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INFLUENCE OF AGE ON MECHANICAL PROPERTIES OF
HEALING FRACTURES AND INTACT BONES IN RATS
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Many experimental studies on bones are per- in

Mechanical properties of fractured and intact femora have been studied in young
and adult, male rats. A standardized, closed, mid-diaphyseal fracture was produced
in the left femur, the right femur serving as control. The fracture was left to heal
without immobilization. At various intervals, both fractured and intact femora were
loaded in torsion until failure.

The fractured femora regained the mechanical properties of the contralateral, intact
bones after about 4 weeks in young and after about 12 weeks in adult rats. For
intact bones, both the ultimate torsional moment (strength) and the torsional stiff-
ness increased with age of the animals, whereas the ultimate torsional angle re-
mained unchanged. For bone as a material, however, the ultimate torsional stress
(strength) and the modulus of rigidity (stiffness) increased with age only in young
rats, being almost constant in the adult animals.

The various biomechanical parameters of the healing fractures did not reach those
of the contralateral, intact bones simultaneously. The torsional moment required to
twist a healing femoral fracture 20 degrees (0.35 radians), a deformation close to
what an intact femur can resist, proved to be a functional and simple measure of the
degree of fracture repair in rats.
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orthopaedic research. In a previous

formed in growing animals. The properties of the
bones may, however, be variously influenced by
changes in animal age during the experimental
period. This stresses the importance of a basic
knowledge about age influences on bone
physiology when studies on bones are planned.
Important properties of fractured and intact
bones may be evaluated quantitatively by
mechanical tests (Currey 1970, Reilly & Burstein
1974, Panjabi et al. 1977). During these tests,
healing fractures and intact bones are strained,
much like the conditions in vivo. This makes
mechanical tests more functional than many
other experimental methods, and quite relevant
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biomechanical study, we found that the strength
of intact rat femora increased with age in growing
rats (Ekeland et al. 1981). Age may also influ-
ence fracture repair, and it is a well-known clini-
cal experience that fractures heal faster in chil-
dren than they do in adults (Moberg 1965).
Similar findings have been reported from ex-
perimental studies in dogs (Robinson 1971,
Editorial JAMA 1971).

The purpose of the present study was to inves-
tigate the influence of age on fracture repair in
rats, and to extend our studies of age influences
on mechanical properties of intact rat bones.
Fractured and intact bones were both loaded in
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torsion. This test method is probably the most
functional of the common mechanical bone tests,
since it evaluates the mechanical properties of the
entire diaphyseal bone, indicating the weakest
section (Burstein & Frankel 1971, Ekeland et al.
1981).

MATERIALS AND METHODS

Experimental animals

Fifty-eight young and 38 adult outbred, male Wistar/
Af/Han/Mol SPF rats were used. The young rats were
initially about 23 days old, and their median weight was
53 grams. The adult rats were initially about 100 days
old, and had a median weight of 341 grams. Four to five
rats were kept in each cage. They were given standard
animal pellets containing 0.9 per cent calcium and 0.7
per cent phosphorus (Bl nr. 3155, Mdllesentralen i/s,
Oslo, Norway) and water ad libitum.

Experimental fracture and mechanical testing

With the rats in ether anaesthesia, a standardized,
closed, transverse fracture was made in the mid-shaft of
all the left femora, using a special fracturing forceps
(Ekeland et al. 1981). The first two rats from each
group were killed immediately after the fracture. The
fracture location was examined, and the forceps ad-
justed accordingly for each group to give fractures in
the middle of the bone (Ekeland et al. 1981). The rats
walked on the unimmobilized, fractured limb within a
few days.

At various intervals (1-22 weeks) after the fracture,
groups of 6—10 animals were weighed and killed with
cther (Table 1). Both femora were immediately dissec-
ted free and stored in cooled, isotonic, Ringer’s sol-
ution. Within 2 hours, both fractured and intact femora
were tested in torsion until failure, as previously de-
scribed (deformation rate 2.5 degrees per second, i.e.
0.04 radians per second) (Engesater et al. 1978, Eke-
land et al. 1981).

Biomechanical calculations

The wuitimate torsional moment (T ,) (maximal torsional
moment) and the corresponding ultimate torsional angle
(87, (ultimate torsional deformation) were obtained
from the load-deformation curves (Ekeland et al.
1981). For healing femoral fractures, the torsional mo-
ment which was necessary to twist the bones 20 degrees
(0.35 radians) was also read from the curves, as intact
bones fail near to this torsional deformation {Ekeland
et al. 1981). The rorsional stiffness (K) was measured
from the slope of the linear portion of the curves (K =
dT/d@) (Figure 1) (Panjabi et al. 1973, White et al.
1974, Netz et al. 1978, Paavolainen 1978).
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Table 1. Number of rats in the experimental groups sub-
Jjected to torsional tests

Animals Weeks after fracture Total
number
I 2 3 4 6 8 9 1222
Youngrats 10 10 10 8 6 6 6 56
Adult rats 6 6 6 6 6 6 36

A sliding caliper (accuracy of £0.01 mm) was applied
to measure the dimensions of the intact femora. Before
the mechanical test, the femoral length was measured
from the top of the caput to the distal end of the medial
condyle. The major (2a) and minor (2b) diameters were
measured in the middle of the bone. Immediately after
the test, the thickness (t) of the ventral cortex was
measured in the middle of the femur.

The ultimate torsional stress (t,) (maximal torsional
stress) was then calculated for intact femora according
to the formula (Roark & Young 1975, Engesater et al.
1978):
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Figure 1. Load-deformation curve for an intact femur of
an adult rat. The bone was tested in torsion 9 weeks after
the start of the experiment. The ultimate torsional mo-
ment (T,) and the ultimate torsional angle (81 ) are indi-
cated. The torsional stiffness (K) is determined from the
slope of the linear portion of the curve (K = dT/d6).
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where I, is the polar moment of inertia, and the bone is
considered as an elastic, isotropic, homogenous beam
with a hollow elliptical cross section.

The modulus of rigidity (G), considering bone as an
elastic, isotrope, homogenous material, is given by the
formula (Frankel & Burstein 1970):

G=— )

where 1 is the stress for a given shear strain (y) of the
bone material. Strain depends on bone geometry, and
to convert the torsional angle (8) which occurs during
torsional loading of a bone to strain, one should multi-
ply by a factor equal to the average bone radius (ap-

proximately %) divided by the tested bone length

(L) (Panjabi et al. 1973). Accordingly, strain is expres-
sed by the equation:

y = 0 (at+b)

2XL @

Within the elastic portion of the load-deformation
curves, we have K = T/8, and therefore 6 = T/K. When
this expression for 0 is substituted in equation (3), a
formula for the modulus of rigidity can be derived from
the equations (2), (1) and (3):

T _ 2xKxbxL _
Y I,(a+b)
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The stiffness of the bone material of intact femora was
calculated according to equation (4).

Statistical analysis

Median with 0.25- and 0.75-fractiles were used to ex-
press the average and the dispersion of the measured
values. The statistical significance probability was cal-
culated by Wilcoxon's two-tailed test for pair differ-
ences (Diem & Lentner 1975). Differences were consi-
dered significant when 2P = 0.05.

RESULTS
Growth of the animals

The young rats had a seven-fold increase in body
weight during the experimental period of 12
weeks, whereas the body weight of adult rats only
increased about 40 per cent in this period (Figure
2A). The length of the intact femora increased by
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Figure 2. Body weight (A) and length of intact femora
(B) in young and adult rats as a function of time follow-
ing fracture of the contralateral bone. Six to ten animals
in each group. (Median with 0.25- and 0.75-fractiles).

about 60 per cent in young, and by about 10 per
cent in adult rats from the first to the twelfth
week after the fracture (Figure 2B).

Mechanical properties of the femora

Young rats. Already 2 weeks after the start of the
experiment, the ultimate torsional moment of the
healing femoral fractures matched that of the
contralateral, intact bones (Figure 3A). At this
time none of the fractures were consolidated as
evaluated manually, and the torsional stiffness
and the ultimate torsional angle of the fractures
did not reach the respective values of the con-
tralateral bones until 4—6 weeks after the fracture
(Figure 3B and C). The healing fractures were
even transiently stiffer than the contralateral
bones at 6 weeks after the fracture (Figure 3B).

The torsional moment which was necessary to
twist the healing fractures 20 degrees (0.35 ra-
dians), merged in with the ultimate torsional
moment for the contralateral, intact bones after 4
weeks (Figure 3A). At this time all the fractures
were consolidated. The displacement of the
healing fractures was small.
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Figure 3. Young rats. Age ar fracture: 23 days. Ultimate
torsional moment (A), torsional stiffness (B) and ulti-
mate torsional angle (C) for fractured and intact femora
as a function of time following the fracture. The torsional
moment required to twist the healing fractures 20 degrees
(0.35 radians) is also given (A). Six to ten animals in
each group. Significance levels are only indicated when
the biomechanical parameters of healing fractures sig-
nificantly exceed those of intact bones. (Median with
0.25- and 0.75-fractiles).

Adult rats. The ultimate torsional moment, the
torsional stiffness and the ultimate torsional angle
of the healing femoral fractures reached the cor-
responding values of the contralateral, intact
bones after 9-12, 12 and 12-22 weeks, respec-
tively (Figure 4A, B and C). At 22 weeks after
the fracture, the torsional stiffness was signific-
antly higher (2P = 0.05) for healing fractures
than for intact bones.
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Figure 4. Adult rats. Age at fracture: 100 days. Ultimate
torsional moment (A), torsional stiffness (B) and ulti-
mate torsional angle (C) for fractured and intact femora
as a function of time following the fracture. The torsional
moment required to twist the healing fractures 20 degrees
(0.35 radians) is also given (A). Six to ten animals in
each group. Significance levels are only indicated when
the biomechanical parameters of healing fractures sig-
nificantly exceed those of intact bones. (Median with
0.25- and 0.75-fractiles).

The torsional moment required to twist the
healing fractures 20 degrees (0.35 radians),
merged in with the ultimate torsional moment for
the contralateral, intact bones at 12 weeks after
the fracture (Figure 4A). Most of the fractures
were consolidated after 9 weeks, and all after 12
weeks. Some of the fractures healed with angula-
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Figure 5. Biomechanical parameter ratios of fractured to intact bones from young and adult rats as a function of time
following the fracture. The ratio of the torsional moment required to twist the healing fractures 20 degrees {(0.35
radians) to the ultimate torsional moment of the contralateral, intact bones, seems to make up an average of the other
ratios in indicating the degree of fracture repair. The ratios are calculated from the median values of the test data, and

610 rats were tested each time.

tions, and the displacement of the fractures was
generally larger than observed in the young rats.

The ultimate torsional angle for intact bones was
almost constant and of the same magnitude both
in young and adult rats (Figures 3C and 4C). The
median was 15 degrees (0.26 radians), and 97.5
per cent of the angles were below 20 degrees
(0.35 radians).

During the mechanical tests, the healing frac-
tures failed along a line which in the early phases
of fracture repair passed through the callus trans-
verse to the longitudinal axis of the bone. As the
fractures became consolidated, this line adopted
a more oblique course, first through the callus,
later through the bone distal to the callus. Intact
bones failed along a line at about 45 degrees
(0.79 radians) to the longitudinal axis of the
bone.

The mutual relationship of the biomechanical

parameters from young and adult rats as a func-
tion of time is given in Figure 5.

Mechanical properties of the bone material

Strength and stiffness of the bone material (e.g.
ultimate torsional stress and modulus of rigidity)
increased with age in young rats. In adult rats, the
corresponding values did not change significantly
during the study. The graphs suggest a positive
correlation between these two biomechanical
parameters (Figures 6A and B).

DISCUSSION

The experimental fractures in the present study
were estimated as healed when they had regained
the mechanical properties (ultimate torsional
moment, torsional stiffness, and ultimate tor-
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Figure 6. Ultimate torsional stress (bone material
strength) (A) and modulus of rigidity (bone material
stiffness) (B) of intact femora from young and adult rats
as a function of time following fracture of the contrala-
teral bone. The young rats were 23 days, the adult rats
100 days old at fracture. Six to ten animals in each
group. (Median with 0.25- and 0.75-fractiles).

sional angle) of the contralateral, intact bones.
Accordingly, unimmobilized femoral fractures
were mechanically healed after about 4 weeks in
young, and after about 12 weeks in adult, male
rats.

Unlike our results, Sudmann et al. (1979)
found a considerable number of non-unions in
adult, male rats with unimmobilized femoral
fractures. According to Mindell et al. (1971), the
healing of unimmobilized, femoral osteotomies
depends on intact periosteal attachments. That
all the fractures in adult rats healed in the present
experiment may be due to the small amount of
damage inflicted on the periost and the soft tis-
sues by our fracturing forceps.

The ultimate torsional moment is considered a
suitable measure of strength of diaphyseal bones
(Netz et al. 1978), and it is widely used in ex-
perimental work. The present study has, how-
ever, demonstrated that this expression of
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strength alone has shortcomings in the evaluation
of fracture repair, especially in young rats. Thus,
already 2 weeks after femoral fracture in these
animals, the ultimate torsional moment for the
healing fractures and for the contralateral, intact
bones was almost equal (Figure 3A). The same
fractures failed, however, after a twist of about 45
degrees (0.79 radians), whereas the intact femora
could be twisted only about 13 degrees (0.23 ra-
dians) before failure (Figure 3C). This difference
was also reflected in the torsional stiffness, which
at this time was about four times higher in intact
bones than in healing fractures (Figure 3B).
These findings can be explained by the nature of
the callus. In the early phases of fracture repair,
the callus is composed mainly of fibrous and car-
tilaginous tissues (Rokkanen & Slatis 1964, Slatis
& Rokkanen 1965). These tissues behave in a
rubber-like manner, being elastic and deformable
for small loads. The volume of callus is rather
large, however, and after sufficient deformation,
it may be quite strong (Re et al. 1976, Ekeland et
al. 1981).

The ultimate torsional angle of intact femora
was almost constant during the study, and similar
to the corresponding angular deformation previ-
ously observed in bending tests (Ekeland et al.
1981). This emphasizes the importance of this
mechanical parameter, and suggests failure to
depend more upon the extent of deformation
than the strength of intact bones (Currey 1970,
Sammarco et al. 1971). Accordingly, the tor-
sional moment necessary to twist a healing frac-
ture 20 degrees (0.35 radians), a deformation in
the upper range of what an intact bone can resist,
was found to provide a functional measure which
related fracture strength to the degree of fracture
repair. When the fracture healing was evaluated
by this measure, the results scemed to make up
an average of those obtained by the three other
biomechanical parameters employed (Figure 5).
Fracture strength has been calculated in a similar
way in rabbits (Panjabi et al. 1977, White et al.
1977).

The torsional stiffness of the healing fractures
exceeded that of intact bones after 6 weeks in
young and after 22 weeks in adult rats. As
observed by Northmore-Ball et al. (1980), this
was transient in young rats. The increased stiff-
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ness was probably caused by the large polar mo-
ment of inertia and the increasing mineralization
of the callus, rather than the callus tissue being
stiffer than normal bone material. These proper-
ties of the callus may also explain why the line of
failure during torsional loading changed as the
fractures consolidated and strengthened. Finally
the line passed through the bone distal to the
callus, and the line of failure in healing fractures
may therefore provide information both as to the
healing phase as well as the fracture strength
(White et al. 1977).

A new formula for the modulus of rigidity of
rat femora was deduced and used in the present
study. Both the modulus of rigidity and the ulti-
mate torsional stress of intact femora increased
with age in young rats, whereas corresponding
values in adult rats did ot change significantly.
These results agree with those of a previous study
(Ekeland et al. 1981), where both the ultimate
bending and the ultimate torsional stresses in-
creased to reach a plateau when the rats passed
the initial age of adult rats in the present study
(100 days). This may be related to the increase in
calcium concentration with age in young rat fem-
ora (Engeszter et al. 1980a, Ekeland & Under-
dal 1982), as both strength and stiffness of bone
material increase with increasing mineral content
(Vose & Kubala 1959, Currey 1969a, b, Burstein
et al. 1975). Also collagen may, however, contri-
bute to these age-related changes in the mechani-
cal properties of bone. Thus, Vogel (1979) has
reported both the insoluble collagen content and
the bending strength of rat femora to increase
with age, whereas the soluble collagen content
decreased. The latter has also been shown by En-
geseter et al. (1980b). Decreased solubility of
collagen is associated with an increasing amount
of intra- and inter-molecular cross-links (Ras-
mussen & Bordier 1974, Uitto & Lichtenstein
1976, Bornstein & Traub 1979). Accordingly,
the increase in strength and stiffness of the bone
material from young rats with age may be a re-
flection of both increased cross-linking of col-
lagen molecules, and enhanced bone mineraliza-
tion (Lees & Davidsson 1977).

In conclusion, the torsional moment which was
necessary to twist a healing femoral fracture 20
degrees (0.35 radians), proved to be a functional
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and simple measure for the degree of fracture
repair in rats. Fractured femora healed about
three times faster in young than in adult male
rats. Both strength and stiffness of intact femora
increased with age of the animals, whereas the
ultimate deformation remained unchanged.
Strength and stiffness for bone as a material,
however, increased with age only in young rats,
being rather constant in adult animals.
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