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High-impact exercise frequency per week or day for osteogenic response 
in rats

Abstract The frequency per week or day of high-impact, 
low-repetition jump exercise for osteogenic response was 
assessed by two experiments. In the fi rst experiment, 48 
11-week-old rats were randomly divided into fi ve groups: a 
sedentary control (W0: n = 8), one exercise session per week 
(W1: n = 10), three exercise sessions per week (W3: n = 10), 
fi ve exercise sessions per week (W5: n = 10), and seven 
exercise sessions per week (W7: n = 10). In the second 
experiment, 30 11-week-old rats were randomly divided 
into three groups: a sedentary control (D0: n = 10), one 
exercise session per day (D1: n = 10), and two exercise 
sessions per day (D2: n = 10). One exercise session consisted 
of 10 continuous jumps. After 8 weeks of the exercise 
period, the jump exercise increased the fat-free dry weight 
of the tibia in the W1 (7.5%, n.s.), W3 (12.6%, P < 0.01), 
W5 (12.0%, P < 0.01), and W7 (19.8%, P < 0.001) groups 
compared with the W0 group. The jump exercise also 
increased the fat-free dry weight in the D1 (12.0%, P < 
0.001) and D2 (13.0%, P < 0.001) groups compared with the 
D0 group. These increases were accompanied by increased 
bone strength and cortical area at the mid-shaft. The results 
in the present study suggest that for bone gain, it is not 
always necessary to do high-impact exercise every day, 
although exercising every day does have the greatest effect. 
The results in this study also suggest that there is little 
additional benefi t if bones are loaded by two separate exer-
cise sessions daily.

Key words mechanical loading · exercise frequency · 
mechano-sensitivity · high-impact low-repetition load · bone 
strength

Introduction

Mechanical loading is known to play a key role in the 
change of bone mass and strength, where an adequate phys-
ical exercise program can promote bone development or 
maintain bone against age-related bone loss [1,2]. High-
impact exercise is considered to be one of the effective 
exercises on osteogenic response, because of its intermittent 
dynamic loading that is known to be more effective on 
bones than static loading [3,4]. Moreover, the dynamic 
loading in high-impact exercise can produce a high magni-
tude strain and strain rate on bones, which are important 
factors for osteogenic response [5–8].

Jump exercise in rodents is considered to be a high-
impact exercise model, because it gives large ground reac-
tion forces accompanied with muscular contraction force to 
limb bones on landing [9–11]. We reported that many load-
ings per day were not needed in the high-impact exercise 
for bone development, because bone mass and strength 
increased with only fi ve or ten sequential loadings per day 
in the rat jump exercise model [9]. Several studies also 
proved the effectiveness of high-impact, low-repetition 
exercises on bone mineral density in humans [12–14]. To 
our knowledge, however, there is not consistent agreement 
about the optimal high-impact low-repetition exercise 
frequency.

In this study, we investigated the relationship between 
loading frequency and osteogenic response using a jump 
exercise model in rats. For this purpose, we examined the 
effects of exercise frequency per day and per week.

Materials and methods

Animals

Ten-week-old female Wistar rats, weighing approximately 
210 g (Japan SLC, Hamamatsu, Japan) were housed indi-
vidually in standard cages (15 × 30 cm) on a 12 h light/dark 
cycle, with food (standard chow) and water ad libitum. The 
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ambient temperature was 23°C, and the relative humidity 
was 55%. Because the jump exercise had similar effects on 
bones without regard to age [15], we used young adult rats 
in this study. After 1 week of acclimatization, the rats were 
weight matched, randomly assigned to various groups, and 
trained for 8 weeks. At the end of the experiment the rats 
were anesthetized with diethylether and killed by exsangui-
nation. After scarifi cation, the right tibia was dissected and 
all soft tissue was carefully removed for mechanical test, 
mass, and cross-sectional area analysis. The animal care and 
experimental protocol was approved by the Animal Sub-
jects Committee of Chukyo University Graduate School of 
Health and Sport Sciences.

Exercise program

Two types of experiments were conducted. In the fi rst 
experiment, to examine the effect of training frequency per 
week on osteogenic response, the rats were divided into 
four exercise groups and a sedentary group (W0; n = 8). The 
rats in the exercise groups were trained by the jump exer-
cise once (W1; n = 10), three times (W3; n = 10), fi ve times 
(W5; n = 10) or seven times (W7; n = 10) per week. The W1 
group was trained every 7th day, the W3 group was trained 
every 2 or 3 days, the W5 group was trained every 1 or 2 
days, and the W7 group was trained every day. All rats, 
including the control rats, were handled every day to equal-
ize the handling stress. All rats were allowed normal cage 
activity.

In the second experiment, to examine the effect of 
training frequency per day, the rats were divided into two 
exercise groups and a sedentary group (D0; n = 10). The 
rats in the exercise groups were trained by jump exercise 
once (D1; n = 10) or twice (D2; n = 10) per day. The 
D1 group was trained in the morning, 5 days/week, which 
was the same frequency as our previous studies [9,10,15], 
and the D2 group was trained in the morning and after-
noon, with a 6-h interval between training, 5 days/week. 
All rats, including the control rats, were handled twice a 
day, 5 days/week. All rats were allowed normal cage 
activity.

Each session of jump exercise consisted of ten continu-
ous jumps that took less than 1 min using a previously 
described protocol [9–11]. Briefl y, each rat in the exercise 
group was placed at the bottom of a special cage, and 
jumped when an electrical current was applied to the fl oor 
of the box. The rats jumped from the fl oor to catch the top 
edge of box, which was 45 cm high. The electrical current 
was used less over time, because rats learned to jump before 
the current was applied.

Mechanical testing procedures

After the length of the right tibiae was measured with a 
sliding caliper, the maximum load at the breaking point of 
the bones was measured with a three-point bending test 
(RX1600; I. Techno, Tokyo, Japan). Tests were conducted 

in a lateral-to-medial direction at midlength. The distance 
between the bottom support was 16 mm, and the crosshead 
speed was 10 mm/min.

Bone mass and cross-sectional area

After the fracture test, the tibiae were immersed in solvent 
(2 vol chloroform combined with 1 vol methanol) for 1 
week and then dried at 80°C for 24 h, and later weighed 
(fat-free dry weight). The bones were then embedded in 
polyester resin (Rigolac 2004; Okenshoji, Japan) by sub-
mersion at room temperature for 3 days after restoration 
with a bonding agent. The midshaft cross section of each 
bone was then obtained, which was cut near the site of 
the fracture. The cross sections were photographed and 
enlarged. A digitizing pad was used to determine the med-
ullary and cortical areas, and the endosteal and periosteal 
perimeters. Then, moment of inertia and bending stress 
were calculated.

Statistical procedures

Analyses of variance (ANOVA) was used to reveal the 
differences among groups. When the ANOVA revealed 
a signifi cant difference, post hoc comparisons (Tukey’s 
honestly signifi cant difference test) were used to deter-
mine the differences between specifi c means. All data 
are reported as means and standard deviations. A 
signifi cance level of P < 0.05 was used for all statistical 
tests.

Results

Body weight and bone length

Jump exercise did not affect the body weight in the weekly 
exercise groups and in the daily exercise groups (Table 1). 
Jump exercise also did not affect the length of the tibia 
(Table 1).

Bone mass and bone strength

Data for the fat-free dry weight of the tibia and the maximum 
load at the fracture test are presented in Figs. 1 and 2. In 
the weekly exercise group, the fat-free dry weight and the 
maximum load were greater in all exercise groups than 
sedentary groups, although the difference in the fat-free dry 
weight between W0 and W1 did not reach statistical signifi -
cance. W7 had greatest fat-free dry weight and maximum 
load among all groups, and differences between W7 and 
some other exercise groups were signifi cant. In the daily 
exercise group, the fat-free dry weight and the maximum 
load were also greater in two exercise groups than in the 
sedentary groups. They were almost the same in the D1 and 
D2 groups, although the maximum load of the D2 was 
slightly higher than that of D1.
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Cross-sectional analyses and mechanical properties

Data for the cross-sectional analyses are presented in 
Table 2. The cortical area, periosteal perimeter and moment 
of inertia were signifi cantly greater in all exercise groups 
than their respective sedentary groups. In the daily exercise 
groups, there were no signifi cant differences between the 
D1 and D2 in these variables. In the weekly exercise groups, 
W7 had signifi cantly greater cortical area than W1. There 

were no signifi cant differences among all groups in the end-
osteal perimeter or bending stress.

Discussion

The results of this study showed that when rats were jump-
exercised for ten jumps per session daily in an exercise 

Table 1. Body weight and bone length of the tibia

Weekly exercise study Daily exercise study

W0 (n = 8) W1 (n = 10) W3 (n = 10) W5 (n = 10) W7 (n = 10) D0 (n = 10) D1 (n = 10) D2 (n = 10)

Body weight (g) 259 ± 12 267 ± 15 267 ± 17 267 ± 24 273 ± 12 272 ± 14 273 ± 20 276 ± 17
Length of Tibia (mm) 38.0 ± 0.7 38.2 ± 0.5 38.5 ± 0.7 38.3 ± 0.9 38.6 ± 0.7 37.7 ± 0.4 38.3 ± 0.5 38.2 ± 0.7

All values are mean ± SD
W0, sedentary; W1, one session per week; W3, three sessions per week; W5, fi ve sessions per week; W7, seven sessions per week; D0, sedentary; 
D1, one session per day; D2, two sessions per day
There were no signifi cant differences between groups

Fig. 1. Effect of exercise frequency per week or per day on fat-free dry 
weight of tibia. Data are shown as mean ± SD. W0, sedentary; W1, one 
session per week; W3, three sessions per week; W5, fi ve sessions per 
week; W7, seven sessions per week; D0, sedentary; D1, one session per 
day; D2, two sessions per day. *, signifi cantly different from each 
sedentary group; †, signifi cantly different from the W1 group

Fig. 2. Effect of exercise frequency per week or per day on maximum 
load of tibial midshaft. Data are shown as mean ± SD. W0, sedentary; 
W1, one session per week; W3, three sessions per week; W5, fi ve ses-
sions per week; W7, seven sessions per week; D0, sedentary; D1, one 
session per day; D2, two sessions per day. *, signifi cantly different from 
each sedentary group; †, #, signifi cantly different from the W1 and W3 
group, respectively

Table 2. Cross-sectional analyses and mechanical properties of the tibia

Weekly exercise study Daily exercise study

W0 (n = 8) W1 (n = 10) W3 (n = 10) W5 (n = 10) W7 (n = 10) D0 (n = 10) D1 (n = 10) D2 (n = 10)

Cortical area (mm2) 3.18 ± 0.51 3.92 ± 0.46* 4.33 ± 0.42* 4.46 ± 0.46* 4.67 ± 0.43*,† 3.52 ± 0.33 3.98 ± 0.34* 4.28 ± 0.29*
Periosteal perimeter (mm) 8.11 ± 0.74 8.88 ± 0.56* 9.00 ± 0.38* 8.99 ± 0.46* 9.31 ± 0.53* 8.94 ± 0.50 9.41 ± 0.31* 9.47 ± 0.31*
Endosteal perimeter (mm) 4.33 ± 0.32 4.65 ± 0.38 4.60 ± 0.53 4.42 ± 0.30 4.60 ± 0.47 5.07 ± 0.35 5.39 ± 0.40 5.21 ± 0.41
Moment of inertia (mm4) 1.21 ± 0.32 1.83 ± 0.37* 2.10 ± 0.36* 2.13 ± 0.44* 2.25 ± 0.41* 1.67 ± 0.34 2.12 ± 0.26* 2.24 ± 0.21*
Bending stress (N·mm2) 256 ± 55 229 ± 34 210 ± 30 224 ± 37 225 ± 29 211 ± 52 212 ± 33 200 ± 11

All values are mean ± SD
W0, sedentary; W1, one session per week; W3, three sessions per week; W5, fi ve sessions per week; W7, seven sessions per week; D0, sedentary; 
D1, one session per day; D2, two sessions per day
* Signifi cantly different from each sedentary group; † signifi cantly different from the W1 group
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program, it was more effective on bone mass and strength 
than jump training once or a few times per week, even 
though the once a week exercise program also showed a 
signifi cant osteogenic response. On the other hand, the 
twice a day exercise program had little additional benefi t.

It is known that only a few high-impact mechanical load-
ings are suffi cient for osteogenic response in the daily exer-
cise program [9,16]. In the rat jump model, the differences 
in the effects on bone mass and strength were not large 
between the 100 jumps per day protocol and the 10 jumps 
per day protocol [9]. Similarly, Rubin et al. [16] reported 
that 1800 loadings per day did not have greater effect on 
bone mineral content than 36 loadings per day in their 
loading mode. The relationship between bone mass gain 
and loading number per day was almost approximated by a 
logarithmic curve [17]. It is thought that bones have a 
mechano-sensor that detects bone strains and response to 
strain magnitude [18,19]. It is thought that many loadings 
at once diminishes returns because the mechano-sensor 
decreases sensitivity according to the number of the sequen-
tial loadings, and that the sensitivity will recover gradually 
in a no-loading period [20,21]. For effective loading proto-
col on bone gain, we need to consider the recovery of the 
mechano-sensitivity.

We reported in our previous study [10] that when daily 
jump number was the same (20 jumps), the daily two-session 
program with a 6-h interval (10 jumps × 2) did not enhance 
the effect on bone mass and strength compared to the daily 
one-session program (20 jumps × 1). In this study, we also 
observed that the daily two-session program (10 jumps × 2) 
did not enhance signifi cantly the effect on bone mass and 
strength when compared to the daily one-session program 
(10 jumps × 1), although in the daily two-session program 
the rats jumped twice as much as the rats in the one-session 
program. In contrast to these results, Robling et al. [22,23] 
reported that when the total daily loading cycles were the 
same (360 cycles), four daily sessions with a 3-h interval 
program (60 cycles × 4) were more effective on bone mineral 
content (BMC) and bone strength than the daily one-session 
program (360 cycles × 1), where they attempted a 16-week 
loading experiment using their compressive loading model 
in the rat ulna. They described that sensitivity of bones to 
the mechano-stress decreased after continual loadings and 
recovered after an adequate no-loading interval period, that 
is, 3 h in their studies [22,23]. In our study, however, the 
mechano-sensitivity, which decreased by the continual 10 
jumps, might not recover in 6 h after the fi rst session of 
exercise.

The reason for this different result between Robling 
et al. [22,23] and our study may be the differences of loading 
magnitude. In our jumping exercise model, the 8 weeks 
loading increased bone mass about 20% as compared with 
the no-loaded control, whereas in Robling’s loading model, 
the 16 weeks loading increased BMC about 11%. Thus, the 
jump exercise may generate great bone strain or strain rate, 
although we have not measured the bone strain imposed by 
the jump exercise. In high-impact low-repetition loading, 
such as jumping in rats, a few hours may not be suffi cient 
for the recovery of the mechano-sensitivity. In our jump 

training, rats jumped by themselves and were deposited 
softly by our hands on the bottom of the box. Thus, the 
effective load was generated only at the take-off of jumping 
and was not generated at the touching-down to the fl oor in 
this study, although Welch et al. [24] reported that the 
free-fall impact had positive effects on bones.

In the frequency per week exercise groups, we observed 
that the weekly one-session program had a signifi cant 
potency to osteogenic response, and as the frequency of 
training days per week increased, the response was greater. 
Hagihara et al. [25] reported that exercise more than 4 days 
per week increased tibial bone mineral density. Their result 
was consistent with our results, although they did not try 
less frequent exercise programs. It is interesting to note that 
once a week (W1) jump-exercise increased bone mass by 
7.5%, bone strength by 25.1%, and cortical area by 23.3% 
when compared to the sedentary control (W0) values, where 
the rats jumped only 10 times per session to a total of 80 
jumps (10 times × 8 weeks) throughout the duration of the 
experiment. From these results, it can be pointed out that 
low-frequency exercise may have meaningful effect on 
osteogenic response. It was supported by the studies that a 
few loading sessions had a meaningful potency to infl uence 
active bone formation [26–28]. On the other hand, 24 h may 
not be suffi cient for the full recovery of the mechano-
sensitivity, because differences in the effects on bone mass 
and strength were not large between W5 and W7.

The effects of the jump exercise were observed in bone 
mass, strength, and cortical area of the midshaft of the tibia 
but were not observed in bending stress. This result was 
consistent with our previous study [9] and implied that the 
jump exercise evoked quantitative changes rather than 
qualitative changes. The increased rates of bone strength 
and cortical area of the midshaft were greater than that of 
the bone mass in all training groups. These results are con-
sistent with previous studies [22,23] in which the loading 
enhanced bone strength greatly with little gain in bone 
mass. In other words, the loading strengthens bone effi -
ciently with little bone mass gained that attaches to the 
adequate area. For this reason, exercise may have an impor-
tant potential to prevent bone fracture

In conclusion, the results in the present study suggest 
that daily high-impact loading is more effective for bone 
mass and strength than loading once or a few times per 
week, although loading once a week can have positive 
effects. The results in this study also suggest that there is 
little additional benefi t if bones are loaded by two separate 
sessions daily.
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