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Abstract  
The purpose of this study was to determine the effects of a 
mechanical loading course (short-term free-fall landing) on 
femoral geometry and biomechanical properties in growing rats. 
Thirty-two female Wistar rats (7-week-old) were randomly 
assigned to three groups: L30 (n = 11), L10 (n = 11) and CON 
(n = 10) groups. Animals in the L10 and L30 groups were sub-
jected to a 5-day free-fall landing program in which animals 
were dropped from a height of 40cm 10 and 30 times per day, 
respectively. Landing ground reaction force (GRF) was meas-
ured on the 1st and 5th days of landing training. All animals were 
subjected to two fluorescent labeling injections on the days 
before and after the 5-day landing training. Three days after the 
last labeling injection, animals were sacrificed under deep anes-
thesia. Methods of dynamic histomorphometry, tissue geometry 
and tissue biomechanical measurements were used to investigate 
the response in femora. A significant decrease in peak GRF in 
the hind-limb was shown from day 1 to day 5. No significant 
difference was shown among groups in dynamic histomor-
phometry. Biomechanical property analyses showed signifi-
cantly lower maximal energy and post-yield energy in the L10 
and L30 groups as compared to the CON group (p < 0.05). 
Moreover, geometric measurements revealed that cross-
sectional cortical areas and thicknesses were significantly lower 
in landing groups than in the CON group. Short-term (5-day) 
free-fall landing training resulted in minor compromised long 
bone tissue, as shown by reduced bending energy and cortical 
bone area but not in other mechanical properties or tissue meas-
urements (e.g. weights and length) of growing female rats. 
Further studies would be valuable to investigate whether this 
compromised bone material represents the existence of a latency 
period in the adaptation of bone material to external mechanical 
loading.  
 
Key words: Bone, mechanical load, biomechanical properties, 
post-yield energy, animal model.  
 

 

 
Introduction 
 
Participation in physical activities plays an important role 
in peak bone mass accumulation and bone health during 
developmental periods (Pitukcheewanont et al. 2010). 

According to previous studies, physical activity par-
ticipation is not always positive for bone health. Exercise 
training (e.g. distance running) sometimes negatively 
impacts bone mass and can increase the risk of stress 
fracture (Harrast and Colonno, 2010; Warren and Chua, 

2008). Nevertheless, it has been mentioned that doing 
high-impact or weight-bearing exercise during growth 
periods can provide benefits for bone mass and bone 
strength (Daly, 2007; Hind and Burrows, 2007), and some 
of those benefits might be retained and be helpful for 
reducing fragility fractures in old age (Karlsson, 2007). 
Many human and animal studies have suggested that a 
period of high-impact exercise training will enhance bone 
size (Kato et al., 2009), bone mineral density (Scerpella et 
al., 2003) and bone strength (Umemura et al., 1997; 
Umemura et al., 2008; Welch et al., 2008) for young 
growing bone. However, the mechanisms and procedures 
through which bone adapts to mechanical loading need 
further clarification. For instance, changes in various 
biomechanical properties or dimensions of bone tissues 
corresponding to the external mechanical stress have not 
been well investigated. Animal models can be used for 
obtaining more mechanistic information, as well as for 
detailing procedures regarding bone’s reaction when 
subjected to mechanical stimuli. 

In the past decades, substantial evidence has al-
ready been provided by animal studies using jumping 
and/or free-fall landing as an exercise mode for promoting 
bone formation, strength, mass or size in young growing 
animals (Judex and Zernicke, 2000; Umemura et al., 
1997; Umemura et al., 2008; Welch et al., 2008; Welch et 
al., 2004). However, when compared to a standard bone 
remodelling cycle in rats (e.g. 16 days) (Tran Van et al., 
1982), those previous studies looked at the results of 
relatively long-term (e.g. 8 weeks or longer) experimenta-
tion.  

Only two previous studies investigated the effects 
of short-term free-fall landing (Lin et al., 2011) and jump-
ing (Nagasawa et al., 2008) on fore- and hind-limb bones, 
respectively. Lin and colleagues (Lin et al., 2011) verified 
that a 5-day free-fall landing training (10 or 30 times/day) 
would enhance cortical bone formation activity and bend-
ing energy dissipation in rodent ulnae without changes in 
bone size. Nagasawa and colleagues also showed that 
cortical bone formation activity was enhanced after a 
three-session (with training on days 1, 3 and 5) jumping 
training, but no difference was revealed in the mechanical 
properties of tibiae (Nagasawa et al., 2008). However, in 
Nagasawa’s study, biomechanical measurements included 
only the maximal bending force of tibiae. According to 
previous studies, there are several other biomechanical 
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parameters, such as post-yield behaviors, valuable for 
estimating bone’s mechanical properties. Recently, it has 
been suggested that post-yield behaviors of bone tissue 
are associated with the quality of bone matrix (e.g. colla-
gen) (Burr, 2002; Garnero et al., 2006; Nyman et al., 
2007; Skedros et al., 2006). Two previous studies verified 
that a short training period (3 weeks) of treadmill running 
can increase post-yield displacement of hind-limb bones 
(Wallace et al., 2007; Wallace et al., 2009). In addition, 
our previous work demonstrated that a 5-day high-impact 
exercise training (free-fall landing) could also enhance the 
post-yield energy absorption in fore-limb bone (e.g. ul-
nae).  

Since most of the relatively long-term exercise 
studies, which used different training models (e.g. tread-
mill running, jumping and landing), focus on the adapta-
tions of hind-limb bones, examining similar bones after a 
shorter period of high-impact exercise could help expose 
the mechanisms through which those adaptations occur. 

According to those previous short-term studies 
(e.g. jumping, landing), the biomechanical properties of 
bone tissues should be sensitive in responding to external 
mechanical loading. The purpose of this study was to 
determine the effects of a short-term free fall landing 
protocol on hind-limb bones in growing rats. In addition 
to using various biomechanical measurements, we also 
evaluate the effects of free-fall landing using dynamic 
histomorphometry and geometric measurements. 
 
Methods 
 
Animals  
Female Wistar rats (n = 32) were housed under controlled 
conditions including a room temperature of 22 ± 1°C and 
a 12:12 hour light-dark cycle. All of the animals were fed 
with Purina Rodent Chow5001 (Labdiet ®, Richmond, 
IN, U.S.A.) containing 0.95% calcium and 1.07% phos-
phate (wt/wt of dry food) and tap water ad libitum. The 
procedures  of  the current animal study were approved by  

the Committee of Animal Study at National Cheng Kung 
University (No. 940054) and the "Principles of laboratory 
animal care" (NIH publication No. 86-23, revised 1985) 
were followed. During the training periods, all animals 
were healthy and free from any infection, and the body 
weight (BW) of each animal was measured daily. 

 
Experimental design 
The exercise training programs began when the rats 
reached an age of seven weeks. Animals were randomly 
assigned to three groups: 1) the L30 group (n = 11), ani-
mals subjected to 30 free-fall landings per day, 2) the L10 
group (n = 11), animals subjected to 10 free-fall landings 
per day, and 3) the CON group (n = 10), a sedentary con-
trol group. Animals in the landing groups were gently 
held and released from a height of 40 cm, with four limbs 
simultaneously landing on a dry flat surface (Lin et al., 
2011). A ≥ 10-second interval was arranged between each 
landing. The CON group maintained normal activity in 
the cages. 

In the current study, animals in the landing groups 
were subjected to a 5-day training period. All animals 
were subjected to two fluorescent labeling injections; one 
on the day before (calcein, 8 mg·kg-1 b.w.) and one on the 
day after (tetracyclin, 20 mg·kg-1 b.w.) the landing train-
ing period. Three days after the second fluorescent label-
ing injection, animals were sacrificed under deep anesthe-
sia (sodium pentobarbital, i.p. injection, 65 mg·kg-1 body 
weight). For the time schedule of the current animal ex-
periment, please refer to Figure 1. 
 
Ground reaction force (GRF) measurement 
The force platform (30cm×30cm) in the current study was 
designed by our laboratory, which included four load cells 
(10 lbs., MDB-10, Transducer Techniques®, Temecula, 
USA), an amplifier (InstruNet-100, GW Instruments, Inc., 
Somerville, USA ) and a data acquisition card (InstruNet-
230, GW Instruments, Inc., Somerville, USA) connected 
to a personal computer with a sampling rate at 100 Hz. 

 
 

 
 
 

Figure 1. Body weight and the experimental procedures. *, the main effect of time is shown; total aver-
age body weight values were significantly higher from day 2 to day 9 as compared to day 0 (p < 0.05). No signifi-
cant main effects of group in body weight were shown among groups. 
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The calculation of hind-limb GRF was based on 
the concept of force equilibrium for a force platform, 
which was similar to that used in a previous study (Welch 
et al. 2009). Original landing data (unit: N) of the five 
initial free-fall landings for each rat were obtained from 
four load cells on the 1st and 5th days of the training pro-
gram. In order to further calculate the GRF on the hind-
limbs, the landing spots of the four paws were recorded 
using a video camera set up above the platform. Briefly, a 
snapshot of each landing on the force platform was saved 
from the video files. By setting a specific load cell as the 
origin of an xy coordinate graph, the position of each paw 
was converted to a coordinate (x, y) on the platform. 
Then, peak vertical GRFs were calculated by combining 
the peak landing values of load cells with the coordinates 
of paws using a self-built program in Matlab 6.5 (The 
MathWorks, Inc., Natick, USA). The GRF value of each 
rat was the average of contra-lateral legs and revealed as 
folds of total body weight, which were calculated. For 
calculation details, please see Appendix. 

Coefficients of variations (%) for the landing GRF 
values of each rat were calculated from its 5 trials. The 
CVs for the two landing groups (L10 vs. L30) on the first 
day and the fifth day were 27.0 % vs. 18.3 % and 23.8% 
vs. 23.3 %, respectively. 

 
Bone sample preparation 
Three days after the second fluorescent labeling injection, 
all animals were sacrificed by decapitation under deep 
anesthesia (sodium pentobarbital, i.p. injection, 65 
mg/kg). Right femora were harvested, and soft tissues 
were removed, wrapped in normal saline-soaked gauze 
and aluminum foil, and stored at −20 °C for the biome-
chanical analysis. Before biomechanical testing, femora 
were thawed at room temperature and weighed as wet 
weight (WW). After the completion of biomechanical 
testing, the fractured bone specimen were immersed in a 
solvent (2 volumes of chloroform combined with 1 vol-
ume of methanol) for 1 week and then dried at 80 °C for 
24 h (Honda et al. 2001).  Fat-free dry weight (FFDW) of 
each femur was measured after the 24 h drying period. 
Subsequently, the breaking site of each defatted and de-
hydrated femoral tissue was gently ground to a flat sur-
face perpendicular to the long axis of each femur and 
subjected to cross-sectional photography (please see de-
tails in the next section). After the cross-sectional photog-
raphy, all bone tissues were subjected to methymethacry-
late (MMA) embedding. 

 
Biomechanical testing and geometry measurement 
Using the methods of a previous study (Huang et al. 
2003), a three-point bending test was performed in the 
anteroposterior (AP) direction (posterior surface in ten-
sion) of femora using a materials testing system (MTS-
819, MTS System, Minneapolis, MN, USA). The span of 
the two support points was 20 mm, and the deformation 
rate was 1 mm/sec. Load/deformation data were trans-
ported to a personal computer and acquired by Team 490 
software (Version 4.10, Nicolet Instrument Technologies 
Inc., Madison, WI, USA). 

Load-deformation data were used for further calcu-

lating various extrinsic (whole bone) mechanical proper-
ties, including yield load, maximal load, fracture load, 
yield load energy, post-yield load energy, maximal load 
energy, fracture load energy, and stiffness. Using a digital 
charged coupled device (CCD) camera (Moticam 2300, 
Motic Instruments, Inc., Richmond, BC, Canada), photo-
graphs (resolution: 1024×768 pixels) of the failure sites 
were taken using a modified process (Huang et al. 2003) 
on the ground surfaces (mentioned above). Cross-
sectional parameters, including total cross-sectional area, 
cortical bone area, bone marrow cavity area and average 
cortical bone thickness were measured from the photo-
graphs using the software Image Pro-plus 5.1 for Win-
dows (Media Cybernetics, Silver Spring, MD, USA). 
Moreover, the cross-sectional moments of inertia (CSMI) 
of the failure sites were calculated using the methods for 
irregular cross-sections (Huang et al. 2008; Turner and 
Burr 1993). Briefly, we divided the area of interest (AOI) 
into multiple 3x3 pixel squares. Then, we summarized the 
moments of inertia (MI) of those squares as a CSMI da-
tum belonging to a single sample. Due to the size differ-
ences among specimens, a CSMI datum would be the 
summary from 400 ~ 600 individual MI in each cross-
sectional image in the present study. The data were then 
converted to metric units. The CSMI of the failure site 
was calculated using the following equation: 

 
                       I = Σ (wh3/12 + whdi

2) 
 

where I is CMSI, n is the number of pixels, w and h are the height 
and width of each pixel, and di is the distance from the center of 
the element of the area to a given axis on the cross-section.  

 
Furthermore, load-deformation data were trans-

ferred to stress-strain data using the following equations: 
 
                        σ = FLc/4I                                
                        ε = 12cd/L2                                 
                        E = F/d •L3/48I       
                         

where σ is stress, ε is strain, c is the maximal distance from pixels 
to the line crossing the center of mass, F is the applied load (Nt), E 
is elastic modulus, d is the deformation (mm), and L is the span 
between the two support points of the bending fixture (mm).  

 
Because beam bending theory is only valid in the 

pre-yield region (Turner and Burr 1993), we used the 
stress-strain curve to calculate yield stress, yield tough-
ness and elastic modulus (Young’s modulus) as parame-
ters of intrinsic (tissue-level) mechanical properties. Yield 
load and yield stress were determined with the 0.2%-
offset method described in previous studies (Huang et al., 
2008; Turner and Burr, 1993).  

 
Dynamic histomorphometry 
Subsequent to MMA embedding, a cross-sectional cut 
was made near the fracture site of each femoral sample 
using a diamond blade low-speed cutter (S150, PlusOver 
Co. Ltd., Kaohsiung, Taiwan). All sections were ground 
to a consistent thickness of 100 ± 5 (µm) and photo-
graphed with a digital camera (COOLPIX 4500, Nikon, 
Japan) under a fluorescent light microscope (×25). Dy-
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namic histomorphometric parameters were measured in 
periosteal surfaces and endocortical surfaces according to 
Parfitt’s methods (Parfitt et al., 1987). All measurements 
were done by a trained investigator who was blinded to 
the original sample number. In the current study, we cal-
culated percentage of mineralization surface (mineral 
surface/bone surface, MS/BS, %), mineral apposition rate 
(MAR, µm/day), and bone formation rate (BFR/BS, µm3 

/µm2 /year) using the formulas below: 
 

(1) MS/BS = (sLS×0.5+dLS)/BS, where sLS is the 
perimeter of the single labeled surface, dLS is the perime-
ter of the double labeled surface, and BS is the perimeter 
of the total bone surface. 

(2) MAR = Ir L th/day, where Ir L th is the thick-
ness between the two fluorescent labels, and day was the 
period between two fluorescent injections. 

(3) BFR/BS = MS/BS×MAR. 
 
Statistical analysis 
The data are presented as mean ± standard deviation (SD). 
For the data of BW and GRF, 2-way (time × group) 
ANOVA was used to compare the differences among the 
3 groups and 2 landing groups, respectively. For the data 
collected from serial analysis of bone tissues, one-way 
analysis of variance (ANOVA) was adopted to compare 
the differences among groups. When significant levels (p 
< 0.05) were revealed, pair-wise comparisons between 
groups were made using the Fisher's least significant 
difference (LSD) method. Statistical analysis software, 
SPSS (14.0 version, SPSS, Chicago, IL), was adopted for 
processing the data in the present study. 
 
Results 

 
Body weight  
With the main effect of time, animals significantly in-
creased in body weight throughout the experimental pe-
riod (Figure 1). Beginning on day two, total average body 
weight values were significantly higher than those on day 
0 . Body weight showed no difference between groups. 

 
Ground reaction force  
We compared average hind-limb GRF values on the 1st 
day and 5th day in the two landing groups. For the main 
effect of time, the GRF of the groups on the 5th day 
showed a significant decrease as compared to the data of 
the  1st  day (Figure 2). No difference was shown between 
 

the two landing groups. 
 

Biomechanical analyses  
In extrinsic (whole bone) mechanical tests, no significant 
difference was revealed in pre-yield mechanical behav-
iors, whereas the two landing groups had significantly 
lower femoral post-yield and maximal energy values 
when compared to the CON group (p < 0.05, Table 1). 
Additionally, the femora of the two landing groups were 
nearly significantly lower in energy to fracture load than 
those of the CON group (p = 0.057). No significant dif-
ference was revealed in intrinsic (tissue-level) mechanical 
measurements. 
 

 

 
 

Figure 2. Ground reaction force (GRF). GRF values were the 
average peak vertical impact forces of contra lateral legs as revealed by 
folds of BW (N*N-1). #, significant main effect of time (p <0.05); the 
two landing groups showed similar and significant decreases in GRF 
during the 5-day training period. No significant difference was shown 
between the two landing groups. 

 
Tissue sizes and weights  
Cortical area and cortical thickness of femoral cross-
sections were significantly lower in the exercise groups 
than in the CON group (p < 0.05, Table 2). In addition, 
total cross-section area was significantly lower in the L30 
group than in the CON group. No significant difference 
was shown in weight measurements or in femoral length. 

 
Dynamic histomorphometry  
Six samples were withdrawn due to a lack of two fluores-
cence labels, which included 2, 1 and 3 samples from the 
CON, L10 and L30 groups, respectively (Table 3). No 
significant difference was found in regions of periosteal 
surfaces and endocortical surfaces. 

                 Table 1. Long bone extrinsic and intrinsic mechanical analyses. Data were presented as means (± SD). 
  CON L10 L30 
Extrinsic biomechanics Yield load (N) 82.9 (4.0) 82.0 (6.7) 80.0 (7.0) 
 Maximal load (N) 100.0 (7.5) 93.5 (8.9) 91.7 (8.1) 
 Fracture load (N) 86.0 (13.5) 86.5 (12.7) 81.1 (10.7) 
 Yield load energy (mJ) 19.2 (1.0) 21.0 (3.4) 20.0 (3.3) 
 Post-yield load energy (mJ)  42.5 (17.7) 27.8 (13.2) * 27.1 (13.6) * 
 Maximal load energy (mJ) 46.5 (11.3) 38.4 (7.1) * 35.2 (5.6) * 
 Fracture load energy (mJ) 61.8 (17.3) 48.7 (12.0) 47.1 (12.8) 
 Stiffness (N/mm) 222.0 (28.4) 210.1 (46.3) 205.2 (41.9) 
Intrinsic biomechanics Yield stress (MPa) 77.9 (9.2) 82.3 (11.9) 84.50 (15.9) 
 Yield toughness (mJ·mm-3) 1.62 (.14) 1.80 (.33) 1.83 (.18) 
 Young’ s modulus (GPa) 2.33 (.44) 2.50 (.73) 2.53 (.97) 

                     * groups L10 and L30 were significantly lower than group CON, p< 0.05.  
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                               Table 2. Measurements in tissue size and weight. Data were presented as means (± SD). 
 CON L10 L30 
CSMI (mm4) 6.84 (1.36) 6.13 (1.02) 6.05 (1.12) 
Total area (mm2) 10.81 (.68) 10.49 (.77) 9.93 (.64) * 
Cortical area (mm2) 7.18 (.48) 6.49 (.49) * 6.46 (.52) * 
Marrow area (mm2) 3.63 (.44) 3.99 (.78) 3.47 (.40) 
Cortical thickness (mm) .66 (.04) .61 (.03) * .60 (.04) * 
Length (mm) 31.7 (.39) 31.3 (.78) 31.5 (.85) 
WW (mg) 748.7 (50.5) 725.8 (60.7) 719.2 (41.3) 
FFDW (mg) 408.4 (22.7) 402.1 (30.5) 392.8 (29.7) 

CMSI, cross-sectional moment of inertia; WW, wet weight; FFDW, fat-free dry weight.     
*, significantly lower than the CON group p < 0.05. 

 
Discussion 
 
The present study preliminarily verified a decrease in 
extrinsic mechanical properties and cross-sectional size-
related measurements of hind-limb bones following a 
short-term free-fall landing program. Such a compromise 
in tissue material might be due to a latency period in 
bone’s adaptation to external mechanical stimulus. 

 
Short-term free-fall landing caused a minor compro-
mised bone tissue 
Looking at previous animal studies, our work provided a 
relatively confirmatory, rather than a de novo, finding. 
Results resembling our findings have been found using 
relatively basic research models. For instance, after a 
short-term axial loading period, rodents’ ulnae revealed 
decreased whole bone maximal strength, bending energy, 
and stiffness, as well as intrinsic bone mechanical proper-
ties (e.g. Young’s modulus and stress) (Chen et al., 2008; 
Hsieh and Silva, 2002). In addition to changes in cortical 
bone material, extremity bones subjected to short period 
of axial compression loading revealed a loss of trabecular 
tissue (Brodt and Silva, 2010) and reduced longitudinal 
growth (Ohashi et al., 2002) in murine. Compared to 
those apparatus-generated loading models, the current 
mechanical loading protocol caused a relatively minor 
compromise in bone material. After a 5-day free fall land-
ing training, femora revealed reductions in post-yield and 
maximal energy absorption without significant changes in 
other extrinsic strength or intrinsic mechanical properties 
(Table 1). In addition, free-fall landing caused some lower 
values in the region of cortical bone (e.g. cortical area and 
thickness) without other significant differences in whole 
tissue weights (e.g. WW and FFDW) or linear growth of 
femora (Table 2). 

Contrary to former short- and long-term exercise 
studies (Huang et al., 2008; Lin et al., 2011; Wallace et 

al., 2007; 2009), which verified enhanced post-yield be-
havior of growing bone in young rodents, the current 
study reveals a reduced post-yield and maximal energy 
dissipation in the short-term free-fall landing groups (Ta-
ble 1). Since the maximal energy value was composed of 
yield energy, and energy dissipated between yield load 
and maximal load, the differences between groups were 
caused primarily by the post-yield part of maximal en-
ergy. It has been suggested that post-yield behavior de-
termines tissue toughness (Courtney et al., 1996), which 
is negatively correlated with microdamage accumulation 
(Leng et al., 2009). It has also been reported that exces-
sive loads would cause microdamages (Verborgt et al., 
2000). Post-yield behaviors are also associated with the 
integration of the extracellular matrix (ECM) (e.g. the 
content and the interaction among collagen and enzy-
matic/non-enzymatic crosslinks) (Garnero et al., 2006; 
Nyman et al., 2007). Bone tissues with higher post-yield 
energy absorption would be facilitated by highly organ-
ized collagen fiber (Burr, 2002; Skedros et al., 2006). 
Whether the changes in post-yield behavior in this study 
were associated with the accumulation of microdamage or 
the integration of ECM is worthy of further investigation.  

One reason that the current study showed de-
creased post-yield energy in hind-limb bones, which is 
contrary to previous findings in exercise related studies 
(3~8 weeks running training period) (Huang et al., 2008; 
Wallace et al., 2007; 2009), might be because of the rela-
tively short period of our free-fall landing training. In the 
studies of Wallace et al., after 21-days of treadmill run-
ning, tibiae of male mice showed increased post-yield 
deformation, while pre-yield deformation decreased 
(Wallace et al., 2007; 2009). Two weeks after the 21-day 
treadmill running program, long bone tissues of mice 
showed advances in Young’s modulus and yield stress 
without showing differences in cross-sectional measure-
ments, implying an enhancement in the quality of ECM 

 
Table 3. Dynamic histomorphmetry in periosteal surface and endocortical 
surface. Data were presented as means (± SD). 

 CON L10 L30 
Per MS/BS 32.9 (19.5) 43.6 (17.7) 45.8 (11.3) 
Per MAR 10.8 (7.4) 13.5 (3.8) 13.4 (3.7) 
Per BFR/BS 456.6 (382.7) 614.9 (329.2) 645.4 (307.7) 
End MS/BS 57.0 (18.1) 49.3 (14.5) 45.9 (12.7) 
End MAR 5.7 (4.5) 7.8 (6.6) 6.4 (3.1) 
End BFR/BS 354.9 (341.1) 413.9 (370.6) 325.5 (216.7) 

Per: periosteal surface; End: endocortical surface; MS/BS: mineral sur-
face/ bone surface (%); MAR, mineral apposition rate (µm/day); 
BFR/BS, bone formation rate; MS/BS×MAR (µm2/µm3/year) 
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(Wallace et al., 2009). Moreover, after eight weeks of 
running training, femoral bone also showed significantly 
higher post-yield bending energy (Huang et al., 2008).  

When compared to hind-limbs, forelimbs seem to 
respond to similar free-fall landing faster and/or better as 
shown by an increased post-yield energy in the same 
experiment (Lin et al., 2011). According to the GRF val-
ues, hind-limbs (10~15 times BW) were subjected to a 
higher average GRF than were forelimbs (4~5 times BW) 
(Lin et al., 2011), which might generate different levels of 
strain magnitude or strain rate on bone tissue (Edwards et 
al., 2009). Though external load-generated strain magni-
tude or strain rate on bone tissue is proportionally related 
to bone formation activity (Cullen et al., 2001; Torrance 
et al., 1994; Turner, 1998), osteoclastogenesis can be 
initiated by high strain magnitude or high compression 
load (Nozaki et al., 2010; Xu et al., 2012). Overload-
induced osteocyte apoptosis would also enhance the re-
cruitment of osteoclasts to remove compromised tissue 
(Robling et al., 2006; Verborgt et al., 2000). Further study 
is needed to clarify whether the non-significant difference 
in BFR in the current study is due to a combined effect 
from higher osteoclastogenesis.  

In the current study, without a baseline control 
group, we are not able to determine whether compromised 
bone material is due to a transient suppression or an abso-
lute decline in growth. Nevertheless, such compromises in 
bone material and size-related measurements are recover-
able and might be due to a latency period in bone’s adap-
tation to external mechanical stimuli. As shown in previ-
ous studies, after an 8-day compressive loading protocol, 
male Sprague Dawley (SD) rats revealed a significant 
decrease in the longitudinal mineralization rate (LMR) of 
the ulnar growth plate (Ohashi et al. 2002). Seven days 
after loading regimes, the reduced LMR had been recov-
ered in groups with lower loading levels (Ohashi et al., 
2002). In another time serial study, ulnae of female rats 
were subjected to a single-bout fatigue loading. It was 
then verified that indexes of bone mechanical properties 
(e.g. whole bone maximal bending load and stiffness) 
reduced, recovered and then increased throughout the 
following 18-day recovery period (Hsieh and Silva, 
2002). Moreover, according to the preliminary results of 
our latest time-serial experiment (data not shown), we 
duplicated the compromised phenomena in size-related 
measurements as well as biomechanical properties in 
rodents’ long bones after the 1st week of a free-fall land-
ing protocol. Those compromised indexes recovered and 
then increased as compared to an age-matched control 
group after 2, 4 and 8 weeks of free-fall landing training. 
Thus, the lower post-yield energy of the two landing 
groups suggests that the bone tissue is undergoing remod-
eling caused by free-fall landing and not in an optimal 
state.  

 
Study conditions, clinical applications and possible 
limitations 
Regarding the rationality of the free-fall landing model, 
the animals in the current study should be subjected to a 
mechanical stress within a physiological range compara-
ble to that of high-impact physical activities in humans. 

According to the GRF measurements, each forelimb had 
to withstand 4-5 times BW when landing (Lin et al., 
2011), while a single hind-limb simultaneously sustained 
an impact at a level ~10-15 times BW. In everyday life, 
exercise with a 10~15-time BW GRF frequently occurs 
on the athletic field or in military training. For instance, 
triple jumping performed by elite athletes produces an 
average maximal GRF of 17.3-times BW (Heinonen et 
al., 2001). The lower extremities of young gymnasts sus-
tain GRFs of 3.7 ~10.4 times BW when performing vari-
ous gymnastics maneuvers (Daly et al. 1999). Even a 
simple drop jump from a height of 40cm ~ 80cm causes 
4.7~5.8 times BW of GRF (Viitasalo et al., 1998). In 
addition, a parachute landing generates 6.1~13.7 times 
BW of GRF with descent velocity (Whitting et al., 2007).  

Regarding the applicability of the current study to 
humans, it is possible that similarly compromised bone 
material could also occur during the initial period of a 
sport or military training season. Further investigation to 
determine whether an increase in landing height or num-
ber would cause more serious impairments and mimic the 
stress fractures occurring in young gymnasts (O'Kane et 
al., 2011), military trainees (Beck et al., 2000) and athletic 
recruits (Fredericson et al. 2006) would be valuable. 

It is possible that the procedures of free-fall land-
ing might induce a stress-related response and thus nega-
tively impact the bone materials. However, according to a 
former stress-related study, a comprehensive negative 
bone turnover and body weight loss would have occurred 
had the experimental animals been subjected to a chronic 
mild stress (Yirmiya et al., 2006). The compromised bone 
material shown in this study is more likely a local re-
sponse of femora to free-fall landing impact. As men-
tioned above, a similar free-fall landing protocol induced 
a higher bone formation rate in ulnae (Lin et al., 2011), 
suggesting that animals did not suffer from a comprehen-
sive negative bone turnover. Though related stress hor-
mone analyses were not available in this study, the fact 
that there was no difference in body weight or bone length 
among groups throughout the experimental period indi-
rectly suggests that the animals were free from sustained 
mental stress and hormone disorders. It is possible that a 
transient psychological stress caused by being handled or 
free-falling landing occurred during the daily training 
period; the related negative impact on bone metabolism 
should be limited. 

 
Conclusion 
 
In summary, data from our study indicate that short-term 
high-impact exercise seems to somewhat compromise 
bone tissue. According to the previous related studies 
mentioned above, such a phenomenon might represent a 
transient period in bone response to external mechanical 
loading, which needs to be clarified in the future. Studies 
using multiple time points and consistent animal species 
will be valuable for further exposing the procedures 
and/or related mechanisms.  
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Key points 
 
• Short-term free-fall landing causes compromised 

bone material as shown by reduced post-yield en-
ergy in long bones of rodents. 

• The results of the current study suggest the existence 
of unsettled bone material after a short-term me-
chanical loading regime. 

• The connection of the present animal study to the 
stress fractures occurring in young athletes needs to 
be clarified. 
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Appendix 

 
GRF calculation 
Four load cells were set up under a square force platform (30cm×30cm). Positions of paws and data from load cells 
were used to calculate hind limbs’ GRF. We calculated the GRF based on the concept of force equilibrium for force 
plate via a conventional procedure. The calculation was composed of three formulas (see below):   

1 2 3 1 2 3 4f f f F F F F+ + = + + +                     (1) 

( ) ( )0 1
3 4 1 2 2 3 32

a a
a F F f a f a f

+
+ = + +       (2) 

( ) ( )0 1
2 3 1 2 2 3 32

b b
b F F f b f b f

+
+ = + +       (3) 

 

2F 3F

1F

4F

3f

2f
1f

 
 

where F1, F2, F3 and F4 were the peak loading values collected from four load cells; a and b were the lengths of the platform sides; f1 
was the summarized GRF of forelimbs while f2 and f3 were the GRFs values of two hind limbs; (a0-3, b0-3) were the coordinates of the 
fourpaws. (Note: To reduce four forces to three unknown forces for three static equations, a force (f1) for the forefeet occurring at the 
center between two forepaws, which were (a0, b0) and (a1, b1), was created.). 

 
 


