culated with the following formula: BSI (mg*mm~*) = total
area (mm?) x (total density (mg-mm *)?).

Analyses of the diaphyseal 66% cross section were used
to find SSIp, CoA, and MCSA. For SSIp, cort mode 2 with a
threshold of 480 mg-cm > was used, as this is the software
default threshold for the strength—strain indices (SSI). SSI is
section modulus using bone density as a material property.
Each voxel is weighted based on a normal bone density of
1200 mg-cm > and applied to the equation by dividing each
voxel density by 1200 mg-cm . Bending strength results
are reported in the X and Y plane but are not used because
they are dependent on the bone rotation. Strength—strain
index is not dependent on rotation and is the preferred result
to report. Cortical bone area was measured using separation
mode 2 and a threshold of 710 mg:em > combined with
analysis filtering. The 66% site was also chosen as an opti-
mum location for MCSA (mm?) assessment. To assess
muscle, independent of bone and lower-density soft tissues,
an initial threshold of —100 mg'mm > was used to separate
air from skin and define the limb cross section. A slightly
higher threshold of 40 mg'mm > was then applied to sepa-
rate subcutaneous fat from muscle and bone. An image filter
further improved separation of densities to better delineate
muscle from fat. To subtract the bone left within the muscle

field, a threshold of 710 mg:em > was used to define the
contour of the bone, then marrow voxels below 40 mg-cm >
were removed to define MCSA.

Scans were carefully checked for possible movement ar-
tifacts and quality at the time of initial scan analysis by a
trained technician. Then, complete review of all scans was
performed by another technician to ensure quality data. All
scans found to have inacceptable levels of movements at any
site of interest, imprecise reference line placement, or pos-
sible failed muscle loop analysis were excluded (4% of total
scans for age 17 participants). Precision analysis has been
performed for the 4% radius site on a small sample of par-
ticipants in the same age group. Two technicians showed
high inter-rater reliability with intraclass correlation co-
efficients (ICC) exceeding 0.98 for all measures tested (total
and trabecular area, and total and trabecular density) and
high test-retest reliability, ICC exceeding 0.98 for one tech-
nician and 0.76 to 0.99 for the other. Manufacturer-supplied
hydroxyapatite phantoms for pQCT were scanned daily.

Statistical analysis. Sex-specific means and standard
deviations were calculated to describe the distributional
properties of the measures. The Student s-test was used to
compare male and female mean values. Normality proba-
bility plots showed no severe departure from normality for
variables included in analyses (data not shown). Pearson
bivariate and partial correlation coefficients were estimated
to quantify the strength of linear associations among muscle
power, MCSA, and bone strength outcomes (BSI at 4% site,
and SSIp and CoA at 66% site). Partial correlation analysis
removed the effect of height and somatic maturity (age from
PHV) from the correlation estimates. Mediation analysis
was used to characterize a causal sequence of muscle power,
MCSA, and bone strength outcomes (16). Mediation as-
sumes that a precursor variable (muscle power) has an effect
on a mediating variable (MCSA), which in turn affects the
outcome variable (bone strength) (16). Unstandardized and
standardized regression parameter estimates were calculated.
(In standardized regression, all variables were standardized
by sex to z-scores with mean = 0 and SD = 1.) Height and
somatic maturity (time in years from PHV) were tested as
covariates and were retained in the models if statistically
significant (P < 0.05). Note that weight is a variable in the
prediction of watts. In addition, bias-corrected bootstrapping
(1000 bootstrap samples) was used to construct 95% confi-
dence intervals to describe the indirect effects of muscle power
on bone strength measures (through MCSA) (9). Statistical
Analysis System (SAS), version 9.2, was used for the statis-
tical analyses. Mediation analysis was performed using
SAS macro % indirect (9,23). P < 0.05 was specified as
representing statistical significance.

RESULTS

The 303 participants are described in Table 1. The males,
when compared to the females, were significantly heavier
and taller. They also had greater muscle power and greater
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TABLE 1. Participants' characteristics (141 males and 162 females). TABLE 3. Mediating effect of muscle cross-sectional area on association of bone strength

Males Mean (SD) Females Mean (SD) measures with muscle power

Age at scan, yr 176 (0.4)" 17 5 (0.4) Males Females

Time from PHV, yr 3.9 (0.9)** 7(0.7) B SE Bsm B SE  Bsm

Weight, kg 786 (18.2)* 66 2 (16.5) Model for BSI 4% tibia site?

Height, cm 1786 (1.5)"" 166.0 (6.9) Effect of muscle power on MCSA  0.84** 010 054 0.86** 0.08 0.65
g"sulsz'j F;i‘;)viffvm‘g’zmm,A 4‘1322 Eg?;) 3478 282;‘) Effect of MCSA on BSI 0.05* 002 025 0.12** 002 053
o libia, mg™ Total effect of muscl 0.16** 0.03 048 0.12** 002 043
SSIp 667% tibia, mm’ 3034 (687)** 228 (512) O gy el power
CoA 66% tibia, mm 351.9 (53.3)** 282.0 (41.1) Direct effect of muscle o
o pir x power 0.12 0.03 035 0.02 0.02 0.08
MCSA 66% tibia, mm? 8129 (1429) 6663 (1063) on BS|
*P<0.05and **P < 0.01 +test comparing males and females. Indirect effect through MCSA 004 002 014 010 0.02 0.35
Bias-corrected 95% Cl from (0.01, 0.08) (0.07, 0.14)
bone strength outcomes at both tibia sites than the females. Mozzft;;rappmg 038 0.46
The mean time from PHV for females was significantly Model for SSlp 66% tibia site”
: Effect of muscle power on MCSA  0.96** 0.11 0.61 0.93** 0.09 0.71
longer than f(?r mgles (5.7 vs 3',9 YL, Tesp ecFlvely). ) Effect of MCSA on SSIp (66%)  1.72** 037 033 1.25** 027 026
Pearson bivariate and partial correlation coefficients Total effect of muscle power on ~ 3.73** 049 053 3.23** 032 0.51
among muscle power, MCSA, and bone strength outcomes SSIp (66%)
. .. .. Direct effect of muscle power on  2.08** 0.58 0.33 2.06** 0.39 0.33
are presented in Table 2. All associations were statistically SSIp (66%)

significant (P < 0.01). Pearson correlation coefficients with Indirect effect though MCSA 166 043 020 116 027 0.18
bone outcomes were higher for muscle power and SSIp (r = B'a;:oci;ﬁg;erﬂn? % Gl from (083, 254) (067, 169)
0.74, males; and 0.78, females) when compared to muscle Model A2 0.66 0.77
power and BSI (» = 0.58, males; and 0.54, females) and Model for CoA 6% tibia site”

1 d CoA (r=0.69 1 d f 1 Aft Effect of muscle power on MCSA  0.96** 0.11  0.61 0.93** 0.09 0.71
musc ?POW@T and Lo (f = U.0Y, ma e? an : emales). After Effect of MCSA on CoA (66%) 012 003 029 0.15** 003 0.39
removing the effect of height and maturity (time from PHV), Total effect of muscle power on ~ 0.31** 0.04 055 0.22** 0.03 0.43

. gt CoA (66%)
the magnitudes of the associations between muscle power Direct effect of muscle power on ~ 0.21** 005 038 0.08* 004 0.15
and both BSI (» = 0.49, males; and 0.37, females) and SSIp CoA (66%)

7 = 0.56. males: and 0.62. females) were reduced. but Indirect effect though MCSA 0.10 0.03 0.18 014 0.03 0.28
( . ’. L ) ) L) Bias-corrected 95% CI from (0.04, 0.17) (0.09, 0.21)
remained highly significant (P < 0.01). The magnitudes of bootstrapping
the associations between muscle power and CoA remained Model F° 0.54 0.66
unchanged. The magnitudes of the associations between Model parameter @ is reported per increase in MCSA = 10 mm? and increase in muscle
muscle power and bone strength outcomes were nearl power = 10 W.

R . p ,g R Y Covariate included in analysis: maturity (years from PHV age).
identical to those for the associations between MCSA and bCovariates included in analysis: maturity (years from PHV age) and height (cm).
bone strength outcomes. *P<0.05and **P<0.001.

B, regression parameter estimate; Bstp, standardized regression parameter estimate by

The mediation analysis results are shown in Table 3. The s6x 10 Z-scores (with mean = 0 and SD = 1),

direct effects of muscle power were statistically significant
(P < 0.001) for all of the bone strength measures, with the

exception of BSI for the females (P > 0.05). The standard- outcomes in the females than in the males. For example, the
ized 3 values indicated that the direct effect of muscle power mediation model for BSI accounted for 38% of the variance
was greater in the males than in the females for BSI and CoA in the males versus 46% in the females; the model for SSIp
(B =0.35 vs 0.08, 0.15 vs 0.38 vs 0.15, respectively) but at the 66% site accounted for 66% of the variance in the
similar between the males and the females for SSIp at the males versus 77% in the females; and the model for COA at
66% site (8 = 0.33 vs 0.33). Each of the mediation models the 66% site accounted for 54% of the variance in the males
accounted for a higher percentage of the variance in strength versus 66% in the females. The bootstrap-derived 95%

confidence intervals for the indirect effects are also shown in
Table 3. None of the confidence intervals included zero,
indicating that our finding that MCSA is a mediator between

TABLE 2. Bivariate and partial associations for muscle power with bone strength and muscle
cross-sectional area

Pearson Correlation Coefficients (r)

m Muscle Power (W) MCSA 66% Tibia (m) musc;e power and bone strength is unlikely to be due to
kZ) Males Females Males Females Sampling Crror.
w BSI, mg®mm* , 0.58 0.54 0.56 0.66
) SSlIp 66% tibia, mm 0.74 0.78 0.68 0.68
% CoA 66% tibia, mm? 0.69 0.69 0.62 0.67 DISCUSSION
MCSA 66% tibia, mm?*  0.70 0.70 . . .
) - - — - - - The main purpose of this study was to assess associations
TN Partial correlations coefficients with the effect of height and maturity removed (r)
— T and pathways between lower body muscle power and bone
| Muscle power (W) MCSA 66% tibia (mm®) . . h .
o strength in adolescents. We identified strong and consistent
o Males Females Males Females L. . T
< B8 mgPmm 049 037 0 058 associations as well as direct and indirect pathways between
SSIp 66% tibia, mm® 056 0.62 057 061 these variables. As expected, associations were stronger at the
CoA 66% tibia, mm” 069 063 0.64 0.66 proximal (shaft) site than the distal site owing to the disad-
Al associations significant: P < 0.01. vantageous positioning of muscle attachments on bony levers,
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which creates greater physiologic loads than normally expected
from gravity (5,21,29). Importantly, the magnitude of the as-
sociation between muscle power and bone strength was nearly
identical to the magnitude of the association between MCSA
and bone strength. The direct effect of muscle power on bone
strength suggests that muscle function is not synonymous
with muscle size. Perhaps the nonmediated effect was due to
the integration of high intensity, high frequency, and odd
loading movement, which is characteristic of physical activi-
ties, where lower body muscle power is more important than
lower body muscle size, e.g., playing basketball and volley-
ball. These movement characteristics have been shown in
laboratory studies to predict whole bone adaptation (21,29).
On the other hand, the nonmediated effect could be due to
the impact loading (e.g., landing during a jump) that occurs
during physical activities that require power movements.
Future work should attempt to isolate the independent bone-
strengthening effects of power movements from impact load-
ing movements.

Our results support the significance of muscle power as a
predictor of bone strength. Understanding the role of muscle
function on bone strength is important, since it is possible to
train for muscle size without increasing muscle power (e.g.,
isometric contractions) or to increase muscle size via the use
of pharmaceuticals (e.g., anabolic steroids). Additionally,
measures of muscle power (vertical jump) are less invasive
to obtain than clinical measures of muscle size (MCSA). In
contrast to our findings, in a study of 6- to 9-yr-old girls,
Daly et al. (5) found that lean tissue mass predicts bone
strength better than muscle function. However, Malina and
Bouchard (17) suggest that young children might lack the
physical development to accurately perform a vertical jump.
In partial support of our findings, MacDonald et al. (15)
found a significant association (» = 0.18, P < 0.05) between
vertical jump height and BSI in their sample of prepubertal
and early-pubertal girls (9 to 11 yr), but no significant rela-
tionship was seen in the boys (»=0.10, P> 0.05). This could
be due to a higher percentage of girls in the MacDonald et al.
study being more physically developed when compared to
the boys or due to some other (unknown) factor (15).

Muscle power is considered a performance-related phys-
ical fitness attribute, i.e., important for success in sports (2).
As such, it is not assessed in the most commonly used
health-related fitness testing programs, such as the Cooper
Institute FITNESSGRAM (19). However, our work and the
work of others (4,8,22) suggest it is time to consider muscle
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