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The muscle-bone unit

Frost1 proposed a negative feedback system, i.e. the
mechanostat, to explain how mechanical usage might influ-
ence bone mass and geometry, and postulated that structural
adaptation is driven by the experienced bone strains2,3. How-
ever, the mechanostat theory makes no assumption about the
nature of the mechanical forces causing bone strain. In line
with Thompson’s conception that bone mass is influenced by
the developing musculature4 and based on the data of
Zanchetta et al.5, Schiessl et al.6 suggested that except for trau-
mata it must be maximum muscle forces that cause the largest
bone strains, primarily due to the poor lever arms most muscles
work against. Consequently, muscle and bone form a func-
tional unit, the so-called muscle-bone unit7.

Proxy markers of maximum intrinsic muscle force

Following the previous line of reasoning, a very strong rela-
tionship should exist between maximum muscle force and bone
mass/geometry, and maximum muscle force should be a better
predictor for bone mass/geometry than any other proxy marker
for maximum force (e.g. muscle cross-sectional area, volume,
mass, and torque). In this context, it should be realized that the
term “muscle strength” is inappropriately nebulous and should
be abandoned, because: 1) it has no basis in classical mechanics
as outlined by Isaac Newton in 1687 in his three-volume
Philosophiae Naturalis Principia Mathematica, and 2) it is not
recognized by the Système International d’Unités (SI). We are
not free to use terms, nomenclature, units, quantities and forms
of expression other than those defined and described in the SI.
As previously noted by others8, “…To do so is simply not sci-
ence and that non-science can become nonsense…”.

Because of the theoretical connotation between (maximum)
intrinsic muscle force and bone mass/geometry, any assess-
ment of the musculoskeletal status in health and disease should
put maximum muscle force in relation to bone mass/geometry
to assess whether bone is properly adapted to muscle, and at
which level this is eventually the case. Bone mass and geometry
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of the human tibia and radius can accurately and reliably be
estimated by peripheral quantitative computed tomography
(pQCT), although only at distinct sites and not at the whole-
organ level. Conversely, maximum intrinsic muscle force can-
not be directly measured under in vivo condition in humans.
Instead, two types of proxy markers of intrinsic muscle force
have been used: a) tissue size (i.e. muscle volume9, cross-sec-
tional area10 or lean mass11) and/or b) torque12 or ground reac-
tion force13,14. 

Is a bigger muscle a stronger muscle?

The use of tissue size as a surrogate of maximum intrinsic
muscle force is limited, mainly because of four reasons. First,
the force that a muscle exerts depends on the amount of motor
unit activity, the latter changing with the number of motor units
that are active (motor unit recruitment) and the rates at which
motor neurons discharge action potentials (rate coding). Of
these two force coding strategies, only the former is related to
muscle fibre size. In fact, for any given motor recruitment at
unchanged firing rates, force output will be higher if the number
of parallel actin-myosin crossbridges (i.e. the number of parallel
sarcomeres or fiber cross-sectional area) is increased. Since the
upper limit of motor unit recruitment in larger muscles is ~85-
95% of maximum voluntary isometric force/torque15,16, in-
creases in force above this level can only be achieved with
adaptations in discharge rate and/or radial muscle fiber hyper-
trophy, but not by an increase in recruitment (i.e. an increase
in the number of recruited motor units and thus activated mus-
cle fibers)15. It follows that muscle force output can be in-
creased without any concurrent change in muscle size.

Second, muscle force also depends on the type of motor unit
activity, and as such on the mix of activated muscle fiber types.
In fact, skeletal muscles consist of a continuous spectrum of
myofibers, which differ in their myofibrillar proteins (myosin
isoforms, in the first place), metabolic enzymes (predominance
of glycolytic or mitochondrial activities), but also in any sub-
cellular system, including transmembrane ionic fluxes and in-
tracellular calcium signaling17. In particular, force-velocity
experiments for human slow and fast fibers show that maxi-
mum isometric tension (i.e. force per cross-sectional area) is
up to 2-fold higher in fast relative to slow fibers18. Similarly,
optimum shortening velocity and maximum shortening power
are markedly higher in type 2 relative to type 1 fibers. Inter-
estingly, mechanical and kinetic properties of the actin-myosin
interactions under stretch (active lengthening) are independent
of the myosin heavy chain isoform18. Consequently, for any
given muscle cross-sectional area operating during shortening
or isometric contractions, force output at fixed recruitment and
discharge rates will be higher, if the share occupied by type 2
fibers is higher. Hence, the same muscle cross-sectional area
can lead to different maximum force output, owing to differ-
ences in fiber type distribution with respect to the number of
fibers and total area per fiber type.

Third, skeletal muscle hypertrophy, i.e. the increase in cell
volume/protein content (but not number) of muscle fibers, and
atrophy result from a homeostatic shift favoring either muscle

protein synthesis (MPS) or protein breakdown (MPB), respec-
tively. If the net protein balance is positive (MPS>MPB), mus-
cle protein (and thus mass) is accumulated. One of the most
widely recognized mechanisms for controlling muscle mass
involves mechanical tension19. Mechanical stimuli such as ac-
tive and passive force can regulate the rate of MPS through
changes in translational efficiency and/or translational capac-
ity. Although mechanical stimuli have been shown to affect
both of these processes, the primary effect of mechanical stim-
ulation appears to occur at the level of translational effi-
ciency19. Therefore, in the case of high mechanical stress, there
obviously exists a linkage between muscle mass and bone
mass/geometry in that increased mechanical usage concomi-
tantly leads to mechanotransduction in muscle and bone (trig-
gered by bone strain magnitude and/or rate), followed by
structural adaptation (increase in muscle mass and bone
mass/geometry), and one would expect that these adaptations
occur proportionally. 

However, mechanical stimuli are not the sole stimuli influ-
encing skeletal muscle mass. In fact, translation is a highly
complex process requiring the continuous molecular integra-
tion of multiple positive (e.g. exercise, amino acids, hormones)
and negative stimuli (e.g. glucocorticoids), and, furthermore,
transcriptional regulation of skeletal muscle can occur through
modulation of e.g. neural signaling20. This is logical if one ap-
preciates that besides locomotion, skeletal muscle serves other
fundamental functions during the human life span. For exam-
ple, muscle plays a central role in whole-body protein metab-
olism by serving as the principal reservoir for amino acids to
maintain protein synthesis in vital tissues and organs in the ab-
sence of amino acid absorption from the gut21 and by providing
hepatic gluconeogenic precursors22. It follows that if the mus-
cle fibers undergoing hypertrophy due to non-mechanical rea-
sons are not (partly or completely) the same that are also
activated during a maximum force task, then the accumulated
muscle mass will not lead to an increase in maximum force. 

There will also be a disconnect between muscle mass and
bone mass/geometry, if the signals leading to muscle hyper-
trophy are not mechanical in nature. This is nicely exemplified
by myostatin null mice, where myostatin deficiency causes an
approximate doubling of muscle mass compared with normal
mice. In adult myostatin-deficient mice, however, cortical area,
bending moment of inertia, and polar moment of inertia of the
femora are unaltered relative to normal mice23. Given that the
body mass of myostatin null mice is identical to the wild-type
control mice, their peak femoral strain should be similar to the
control, if their activity level and type were the same24. This
suggests that normal activity behavior (in the cage) against
normal body weight is insufficient to activate the surplus of
muscle mass in myostatin deficient mice, which in turn may
explain why femoral size and shape is unaltered in the
“mighty” mouse24.

Fourth, as noted earlier25,26, there probably exists a link be-
tween growth plate closure and joint size adaptability. If joint
size is determined at the end of puberty and hyaline cartilage can-
not be enhanced, then the peak joint forces must be controlled in
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order not to exceed those that the joints had adapted to at the
end of puberty26. It follows that in healthy, non-deconditioned
adults, maximum force may strongly depend on joint area, and
that increases in muscle mass will hardly ever lead to increases
in maximum force.

The meaning of peak vs. maximum force – how strong is strong?

Besides tissue size, torque and ground reaction force have
been obtained during various contraction modes [concentric
(i.e. shortening), isometric, and eccentric (i.e. lengthening)],
and used as proxy markers of intrinsic muscle force. However,
one of the most fundamental facts, yet often neglected, is that
for a given activation state, maximum muscle force is gener-
ated during lengthening contraction27,28. Thus, in order to be
maximal, the force or torque recording must a priori have been
obtained during lengthening muscle contraction at maximum
muscle activation. Furthermore, force (and torque) output de-
pend on contraction velocity, as shown by the Hill/Katz’ force-
velocity curve27,28.

Torque and ground reaction force can be assessed by the use
of an isokinetic dynamometer and by different jumping ma-
neuvers on a force plate, respectively. With respect to isoki-
netic dynamometry, the variability in peak (i.e. eccentric)
plantar flexion torque output is relatively high, as indicated by
the high SD for this isokinetic contraction mode29, mainly be-
cause of methodological difficulties (e.g. fixation of body
parts, range of motion, variable hip and ankle joint angles).
Furthermore, there are no consensus angular velocities at
which torque should be assessed, and at peak eccentric angular
velocity [about -5.23 rad/s (-300°/s)] subjects produce even
lower torque values because complete mechanical recruitment
cannot occur in the very short time interval (high velocity and
very short distance). Consequently, eccentric plantar flexion
torque is difficult to assess using isokinetic dynamometry and
consequently is not practical.

It follows, that only submaximal muscle forces are obtained
using isokinetic dynamometry. For example, Maganaris et al.30

calculated that the force of soleus muscle during electrically
stimulated (and therefore not voluntary) isometric contraction
amounts to ~2400 N in young men with a body mass of ~75 kg,
corresponding to a force of ~3.2 times body weight. Assuming
that the force produced during eccentric (lengthening) contrac-
tions can exceed the isometric force up to ~50%31, a peak force
of ~4.8 times body weight would result. In contrast to dy-
namometry-derived peak force, maximum voluntary ground
reaction force (Fm1LH) during multiple 1-legged hopping
(m1LH) is in the range of 3-3.5 times body weight (approxi-
mately 2300-2600 N for a person with 75 kg body mass). Due
to the unfavourable lever arm relationship between toes-rota-
tional axis of the ankle joint and rotational axis of the ankle
joint-achilles tendon (typically 3:132) plantarflexor muscle
force must be approximately 3 times Fm1LH to keep the heel
from the ground. Thus, during m1LH plantarflexor muscle
force amounts to approximately 9-10.5 times body weight
(6800-7900 N for a person with 75 kg body mass, Figure 1).
This value is 2.8-3.3 times higher than that obtained by Mag-

anaris et al.30 for isometric contractions, and would be still
twice the calculated value for eccentric contractions.

Moreover, it has been shown in ten healthy men (age range
31-43 years) that typical plantarflexion torque is about 1.5 to
2.0 Nm/kgbody mass, with higher values for an angular velocity
of 0.52 rad/s (30°/s) as compared to 3.14 rad/s (180°/s)33.
These values are considerably lower than those calculated for
m1LH. For a healthy male subject weighing 75 kg, peak
ground reaction force during m1LH corresponds to about 2600
N, or about 35 N/kg. Considering a lever arm in the ankle joint
of about 0.12 m, the resulting plantarflexion torque during
m1LH equals 4.2 Nm/kg.

Thus, a useful and reproducible (typical error expressed as
coefficient of variation in percent corresponding to ~4.8%) ap-
proach to estimate maximum intrinsic muscle forces is to
measure ground reaction forces during jumping25,34. However,
the only two jumping maneuvers where peak voluntary ground
reaction force (notably acting on the forefoot) occurs during land-
ing (eccentric contractions) are multiple two-legged hopping (re-
peated maximal jumps on both forefeet with stiff extended knees

Figure 1. Approximation of the force in the tibia during multiple one-
legged hopping (m1LH). Vertical ground reaction force (GRF) during
m1LH corresponds to ~3.5 time body weight (~2600 N for a man
weighing 75 kg). Due to the unfavorable lever arm relationship be-
tween toes-rotational axis of the ankle joint and rotational axis of the
ankle joint-achilles tendon (typically 3:1) plantarflexor muscle force
must be approximately 3 times GRF. This force (~7900 N for a man
weighing 75 kg) also acts on the tibia. During m1LH, the peak force
acting on the tibia corresponds to four times GRF (~14 times body
weight, or ~10500 N for a man weighing 75 kg).
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and without heel impact) and m1LH (Figure 2). Because me-
chanical output per leg is higher in one-legged jumps relative
to two-legged jumps34,35, and muscle activation during unilat-
eral maximal tasks is 27-116% points higher relative to bilat-
eral maximal tasks36, m1LH should yield an even higher peak
voluntary forefoot ground reaction force. In fact, during
m1LH, peak voluntary ground reaction force corresponds to
about 3-3.5 times body weight25,34, while peak voluntary fore-
foot ground reaction force during multiple two-legged hopping
is approximately 2.7 times body weight per leg in children34.
Subsequently, peak voluntary ground reaction force during
m1LH represents the largest peak force among all kinds of
jumping maneuvers34, and thus can be considered as maximum
voluntary ground reaction force.

Test procedure for multiple one-legged hopping (m1LH)

Multiple one-legged hopping aims to assess maximum vol-
untary forefoot ground reaction force during landing (Fm1LH,
Figure 2). Subjects start from an upright standing position with
feet positioned hip-wide. To start the jumping maneuver, they
lift one foot (usually the one of the dominant leg) off the force
plate and start to jump repeatedly (approximately fifteen
jumps, comparable to hopping during rope skipping) on the
forefoot of the other (in this case nondominant) leg with a stiff

knee. During the first few jumps, subjects are instructed to
jump as fast as possible, whereas the subsequent ~ten jumps
are performed as forcefully as possible. Importantly, subjects
are advised never to touch the ground with their heels during
the jumping maneuver. Any jumps with heel contact are ex-
cluded from the analysis. Heel contact is controlled visually
during the jumping maneuver and/or detected automatically
by the algorithm of the manufacturer’s software. The m1LH
is performed with freely moving arms. The best trial is the one
in which the highest Fm1LH has been achieved. Maximum
ground reaction force per body weight (Frelm1LH) and Fm1LH are
the main outcome variables for m1LH.

The test is practicable for both healthy males and females
over a wide range of age and body size. In our laboratory, ap-
proximately one thousand males and females have been tested
so far. All the recruited participants were able to perform
m1LH as instructed. In fact, our oldest study participant was a
82-year-old woman weighing 57 kg. We only supported her
occasionally by taking her at hand to keep the balance. Our
youngest participants were 8 years old. They all performed
m1LH unassistedly. None of our study participants ever got
injured. However, it is uncertain how well patients and frail
people will respond to m1LH, and future studies should aim
at answering this question.

Figure 2. Maximum voluntary ground reaction force during multiple one-legged hopping (Fm1LH). The graph shows the phases of the movement
corresponding to the indicated points on the force-time curve. A) Take-off; B) Highest point of the hop; C) Landing; D) Lowest point after
landing: The magnified portion of the graph (see circle) highlights that the heel does not touch the ground (i.e. the force plate) during the landing
phase, i.e. during lengthening (“eccentric”) contraction; E) Take-off; F) Highest point of the hop; G) Landing. The asterisk on the force-time
curve indicates Fm1LH for this test.
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Maximum voluntary force during multiple one-legged hopping
(Fm1LH) as one determinant of the muscle-bone unit 

Based on the mechanostat and the muscle-bone hypotheses,
we hypothesized that there should exist a very strong relation-
ship between Fm1LH and tibial bone mass, and that Fm1LH should
be a better predictor for bone mass than calf muscle cross-sec-
tional area. To test these hypotheses, we recently investigated
the relationship between Fm1LH and bone mineral content
(vBMC) at the 4-, 14-, 38-, and 66%-site of tibia length in 323
healthy 8- to 82-year-old healthy males and females25. We
found that the correlation was strongest between Fm1LH and
vBMC14% (R2=0.840, P<0.001), and that the correlation be-
tween Fm1LH and vBMC at any site was stronger than the one
between Fm1LH and muscle cross-sectional area (measured by
pQCT at the 66%- site of tibia length). These findings are in
concordance with the predictions of the mechanostat and mus-
cle-bone hypotheses, as outlined in the introductory section of
this article. 

Furthermore, we found that in these 323 healthy individuals
of different age, gender, and physical activity level, Fm1LH cor-
responded to 3-3.5 times body weight25. Hence, as mentioned
earlier, m1LH, as compared to any other known jumping ma-
neuver, elicits the highest peak ground reaction force acting
on the forefoot34, and, consequently, Fm1LH corresponds to
maximum voluntary ground reaction force. The notion that
Fm1LH indeed corresponds to maximum voluntary force is sup-
ported by unpublished data from our laboratory showing that
Fm1LH cannot be further increased by loading. We analyzed
peak forefoot ground reaction force per body weight during
countermovement jumps (CMJ) and m1LH (FrelCMJ and
Frelm1LH, respectively) for three loading conditions correspon-
ding to +5, +15 and +25% body weight in 14 well-trained men
(age range: 20-26 years). Loads were applied by means of a
weight vest. While FrelCMJ significantly increased during
loaded (+15% and +25% of body weight) jumps as compared
to the unloaded condition, Frelm1LH remained unchanged or
even slightly decreased in the loaded conditions. These results
lend further credence to the notions that: a) forefoot ground
reaction force during m1LH corresponds to maximum volun-
tary ground reaction force, and thus reflects maximum volun-
tary muscle force, and b) in the healthy, non-deconditioned
adult, maximum force cannot be increased (at least acutely),
possibly due to joint size constraints. However, it remains to
be determined whether the latter also holds true after long-
term exercise interventions.

Having shown in the aforementioned large cross-sectional
study that the correlation between Fm1LH and vBMC14% generally
is very strong, we were interested to see whether increases in
Fm1LH and vBMC14% during growth and exercise occur in pro-
portion to each other. The reason for this is that the mechanostat
theory predicts that the increasing muscle force during devel-
opment provides the stimulus for the increase in bone
mass/geometry. Thus, there should be a link between the mag-
nitude of improvements in maximum force (due to jumping ex-
ercise and/or simple growth) and the improvements in bone
mass/geometry. We thus performed a randomized, controlled

9-month school-based intervention study in children (age range
8 to 12 years)37. We were particularly interested: a) to compare
the relationship between Fm1LH and vBMC14% pre and post in-
tervention, and b) to evaluate the relationship between the
changes in Fm1LH (Δ Fm1LH) and the changes in vBMC14%

(ΔvBMC14%). We hypothesized that the increase in Fm1LH and
tibial structural changes (particularly at 14% of tibial length)
from pre to post intervention would be higher for the jumping
exercise-based intervention group as compared to the control
group (no additional jumping exercise), and that Δ Fm1LH and
ΔvBMC14% would be strongly correlated in both the intervention
group and the control group. 

Using this novel methodological approach with vBMC14%

as the dependent variable and Fm1LH as the predictor, we found
that pre and post intervention, the correlation between Fm1LH

and vBMC14% was highly significant (P<0.001) both in the in-
tervention group (R2=0.840 and R2=0.875 for pre and post, re-
spectively) and the control group (R2=0.631 and R2=0.507 for
pre and post, respectively). However, we observed no correla-
tion (P>0.05) between Δ Fm1LH and ΔvBMC14% in either group.
Moreover, although the intervention group tended to have
greater gains for both Fm1LH and tibial bone strength/geometry
(+2.1% and +1 to +3%, respectively) relative to the control
group, the gains were not statistically different between groups
(P>0.05).

It is curious that both variables, i.e. maximum force and
bone mass, were tightly coupled at baseline, but did not in-
crease in proportion to each other following growth/exercise.
This situation resembles the one observed for the relationship
between maximal oxygen consumption (as a measure of aero-
bic capacity) and time trial performance (as a measure of en-
durance capacity). Here, too, the variables are tightly linked
at baseline (pre and post training period), but adaptations do
not occur in proportion to each other38. These authors sug-
gested that a common factor influences these capacities, but
that the same factor does not appear to tightly couple the adap-
tive process that occurs during exercise38. The different coef-
ficients of variations (CV) for Fm1LH and vBMC14% might
principally also explain why there was a lack of correlation
between Δ Fm1LH and ΔvBMC14%. However, as outlined in An-
liker et al.37, it seems unlikely that the lack of correlation be-
tween ΔFm1LH and ΔvBMC14% was simply due to methodological
issues related to the disparate magnitude of the related CVs.
In fact, even when performing the regression analysis with
only those individuals for whom the percent change in Fm1LH

and vBMC14% was higher than the least significant change
(LSC=2 times the typical error expressed as a CV39), the cor-
relation was still absent.

We further asked, whether the lack of correspondence between
the magnitude of adaptation for maximum force and bone mass
also was apparent in a system, in which the influence of modula-
tors on the mechanostat would be absent. Hence, we analyzed
Fm1LH and vBMC14% for both the supporting and non-supporting
lower leg of 66 12- to 18-year-old elite male soccer players. In
line with our previous findings, we found a strong relationship
between Fm1LH and vBMC14% in both legs (preliminary data from
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our laboratory). However, we also found no relationship between
Δ Fm1LH and ΔvBMC14% for side-to-side differences between the
supporting and non-supporting leg in male adolescent soccer play-
ers. In this study, two-thirds of all elite male soccer players dis-
played differences in vBMC14% greater than the LSC. On the
contrary, only six players showed side-to-side differences in Fm1LH

greater than the threshold for the detection of “real” differences
when monitoring single individuals. Therefore, we cannot exclude
that the disparate CVs for Fm1LH and vBMC14% might explain the
lack of correlation between Δ Fm1LH and ΔvBMC14% in this case.
Clearly, further research and methodological advances are needed
to answer the question whether Δ Fm1LH and ΔvBMC14% develop
in proportion to each other.

Altogether, our data indicate that Fm1LH and vBMC14% are
tightly linked at all times, meaning that a common factor in-
fluences these parameters. However, in children and adoles-
cents, growth and exercise does not increase these factors in
proportion to each other, meaning that the adaptive processes
are not tightly coupled or follow different time courses. The
fact that the correlation between Fm1LH and vBMC14% is very
strong and robust over time (i.e. cross-sectionally and longi-
tudinally stable), renders it ideal for the clinical assessment
of the muscle-bone unit in health and disease. In particular,
the system can be used to estimate, whether bone mass is
properly adapted to maximum force, and to discriminate be-
tween primary and secondary bone disorders, as outlined
below.

Algorithms to quantify the “fitness” of the muscle-bone unit

As shown by our results, there is a strong and robust relation-
ship between Fm1LH and vBMC14% at any time (i.e. in a ‘static’
view). Therefore, Fm1LH and vBMC14% are well suited to quan-
tify the lower leg muscle-bone unit. However, we only meas-
ured healthy, “asymptomatic” participants. In our view, pain
and limited motor skills, which might be present in various

clinical situations, most probably preclude a correct estimation
of maximum force by m1LH. It is thus difficult to extrapolate
the practical feasibility in healthy subjects to all kinds of clin-
ical situations. Based on a previously published qualitative
two-step diagnostic algorithm to evaluate musculoskeletal
adaptation in the forearm of children and adolescents40,41, we
pooled and reanalyzed children and adolescents from our pre-
viously published data set25, and constructed new algorithms
to quantify the lower leg muscle-bone status. Importantly, in-
stead of using muscle cross-sectional area of the forearm as a
proxy marker of muscle force we used Fm1LH, and alternatively
to radial vBMC, we used tibial vBMC14%.

Figure 3. Correlation between maximum voluntary ground reaction
force during multiple one-legged hopping (Fm1LH) and body mass in
81 males and 65 females (age range: 8 to 20 years).

Figure 4. Maximum voluntary ground reaction force during multiple
one-legged hopping normalized to body weight (Frelm1LH) in 81 males
and 65 females (age range: 8 to 20 years). The solid line shows the
mean value and the dashed lines show ±1 SD.

Figure 5. Bone mineral content at the 14%-site of tibia length
(vBMC14%) in relation to maximum voluntary ground reaction force
during multiple one-legged hopping (Fm1LH) in 81 males and 65 fe-
males (age range: 8 to 20 years). The dashed lines represent the 95%
prediction bands.
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Prospective algorithm for children

Since in 8- to 20-year-old children and adolescents, Fm1LH

and body mass are strongly correlated (Figure 3), and the pa-
rameters of the regression lines are independent of gender,
Fm1LH must be expressed relative to body weight in order to
obtain useful reference data. We found that in children and
adolescents Fm1LH normalized to body weight (Frelm1LH) was
constant, i.e. did not depend on age. Over all ages, Frelm1LH

was 3.35±0.43 (mean±SD, n=146), (Figure 4). Thus, Frelm1LH

can be considered to be normal if 2.92 (i.e. mean − 1 SD)
<Frelm1LH<3.78 (i.e. mean + 1 SD). One SD is in accordance
with the World Health Organization (WHO) definition of os-
teopenia, for which bone mineral content or bone mineral den-
sity values as measured by dual-energy X-ray absorptiometry
(DXA) are more than 1 but less than 2.5 SD below the mean

for young adults42, as expressed in terms of the Z-score. As
stated by Kanis42, the reason for this threshold (mean − 1 SD)
is to identify people at risk at an early stage. The first step of
the algorithm evaluates whether Frelm1LH is sufficiently high,
i.e. whether it is higher than the lower limit. The second step
evaluates whether vBMC14% is adapted and, thus, adequate for
Fm1LH. Based on our data, this is the case if for any given Fm1LH,
vBMC14% is higher than the lower band of the 95% prediction
interval, as determined by linear regression (Figure 5).

As proposed by Schoenau et al.40, the results can be com-
bined into four diagnostic groups subsequent to two situations.
In the first situation, Frelm1LH is normal, i.e. reaches values
above 2.92. If under these circumstance vBMC14% is adequate
for Fm1LH (i.e. vBMC14% is above the lower band of the 95%
prediction band for any given Fm1LH), this corresponds to the
“normal” state. If, however, vBMC14% is lower than expected

Figure 6. Prospective algorithm for children. Frelm1LH, maximum voluntary ground reaction force per body weight; Fm1LH, maximum voluntary
ground reaction force; vBMC14%, bone mineral content at the 14%-site of tibia length.

Figure 7. Prospective algorithm for adults. Frelm1LH, maximum voluntary ground reaction force per body weight; Fm1LH, maximum voluntary
ground reaction force; vBMC14%, bone mineral content at the 14%-site of tibia length.
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for Fm1LH, the status is classified as a “primary bone defect”.
In the second situation, Frelm1LH is abnormally low, i.e. <2.92.
If at the same time vBMC14% is adapted to Fm1LH, a “secondary
bone defect” exists. If, however, vBMC14% is not sufficiently
high for the given Fm1LH, a “mixed bone defect” (primary and
secondary) is present (Figure 6).

Prospective/retrospective algorithms for adults

In theory, it is assumed that joint size adapts to maximum vol-
untary muscle force until the end of puberty, and, after growth
plate closure, joint size cannot be further increased. As a conse-
quence, the upper limit of Fm1LH is set by the given joint size
after puberty, suggesting that Fm1LH has to be limited in order to
prevent the system from damage25,26. It follows that in adults, a
decrease in Frelm1LH can be due to an increase in body weight
(e.g. through the gain of fat and/or muscle mass) and/or a de-
crease in Fm1LH (e.g. through deconditioning). For example, if
an overweight person (i.e. a person who gained body weight in
excess of that at 18 years of age) has a low Frelm1LH (but normal
vBMC14% relative to Fm1LH), the result could be misinterpreted
as secondary bone defect, and subsequently, wrong recommen-
dations could be issued. In fact, in such a case (contrary to the
case of a true secondary bone defect), training to increase muscle
force would not be expected to restore Frelm1LH. 

Therefore, the second step in the algorithm for adults is to de-
termine whether Fm1LH decreased compared to Fm1LH at 18 years
of age [Fm1LH (18y)]. In the ideal case of prospective assess-
ments, Fm1LH and vBMC14% are routinely measured at given time
intervals during the entire life span. In this case, the individual

value of Fm1LH (18y) is known, and it can be determined whether
Fm1LH is reduced as compared to Fm1LH (18y) (Figure 7). The al-
gorithm is then followed accordingly (Figure 7). If the effec-
tive value for Fm1LH (18y) is not known (essentially because it
was not measured at the time), we suggest to estimate it as fol-
lows. First, the percent gain in body weight from the age of 18
years (Δ FG) is calculated by using the measured Frelm1LH and
the mean reference value of Frelm1LH (3.35, Figure 8). For all
calculations, we assume that at the age of 18 years, the person
was “normal” with respect to the parameters of the muscle-
bone unit. Based on the calculated Δ FG, body weight at 18
years of age [FG (18y)] can be estimated (Figure 8). Finally,
Fm1LH (18y) can be estimated by multiplying the mean refer-
ence value of Frelm1LH by FG (18y) (Figure 8).

Conclusions

Multiple one-legged hopping in conjunction with pQCT
represents a new functional system to assess the musculoskele-
tal status in children and adults. Fm1LH occurs during the land-
ing phase of m1LH, where plantarflexor muscles are
contracting eccentrically, and thus corresponds to maximum
voluntary ground reaction force. Consequently, it reasonably
estimates maximum voluntary plantarflexor muscle force.
Moreover, multiple one-legged hopping is practicable and safe
for both healthy males and females over a wide range of age
and body size. In view of the motor demand and the high me-
chanical stress acting on the lower leg, future studies should
evaluate the performance and suitability of m1LH in patients
and frail people. Since the correlation between Fm1LH and

Figure 8. Retrospective algorithm for adults. Frelm1LH, maximum voluntary ground reaction force per body weight; Fm1LH, maximum voluntary
ground reaction force; FG, force of gravity (body mass multiplied by the gravitational constant); Δ FG (%), body weight gain/loss in percent;
vBMC14%, bone mineral content at the 14%-site of tibia length.
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vBMC14% is very strong and robust over time (i.e. cross-sec-
tionally and longitudinally stable), these two parameters are
well suited to be incorporated into the proposed two-step al-
gorithm to quantitatively estimate whether bone mass is prop-
erly adapted to maximum force.
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