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Effects of exercise on bone morphology

Vascular channels studied in the rat tibia

14 male rats were divided into exercise and control groups to examine the
effect of a 1-month exercise program on the vascular morphology of the ti-
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bial diaphysis. Following the exercise program the number of haversian

canals per mm? increased in the middle third of the cortex, but not in the
outer or inner zone. No change was observed in the number of non-
haversian canals. The size of the nonhaversian canals increased following
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the training program, which was not evident in the haversian canals.

Long bones are responsive to physiologic
changes that occur during exercise. During
physical activity, for example, increases in
bone perfusion (Tgndevold 1983, Tgndevold &
Biilow 1983) and vascular resistance (Gross et
al. 1979) have been observed. Despite these ob-
servations, there is a paucity of research re-
lating physiologic events with detailed mor-
phologic adaptations resulting from physical
activity.

Parker (1977) found an increase in the num-
ber of haversian and nonhaversian canals in
the femoral diaphysis of rats following an 8-
week swimming program. Likewise, Antonov
(1980) demonstrated an increase in both the
diameter and the number of haversian canals
in the femoral diaphysis of rats following 500
hours of daily swimming training for 100 or
200 minutes. In Antonov’s study, the magni-
tude of changes was proportional to the inten-
sity of the exercise, which correlates with Nils-
son & Westlin’s (1972) observations on the re-
lationship between exercise intensity and bone
density in athletes.

We have examined the effects of weight-
bearing exercise on the morphology of the bone
vascular system in the rat.

Materials and methods

14 Male Wistar rats, aged 22 days, and weighing
45 + 5 g, were randomly divided into exercise and
control groups. The rats were housed in individual
cages and fed a standard laboratory stock feed and

watered ad libitum. The temperature of the labora-
tory was maintained at 20 + 1°C, and a diurnal light
control provided a 12-hour light and dark period, re-
spectively.

The exercise program began immediately with
treadmill -training (Key et al. 1984) and swimming
acclimatization. The rats swam individually in a
large tank divided into 20 x 16 cm compartments
with depths of 60 cm. The temperature of the water
was maintained at 35 + 1°C, in accordance with pro-
cedures established by Dawson & Horvath (1970).
The training program began at 35 days of age and
continued until the rats were 63 days old. At the end
of the acclimatization period, the body weights had
doubled, with the exercise rats weighing 10 per cent
less than the controls. By the end of the training
period, the exercise rats weighed 208 + 7 g and the
control rats 250 + 8 g. The running and swimming
schedules were previously designed to provide a pro-
gressive increase in the exercise load throughout the
4-week period (Oakes et al. 1980, Table 1).

Using prediction equations relating running speed
to oxygen uptake (Brooks & White 1978) and body
weight to maximum oxygen uptake (MVO,) (Pica &
Brooks 1982), we estimated that our animals were
exerciging at approximately 80 per cent of their
MVOQ, throughout the duration of the training pro-
gram. This exercise schedule has increased the heart
to body weight ratio of male Wistar rats (Oakes et al.
1980), demonstrating the effectiveness of the exer-
cise stress.

At the completion of the training program, the
rats were killed; the right hind limb was dissected
from the body; and all extraneous tissues were re-
moved from the tibia, which was immediately placed
in Gooding & Stewart’s decalcifying solution (Culling
1963) for 48 h. After decalcification, the tibia was
sectioned transversely at the distal margin of the ti-
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Table 1. Exercise program

Table 3. Effect of exercise on the mean (S.D.) size (1) of
haversian and nonhaversian canals in the tibial cortex of rat

Weeks 1 2 3 4
Group N Size

Treadmill
intensity 16 m.min™' 19 m.umin™’' 26 m.min™' 26 m.min"’ Haversian Control 30 568 (374)

10% gradient Exercise 38 561 (306)
Swimming . Control 144 623 (203)
intensity 1% BW 2% BW 3% BW 3% Bw onhaversian Exercise 151 740 (431)°
BW = Body-weight load attached to tail. 2Pe(.004.

bial tuberosity and double embedded in celloidin and
paraffin wax. Next, 10 u thick sections were cut
transversely and stained with toluidine blue. Vari-
ability due to deviation from the tibial tuberosity
was tested by cutting serial 10 u sections from 50 p
proximal to 50 p distal of the distal margin. One-way
analysis of variance (ANOVA) for repeated meas-
urements demonstrated no difference in the number
of haversian or nonhaversian canals within this
range.

To analyze the vascularity of the tibia, a montage
of the tibial cortex was prepared from photomicro-
graphs. The cortex was then divided into equal
thirds, and the number of haversian and nonha-
versian canals were measured in the outer, middle,
and inner thirds of the cortex. Counting was per-
formed as “blind trials”, so that the group to which
each section belonged was unknown. A test-retest
method for reliability showed that counting was ac-
curate with a significant Pearson correlation coeffi-
cient (r,, = +0.96, P < 0.01). Vascular canals were
classified as haversian or nonhaversian on the basis
of parameters described by Singh & Gunberg (1970):
That is, haversian canals were defined as a cylinder
of osteocyte-bearing lamellae with a central canal;
and nonhaversian canals were distinguished by the
lack of cement lines or other sharply defined borders,
and by the absence of circumferential lamellae (Fig-
ure 1). The area of each zone of the cortex was meas-
ured on a digitizing table to obtain the number of ca-
nals per mm?.

Because most of the canals approximated an ellip-
soid, the maximum and the minimum diameters of

Table 2. Effect of exercise on the mean (S.D.}) number of
haversian canals per mm? in the tibial cortex of rat

Zones of cortex

Inner Middle Outer
Control 3.0 (4.5) 3.8 (3.5) 1.2 (2.0)
Exercise 24 (1.3) 9.0 (2.0)? 2.1 (2.5)
P < 0.05

the canal were measured using an eyepiece micro-
meter in a binocular microscope to calculate the area
of each measured canal.

Because of inhomogeneity of variance, the nonpa-
rametric Mann-Whitney U test was employed to test
differences in the number of nonhaversian canals.

Results

Typical of rat bone (Singh & Gunberg 1970),
the number of nonhaversian canals was con-
siderably larger than haversian canals (P <
0.01). Following the exercise program, the
number of haversian canals per mm?® increased
in the middle third of the cortex (Table 2). This
change was not evident in the other two zones

10u Section
T

Figure 1. Schematic diagram showing the selection of histo-
logic sections, HC = Haversian Canal, NHC = Nonhaversian
Canal, TT = Tibial Tuberosity.
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or in nonhaversian canals. The average area of
nonhaversian canals had increased after the
exercise program (Table 3); this was not the
case for haversian canals.

In addition, Bartlett’s test for inhomogeneity
of variance showed that the variance in the
number of nonhaversian canals in the control
group was higher than in the exercise group in
the outer (P < 0.001) but not in the middle or
inner zones of the cortex (P > 0.05).

Discussion

During physical activity perfusion of long
bones may increase by 50 to 75 per cent of their
resting value, the hyperemia of which can be
maintained for up to an hour after the exercise
(Tgndevold 1983). The increase in the number
of haversian canals and the size of nonhaver-
sian canals found here may represent a re-
sponse to altered physiologic conditions asso-
ciated with exercise. Blood vessels, for exam-
ple, readily adapt structurally in response to
sustained functional changes, particularly
those related to chronic pressure alterations or
changes in the nutritional demands of the tis-
sue (Folkow 1983).

In addition to the physiologic consequences
of increased stress concentrations, the differ-
ences in radial distribution of haversian and
nonhaversian canals and the increase in size
without an increase in number of nonhaver-
sian canals indicate important mechanical con-
siderations. Under conditions of increased
loading, there are two options available by
which a crack serious enough to eventually
lead to failure can be checked. First, the bone
substance itself can undergo a change through
remodelling — thereby increasing fracture
toughness. And secondly, a crack can be de-
flected by rearrangement of the bone in areas
of increased stress concentration.

Additionally, Carter & Hayes (1976) found a
negative correlation between the fatigue life of
bone and haversian remodelling. The altera-
tion in size, as opposed to numbers, of non-
haversian canals (the predominant system in
rat bone) may reflect a requirement for an in.

crease in the fatigue resistance of bone under
conditions of cyclic loading.

This finding is in some disagreement with
that of Parker (1977) who found that the num-
ber of nonhaversian canals in the femur of rats
had increased after 8 weeks of swimming.
Swimming exercise, which negates the effects
of gravity, would not be expected to produce
mechanical stress and strain levels of the same
magnitude or frequency as those produced by
running. Although muscle tension alone can
cause changes in bone (Valderrama & Trueta
1965), increased fatigue resistance may be
more desirable under conditions of cyclic and
repetitive loading, experienced in weightbear-
ing exercise.

The large variance in the number of non-
haversian canals in the outer zone of the cortex
of control animals is an interesting observa-
tion. It lends support to Carter’s (1982) hypoth-
esis that for a fairly broad range of normal ac-
tivities there is little stimulus of bone remodel-
ling. A wide variance would be expected,
therefore, in a given morphologic analysis.
However, if high levels of loading are experi-
enced, Carter (1982) suggests that remodelling
is produced, with growing bone being the most
sensitive to changes. Not only were the ani-
mals in our study exercised during a growth
period, but the largest variance was noted in
the outer zone, furthest from the longitudinal
neutral axis, and thus subjected to the highest
stress levels.

It is apparent that exercise can modify bone
vascular morphology. The extent of remodel-
ling that occurs appears to be governed by the
type and intensity of exercise. Although phys-
iologic conditions have been implicated in such
changes, the evidence presented supports the
conjecture that vascular canals have import-
ant mechanical functions in determining the
fatigue resistance of bone.
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