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Abstract---Distal canine femurs were sectioned into 8 mm cubic specimens, Orthogonal compression tests 
were performed to preyield in two or three directions and to failure in a third. Apparent density and ash 
weight density were measured for a subset of specimens, The results were compared to the human distal 
femur results of Ciarelli et al. (Transactions ojthe 32nd Annual Meeting ofthe Orthopaedic Research Society, 
Vol. 11, p. 42, 1986). Quantitative similarities existed in the fraction of components comprising the 
trabecular tissue of the two species. Qualitative similarities were seen in the positional and anisotropic 
variation of the mechanical properties, and also in the form and strength of the relationships between the 
mean modulus and bone density, ultimate stress and density, and ultimate stress and modulus. However, 
significantly different regression equations resulted for the mean modulusdensity, and ultimate 
stress-modulus relationships, indicating that for the same density, canine trabecular bone displays a lower 
modulus than human, and may achieve greater compressive strains before failure. 

INTRODUCTJON 

Canine bone has served extensively as a model for 
human bone in experimental musculoskeletal re- 
search. Through such research, insight has been 
gained into a variety of orthopedic problems such as 
cortical bone transplantation (Bos et al. 1983; 
Enneking et al., 1975), bone metabolism (Harris et al., 
1968, 1972), porous ingrowth (Bobyn et al., 1980; 
Ducheyne et al., 1977; Galante et al., 1971), and bone 
remodeling (Burr et u[., 1985; Chamay and Tschantz, 
1972; Goldstein et al., 1986). 

The efficacy of an animal model may be dependent 
on the systems or processes being investigated and 
therefore, each specific research protocol must be 
investigated in order to assess the value of experi- 
mental results. For instance, in osteoporosis research, 
prime considerations in the choice of an animal model 
are the characteristics of trabecular and cortical bone 
remodeling, as well as age related changes in bone 
morphology. Adult dogs have been shown to exhibit 
analogous remodeling and age related changes associ- 
ated with osteoporosis in humans (Detenbeck and 
Jowsey, 1969; Faugere et al., 1985; Jee, 1980; Martin et 
al., 1981; Snow et al., 1984; Snow and Anderson, 1986). 
supporting their use as models for studying mechan- 
isms and treatments for this bone disease. Recently, 
Vahey et uf. (1987) published a study on the mechan- 
ical properties of canine trabecular bone in the proxi- 
mal femur. Their results demonstrated a qualitative 
similarity in properties to human trabecular bone of 
the same anatomical region, and thus supported the 
use of canine trabecular bone as a suitable model. 

The purpose of this paper is to examine the limi- 
tations of the canine distal femur as a model for 
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trabecular bone biomechanical studies in humans, by 
comparing mechanical properties, and relationships 
between modulus, strength, and density. 

MATERJALS AND METHODS 

Twenty-two large, skeletally mature, mongrel dog 
femurs (nine pairs, four singles) were obtained within 
2 h of death, cleaned of adhering soft tissue, and stored 
frozen at - 10°C. To enable a fixed and consistent 
positioning of all bones for sectioning, the proximal 
ends of the femurs were embedded in 2in. square 
aluminum blocks using a plaster mix (Vel-Mix Stone, 
Kerr Co., Chicago, Illinois). The aluminum blocks 
were securely clamped into vice grips on the x-y table 
of a numerical milling machine (Model Series I, CNC, 
Bridgeport, Troy, MI). Under constant water irri- 
gation and using a stainless steel blade rotating at low 
speed, the femoral condyles were removed to expose a 
first plane of trabecular bone. Eight millimeter bone 
cubes were cut from the metaphysis with the cube axes 
corresponding to the anterior-posterior, medial-la- 
teral and inferior-superior anatomical axes. Those 
bone cubes originating from the most distal 8mm 
layer were designated as specimens from layer 1. 
Successive 8 mm layers in the proximal direction were 
numbered in increasing order. The actual dimensions 
of each bone cube were measured with a micrometer, 
and the distal face was marked so that specimen 
identification and orientation could be documented 
throughout the study. 

In a manner similar to the testing protocol of Brown 
and Ferguson (1980) 130 specimens were orthog- 
onally tested in uniaxial compression at a strain rate of 
1% sm ’ on a materials testing machine (Model 1000 
Universal, Instron), at room temperature. All speci- 
mens were kept moist during testing. In order to 
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evaluate the precision of the results from pre-yield 
compression tests, a subset of 35 specimens was tested 
to preyield in all three directions, and then to failure in 
one direction. In this way, the modulus determined in 
a test to preyield could be compared to the modulus 
determined from the test to failure in the same direc- 
tion. The remaining specimens were tested to preyield 
in two directions and to failure in the third direction. 
Prior to each compression test, specimens were cycli- 
cally preloaded three to six times to approximately 
20% of ultimate stress before actual loading began in 
that direction. The force-deflection data were ac- 
quired directly using an analog to digital converter 
and a Tektronix 4054 computer, and simultaneously 
monitored on an oscilloscope (Model 5103N, 
Tektronix) to prevent loading past yield. Deflection 
data were based on the cross head motion of the 
materials testing machine, then corrected for system 
compliance. The stiffness of the Instron Model 1000 
with our testing platen was 10,000 N mm-‘. 

Normalizing by specimen cross-sectional area and 
height, the digital data were converted to stresses and 
strains. To calculate the modulus, linear regressions 
were performed on the stress-strain data contained in 
the most linear portion of the curve. It should be 
recognized that these moduli determined in three 
orthogonal directions were not intended to describe 
orthotropic material constants, as such a character- 
ization would require investigation of the principal 
material axes. Ultimate stresses were taken from the 
points of maximum load. 

Apparent density was measured for 41 cubes (orig- 
inating from the single femurs of four different animals 
and a pair of femurs from a fifth animal), and ash 
weight density measured for 37 of the 41 cubes, 
according to the combined protocols of Arnold (1960), 
Galante et al. (1970), and Carter and Hayes (1977). 
Apparent density was defined as wet weight (g) divided 
by bulk volume (cm3), where bulk volume was equal to 
the product of specimen height, width, and depth as 
measured with a micrometer. Wet weight was deter- 
mined by: (1) removing marrow from the specimens 
with a high pressure stream of tap water, (2) degreas- 
ing specimens in ethanol, (3) freeing the excess water 
by centrifugation (under refrigeration) of the bone 
cubes for 15 min at 9OOOrpm, and (4) weighing the 
bone specimens. After the apparent density was calcu- 
lated, the specimens were dried in an oven at 100” C, 
then ashed in a furnace at 500°C for 60 h. The ash 
residue was weighed and the ash weight density calcu- 
lated as ash weight (g) divided by bulk volume (cm3). 

RESULTS 

Thirty-five compression tests were analyzed for 
differences between calculation of the modulus in a 
preyield and failure test in the same direction. The 
mean percent difference (%difference = (1 - (preyield 
modulus/failure modulus) x 100) in calculated modu- 

lus for all 35 specimens was -7.8%. Limits on a 95% 
confidence interval for this difference were from 
- 18% to 2.7%. It was also observed that this differ- 
ence in modulus was somewhat dependent on the 
relative stiffness of the specimen tested. Specimens 
with preyield moduli greater than 170 MPa had differ- 
ences centered around 3.6% f 10.9%, while the large 
discrepancies occurred only for very compliant tra- 
becular bone. 

The mechanical test results showed that the com- 
pressive moduli ranged from as low as 5 MPa in the 
most proximal regions, to 656.9 MPa beneath the 
articular surface. Because maximal information was 
desired, cube locations within the cross-sectional geo- 
metry of the distal femurs were not standardized nor 
matched between different femurs. Bone cube loc- 
ations were divided into four quadrants: posterior- 
medial, anterior-medial, anterior-lateral, and poste- 
rior-lateral. The mean AP, ML, and IS moduli for 
these quadrants in layers l-3 are shown in Fig. 1. 
Ultimate stresses ranged from 1.33 to 20.76 MPa. The 
mean ash weight was 0.263g cmm3, and the mean 
apparent density was 0.444 g cm- 3. In all dog femurs, 
the greatest stiffnesses were documented in the AP and 
IS directions, in the posterior condyles and beneath 
the patellar groove. Lower moduli were displayed by 
the trabecular bone in the central metaphyseal re- 
gions. A noticeable variation through the depth of the 
metaphyses was observed as modulus values dropped 
progressively in the proximal direction. 

Canine relationships between modulus and ultimate 
stress with apparent density and ash weight density 

Regression models which describe the empirical 
relationship between the modulus in a preyield test for 
each test direction and apparent and ash weight 
density are contained in Table 1. Both linear regres- 
sions and log-log regressions showed that approxi- 
mately 40-60% of the variance in the modulus data 
could be explained by differences in density. The 
log-log regressions indicated relationships of modulus 
with density raised to between the 1.03 and 1.78 
power. The strength of the relationships between 
preyield moduli and ash weight density were very 
close to those obtained from moduli-apparent density 
relationships. As ash weight density and apparent 
density were almost perfectly correlated (I = 0.99), this 
was not a surprising result. 

In order to estimate an overall stiffness for each 
cube, a mean modulus for each bone cube was calcu- 
lated from the three moduli in each test direction. 
Regression equations for mean modulus and apparent 
and ash weight density are also shown in Table 1. The 
mean modulus correlated to density better than any 
single direction modulus. Approximately 73% of the 
variance could be explained by linear regression 
models, and about 79% by log-log regression models. 

The relationships between ultimate stress and ap- 
parent and ash weight density for each direction are 
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Fig. 1. The mean modulus values in the AP, ML, and IS directions for four quadrants of the distal femoral 
metaphyseal cross section are shown for three 8 mm layers. Standard deviations are shown in parentheses. 

All values are presented in units of MPa. 

Table 1. Linear and log-log regression models to express the relationships between modulus in a preyield test and apparent 
and ash weight density. These models take the form: E = Ax + B, and E = Cxd, were E = modulus in the AP, ML, or IS direction 
in units of MPa, and x=appatent or ash weight density in units ofg cm-3. n-41 for apparent density regressions, n = 37 for 

ash weight density regressions 

Y = apparent density x = ash weight density 
A B r2 c d r2 A B rz c d I-= 

E AP 585.9 -63.4 0.53 639.1 1.66 0.54 1043.8 -73.8 0.50 1510.2 1.62 0.52 
E MI. 544.0 - 102.0 0.58 361.4 1.59 0.51 1071.0 - 136.7 0.63 1118.8 1.78 0.58 
E IS 511.5 21.6 0.41 542.4 1.03 0.49 859.5 22.2 0.40 962.9 1.07 0.42 
E melln 547.1 -47.9 0.73 512.5 1.39 0.79 991.4 -62.8 0.72 1352.9 1.48 0.78 

listed in Table 2. Also shown is the relationship found Table 3 shows the strong linear relationships found 
when all directions were combined. Both linear and between ultimate stress and modulus in compression 

log-log regressions described the data quite well, with to failure tests. When all directions were combined, a 

squared correlation coefficients ranging from 0.61 linear relationship with a squared correlation coaffic- 

to 0.93. ient of 0.83 was obtained. 
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Table 2. Linear and log-log regression models to express relationships between ultimate stress in the AP, ML, and IS 
directions, and apparent and ash weight density. These models take the form: c = Ax + B, and (r = Cxd, where (r = ultimate 

stress in units of MPa, and x=apparent density or ash weight density in units of gcmV3 

x = apparent density 
n A B rz 

x = ash weight density 
c d rz n A B r2 C d rz 

8 24.95 -3.7 0.86 27.07 1.71 0.91 8 44.09 -4.4 0.88 79.84 1.88 0.93 
14 IS.47 -2.3 0.614 14.61 1.53 0.63 12 30.82 -3.6 0.67 51.66 1.87 0.67 
19 22.08 -2.1 0.74 18.17 1.09 0.81 17 42.59 -3.4 0.74 38.91 1.23 0.795 
41 24.iS -4.03 0.74 19.9 1.48 0.68 37 44.55 -5.0 0.72 50.95 1.60 0.66 

Table 3. Linear regression models for ultimate stress and 
modulus in compression tests to failure: B = aE+ b, where 
u = ultimate stress in units of MPa, and E = modulus in units 

of MPa 

n a b rz 

aAP 35 0.028 1.23 0.80 
o&ii. 43 0.028 0.85 0.88 
ClS 52 0.03 1 0.14 0.76 
~011 130 0.03 0.61 0.83 

of mechanical anisotropy paralleled those demon- 
strated for the human distal femur, as the greatest 
stiffnesses were documented in the IS direction, fol- 
lowed by the AP, and finally the ML. It was also found 
that the average ash weight and apparent density of 
trabecular bone in the human and canine distal femur 
were not significantly different (p > 0.5). 

Comparison of relationships to human trabecular bone 
relationships 

A complementary, larger scale study has been con- 
ducted at this laboratory on human trabecular bone 
from most of the major metaphyseal regions (Ciarelli 
et al., 1986). Since the orthogonal compression tests on 
human bone were performed using specimen geo- 
metry and test protocols identical to this study of 
canine bone, a comparison of the results seems a valid 
approach to establishing the limitations of canine 
trabecular bone as a model for human. Only the 
data from the human distal femur was used in the 
comparisons. 

Another method to establish the limitations of 
canine trabecular bone as a model for human was to 
compare the relationships between mechanical 
properties and mass properties. Before making such 
statistical comparisons, each mechanical and mass 
variable was adjusted for differences between animals 
and humans by subtracting the mean values for each 
animal and human from the raw data. Though it can 
be argued that independence is probably satisfied by 
the nature of Wolffs Law, this modification produced 
a much more conservative analysis and thus a stricter 
test of differences than typically performed on similar 
data. Therefore, while all graphs and empirical re- 
lationships of mechanical vs mass properties are pre- 
sented in raw form, all analyses of covariance used to 
statistically test the differences in relationships be- 
tween the two species were performed on the data in 
this normalized form. 

Qualitative similarities between canine and human In addition to the finding of similar average appar- 
trabecular bone could be found in their average ent and ash weight densities, perhaps more import- 
mechanical and mass properties (Tabk 4). The large antly, no difference was found in the human and 
standard deviations in the modulus data for both canine relationships between these two variables 
species reflected the dependence of properties on (p > 0.99). The graph of the raw data in Fig. 2 demon- 
metaphyseal location. It was noted that in both the strates this quantitative similarity. Both linear regres- 
canine and human distal femur, modulus values pro- sion models revealed that the ratio of the mineral to 
gressively decreased in the proximal direction. the composite of mineral, organic, water and volatile 
Though canine trabecular bone displayed lower inorganic components of the trabecular tissue was 
moduli than human in all three directions, the patterns about 0.55. 

Table 4. Quantitative similarities in the average mechanical and mass properties of the 
canine and human distal femoral trabecular bone 

Canine Human 

AP modulus (MPa) 
ML modulus (MPa) 
IS modulus (MPa) 
Ultimate stress (Mpa) 
Apparent density (gcmm3) 
Ash weight density (g cm-s) 

209 (140) 298 (224) 
158 (110) 203 (196) 
264 (132) 424 (208) 

7.12 (4.6) 5.6 (3.8) 
0.444 (0.16) 0.430 (0.15) 
0.263 (0.08) 0.255 (0.08) 
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Fig. 2. No significant difference was found in the relationships between ash weight density and apparent 
density of canine and human trabecular bone. 

Graphs of human and canine mean modulus versus 
apparent and ash weight density are shown in Fig. 3. 
Also shown are the best fit linear and power equations 
which represent the mean modulus as a function of 
density. Analyses of covariance were performed on the 
normalized data to test for the significance of the 
difference in these relationships. With respect to the 
linear regression models: with a p = 0.0019, the slope 
of the human mean modulus-apparent density curve 
was significantly greater than the canine curve. For the 
analysis of the mean modulus-ash weight density 
curves, the difference was significant at a p=O.O022, 
also indicating the slope of the human curve to be 
greater than that for the canine. With respect to the 
log-log regression models: significance (p = 0.033) 
was achieved in a test of the difference in intercepts of 
the log mean modulus-log apparent density curves, 
but no significant difference was found in the slopes 
nor intercepts of the log mean modulus-log ash weight 
density curves. 

The empirical relationships derived from linear and 
log-log regressions of the modulus in each test direc- 
tion on apparent and ash weight density are shown in 
Table 5. Based on a domparison of the strength of the 
regressions, neither approach proved superior to the 
other. Both analyses showed that differences in density 

could explain approximately 33-68% of the variation 
in modulus data, depending on the direction of analy- 
sis. Also listed in Table 5 are p values from analyses of 
covariance on the normalized data. In the majority of 
cases, significance was either achieved or approached 
in tests of differences between canine and human 
relationships. Only the log-log relationships existing 
between each directional modulus and ash weight 
density demonstrated no significant difference be- 
tween the two species. 

Displayed in Fig. 4 are plots of ultimate stress vs 
apparent and ash weight density, and linear and 
power equations relating these variables. In an analy- 
sis of covariance of the human and canine lihear 
relationships no significant hifference was found (p 
= 0.59 for apparent density, p =‘0.53 for ash weight 
density). For the comparison of log-log relationships 
between these two species, the.same result was obtain- 
ed, though borderline for the case of apparent density 
(p = 0.07 for apparent density, p = 0.19 for ash weight 
density). 

Figure 5 shows a plot of canine and human ultimate 
stress vs modulus, combining all test diredions 
from compression tests to failure. These relationships 
were significantly different (pcO.OOOl), with the can- 
ine bone demonstrating a higher slope. 
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Fig. 3. These graphs demonstrate the relationships between mean modulus and apparent and ash weight 
density for both canine and human trabecular bone of the distal femur. Best fit linear and power models are 

also shown. 

DISCUSSION 

A primary concern in orthogonal compression tests 
of trabecular bone is the ability to achieve-true 
preyield loading curves. It has been recently shown 
that the precision of the data is not only dependent on 
this ability to avoid permanent damage to the struc- 
ture, but also relies on the preconditioning of bone 
specimens, as well as the percentage of ultimate stress 
at which a tangent modulus is calculated (Linde and 
Hvid, 1987). Thirty-five of the 130 specimens in this 
study were tested to preyield in three directions and 
then to failure in a randomly selected direction. Assu- 
ming this specimen subset to be a representative 
sample of the data, a level of precision in our modulus 
data was estimated. 

Addressing first the problem of specimen failure in a 
presumed ‘preyield’ test, it could be seen that the 
probability of this occurrence was greater when rela- 
tively compliant trabecular bone specimens were tes- 
ted. This observation can be better understood when 
one considers the somewhat ambiguous course of the 
load-deflection curve produced by low modulus speci- 
mens. Analyzing only those specimens with a modulus 
less than 170 MPa, the mean percent difference be- 
tween the failure modulus and preyield modulus was 
- 19.9%. Such a finding would be expected if damage 
h:d been incurred by the structure during the preyield 
test. Unlike the low modulus specimens, stiffer specim- 
ens demonstrated clear indications of failure. Oper- 
ator control over the loading of stiffer specimens was 
thus improved, with greater assurance of a true 
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preyield condition. Consequently, a different trend 
was observed for stiffer specimens. In these cases, the 
preyield modulus tended to be about 3.6% less than 
the failure modulus. 

Other errors might be introduced by measuring the 
tangent modulus at different points along the 
stress-strain curve. A specified percentage of the ulti- 
mate stress at which moduli are calculated is re- 
commended by Linde and Hvid (1987) in order to 
avoid operator bias. In this study, the modulus values 
were in effect calculated from the most linear portion 
of the stress-strain curves rather than from a con- 
sistent percentage of ultimate stress. In the subset of 35 
specimens, the linear regressions were performed pre- 
dominantly around 45.2% of the ultimate stress with a 
range of 18-67%. 

Though general guidelines for mechanical testing 
are necessary and valuable, there is probably quite a 
range within the acceptable limits for testing par- 
ameters from one specimen to the next. The magni- 
tude of the errors resulting from possible damage in a 
nondestructive compression test and the goals of the 
experiment must be jointly considered in order to 
decide the level of required precision. We feel that the 
level of precision attained in our modulus measure- 
ments was adequate for investigating the variation in 
mechanical properties of canine trabecular bone, and 
the relationships between modulus. strength, and 
density. 

Though the anatomic positions of the canine distal 
femur during gait are not identical to those of the 
human distal femur, some of the similarities in mech- 
anical properties observed between the canine distal 
femur and human distal femur can be understood 
when the similarities in knee joint function are con- 
sidered. First, the load bearing surfaces of the femur 
and tibia are located on the medial and lateral sides of 
the metaphysis, with the central region subjected to 
relatively low loads. As the metaphysis narrows and 
the diaphysis is approached, loads are transferred 
from the trabecular bone to the cortical shell which 
progressively increases in thickness. The positional 
variation of the mechanical properties within the 
distal canine femur reflect these differences in load 
carrying requirements. In accordance with Wolffs 
Law, the modulus and strength of the trabecular bone 
changed to meet the functional demands placed upon 
it. 

The variation in mechanical anisotropy of the tra- 
becular bone regions may also be explained by func- 
tional loads. For both the human and canine, the 
geometry of the femoral condyles and tibia1 plateau 
seem best suited for flexion+xtension motion in the 
sagittal plane, allowing much less rotation in the 
coronal and transverse planes. As such, high 
anterior-posterior (AP with respect to the anatomy of 
an extended femur) forces as well as inferior-su@erior 
forces can be expected in regions of trabecular bone 
located near the articular surfaces. In regions proxi- 
mal to the femoral condyles, body weight forces 



J. L. KUHN et al. 

0.000 0.200 0.400 0.600 0.800 1.000 

APPARENT PENSITY (g/cc) 

0 

l canine: y=-4.03 + 24.15x r&.66 
. human: y=-3.58 + 21.7x r=0.81 

-canine: y=ZOx”l.48 rx0.82 
-human: y=22.2x”1.8 rz0.79 

#canine: y=-5 + 44.55~ r=0.85 
.human: ~~-4.54 + 40.22~ r=0.83 

Power 
*canine: y=49x”1.6 r=0.81 
-human: y-74x*.2 r=0.81 

-0.000 0.100 0.200 0.300 0.400 0.500 0.600 

ASH WEIGHT DENSITY (g/cc) 

Fig. 4. These graphs of ultimate stress vs apparent and ash weight density for canine and human trabecular 
bone demonstrate no significant difference between these two species with respect to these relationships. 
While the best fit linear curves are displayed on the graphs, the equations of both the linear and power 

models are presented. 

predominate in the IS direction with lower forces 
generated in the AP direction. Anterior regions of 
trabecular bone under the patellar groove also experi- 
ence high compressive stresses. Our data demon- 
strated that the canine trabecular bone, like the 
human trabecular bone, possessed modulus and 
strength characteristics appropriate for the type of 
mechanical environment expected in these specific 
locations. 

Interestingly, the ratio-of the average IS and AP 
moduli for the canine distal femur was smaller than 
that for the human. This finding may reflect higher 
demands placed on the mechanical properties in the 
AP direction by the canine distal femur than by the 
human distal femur, as a result of its more flexed 
position during gait. Further and more detailed com- 
parative investigations of the mechanical and struc- 
tural anisotropy of the trabecular bone in these re- 
gions may illuminate the differences in kinematics and 
normal function of the knee joints in both species. 

In support of the distal canine femur as a model for 
human, it was found that their average ash weight and 
apparent densities were not significantly different. 
More importantly, the relationships between ash 
weight density and apparent density in the canine and 
human were not significantly different. Although ash 
weight density and apparent density themselves are 
quantities normalized for bulk volume (tissue volume 
+ pore volume), the ratio of these variables in a single 
specimen is a true measure of the fraction of compo- 
nents in the trabecular tissue of that specimen. Ash 
weight density is related to the mineral component 
while the apparent density is related to the mineral, 
organic, water, and volatile inorganic components in a 
specimen. Both the human data and the canine data 
showed that this ratio was about 0.54 to 0.55. Gong et 
al. (1964) conducted a detailed experiment in which 
they compared the trabecular and cortical bone com- 
positions of human, monkey, dog, and steer bones. 
Their data also showed that the fractions of the 
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Fig. 5. A significant difference in the canine and human 
relationships between ultimate stress and modulus can be 

seen in this graph. 

constituents comprising the trabecular tissue were 
quantitatively similar between species. In addition, a 
ratio of ash weight density to apparent density can be 
calculated from their data and compared to the ratio 
found here. For their dog data, this ratio equalled 
0.547, and for their human data, 0.56. 

Another method to establish the limitations of 
canine trabecular bone as a model for human trabecu- 
lar bone was to compare the relationships between 
mechanical properties and density. This analysis fol- 
lowed the lead of others who have used bone density 
as a first approach to explaining the variance in 
trabecular bone modulus and strength (Behrens and 
Walker, 1974; Carter and Hayes, 1977; Ciarelli et al., 

1986; Ducheynne et al., 1977; Galante et al., 1970; 
Keller et al., 1986). 

Both linear and power relationships proved to fit 
the data quite well. The strengths of the fits, as 
determined from a comparison of squared correlatioh 
coefficients, were very similar between the two types of 
analyses. In analyses by direction (AP, ML,IS), no 
clear evidence was found for a superior performance of 
either linear or power models. In analyses of combined 
direction data, power models explained 6% more of 
the variance in canine mean modulus than linear 
models, but linear models explained 6% more of the 
variance in canine ultimate stress than power models. 

The power models for the canine data indicated a 
relationship of mean modulus to density raised to 
approximately 1.4-1.5, and for ultimate strength, den- 
sity raised to approximately 1.5-1.6. These results 
seem to contradict the results of Carter and Hayes 
(1977) which supported a density cubed relationship 
with modulus, and a density squared relationship with 
compressive strength. However, many different stud- 
ies have analyzed trabecular bone from diverse ana- 
tomic regions and species and have reported quite a 
variation in the coefficients of these relationships 
(Behrens and Walker, 1974; Carter and Hayes, 1977; 
Ciarelii et a[., 1986; Ducheynne et al., 1977; Galante et 
al., 1970; Keller et al., 1986). 

There may be several reasons for these observed 
discrepancies. First, all experiments have not used 
identical testing procedures, specimen shapes or di- 
mensions. Presumably, all these results could be stan- 
dardized to remove the effects of differing strain rate, 
by normalizing all data by a factor of strain rate raised 
to the 0.06 power, a relationship revealed by the study 
of Carter and Hayes (1977). However, the contribu- 
tions of trabecular architecture and orientation are 
still unaccounted for by density measurements. As 
most previous studies have involved uniaxial com- 
pression or uniaxial strain tests along one chosen axis, 
the derived relationships may be dependent on the 
specific trabecular architecture in that direction. Also, 
one overlooked aspect which may be very relevant, is 
the range of bone densities represented by each sample 
population of bone specimens. 

The study by Carter and Hayes (1977) incorporated 
data with a wide range of bone densities, and included 
bone specimens from different species. In fact these 
authors state that their ‘empirically derived 
expressions. may be used to estimate bone tissue 
compressive strength and modulus when considerable 
variations in the apparent density of bone exist’, and 
that ‘factors such as bone ultrastructure, mineraliz- 
ation, trabecular orientation (anisotropy), and disease 
state’ should be considered when examining these 
same relationships ‘over a narrow range of densities’. 
In their study, apparent densities seemed to range 
from approximately 0.1-2.0 gcrr- 3, while in this study, 
the range was approximately 0.2-0.8 gem-‘. Shown 
in Fig. 6 are curve plots of the expressions derived by 
Carter and Hayes for ultimate strength vs apparent 
density, and for compressive modulus vs apparent 
density, when a strain rate of 1% s-l is used. Super- 
imposed on these curves are the human and canine 
data of this study. When perceived on this grand scale, 
our data also seem to fall onto their curves with a 
comparable amount of scatter. 

As the goals of these experiments were very differ- 
ent, the contradiction in the form of the relationships 
should not be a cause for alarm. The goal of this study 
was to compare trabecular bone from the same ana- 
tomical region of two different species, for which the 
range of apparent densities were small and similar. 
The tools of the comparison were statistical relbtion- 
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- S = 51.6 x 2 for strain rate = 1% set -1 

(Carter and Hayes, 1977) 

10-l 100 10’ 

APPARENT DENSflY (g/cc) 

- E = 2675 x 3 for strain rate = 1% eec -1 

(Carter and Hayes, 1977) 

. canine 
* human 

APPARENT DENSITY (gkc) 

Fig. 6. Log-log plots of mean modulus and apparent density, and ultimate stress and apparent density are 
shown. Superimposed on these scatter plots of our data are curves representing similar expressions found by 

Carter and Hayes (1977), when a strain rate of 1% s-l is used. 

ships and analyses of covariance. With this narrower 
range of densities, statistically significant differences 
were found which indicate potential differences in 
‘factors such as bone ultrastructure, mineralization, 
trabecular orientation (anisotropy), and disease state’. 
Lastly, the relationships presented in this paper are 
empirical relationships that describe the data as ac- 
quired under very specific conditions, and are not 
proposed as universal laws for canine or human 
trabecular bone. 

The first indication of a difference between canine 
and human trabecular bone, came from a comparison 

of the canine and human relationships between mean 
modulus and apparent density. In both species, linear 
and log-log relationships were very strong. However, 
an analysis of covariance on the normalized data 
showed that after controlling for apparent density, the 
mean modulus of canine trabecular bone was less than 
that for human. Architectural factors may have played 
a role in this difference. Although the patterns of 
mechanical anisotropy in the trabecular bone of the 
canine and human distal femur were similar, the 
degree of anisotropy can be considerably different. 
The ratio between the maximum modulus and mini- 
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mum modulus within each cube can be used as an 
index of the degree of anisotropy. This ratio averaged 
3.7 for the human distal femur, and 2.6 for the canine 
distal femur, indicating that the human specimens 
possessed a greater degree of anisotropy than the 
canine specimens. This difference may have contribu- 
ted to the difference in mean modulus-apparent den- 
sity relationships. If, however, it is assumed that 
stratifying the data by anatomical directions reduces 
the variance in modulus due to architecture, then the 
comparison of canine and human relationships with. 
apparent density shown in Table 5 tend to reaffirm the 
earlier result: that for the same apparent density, 
canine trabecular bone displays a lower mean modu- 
lus than human. The normalized mean modulus-ash 
weight density linear relationships also demonstrated 
a significant difference between the two species, 
supporting that for the same ash weight density the 
human mean modulus is higher than the canine. 
However, the statistical comparison of the normalized 
log mean moduius-log ash weight density human and 
canine regressions revealed no significant differences. 
The tendency for the ash weight density relationships 
to not be significantly different between species, may 
reflect the fact that the difference between ash weight 
density and apparent density is more than one of 
weight. The additional mass in the apparent density 
calculation also contributes further structural aniso- 
tropy in the form of collagen fiber orientations. 

A comparison of ultimate compressive stress (all test 
directions) vs density relationships showed no signifi- 
cant difference between canine and human. These last 
two findings suggest that factors other than trabecular 
architecture, density, and tissue composition play a 
role. It may be plausible that architectural differences 
on a microstructural level exist. Equality in the frac- 
tion of tissue components does not necessarily imply 
equality in the organization of those components. 
Such a hypothesis could be tested by comparing the 

mechanical properties of canine and human trabecu- 
lar tissue, and controlling for degree of mineralization, 
or by examining the collagen fibril orientations and 
the spatial arrangements of the bone mineral in the 
trabecular tissue of both species. 

Finally, a statistical comparison of the normalized 
linear regression models of ultimate stress and modu- 
lus for canine and human demonstrated a significant 
difference between the trabecular bone of these two 
species. Actually, this result could have been predicted 
by the preceding results. In addition, since the data for 
this analysis included failure tests in all three direc- 
tions (thereby including different architectural ar- 
rangements), further support is provided for a funda- 
mental difference in the trahecular bone of the canine 

and human distal femur. If the regression coefficients 
of the linear models are considered to represent .some 

measure of an ultimate strain limitation, then the data 
also implies that the trahecular bone of the canine 

distal femur reached a higher ultimate strain than 

human. Table 6 contains a partial summary from the 
literature of ultimate stress-modulus relationships 

derived from mechanical tests of both canine and 
human trabecular bone. Although there are large 
variations in the constants and coefficients of these 
equations, one common factor is that they are all 
linear. It can also be seen that the outcome of a 
comparison between canine and human relationships 
can be predetermined simply by a choice of which two 
papers to compare. The difference in equations could 
be due to differences in the types of bones tested, 
specimen geometries, or strain rates. We feel that the 
comparison made in this paper is not arbitrary, since 
identical experimental protocols were used to test the 
canine distal femurs and the human distal femurs. 

Although many similarities exist between the mech- 
anical properties and tissue properties of canine tra- 
becular bone and human trabecular bone, this study 
seems to indicate that a difference may exist between 

Table 6. Partial summary from the literature of compressive strength -modulus relation- 
ships for trabecular bone 

Reference 

Ducheynne et al. 
(1977) 

Williams and 
Lewis (1982) 

Goldstein et al. 
(1983) 

Specimens and test parameters Relationship 

Human femur, cylindrical S=2,16+.01E(MPa) 
specimens, d = 5 mm strain rate = 2.08% s- ’ 

S= -2.2f0.03E 
strain rate = 104% s- 1 

Human proximal tibia, 5-6mm 
cubes, strain rate=0.5% s-l S=0.487+.0137E(MPa) 

Human proximal tibia, 
cylindrical specimens, S = O.O265E(MPa) 
strain rate=O.l%s-’ 

Brown and Ferguson Human proximal femur, Sy=O.O416E(MPa) 
(1980) 5 mm cubes, strain 

rate = 0.4% s - 1 

Vahey et al. 
(1987) 

Canine proximal femur, 
5 mm cubes, strain 
rate=O.l%s-’ 

S=O.O288B-0.422(MPa) 
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the two species, with respect to how the trabecular 
structure combined with its microstructure produces a 
continuum modulus. 

A specimen size scaling effect could be raised as a 
possible source for the differences seen in this study. 
Eight mm bone cubes might seem large in relation to 
the size of a canine distal femur, and as such, a more 
variable architecture may be expected to exist within a 
volume ofcanine trabecular bone than within an equal 
volume of human trabecular bone from the same 
region. The optimal solution for avoiding this prob- 
lem would be to pre-determine the appropriate 
boundaries for a specimen. This can be accomplished 
if one has available a means to noninvasively examine 
the entire structure of a bone volume before any 
physical cuts are made. The variation in architecture 
within 8 mm canine trabecular bone cubes from the 
distal femur has been investigated in another study 
(Kuhn, 1987). It was found that the canine bone 
exhibited significant structural variation, which may 
be indicative of a size scaling effect, in 13% of the 
samples, compared to 6% in the human samples. 
However, in light of this small percentage, we do not 
believe that the specimen size of the canine bone cubes 
was a strongly contributing factor to the differences 
seen between the trabecular bone properties of the 
canine and human distal femur in this study. 

A limitation of this study was the inability to 
separate out the specific effects of individual architec- 
tural variables such as trabecular connectivity, orien- 
tation, and percent orientation on the displayed mech- 
anical properties. Once such a generalized 
structure-function relationship is derived for trabecu- 
lar bone, a more complete test of the difference 
between canine and human trabecular bone mechan- 
ical properties can be conducted. 

CONCLUSIONS 

Based on the findings of this study, the canine 
trabecular bane from the distal femur is qualitatively 
similar to human bone of the same region. The 
positional and anisotropic variation of the mechanical 
properties paralled established variations found in the 
human distal femur. As in human trabecular bone, 
apparent and ash weight density played an important 
role in determining the continuum stiffness and 
strength of canine bone. Quantitative similarities 
could be found in the percentage of components 
comprising the trabecular tissue of both species. How- 
ever, it was found that quantitative differences existed 
in the relationships between mean modulus and den- 
sity, and between ultimate stress and modulus. The 
difference in coefficients relating ultimate stress to 
modulus seemed to suggest that canine trabecular 
bone reached higher compressive strains before failure 
than human bone. Some unique characteristic of the 
canine trabecular bone microstructure may account 
for this difference, but at this point this is only pure 
speculation. 
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