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BONE STRENGTH AS A TRAIT  FOR ASSESSING MINERALIZAT ION IN 
SWINE: A CRITICAL REVIEW OF TECHNIQUES INVOLVED 1,: 

T. D. Crenshaw 3 , E. R. Peo, Jr., A. J. Lewis and B. D. Moser 

University o f  Nebraska, Lincoln 68583 

Summary 

Lack of standardized test procedures has 
resulted in considerable variation in reported 
values for bone strength. Such variation can be 
at t r ibuted in part  to the type of  instruments 
used to determine physical properties of bone, 
procedures used to prepare the bones for 
testing and equations used to calculate strength. 
If bone strength is to be used as a major criterion 
of response in mineral nutri t ion research, 
standardization of procedures for measuring 
and reporting bone strength is essential. Traits 
that  describe the mechanical properties of bone 
as determined in the commonly used flexure 
test in which force is applied perpendicularly 
to the longitudinal axis are bending moment ,  
stress, moment  of inertia, strain and modulus 
of  elasticity. Bending moment  is a measure of  
the amount  of force withstood by the bone, 
whereas stress is a measure of force per unit  
area of  bone. Stress allows comparisons to be 
made between bones that  differ in size and 
shape. The moment  of inertia is a measure 
not  only of  the area over which the force is 
applied, but  also of the shape in which the 
area is distributed. Strain is a measure of the 
amount  of bending per unit of length that  
occurs as the bone is tested. The modulus of 
elasticity is a measure of the rigidity of the 
bone or, more simply, is the stress to strain 
ratio. Instruments that  allow the researcher to 
control  the rate of deformation as well as to 
record the force and deformation are impor- 
tant. Since the modulus of elasticity is affected 
by  the rate of deformation,  a standard rate of 
5 mm/min is suggested. Differences exist in 
the mechanical properties of  wet and dry 

X Published as Paper No. 6110, Journal Ser., 
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bones. Wet bones bend to a greater extent  
but  withstand less ul t imate force than dry 
bones. As little as 10 min exposure to air can 
result in changes in the mechanical properties 
of  wet bones. Simplification of equations 
used to calculate stress may yield values that 
are only a reflection of bending moment  if 
the simplifications do not  account for differ- 
ences in shape or size of  the bone. Mechanical 
properties of bones respond differently to 
nutri t ional treatments,  a n d  different conclu- 
sions can be made, depending upon which 
trait  is used. As bone mineralization increases, 
maximum stress and bending moment  of  the 
bone increase. At  a point  of  opt imum mineral- 
ization, stress reaches a maximum. Bending 
moment  can increase beyond the point  of 
opt imum mineralization if the bone continues 
to deposit more total minerals. Conclusions 
about  the nutrient requirements affecting bone 
mineralization should be based on several of the 
mechanical properties rather than just one. 
(Key Words: Swine, Bone Strength, Mineral- 
ization, Techniques.) 

Introduct ion 

Bone breaking strength has been used by 
nutrit ionists as a response criterion for deter- 
mining the bioavailabili ty of minerals and 
establishing requirements for swine (Miller 
et  al., 1962; Libal et  al., 1969; Cromwell et 
al., 1972; Nimmo et  al., 1980). The correct 
physical description of "bone  breaking 

strength" is force per unit  of  area, but  most of 
the determinations of "bone  breaking strength" 
reported in the l i terature have involved only a 
measure of force, with little or no consideration 
given to the area of bone over which the force 
is applied. An understanding of engineering 
principles used for calculating strength of ma- 
terials is necessary for nutri t ionists to compre- 
hend fully the meaning and use of  "bone  break- 
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828  CRENSHAW ET AL. 

This paper is written for nutritionists and 
includes a discussion of traits used to describe 
the mechanical properties of bone and tech- 
niques used to determine these traits experi- 
mentally.  The reader is also referred to Evans 
(1957, 1973), Yamada and Evans (1970), 
Swanson (1971) and Baker and Haugh (1979) 
for additional information on theoretical 
concepts of bone strength. 

Traits Used in Mechanical Tests 

Numerous kinds of  tests are used to deter- 
mine the strength of materials. That most 
commonly used to evaluate the mechanical 
properties of bone is a flexure test (Baker and 
Haugh, 1979). In a flexure test (bending test), 
the bone is simply supported at each end and 
a force is applied at midspan (figure 1). Swan- 
son (1971) and Evans (1973) have described 
the following traits which are determined in 
a flexure test. 

Bending Moment. A flexure test involves 
both compressive and tensile forces. A force is a 
push or pull on an object and is measured in 
units of mass. A compressive force tends to 
push an object together, or shorten it, while a 
tensile force tends to pull an object apart, or 
lengthen it. As a bone is bent, with force 
applied from above, compressive forces are 
exerted on the top fibers, while tensile forces 
are exerted on the bo t tom fibers. When two 
forces act together, as in a flexure test, the 
moment  of force is determined. The moment  
of force about a point  or axis is the product  of 
the force and the distance or length over which 
the force is applied. Thus, in a flexure test, 
bending moment  is determined. Bending 
represents the type of force (compressive and 
tensile), and moment  is the product  of force 
and distance. Bending moment  is simply the 
force applied to the bone adjusted for the 

F 

Figure 1. Three-point loading of bone in a flexure 
test. F = point at which force is applied. L = length 
between the two fulcra points supporting the bones. 

distance (length) over which it is applied. 
Bending moment  is measured in units of force 
and distance (kilograms-centimeters). A more 
common expression of these units would be in 
foot-pounds (distance-force). Bending moment  
is calculated by the following equation:  

Bending moment  (kg-cm) -- 

force (kg) x length (cm) 

Length is the distance between the two fulcra 
points that support  the bone (figure 1). Calcu- 
lation of bending moment  allows comparisons 
between bones of different lengths. 

Stress. Bone stress is defined as force per 
unit of  bone area. A more common term for 
stress is strength, although these terms are 
used interchangeable. Stress takes into account 
not  only the area over which the force is 
applied, but  also the geometrical shape of this 
area. For example, if a 200-kg force were 
applied to a circular or rectangular rod of the 
same cross-sectional area (8 cm2), a lower 
stress would be calculated (figure 2) for the 
circle (15.67 kg/cm 2) than for the rectangle 
(18.75 kg/cm2). Stress cannot be measured 
directly, and must be calculated. Different 
formulas are derived for each type of force 
applied to the bone (compressive, tensile, 
flexure, etc.). In a flexure test, stress is cal- 
culated as follows: 

Stress (kg/cm 2 ) = 

force (kg) x length (cm) x C(cm) 

4 x moment  of inertia (cm 4) ' 

where C equals the distance from the neutral 
axis to the extreme outer fiber. Equations 
for determining this distance for different 
geometrical shapes are given in most engineer- 
ing handbooks concerned with strength of 
materials. In a circle or ellipse, C equals �89 the 
diameter, and, for a quadrant  of an ellipse, 
C equals 4 times the height divided by 3 rr. 

Equations for calculating the area moment 
of  inertia from simple measurements of an 
object have been derived for geometrical 
configurations of known shapes (circles, tri- 
angles, rectangles, etc.) and are also given in 
engineering handbooks (Bruch, 1978). Bones 
are irregular in shape, presenting problems for 
the determinat ion of  the moment  of inertia. 
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h = 2 - - I  o - -  - I  o 

I " 
b = 4 - - ]  

Area: b x h = 8 cm 2 ~ r  r 2 = 8 cm 2 

Moment of Inertia: bh3 = 2 .667 cm 4 "r~._._] r4) = 5 .093 cm 4 
12 4 

Force: 200 Kg 200  Kg 

Stress: 18.75 Kg/cm 2 15.67 Kg/crn 2 

Figure 2. Illustrates the importance of moment of 
inertia in the calculation of stress for different geo- 
metrical shapes to which an equal amount of force 
has been applied. The moment of inertia is determined 
at the neutral axis (I0). See text for equation used to 
calculate stress. 

Engineers and biomechanics have machined 
small sections of bone with known geometrical 
configuration to overcome the probelm of 
irregular shape. Most research by nutritionists 
has involved the testing of whole bones. Granik 
and Stein (1973) described a procedure for 
determining the area moment  of inertia for 
the human rib. Using the same procedure, 
Crenshaw et al. (1981) concluded that the 
femur and humerus of pigs could be closely 
approximated by use of the equation for the 

moment  of inertia of an ellipse, while the 
metacarpal, metatarsal and rib could be approx- 
imated by use of the equation for an object 
shaped as a quadrant of an ellipse. The 
equations used for calcualting the area moment  
of inertia 4 from measurements of the diameter 
of the section are: 

Moment of inertia = .0491 (BD 3 - bd 3) 
(ellipse) 

and 

Moment of inertia = .0549 (BD 3 -- bd 3) 
(ellipitical quadrant) 

4The constant .0491 equals (n/64) in the calcula- 
tion of moment of inertia for an ellipse. The constant 
.0549 equals 0r/16 - 16/36,0 in the calculation for 
the moment of inertia of an ellipitical quadrant 
(Bruch, 1978). 

Slnstron Testing Machine table model 1123, 
Instron Corp., Canton, MA 02021. 

where B and D are outside diameters (centi- 
meters) of the bone at the point of loading, 
and b and d are inside diameters (centimeters) 
at the same points. The diameters B and b are 
diameters perpendicular to the direction of 
the applied force, while D and d are d4ameters 
parallel to the direction of the applied force. 

Strain. Another important  physical property 
of bone is strain. Strain is the ratio between 
the original length and the change in length 
of a body as the result of the application of a 
force. In a flexure test of whole bones, strain 
is determined by the following equation: 

12 X deformation (era) x C (cm) 
Strain = length 2 (cm) 

Deformation is a measure of deflection or 
bending that occurs as the bone is being tested. 
Strain is unifless, as it is the change in length 
per unit  length. 

Modulus o f  Elasticity. The modulus of 
elasticity is a measure of the capacity of the 
bone to return to its original shape after it has 
been deformed by a force. Thus, modulus of 
elasticity is a measure of the degree of rigidity 
of the bone. An object made of steel would 
have a higher modulus of elasticity than a 
similar object made of rubber (Liboff and 
Shamos, 1973). The ratio of stress to strain 
is used for determining the modulus of elasti- 
city from the following equation: 

Modulus of elasticity (kg/cm 2 ) = 

force (kg) x length 3 (cm) 

48 x moment  of inertia (cm 4) x 
deformation (cm) 

The modulus of elasticity is determined from 
the linear portion of a stress:strain curve. 

Bones exhibit both elastic and plastic 
deformation when tested under the conditions 
in our laboratory. Whole bones are tested by 
a flexure test at a deformation rate of 5 mm/ 
min, with an Instron Testing Machine s used 
to record the force-deformation curve. Elastic 
deformation occurs in the initial phase of 
the stress:strain curve (figure 3). In this area, 
the bone will return to its original shape upon 
removal of the applied force, as no permanent 
damage is done to the bone. At the inflection 
point  of the stress:strain curve, maximum yield 
stress is determined. At this point, the amount  
of force applied to the bone is sufficient 
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Yield 

Ultimote Sh~ss 

_ , , - - '  

S~o~ 
Figure 3. Stress:strain curve of a bone in a flexible 

test. I =  elastic deformation of b o n e ~ " " ~ =  plastic 
deformation of  bone. 

to result in permanent damage to the bone. 
Ultimate stress is calculated at the point  at 
which the bone fails to withstand any further 
increase in force. This is the point  of bone 
failure. In the region between yield stress and 
ult imate stress, the bone exhibits plastic defor- 
mation;  this is the region where the bone will 
not  return to its original shape if the force is 
removed. The bone undergoes permanent 
damage in the region of plastic deformation.  

A description of bone measurements taken 
and equations used for the experimental  
determinat ion of mechanical properties of 
bone has been reported for the femur of rats 
(Weir e t  al., 1949) and of pigs (Miller e t  al., 

1962). Only recently, Crenshaw e t  al. (1981) 
reported equations and measurements for the 
determinat ion of  mechanical properties of the 
femur, humerus, metacarpal, metatarsal and 
ribs of swine. 

of bone, but  only with the response of bone 
strength to levels or source of a nutrient. A 
bet ter  understanding of principles involved in 
the mechanical properties would allow more 
accurate conclusions to be made concerning 
the effect of  nutrients on mineralization, and 
would allow more accurate comparisons to be 
made among various experiments.  Two factors 
that contribute to the lack of  uniform testing 
conditions are (1) variation in the types of 
instrument used to measure mechanical proper- 
ties, and (2) variation in the procedures used to 
prepare the bones for testing. 

Variation in the instruments used for me- 
chanical tests can be at t r ibuted in part to 
advances in technology. Weir e t  al. (1949) 
used an apparatus to measure bone strength 
in which weights were added to a pan sus- 
pended by a hook from the midspan of a rat 
femur. More recently, instruments similar to 
a Carver 6 press have been used. With these 
instruments, a force is applied to  the bone by 
means of a manually operated hydraulic 
cylinder. Both of the above-cited methods do 
not produce a uniform rate of  deformation 
in the bone. The modulus of  elasticity is 
dependent  upon the rate of deformation and 
increases with increasing rates of  deformation 
(Sedlin and Hirsch, 1966). With manually 
operated instruments, it is difficult if not 
impossible to provide a constant  deformation 
rate, so variation would be expected in data 
collected with these instruments. Miller e t  al. 

600- 

500- 

Physical Factors A f f e c t i n g  A 400- Bone  Strength of  S w i n e  "E 
Variations exist in "bone breaking strength" "~ 

data reported from different experiments with ~noo- 
pigs of  comparable age and nutritional back- 
ground. This variation may be due to a lack of aoo- 
standarized test conditions or to a failure to 
use correct equations for calculating mechanical Joo- 
properties. For  the most part,  nutrit ionists 
are not  concerned with the absolute strength 

Fred S. Carver, Inc., One Chatham Road, Summit, 
NJ. 

////,~ U l t l m o t ~  UItMmte Slmss 

;"7 leld Stress 

Strain 

Figure 4. Stress:strain curve for wet and dry 
(extracted) third metacarpal bones from pigs. - - - 
dry bones. - -  wet bones. (Nebraska swine nutrition 
Exp. 77301, unpublished data). 
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(1962) used a Tinius-Olsen testing device to 
record simultaneously the load and deflection 
as bones were tested. More modern instruments 
such as the Instron Testing Machnie have the 
capability to electronically provide a constant 
rate of deformation. These intruments can 
also plot a force-deformation curve of the 
bone as it is being tested. Even when the 
rate of deformation is known, it is not  always 
reported. However, to date, no standard rate 
has been defined from which researchers 
can establish uniform testing procedures. 
Unreported testing in our laboratory suggests 
a rate of 5 mm/min is optimal for plotting 
a force deformation curve with an Instron 
Testing Machine. 

With instruments such as the Carver press, 
the researcher had to dry and extract the fat 
from bones so the bone would snap or break 
completely upon testing. This provided a 
distinct endpoint to the test. With instruments 
that record the force-deformation curve, such 
a break in the bone is not necessary. Questions 
have arisen concerning the relationship between 
physical properties of dry, fat-extracted bones 
and those of wet bones. 

Results of a test comparing dry and wet 
bones are shown in figure 4. Bones were col- 
lected from approximately 200 pigs of similar 
nutritional and management background. One- 
half of the bones were extracted in anhydrous 
ether and dried at 100 C for 3 hr before testing. 
The remaining bones were frozen until testing 
time, then allowed to thaw to room tempera- 
ture. Freezing before testing does not affect 
the mechanical properties of bone, but  changes 
in temperature at the time of testing may 
result in small changes in strength (Sedlin, 

1965). As figure 4 shows, wet bones bend 
more than dry bones when comparisons are 
made of the strain to the point of ultimate 
stress. When strain at the points of yield stress 
is compared, there appears to be little differ- 
ence between wet and dry bones, although 
the yield stress of dry bones is greater. How- 
ever, the reverse is true at the point of ultimate 
stress. The modulus of elasticity of the dry 
bone is greater at both the yield and the ulti- 
mate stress point. Values for modulus of 
elasticity at the yield points were 8,361 and 
4,610 kg/cm 2 for dry and wet bones, respec- 
tively, while at the points of ultimate stress, 
modulus of elasticity values were 5,463 and 
2,215 kg/cm 2 . 

These data support other research indicating 

that dry bones are more nearly elastic (Liboff 
and Shamos, 1973) and bend less upon testing 
than wet bones. Miller e t  al. (1965) reported 
that the wet femurs of 5- to 6-week-old pigs 
bent  nearly twice as much as the dry femurs, 
but that dry bones were stronger than wet 
bones. Sedlin and Hirsch (1966) reported that, 
after only 10 min in air, bone specimens began 
to show an increase in strength. The effect 
of drying becomes more pronounced after 
longer periods. 

For nutritionists who are concerned with a 
response to nutrient  quality of the diet, either 
dry or wet bones can be used. Wet bones would 
be preferable, as they resemble more closely 
the bones as they exist in the animal. Extreme 
care must be taken to avoid any drying of 
wet bones. 

Not only is there a lack of uniformity in 
testing procedures, resulting in variation in 
bone test results, but  the calculations used to 
determine bone strength are variable, as well. 
Examples are given below to point out prob- 
lems associated with the interpretation of bone 
strength traits. 

Libal e t  al. (1969) and Svajgr e t  al. ( 1 9 6 9 )  

reported bone strength in kg/cm 2. No determi- 
nations were made of the moment  of inertia. 
The values reported were actually dial readings 
from a Carver press. Bone strength values 
are expressed in units of kg/cm 2, but the cm 2 
refers to the area of the cylinder supplying the 

TABLE 1. EFFECT OF CALCIUM AND 
PHOSPHORUS LEVELS ON THE 

GEOMETRICAL MEASUREMENTS OF 
BONES FROM PIGS a 

Dietary levels 
of Ca, P, % 

Measurement .4, .4 .8, .8 

Avg outside diameter, cm b 1.55 1.56 
Avg inside diameter, cm bd 1.07 1.01 
Wall thickness, cm cd .241 .273 
Moment of inertia, cm 4d .402 .435 

aFrom Crenshaw et  al. (1981). 

bAverage of diameters taken 90 ~ to each other in 
seven bones (femur, humerus, third and fourth meta- 
carpal, third and fourth metatarsal and rib). 

CDetermined by subtracting inside from outside 
diameter and dividing by two. 

dResponse to level of Ca, P (P<.01). 
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force. Multiplication of dial reading by a 
factor of 17.7862 yields a force in kilograms. 
If this factor is used, the values reported by 
Libal e t  al. (1969) and Svajgr e t  al. (1969) for 
bone strength are within the range of force 
withstood by bones from pigs of a similar age 
that were tested with a Carver press (Owens e t  

al., 1973). 
Tanksley e t  al. (1976) measured the area 

of cortical bone using a compensating polar 
planimeter. Area of bone was used for calcu- 
lating stress of femur and metacarpal bones. 
Comparisons between the femur and meta- 
carpal bones are inappropriate here, as differ- 
ences in the shape of these bones were not 
considered. However, the authors concluded 
that femurs were a better indicator of bone 
development than were the metacarpal bones. 
On the other hand, in a study with pigs of the 
same age, Crenshaw e t  al. (1981) concluded 
that the metacarpal bones were more responsive 
to Ca and P levels than femurs were. This 
difference in the conclusions of the two groups 
might be due to the use of area rather than 
moment  of inertia. 

Moser e t  al. (1980) and Nimmo e t  al. (1980) 
computed the stress of pig femurs and metatar- 
sals from a simplified equation of stress. The 
area of a circle was calculated from an average 
of two outside diameter measurements at 
midshaft. Stress was computed by dividing 
force by this area. No consideration was given 
to the inside hollow portion of the bone 
cross section or to differences in the shape of 

femur and metatarsal bones. 
Data presented in table 1 indicate that the 

inside diameters of bones in growing pigs 
respond to variations in levels of Ca and P, 
while the outside diameters change very little. 
Cromwell e t  al. (1972) and Tanksley e t  al. 
(1976) also reported no change in outside 
diameters of bones due to altered Ca and P 
levels, but  they did observe changes in wall 
thickness. Data based on calculations that do 
not consider the inside diameter would not 
be as sensitive to changes in bone mineral- 
ization due to levels of Ca and P. Stress as 
calculated by Moser e t  al. (1980) and Nimmo 
e t  al. (1980) would only reflect differences in 
force, since little change would be expected in 
outside diameter of bone. 

Data from Nimmo e t  al. (1980) are pre- 
sented in table 2. If one assumes, as discussed 
above, that the inside diameter decreases 
with increasing levels of Ca and P, the moment  
of inertia can be estimated from the reported 
data and an estimate of stress can be calculated. 
A difference in the response to Ca and P 
levels is noted between the stress reported by 
Nimmo e t  al. (1980) and the estimated stress 
(table 2). On the bases of the estimates of 
inside diameter, the estimated stress did not 
increase with levels of Ca and P but  may have 
actually decreased at the highest level of Ca 
and P. The findings of Nimmo e t  al. (1980) 
indicating that bone mineralization was less 
pronounced in boars fed the diet containing 
.65% Ca and .50% P than in those fed higher 

TABLE 2. I~ESPONSE OF BONE FORCE AND STRESS TO VARIED LEVELS 
OF CALCIUM AND PHOSPHORUS 

Dietary Ca and P, % 

Item .65, .5 .975, .75 1.3, 1.0 

Force, kg a 227 254 259 
Stress, kg/cm 2 ab 67 78 78 
Cross sectional area, cm 2 ab 3.39 3.26 3.32 
Avg outside diameter, cm a 1.04 1.02 1.03 
Avg inside diameter, cm c .90 .85 .84 
Wall thickness, cm d .07 .09 .10 
Moment of inertia, cm 4 d .0252 .0275 .0308 
Stress, kg/cm 2 d 1,170 1,177 1,082 

acharacteristics from Nimmo et al. (1980). 

bcalculated from the equations, stress = peak/cross section, where cross section = ~r r 2 . 

CEstimated response to Ca, P levels. 

dCalculated from formulas described in this article with estimated inside diameters. 
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levels of the two elements is correct  when 
force is the trait. Stress may be a bet ter  indi- 

cator of mineralization of the bone and, at 
these levels of  Ca and P, mineralization may 
not  differ based on the est imated stress. Pigs 
fed the two higher levels of Ca and P may 
simply have laid down more bone, a supposi- 
tion which would be reflected by the increase 
in force with increasing Ca and P levels. 

Biological Factors Affecting Bone Strength 

Biological factors such as dietary nutrients 
and age affect "bone  breaking strength." The 
responses of  the mechanical properties (force 
and stress) to biological factors are different 
and can be used to describe changes in the bone 
matrix. The following examples are offered to 
illustrate the differential response of force 
and stress and to explain the implications of  
the response for changes in bone matrix.  

Data from Miller e t  al. (1962), graphically 
represented in figure 5, indicate that  bone 
stress reaches a maximum before bone force 
does. Miller e t  al. (1962) fed increasing amounts 
of  Ca to baby pigs. At  the lower levels of Ca, 
bending moment  and stress increased with 

0 

0 X 

L 

._~ 

I I I I 
0 .4 .8 1.2 1.6 

% Calcium 

Figure 5. Response of mechanical properties of 
bone to levels of dietary Ca (Miller e t  al., 1962). 
-o-o-o = modulus of elasticity; -x-x-x = stress; -o-o-e 
= bending moment; -a-e-a = moment of inertia. 

increasing Ca. Bone stress reached a maximum 
when pigs were fed .8% Ca, while bending 
moment  continued to increase when the pigs 
were fed 1.2 and 1.6% Ca. The data indicate 
that  .8% Ca is adequate for opt imum bone 
mineralization. Presumably, below .8% Ca, 
the mineral matr ix is less organized, resulting 
in changes in stress, while above .8% Ca the 
mineral matr ix is not  changed - only a greater 
amount  of  bone is deposited. The increases in 
force at 1.2 and 1.6% Ca reflect an increase in 
the total  amount  of bone, while increases in 
force and stress up to .8% Ca reflect a change 
in both the mineral matr ix and the amount  of 
bone. 

Data from Nimmo (1980) indicate a differ- 
ence in the responses of force and stress to age 
(table 3). Bones from gilts slaughtered after 
one lactat ion period had a lower stress and 
modulus of elasticity than bones from gilts 
slaughtered before reaching breeding age. 
The bending moment  and moment  of  inertia 
of  the bones were greater after lactation than 
before breeding. The differential response of 
stress and force (bending moment)  indicates 
that  the bones continued to grow in total 
mass, but  that  the organic matr ix of  bones 
from older pigs were less calcified than that  
of  bones from younger animals. The decrease 
in bone stress with age was not  as severe in 
gilts fed 50% more than the NRC (1973) 
recommended levels of  Ca and P as it  was in 
those fed the NRC levels. 

Diagrams in figure 6 represent cross sections 
of  bones from pigs fed improved amounts or 
balances of any nutrients (Ca, P, vitamin D, 
e tc .  ) that  might affect the physiological process 
of  bone mineralization. The bone cross sections 
also represent different degrees of rickets, 
ranging from severe (A) to none (D, E). Arrows 
indicate the expected responses in force, stress, 
moment  of inertia and percentage of  ash in 
bone cross sections to the improvements in 
nutrients or to  the decrease in rickets. 

The organic matrixes of  bones A, B and C 
aie not  entirely calcified and are rachitic. 
As the degree of  calcification improves in bone 
A, B and C, bone stress and force increase. 
The organic matrixes of  bones represented by 
D and E are completely calcified, and only 
the total  amount  of  calcified matr ix  is increased 
by  further increases in nutrients. In E, force 
is increased beyond that  in D because of  the 
increase in the total  amount  of  bone. Stress 
is constant  in D and E because of  an absence of 
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T A B L E  3. E F F E C T  O F  C A L C I U M  A N D  P H O S P H O R U S  L E V E L S  O N  M E C H A N I C A L  
P R O P E R T I E S  O F  B O N E  A S  I N F L U E N C E D  B Y  R E P R O D U C T I V E  C Y C L E  a 

P r o p e r t y  

P r e b r e e d i n g  b P o s t l a c t a t i o n  c 
Ca,  P level Ca ,  P level 

A d A + 50% A A + 50% 

Bending moment, kg-cm 
Maximum stress, kg/cm 2 
Modulus of elasticity, kg/cm z 
Moment of inertia, cm 4 e 

98 117 119 152 
588 628 437 549 

1,637 1,763 1,261 1,508 
.123 .140 .233 .237 

aFrom Nimmo (1980). Average of values for third and fourth metatarsal bones. 

bSlaughtered at approximately 6 months of age. 

CSlaughtered after a 6-week lactation period. 

dA = .65, .5% Ca, P for growing-finishing period, or 13 g Ca and 10 g P/day during gestation period. 

eResponse to Ca, P levels (P<.01). 

changes in the organic matr ix.  Stress is no t  
a f fec ted  byvan increase in size bu t  by a change 
in the calcif ied matrix.  

Bones represented by A, B and C are rachitic 
and represent  a reduct ion  in the p ropor t ion  of  
calcified mass to total  mass; thus, percentage 
o f  ash would  be reduced.  When expressed as a 
percentage,  ash would  no t  differ  be tween  D 
and E. This explains the absence of  a relation- 
ship be tween  force and percentage of  ash 
repor ted  by Cromwel l  e t  al. (1972).  On the 

basis of  the above discussion, a relationship 
should exist  be tween  stress and percentage of  
ash. Vose and Kubala (1959) f i t ted  an exponen-  
tial curve to show a relationship be tween  
stress and ash content .  They  reported a rapid 
increase in stress with small increases in ash 
conten t .  Currey (1969a,  b) observed a l inear 
relat ionship be tween  ash con ten t  and modulus  
o f  elast ici ty and proposed  that  this relationship 
was due to the fusion of  apati te crystals. 
Crenshaw e t  al. (1981)  concluded that  stress 
was a more  sensitive indica tor  of  mineral izat ion 
than percentage of  ash on the basis of  the 
responses of  stress and percentage of  ash 
across sexes. Bones f r o m  boars had significantly ~ ~ 0 O 0 lower  stress values than bones from gilts or  
barrows, while percentage of  ash showed only  
a numerical  t rend rather  than statistically 

A 8 C D E 
Fo,ce I' # 'I' I" 

Stress t t t 0 
Momenl of 
I~rtio $ ~ r ? 

%Ash r ~ r 0 

Figure 6. Responses of force and stress to changes 
in the organic matrix of bone as the nutritional 
status of the animal increases (from diagrams A to 
E). The diagrams illustrate bones with the following 
responses to nutrients: A - severe rickets, uncalcified 
matrix, remodeled cortical bone; B -- moderate 
rickets, uncalcified matrix, slight remodeling; C - 
slight rickets, uncalcified matrix, no remodeling; 
D -- no rickets, completely calcified matrix; E - no 
rickets completely calcified matrix, increase in amount 
of total bone over D. Arrows represent an increase 
( + ), a decrease ( ~ ) or (0) no change between dia- 
grams A, B, C, D and E. 

significant  differences.  
With the di f ference in the responses of  

stress and force to nu t r ien t  level, the quest ion 
arises as to  which trait  should be used for  the  
es tabl i shment  of  nu t r ien t  requirements .  Max- 
imum levels of  stress indicate that  nutr ients  
are adequate  for mineral izat ion of  the bone.  
A fur ther  increase in the total  amount  of  bone  
indicated by force (bending momen t )  might  
be desirable for  the de te rmina t ion  of  recom- 
m e n d e d  levels rather  than min imum require- 
ments.  Al though the bone  mat r ix  reached the 
desired level of  minera l iza t ion at the highest 
stress, more  total  bone  might  be required to  
main ta in  structural  integri ty  in the pig, a 

tr iat  par t icular ly critical for those animals 
enter ing the breeding herd. 
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