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Mechanical loading is generally considered to have a positive impact on the skeleton; 
however, not all types of mechanical loading have the same beneficial effect. Many re-
searchers have investigated which types of mechanical loading are more effective for 
improving bone mass and strength. Among the various mechanical loads, high-impact 
loading, such as jumping, appears to be more beneficial for bones than low-impact load-
ings such as walking, running, or swimming. Therefore, the different forms of mechani-
cal loading exerted by running, swimming, and jumping exercises may have different 
effects on bone adaptations. However, little is known about the relationships between 
the types of mechanical loading and their effects on trabecular bone structure. The pur-
pose of this article is to review the recent reports on the effects of treadmill running, 
jumping, and swimming on the trabecular bone microarchitecture in small animals. The 
effects of loading on trabecular bone architecture appear to differ among these differ-
ent exercises, as several reports have shown that jumping increases the trabecular bone 
mass by thickening the trabeculae, whereas treadmill running and swimming add to 
the trabecular bone mass by increasing the trabecular number, rather than the thickness. 
This suggests that different types of exercise promote gains in trabecular bone mass 
through different architectural patterns in small animals.
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INTRODUCTION

Physical exercise has generally been considered to have positive impacts on the 
skeleton, since the mechanical loading generated by muscle contraction and ground 
reaction force (GRF) stimulate bone formation. Furthermore, physical exercise can 
help to reduce the risk of falls that could lead to fractures or other injury by build-
ing muscle strength and improving balance. However, different types of exercise 
do not necessarily show equally beneficial effects. Over the last couple of decades, 
numerous researchers have investigated which types of exercise are more effec-
tive for improving bone mass and strength. More specifically, gymnasts, track ath-
letes, soccer, volleyball, and basketball players who participate in weight-bearing 
and impact sports have higher bone mass than adolescents and adults involved 
in non-weight-bearing sports such as swimming.[1-5] The notion that high-im-
pact and weight-bearing activity is more effective for bone formation than low-
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impact loading is thus generally accepted. Several animal 
studies have suggested that high-impact loading such as 
jumping exercise seems more beneficial for increasing 
bone mass and strength than low-impact loading such as 
running exercise.[6,7] These results suggest that higher 
strain rates occur with jumping activities compared with 
running, despite similar magnitudes of strain.[8,9] Differ-
ent types of exercise thus appear to manifest differently in 
terms of bone adaptation.

Although considerable research has been conducted 
into mechanical loading and structural changes to the tra-
becular bone in histomorphometric studies,[6,10-12] the 
effects are still not completely understood. In particular, al-
most no research has examined the relationships between 
different types of exercise and structural characteristics of 
trabecular bone. Several previous studies using histomor-
phometric analyses have indicated that the increase in tra-
becular bone mass with resistance training is primarily due 
to increased trabecular thickness, whereas trabecular num-
ber was unaffected. In contrast, running exercise induced 
increases in trabecular bone mass by increasing the num-
ber of trabeculae. Accordingly, jumping and running exer-
cises might exert different influences on trabecular archi-
tecture. We recently tested this hypothesis by comparing 
the effects of jumping and running exercises on the tra-
becular architecture of the distal femur in growing rats us-
ing high-resolution micro-computed tomography (micro-
CT).[13] The effects on trabecular bone mass were seen to 
differ between jumping and running exercises. Jumping 
exercise increased trabecular bone mass mainly by thick-
ening the trabeculae, whereas running exercise resulting 
in a greater number of trabeculae. These results support 
the previous finding that in vivo tibial compressive loading 
and running exercises improved trabecular architecture in 
the proximal metaphysis in different manners.[14] Consid-
ering such findings, different types of exercise appear to 
have different influences on trabecular bone microarchi-
tecture. Although several studies have reported that differ-
ent forms of mechanical loading might have different in-
fluences on trabecular architecture, this point has barely 
been discussed. Changes to the trabecular bone structure 
in animals are discussed in this review, particularly with re-
gard to the 3 different exercises of treadmill running, jump-
ing, and swimming.

CHANGES IN TRABECULAR BONE 
MICROSTRUCTURE UNDER SKELETAL 
UNLOADING

Chronic reductions in mechanical loading such as immo-
bilization, bed rest, spinal cord injury, and exposure to mi-
crogravity are well known to precipitate generalized skele-
tal loss, particularly in bones that bear weight under nor-
mal conditions. To simulate and study bone changes in-
duced under microgravity environments, Morey et al. [15] 
developed a model using tail suspension in 1979. This 
model of skeletal unloading via tail suspension has also 
become the gold standard to assess alterations in the skel-
eton during complete unloading.[16,17] In histomorpho-
metric analyses of proximal tibias isolated from 6-week-old 
rats, Basso et al. [18] confirmed that 14 days of skeletal un-
loading by hindlimb suspension resulted in reductions of 
50% to trabecular bone volume fraction, 50% to trabecular 
number, and 25% to trabecular thickness, and an increase 
of 179% to trabecular separation in the secondary spongi-
osa. In previous experiments with 3-dimensional (3D) mi-
cro-CT of the distal femoral metaphysis, we have also dem-
onstrated that the decrease in bone volume induced by 
unloading was primarily caused by a decrease in trabecu-
lar number (-51% reduction) as opposed to a decrease in 
trabecular thickness (-21% reduction) for Wistar rats after 2 
weeks of tail suspension.[19] Tail-suspended rats exhibited 
loss of trabeculae, particularly from the central zone of the 
femur with the loss of trabecular number, although the re-
maining trabeculae did not show significant differences in 
thickness compared with the control group (Fig. 1). These 
results imply that the loss of cancellous bone during 2 weeks 
of unloading by tail suspension is predominantly due to 
decreases in trabecular bone number rather than trabecu-
lar thickness. This conclusion is supported by the histomor-
phometric work of Bourrin et al. [20], who demonstrated 
that the decreased bone volume in the secondary spongi-
osa of the proximal tibial metaphysis after 2 weeks of tail 
suspension was mainly attributable to the disappearance 
of trabeculae (-23%) rather than a thinning of the trabecu-
lae. Furthermore, similar findings have been confirmed in 
humans subjected to unloading caused by prolonged bed 
rest [21] and spinal cord injury.[22] As an example, Modlesky 
et al. [22] reported that the distal femur and proximal tibia 
of spinal cord-injured men showed 27% and 20% lower 
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apparent trabecular bone volume, 21% and 20% lower ap-
parent trabecular number, respectively, compared to able-
bodied men.

EFFECTS OF TREADMILL RUNNING 
EXERCISE ON TRABECULAR BONE 
MICROARCHITECTURE

Both treadmill and wheel-running exercise modalities in 
animal models are widely used to study the physiological 
adaptations associated with aerobic exercise.[23-27] In 
particular, weight-bearing exercises such as running on a 
treadmill have most commonly been utilized in animal 
models related to bone health, as the mechanisms involved 
are basically comparable to those in humans running on a 

treadmill.[28,29] The great advantage of using treadmill 
running is the availability of a variety of experimental pro-
tocols by strictly controlling exercise parameters such as 
treadmill speed, duration, frequency, angle, and additional 
weight, and also the ability to set precise exercise loads. 
However, a wide variety of protocols for treadmills (inten-
sity, speed, duration, inclination, frequency, time) may be 
reflected in different magnitudes and rates of strain on 
bone while exercising. As a consequence, different tread-
mill protocols that are used in growing, young adult, ovari-
ectomized (OVX), and osteopenia rats could have different 
effects on the trabecular bone structure. In experimental 
animal research, numerous studies have highlighted the 
fact that treadmill running exercise has been demonstrat-
ed to have positive effects on the microarchitecture of the 

Fig. 1. Effects of hindlimb unloading on trabecular bone microarchitecture in rats. Skeletal unloading was simulated using the tail-suspended rat 
model. The 5-week-old male Wistar rats completed tail suspension for 2 weeks and were compared with sedentary control rats. After tail sus-
pension for 2 weeks, to assess the 3-dimensional (3D) architecture of trabecular bone, the distal femurs were scanned using micro-computed to-
mography (micro-CT) and analyzed using 3D image analysis software. The tail-suspended rats exhibited a loss of trabeculae, particularly from the 
central zone of the femur with a loss of trabecular number, although the remaining trabeculae did not show significant differences in thickness 
compared to sedentary control rats.
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femur and/or tibia coupled with an increase in trabecular 
parameters (i.e., trabecular bone volume fraction, trabecu-
lar number or trabecular thickness) of the tibia or distal 
femoral metaphysis.[11,30-36] In contrast to those results, 
treadmill running exercise does not always improve the 
microarchitecture. Indeed, some studies have suggested 
that the microarchitecture of the femur and/or tibia is not 
modified by treadmill running exercise.[37-42] In the worst 
cases, running exercise even induced deterioration of tra-
becular parameters in the tibial proximal epiphyses and/or 
thoracic vertebrae.[43-45] These differences in results have 
been explained by methodological inconsistencies inher-
ent to animal protocols. Some studies have reported the 
relationship between exercise intensity and bone mass. 
Overly intense running exercise (>80% of VO2max) reduc-
es longitudinal bone growth and increases bone loss in 
rats,[30,43] while overly low intensity (<40% of VO2max) 
may not provide sufficient mechanical stimulation for bone.
[46] Accordingly, exercise intensities below 40% VO2max or 

above 80% VO2max are recognized as not achieving im-
provements to bone loss in rats.[30]

A study focusing on changes to the bone microarchitec-
ture induced by treadmill running exercise in rats was first 
described in 1993 by Yeh et al. [11] In that histomorpho-
metric study, they reported that the trabecular number in 
the tibial metaphysis was increased in 14-month-old Spra
gue-Dawley (SD) rats after 16 weeks of treadmill running 
exercise (20 m/min, 60 min/day, 5 days/week), but trabec-
ular thickness was unaffected. Iwamoto et al. [47] also showed 
that treadmill exercise (30 m/min, 60 min/day, 5 days/week 
for 12 weeks) in 23-week-old OVX Wistar rats improved 
cancellous bone mass in the proximal tibia as a result of in-
creases in trabecular number (73%) without altering tra-
becular thickness. Yao et al. [33] demonstrated that tread-
mill exercise (12 m/min, 90 min/day, 5 days/week for 5 
weeks) in 10-week-old male Wistar rats induced a 22% in-
crease in trabecular number and a 13% increase in trabec-
ular thickness in the tibial metaphysis compared with a 

Fig. 2. Effects of treadmill running exercise on trabecular bone microarchitecture in rats. The 11-week-old male Wistar rats performed the tread-
mill running exercise of 30 m/min for 60 min, 5 times a week for 10 weeks. The 3-dimensional (3D) trabecular bone microarchitecture was evalu-
ated at the distal femoral metaphysis using micro-computed tomography. Treadmill running exercise increased cancellous bone mass in the distal 
femurs, primarily by increasing trabecular number in growing rats.
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sedentary control group. The results of this study were 
similar to those in our previous experiments with 3D mi-
cro-CT of the distal femoral metaphysis, which showed 
that the increase in trabecular bone mass induced by mod-
erate treadmill exercise (30 m/min, 60 min/day, 5 days/
week for 10 weeks) in 10-week-old Wistar rats was pre-
dominantly attributable to increases in trabecular number 
(22%), with a slight increase in trabecular thickness (8%) 
(Fig. 2).[31] We also showed that treadmill running exercise 
(25 m/min, 60 min/day, 5 days/week) during the remobili-
zation period after suspension-induced osteopenia induced 
significant increases in trabecular bone mass, primarily by 
significant alterations in trabecular number.[48] Moreover, 
this finding of a predominant effect of running exercise on 
trabecular microarchitecture agrees with the data of Ber-
man et al. [14], who observed that the increase in cancel-
lous bone mass due to treadmill running (12 m/min, 30 
min/day, 5 days/week, 5° incline) for 6 weeks was predomi-
nately driven by increases in trabecular number rather 
than the trabecular thickness of the tibial metaphysis in 
8-week-old male C57B1/6J mice. Taken together, such re-
sults suggest that, in the context of growing rats and mice, 
moderate treadmill running exercise increases cancellous 
bone mass as a result of increasing growth plate-derived 
new bone formation, although this is not uniformly the 
case.[49]

EFFECTS OF JUMPING EXERCISE ON 
TRABECULAR BONE 
MICROARCHITECTURE

Among the various types of loading, high-impact load-
ing is considered particularly beneficial for bones com-
pared to low- or moderate-impact loading. Jumping exer-
cise is the most effective physical activity to provoke an os-
teogenic response due to the high tension and deformity 
applied to the skeleton.[50,51] Upward jumping in the 
form of vertical jumps from the bottom to the top of a 
board, without GRF on landing, is widely applied as a high-
impact loading protocol for promoting increases in bone 
mass, bone strength, bone metabolism and structure in 
rats.[7,13,19,48,51-58] Some other studies have used jump 
resistance training (squat-like),[6,40] free-fall impact exer-
cise,[59-61] isometric strength training [62] or tower climb-
ing,[12,63] and each of these methods has proven effec-

tive. An upward jump protocol is conducted by placing the 
rat inside a special wooden box surrounded by boards. 
Each rat has to jump, grasp the top of the board with the 
forelimbs, and climb up the board. The rat is then returned 
to the floor of the box to repeat the procedure. These works 
have demonstrated that the upward jump protocol has 
beneficial effects on bone mass, strength, and morphome-
try parameters, irrespective of animal sex or experimental 
model (young, adult, old, and osteopenia).[7,13,19,48,51-
58] Several previous histomorphometric analyses have 
found that the increase in trabecular bone mass achieved 
by jumping exercise is primarily due to increased trabecu-
lar thickness rather than to noticeable changes in numbers 
of trabeculae.[6,13] In histomorphometric studies, Swift et 
al. [64] showed that trabecular thickness in the proximal 
tibial metaphysis was significantly increased following 5 
weeks of jump resistance exercise (15 training sessions; 3 
sessions/week interspersed by at least 48 hr of rest) in 24- 
week-old SD rats. Notomi et al. [6] found that jump resis-
tance training (10 sets, 15 times/day for 8 weeks) in 8-week- 
old SD rats induced a 13% increase in trabecular thickness 
within the lumbar vertebrae without marked changes in 
trabecular number. They also reported that trabecular 
thickness in the lumbar vertebrae increased significantly 
by 12% following 4 weeks of jump resistance exercise (10 
sets, 15 times/day) in 4-week-old SD rats, but the number 
of trabeculae was unaffected.[40]

Several micro-CT studies have found that the increase in 
trabecular bone mass by upward jump exercise is primarily 
attributable to increased trabecular thickness rather than 
noticeable changes in trabecular number.[13,48,64] We 
demonstrated that upward jump exercise (10 jumps/day,  
5 days/week with a 40-cm jump height for 5 weeks) during 
the remobilization period after suspension-induced osteo-
penia (2 weeks) induced significant increases in trabecular 
thickness of 63% and trabecular number of 31% when 
compared with the spontaneous recovery group, resulting 
in a total increase in cancellous bone mass of the distal 
femoral metaphysis (Fig. 3).[48] We also reported that up-
ward jump exercise (30 jumps/day, 5 days/week with a 40-
cm jump height) applied during hindlimb unloading (3 
weeks) can prevent the microarchitectural deterioration of 
trabecular bone by increasing trabecular thickness while 
controlling the reduction of trabecular number in the dis-
tal femoral metaphysis.[65] Moreover, we showed that up-
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ward jump exercises (10 jumps/day, 5 days/week with a 
40-cm jump height for 8 weeks) in 10-week-old Wistar rats 
induced significant increases in trabecular thickness of 
51% and the trabecular number of 14% when compared 
with a sedentary control group.[13] The cancellous bone 
gain induced by upward jump exercise was suggested to 
be predominantly attributable to increases in trabecular 
thickness, with a slight increase in trabecular number. Sim-
ilar findings have been confirmed in rats subjected to tow-
er climbing.[12,63]

For the first time, we compared the effects of drop jump 
(10 drop jumps/day, 5 days/week for 8 weeks to heights of 

40 and 60 cm) and upward jump (10 upward jumps/day, 5 
days/week for 8 weeks to a height of 40 cm) impact tra-
becular bone mass and microarchitecture of the distal fe-
mur in growing rats.[66] We designed a specific device to 
ensure that rats landed on their hindlimbs during drop 
jumps to compare the effects of upward and drop jump 
impacts at the same skeletal site. We showed that trabecu-
lar bone mass in growing rats increased more effectively 
from the takeoff phases than from the landing phases of 
jumps, suggesting that the concentric muscle contraction 
of an upward jump would be more effective for stimulat-
ing trabecular bone mass than the eccentric muscle con-

Fig. 3. Effects of jumping exercise on trabecular bone microarchitecture after tail suspension in rats. Tail suspension was conducted when rats 
were 5 weeks old, for 2 weeks. After removal from the tail suspension apparatus, rats jumped upwards 10 times/day, 5 days/week for 5 weeks 
with a jumping height of 40 cm and were compared with spontaneous recovery rats. The 5 weeks of spontaneous recovery after 2 weeks of skel-
etal unloading by tail suspension did not sufficiently recover femoral trabecular architecture in young growing rats. On the other hand, subse-
quent jumping exercise after tail suspension completely restored the deteriorated bone microarchitecture with a subsequent increase in trabecu-
lar thickness. [Modified from “Differential effects of jump versus running exercise on trabecular architecture during remobilization after suspen-
sion-induced osteopenia in growing rats.”, by Ju YI, et al., 2012, J Appl Physiol (1985), 112, pp. 766-772. Copyright 2012 by the American Physio-
logical Society. Reprinted with permission]. 
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traction of a drop jump. We found that trabecular bone 
mass and thickness at the distal femur in growing rats sig-
nificantly increased only with the upward jump exercise, 
compared with the drop jump exercise (40 and 60 cm) and 
a sedentary control group. Drop jump exercise did not sig-
nificantly improve trabecular bone mass except in trabecu-
lar number, despite a higher GRF. These results imply that 
the concentric muscle contraction from an upward jump 
would be more effective for stimulating elevations in tra-
becular bone mass than the eccentric muscle contraction 
of a drop jump. On the basis of these results, one of the 
characteristics of jumping exercise is that the change in 
trabecular bone microstructure is primarily due to the thick-
ening of the trabecular bone.

EFFECTS OF SWIMMING EXERCISE ON 
TRABECULAR BONE MICROARCHITECTURE

Exercise is generally accepted as a key strategy to pre-
vent osteoporosis and bone loss associated with aging. In 
particular, weight-bearing exercises such as running [67] 
or jumping [68,69] are effective for enhancing bone mass. 
However, weight-bearing exercise may lead to an increased 
risk of stress fractures and osteoarthritis among elderly 
subjects with decreased physical function and fitness [70] 
and is thus unsuitable in exercise programs for elderly indi-
viduals, particularly for subjects displaying back and/or 
joint pain. Conversely, swimming, as a non-weight-bearing 
exercise, might be advantageous in exercise programs for 
elderly individuals since this activity is not accompanied 
by gravitational or impact stressors acting on weight-bear-
ing bones. However, unlike running or jumping exercises, 
swimming exercise is not particularly suitable as an exer-
cise protocol for increasing bone mass because the load 
on the skeleton is small. Swimmers training in this non-
weight-bearing environment has therefore been shown to 
gain less skeletal benefit than athletes participating in wei
ght-bearing activities.[2,5] In contrast to human swimmers, 
several studies examining the effects of swimming exer-
cise on bone mass in the long bones of rats have shown 
that swimming exerts positive influences on bone mass in 
young,[71] adult,[72] tail-suspended,[73] OVX,[74,75] and 
high-fat diet-fed rats.[76,77] This discrepancy in the effects 
of swimming exercise on bone mass between human and 
animal studies demonstrated in the literature has created 

a great deal of confusion among researchers in this field. 
Given the lack of consensus on this topic, the precise ef-
fects of swimming on bone remain inconclusive.

In animal studies, swimming protocols are usually con-
ducted by placing the animal inside a water bath main-
tained at 35 to 36°C. Throughout the swimming exercise, 
the animal cannot touch the bottom or hang onto the side-
wall of the barrel. Kang et al. [76] reported that swimming 
exercise (60 min/day, 5 times/week for 8 weeks) in SD rat 
models of high-fat diet-induced osteoporosis could pre-
vent the trabecular architecture in the femur and tibia by 
increases in trabecular bone mass and trabecular number. 
Moreover, they found that swimming exercise (60 min/day, 
5 times/week for 8 weeks) in SD rats with high-fat diet-in-
duced obesity improved the trabecular bone mass (60–
80%, respectively) of the femur and tibia as a result of in-
creased trabecular number (50–58%, respectively) and tra-
becular thickness (10–16%, respectively).[77] Falcai et al. 
[78] also compared the effects of swimming (60 min/day,  
5 days/week for 3 weeks), jumping (20 jumps/day, 5 days/
week for 3 weeks), and vibration therapies (20 min, 5 days/
week for 3 weeks; longitudinal amplitude, 1 mm; frequen-
cy, 50 Hz/day) on the prevention of micro-architectural de-
terioration of bone using a rat model with hindlimb un-
loading. They demonstrated that swimming showed simi-
lar levels of osteogenic effect to jumping and a slightly 
higher effect than a vibration. Moreover, swimming exer-
cise has been reported to produce greater bone adapta-
tions than running in rapidly growing female rats.[79] Fur-
thermore, we examined whether swimming (60 min/day, 
5 days/week for 12 weeks) exerts beneficial effects on pre-
venting the loss of trabecular bone mass and the deterio-
ration of trabecular microarchitecture in the femur in a rat 
model of postmenopausal osteoporosis.[75] In this study, 
swimming-exercised OVX rats showed a 102% increase in 
trabecular bone mass, 71% increase in trabecular number, 
and 18% increase in thickness compared with OVX seden-
tary control rats. In sham-treated rats, swimming exercise 
also induced significant increases in trabecular bone mass 
(64%), trabecular number (42%), and thickness (16%) when 
compared with sedentary control rats (Fig. 4). Interestingly, 
the increased rate of gain in metaphyseal trabecular bone 
mass through swimming exercise in this study resembled 
that in our previous experiment,[19] which showed that 
jumping exercise during the remobilization period induced 
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significant increases in trabecular bone mass by 64%, tra-
becular number by 31%, and trabecular thickness by 63% 
when compared with spontaneous recovery rats. These re-
sults support previous studies showing that the percent-
age increase in trabecular bone mass for the proximal tibia 
gained through swimming exercise was similar to values 
measured in jumping-exercised rats.[78] These results, as a 
whole, provide additional support for the oft-mentioned 
notion that swimming exercise may be beneficial for im-
proving or attenuating losses in bone mass and structure 
in small animals.

The osteogenic effect observed in swim-exercised rats is 
derived primarily from the mechanical loading generated 

by muscle contraction. This implies that in small laboratory 
animals such as rats, muscle contraction during swimming 
may provide levels of mechanical stress comparable to 
those observed in jumping exercise and even higher levels 
than running exercise. This contrasts sharply with cross-
sectional studies that have demonstrated a lower bone 
mass in swimmers than athletes engaged in weight-bear-
ing and impact sports. Direct extrapolation of results from 
rats to humans is thus inappropriate. However, not all swim-
ming studies in animals have been associated with bone 
gains.[80-85] Bourrin et al. [81] reported that swimming 
exercise for prolonged periods in growing rats exerted 
negative effects on both trabecular number and thickness 

Fig. 4. Effects of swimming exercise on trabecular bone microarchitecture in ovariectomized rats. Ovariectomies and sham operations were con-
ducted on 18-week-old female rats. After postoperative recovery for 2 weeks after the operation, rats performed swimming in a water bath for 60 
min/day, 5 days/week, for 12 weeks. Trabecular bone thickness and number in the distal femoral metaphysis were decreased by ovariectomy. On 
the other hand, these changes were suppressed by swimming exercise. In sham-treated rats, swimming exercise also induced a significant in-
crease in trabecular bone mass, primarily via significant alterations in trabecular number. [Modified from “Effect of swimming exercise on 3-di-
mensional trabecular bone microarchitecture in ovariectomized rats.”, by Ju YI, et al., 2015, J Appl Physiol (1985), 119, pp. 990-997. Copyright 
2015 by the American Physiological Society. Reprinted with permission].
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of the distal femoral metaphysis. The exercise protocol used 
by Bourrin et al. [81] comprised 6 hr/day of swimming, 5 
days/week at the end of the experiment, roughly compa-
rable to the regimen of collegiate swimmers at the peak of 
the training season. The reason for this discrepancy be-
tween different studies remains unclear but may be due to 
differences in duration of swimming exercises performed 
by rats. Therefore, even in rats, extended time exercising in 
a hypogravity environment may result in deleterious ef-
fects on bone, as in the case of humans. Further studies are 
needed to clarify the specific effects of swimming exercise 
on bone structure in humans and animals.

CONCLUSIONS

Based on the literature discussed in this review, we con-
cluded that treadmill running, jumping, and swimming ex-
ercises increased trabecular bone mass in small animals 
and interestingly, exerted different effects on the trabecu-
lar bone microarchitecture. That is, low-impact loading 
such as running and swimming exercises increased trabec-
ular bone mass specifically by increasing the number of 
trabeculae with slight increases in trabecular thickness. In 
contrast to treadmill running and swimming exercises, 
high-impact loading such as jumping exercise increased 
trabecular bone mass by thickening trabeculae. We pro-
vide a brief summary in Table 1 based on our latest research 
and previous research findings. Collectively, these results 
suggest that treadmill running, jumping, and swimming 
exercises have different mechanisms of action on the struc-
tural characteristics of trabecular bone in rats. The reason 
for this phenomenon is unclear, but different patterns of 
loading stress (strain rate, strain magnitude, cycle number, 
loading direction, etc.) might result in different patterns of 
reaction in the trabecular architecture. The effect (if any) of 

these structural differences on bone strength deserves fur-
ther study.
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