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ABSTRACT
Introduction and objectives: Physical activity has well-established benefits on bone mechanical proprieties 

and is a non-pharmacological treatment strategy against bone weakening processes. Training regimens originate 
loading stress to bone and promote adaptive responses which enhance bone health. Jump exercises generate 
high-impact loading on bone structure with positive adaptations. The goal of this study was to investigate the 
effect of high-impact training regimens with different number of weekly sessions for different time periods in 
bone mechanical proprieties of female Wistar rats. Methods: fifty-four female Wistar rats, mean age 10 weeks, 
were randomly allocated in six groups (n=9 each): CGI (four-week sedentary group, control), TGI3 (trained three 
times per week, four weeks), TGI5 (trained five times per week, four weeks), CGII (eight-week sedentary group, 
control), TGII3 (trained three times per week, eight weeks) and TGII5 (trained five times per week, eight weeks). 
The high-impact protocol consisted on the completion of ten 40cm-vertical jumps per session. Results: Bone 
mechanical proprieties in the groups that underwent higher weekly frequency regimens for longer periods 
had greater gains in maximum strength and stiffness parameters when compared with the animals that trained 
less. Conclusions: the present results indicate that performance of high-impact training protocol has beneficial 
effects on bone mechanical proprieties, even with a low weekly frequency, suggesting hence, that for bone 
gain, daily work volume is not necessary. However, for greater result, daily exercise does have better outcome. 
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INTRODUCTION
Throughout life the human musculoskeletal complex (MSC) 

is subject to multifarious mechanical demands. Physical activities, 
fractures and immobilization processes are stimuli that cause 
qualitative and quantitative adaptation responses. Since the MSC 
is crucial for human movement, protection and anchorage of body 
structures, Shimano et al., in 20021, stated that studies involving 
this complex are necessary to better understand its complexity.  
The diversity of processes to which the MSC is submitted varies 
with physical and mechanical composition of these stimuli. Type 
of loading to which MSC is submitted (compression, straining, 
twisting), frequency of application, level and magnitude, exposure 
period and stimuli imposition/removal velocity, among others, 
are components of these stimuli. Hence, MSC adaptations are 
consequence of the kind of mechanical imposition.

These stimuli may come from a multitude of sources and result 
in different structural adaptations. For instance, those derived from 
physical activity result in positive dimensional alterations in width, 
diameter, perimeter, transversal section, bone volume and weight.  
Concerning bone tissue, Eastell, in 20032, observed that cortical 
and trabecular regions of bones of trained individuals presented 
elevated thickness and resistance to external demands. In contrast, 
absence of stimuli to MSC derived from paralysis, immobilizations 
and absence of weight bearing, produced negative alterations to 
bone. These alterations include loss of biomechanical, structural 
and mineral proprieties with bone mass loss as consequence3,5.

Natural processes, as aging, or even pathologic processes may 
cause weakening of bone tissue. Osteoporosis and its consequen-
ces, generate loss in MSC integrity. Once these processes have im-
portant implications in health, it becomes a public health problem, 
producing elevated cost to governments. Therefore, efficient treat-
ment strategies are necessary to be developed to counter this fact6.

Physical activity has beneficial effects on bone. Maintenance 
of bone mineral density (BMD), or even its increase, are observed 
effects due to training regimens. Bone overload derived from phy-
sical activity in training regimens becomes and attempt to stop 
degenerative processes of bone tissue7. 

In experimental models, performance of physical activity 
demonstrated increase in bone health during training periods. 
Although maintenance of results occurred, it happened only for a 
limited time after cessation of training stimuli8. 

Swimming (minimum impact generation) and running (me-
dium impact generation) have beneficial effects on biomechanical, 
mineral and structural proprieties of bones. Animals submitted to 
exercise protocols with greater weight sustaining, such as running, 
evidence greater BMD in specific carrying sites when compared to 
those submitted to a lesser weight sustaining protocol9. Greater 
benefits are seen in bone tissue submitted to high-impact exerci-
se modalities. It is believed that due to higher mechanical stress, 
with elevated tissue deformation and dynamism and also having 
short-duration and being a high-intensity stimulus, high-impact 
modalities deserve special attention10. This modality presents two 
high generating tension phases, an initial acceleration component 
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triggered by vigorous muscle concentric contraction, and a final 
deceleration phase, where impact absorption takes place. Both 
generate elevated energy loads to bone tissue11. 

However, it’s not well established in the literature, which would 
be a minimum high-impact training regimen for significant bone 
gain. Therefore, the main objective of this study was to investigate 
the effect of different high-impact training regimens on bone me-
chanical proprieties and verify which regimen would be the most 
efficient on promoting positive osteogenic effects.  

METHODS

Animals

Fifty-four female Wistar rats (Rattus norvegicus albinus), mean 
age 10 weeks were kept in collective cages at controlled tempera-
ture (25±2oC) and received water and food ad libitum. All animals 
were donated by the Central Animal Facility of the Ribeirão Preto 
Campus - University of São Paulo (USP-RP). They were allocated in 
the animal facility of the Bioengineering Laboratory – Medicine 
School of Ribeirão Preto (FMRP/USP-RP). This project was approved 
by the Animal Experimentation Ethics Committee (CETEA/FMRP/
USP-RP).     

Experimental groups

All animals were randomly allocated in six experimental groups, 
divided as follows: control groups (CGI and CGII), animals that trai-
ned for four weeks (TGI3 and TGI5) and animals that trained for eight 
weeks (TGII3 and TGII5). Total training period, four or eight weeks, 
characterized the training duration. The control groups remained 
sedentary for a period of four weeks (CGI) or eight weeks (CGII); the 
exercise groups that trained during four weeks were divided either 
in groups that trained three (TGI3) or fives times per week (TGI5); 
animals that trained during eight weeks were divided similarly, in 
groups with three (TGII3) or five weekly training sessions (TGII5). All 
groups were composed by nine animals (n=9), with a total of 54 
animals in the experiment.  

High-impact training technique

The high-impact training technique consisted of each animal 
successfully jumping from the bottom of a 40cm deep wooden 
box to its top edge. The front limbs were used to grip to the top of 
the box after the jump. In order to initiate each jump, the animals 
were electrically stimulated. After having completed the each jump, 
the animals were manually positioned at the bottom of the box 
for the next jump.

Experimental protocol

The training protocol consisted in the completion of ten jumps 
per session. The weekly training frequency characterized the trai-
ning volume of each group. Three seconds was the time between 

jumps, and a period of no longer than one minute was necessary 
for the completion of one session. The electrical stimulus was only 
necessary for the first training sessions. After this short period, the 
animals no longer needed the electrical stimulus to execute the 
jump. At training protocol completion, each animal was euthanized 
with an excessive chloral hydrate dose applied to the ventral region. 
Left femurs were dissected, identified and stored in saline. Dissec-
tion only began after ten minutes post excessive chloral hydrate 
application and confirmation of animal death.

Sample preparation and mechanical assays

In order to analyze mechanical proprieties of femoral neck, we 
performed flex-compression assays through axial compression of 
the femoral head of left femurs. Femur distal extremity was fixa-
ted in a methyl-methacrylate sphere to better accommodate the 
body-test in the assay machine.  A plumbline was used to assure 
verticality. The body-test set was then attached to a bench vise 
on the base of the assay machine. Flex-compression assays were 
performed in a universal assay machine (EMIC®-DL 10000) at the 
Bioengineering Laboratory of the Medicine School of Ribeirão Preto. 
Capacity of the load cell was 50kgf, application velocity of 10mm/
min with a pre-load of 5N and 30 seconds of accommodation time.  
A load/deformity chart was plotted. Maximal strength and relative 
stiffness were calculated though TESC software, version 1.4.

Statistical analysis

Data were analyzed with SIGMASTAT software version 3.5 and 
presented as means ± SD. Data from mechanical assays were con-
sidered normal and one-way ANOVA was used, followed by a post-
-hoc analysis (Tukey multiple comparison test).  Student’s T-test 
was applied for intergroup comparisons. Statistical significance was 
considered if p<0.05. 

RESULTS
The four-week training regimen caused adaptations to femur 

maximal strength parameter in both groups (table 1). Regarding 
this parameter, and taking into account the training volume (weekly 
training frequency) there was statistical significance between the 
eight-week training groups CGII, TGII3 and TGII5 (p<0,05) (figure 
1A). Statistical significance was also found between the control 
groups CGI and CGII (p=0,008), groups that trained with a three-
-weekly sessions frequency for four and eight weeks (TGI3 and TGII3 
respectively, p=0,003) and groups that underwent training with a 
five-weekly session frequency for four and eight weeks (TGI5 and 
TGII5 respectively, p<0,001) (figure 1B).

Adaptations due to different training regimens were also found 
for the stiffness parameter (table1).  There was no statistical differen-
ce between groups that trained for four weeks; though comparison 
between trained and sedentary groups that trained for eight weeks 
showed significant bone stiffness adaptations (p<0,05) (figure 1C).  

Table 1. Values (MD ± SD) of the mechanical properties of maximal strength and relative stiffness of the femur bones of the experimental groups.

CGI (n = 9) TGI3 (n = 9) TGI5 (n = 9) CGII (n = 9) TGII3 (n = 9) TGII5 (n = 9)

Maximal strength (N) 98,07 ± 8,9 96,94 ± 11,09 98,62 ± 12,98 110,81 ± 6,12 111,26 ± 9,84 127,60 ± 8,42

Relative stiffness (N/mm) 140,75 ± 51,74 158,94 ± 86,11 150,50 ± 65,46 139,57 ± 30,95 239,36 ± 48,77 332,12 ± 61,77
Values in means ± SD. CGI, control/1 month; CGII control/2 months; TGI3, 3x/week/1 month; TGI5, 5x/week/1 month; TGII3, 3x/week/2 months; TGII5, 5x/week/ 2 months.  
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There was also statistical significance between groups with diffe-
rent training duration, but with equal number of weekly sessions 
(p<0,05) (figure 1D).   

Figure 1C. Measurements of the mechanical assays performed. Training volume and 
relative stiffness. ANOVA revealed the effect of different training frequencies on stiffness 
(* for p < 0.001 and # for p = 0.005 and $ for p = 0.003). CGI, control/1 month; CGII 
control/2 months; TGI3, 3x/week/1 month; TGI5, 5x/week/1 month; TGII3, 3x/week/2 
months; TGII5, 5x/week/2 months.

Figure 1A. Measurements of the mechanical assays performed. Training volume and 
maximal strength. ANOVA revealed time effect performance on maximal strength 
parameter (# for p = 0.002 and * for p = 0.003) without training. CGI, control/1 
month; CGII control/2 months; CTI3, 3x/week/1 month; TGI5, 5x/week/1 month; 
TGII3, 3x/week/2 months; TGII5, 5x/week/2 months.

Figure 1B. Measurements of the mechanical assays performed. Training duration and 
and maximal strength. ANOVA revealed the effect of different training protocols on 
the maximal strength parameter (* for p = 0.008, $ for p = 0.003 and # for p < 0.001). 
CGI, control/1 month; CGII control/2 months; TGI3, 3x/week/1 month; TGI5, 5x/week/1 
month; TGII3, 3x/week/2 months; TGII5, 5x/week/2 months.

Figure 1D. Measurements of the mechanical assays performed. Training duration of 
and relative stiffness. ANOVA revealed the effect on the stiffness of different training 
protocols (* for p < 0.007 and # for p < 0.001). CGI, control/1 month; CGII control/2 
months; TGI3, 3x/week/1 month; TGI5, 5x/week/1 month; TGII3, 3x/week/2 months; 
TGII5, 5x/week/2 months.

DISCUSSION
The data evidence that the high-impact protocol described 

in this study positively affected the bone tissue, even for shorter 
training periods. However, the groups that underwent longer and 
more frequent training protocols presented more expressive gains 
in the analyzed biomechanical parameters. 

The training volume (three or five weekly sessions) did not signifi-
cantly affect the group that underwent a four-week training regimen. 
Nevertheless, an eight-week training regimen presented higher effec-
tiveness in promoting osteogenic alterations. This was evidenced by 
comparisons between groups that trained with three weekly sessions, 
five weekly sessions and also sedentary/control groups. 

Regarding the duration of the training protocol (four or eight 
weeks), and taking into account the strength parameter, we observed 
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statistical difference between groups that underwent different weekly 
sessions. Nevertheless, statistical difference was also observed for this 
parameter between the control groups CGI and CGII. This may be 
explained by a possible interference of the age factor itself, although 
it was not possible to quantify its influence on osteogenic process. 
Duration of training regimen similarly affected the bone stiffness para-
meter. No statistical differences were found between control groups, 
suggesting no interference of age in this manner. Consequently, we 
suggest that alterations in this parameter are originated from high-
-impact exercise mechanical stress.

In healthy conditions, bone tissue is able to adapt to external 
stimuli. Pressure modifications and loads from external demands 
activate bone remodeling through cellular pathways13. A study con-
ducted by Umemura et al14, showed that longer intervals between 
training sessions, or even between each jump, led to greater bone 
mass in hind limbs of experimental groups. The authors suggest that 
longer intervals may change the dynamic of extracellular fluids and 
hence, bone anabolic response to mechanical loading. Therefore, 
it was suggested that the already increased bone sensitivity due 
to jumps with 30-second intervals apart, cloud cause the bone 
tissue to perceive greater load magnitudes when compared to a 
protocol with jumps separated by shorter intervals (three seconds). 
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Robling et al15, showed that an eight-hour interval was sufficient to 
restore tissue cell mechanical sensitivity when compared to shorter 
periods. This demonstrates the importance of recovery periods to 
maximize osteogenic effects of mechanical overloads, such as those 
created by exercise.

The present study was conducted with similar interval betwe-
en jumps for all experimental groups. Interval differences between 
groups consisted of those originated from the number of weekly 
sessions. For those groups that underwent three weekly sessions, 
the intervals consisted of 48 hours; for those that underwent five 
weekly sessions, interval consisted of 24 hours. All training sessions 
were undertaken at the same time of day. Training periods of four 
and eight weeks, and also time between sessions might have di-
minished the influence of these factors on bone tissue sensitivity. 
Other factor that affects bone remodeling is the type mechanical 
load that is given to the tissue.  Due to the adopted training pro-
tocol, only concentric muscle contraction was the source of me-
chanical stress in the hind limbs. No eccentric muscle contraction 
stimuli were given to the hind limbs of the animals. This is mainly 
due to the fact that the animals used their front limbs to pull the-
mselves to the top of the box after completion of the jump, and 
also because they were gently repositioned back to the bottom of 
the box for the next jump.

Studies that evaluated correlations between load magnitude 
and bone growth, as well as muscle influence over bone tissue, sho-
wed that eccentric muscle activity is more effective in promoting 
BMD gains than concentric muscle contractions. This means that 
exercise which concentrate more muscle activity in the eccentric 
phase of the movement are more ostegenically effective than those 
concentrating muscle activity in concentric phases. Moreover, they 
also demonstrate that the load magnitude is the main mechanism 
by which muscle activity influences bone mass adaptations16,17.  
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In the present study, the adopted protocol almost exclusively 
obligated the animals to use concentric muscle contractions. This 
type of muscle contraction demonstrated to be effective in enhan-
cing both maximum strength and relative stiffness parameters of 
the analyzed femoral necks. Despite being scientifically proved that 
eccentric muscle contraction generates higher tension, - and the-
refore, present higher osteogenic gains – the adopted protocol 
on this study showed that its possible to obtain significant bone 
gains exclusively through the application of only one type of muscle 
contraction. 

CONCLUSIONS
Through analysis of both maximum strength and relative stiff-

ness parameters, obtained through mechanical assays of femoral 
necks derived from animals that underwent high-impact training 
protocols, we showed that daily training frequencies for longer pe-
riods are beneficial to bone health. We also show that lesser weekly 
sessions associated to a shorter period is capable of inducing alte-
rations in these proprieties. This demonstrates that frequent daily 
exercises are not necessary to evoke alterations in bone tissue and 
bone health, although higher frequencies and longer periods have 
additional benefits.
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