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The canine is frequently used as a model for human 
hip arthroplasty research. In order to better understand 
the appropriateness of the canine as a model for human 
total hip replacement studies, the external morphology 
of canine and human femurs were examined and com- 
pared. Several differences were found between canine 
and human femora, including angular measurements, 
anterior bow, and femoral head position relative to the 
femoral diaphysis. In addition, the human femur was 

noted to undergo age-related changes in several of the 
measured parameters. The canine femur did not exhibit 
any age-related changes in the measured parameters. 
This study suggests that there are limitations to the use 
of the canine model in human hip arthroplasty research, 
and that discretion must be exercised when attempting 
to extrapolate results from a canine study to the human 
clinical condition. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

The canine model remains the animal of choice 
for determining the efficacy and safety of various 
materials and designs used in total hip arthroplasty. 
While justification for the use of the canine model has 
been published in the past,'-4 neither a careful review 
of the literature concerning the appropriateness of 
the canine model nor a comparative study between 
human and canine femora morphology, in the context 
of hip function, could be found. With the continued 
use of the canine hip as a model for human arthro- 
plasty research, there is a need to examine the canine 
femur in order to understand the appropriateness of 
this model for total hip replacement (THR) research. 
The objective of this communication is to compare 
various external morphologic femoral features in a 
highly cursorial canine breed to the human femur in 
the context of hip function and age-related changes. 
This study also reviews previous comparative studies 
of the canine and human femur and discusses them 
in the context of research in THR. 

*To whom correspondence should be addressed. 

Literature review 

Adverse changes in bone quality and bone mass are 
known to occur with alarmingly high incidence in the 
proximal human femur after total hip replacement. 
These adverse changes have been implicated as major 
factors in causing aseptic mechanical loosening in 
total hip repla~ement .~- '~  In an effort to develop 
THR designs that avoid clinical failures associated 
with bone resorption, mechanical loosening, and other 
adverse tissue reactions, a variety of animal models 
have been used to evaluate the response of bone 
tissue to various prosthetic designs. The canine is 
the most widely used animal model in this regard 
and has been considered by some investigators to 
be useful in predicting the ultimate human clinical 
success or failure associated with various prosthetic 
design features. These have included implant material 
and mechanical proper tie^^,^^-^^ optimal placement of 
the porous coating,13,20,28,29 and the capacity of various 
types of porous coatings to allow or induce bony 
ingrowth for skeletal fixation.6~18,26,29-33 

In a study supporting the use of the canine as 
an appropriate model for simulating loading con- 
ditions seen in the human femur, Goel et al. con- 
cluded that canine and human femora are similar 
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in terms of various external and internal anatomical 
features.2 Other investigators also supported the use 
of the canine as a model for human THR research 
since the human and canine hips have a similar load 
~rientation,~ share similar cortical microstructure' and 
cortical blood supply. 1,34 

Sumner and coworkers showed that various exter- 
nal angles in the proximal canine femur, which are 
important considerations in THR because they influ- 
ence the shape of the prosthesis, differed substantially 
from those measured in a large sample of human 
f e m ~ r a . ~  Furthermore they showed that the canine 
has relatively thinner cortical bone since the canine 
medullary canal is larger than the human medullary 
canal relative to external femoral dimensions. Despite 
these differences in cross-sectional geometry and an- 
gles, Sumner et al. supported the use of the canine 
model and suggested that it may provide a model of 
accentuated bone loss in hip arthroplasty experiments. 

Although these studies have addressed important 
considerations in the selection of the canine as a model 
for THR research, little attention has been specifically 
focused on various gross anatomical differences that 
could influence how the results of canine studies are 
extrapolated to human clinical conditions. Investiga- 
tions that support the possibility that the canine and 
human hip endure widely different functional stress- 
ing include the documentation of marked differences 
in their relative limb weight  distribution^,^^ femoral 
strain  magnitude^,^^,^^ and locomotor patterns both 
with and without hip replacements.38 

Age-related differences in canine and human bone 
mass distributions and geometry, and bone quality 
are also important considerations when evaluating the 
appropriateness of using the dog as an experimental 
model for human THR. In the human femur, age- 
related changes are known to occur in bone mass 
distributions and geometry, and bone q ~ a l i t y . ~ ~ - ~ ~  
Although the relationship of these factors to clin- 
ical failure of implanted femoral components has 
been r e ~ o g n i z e d , 4 ~ , ~ ~  their relative importance among 
other factors in causing prosthetic failure is poorly 
u n d e r s t ~ o d . ~ ~  

Age-related changes in the response of bone tissue 
to implanted femoral components have been exam- 
ined in canines. In a study examining the interface 
strength between canine bone and a porous-coated 
femoral component, Magee et al. showed a marked 
difference between younger and older canines.49 How- 
ever, no studies have examined a broad age range 
of canine femora for age-related external geomet- 
ric changes that are relevant to THR research, even 
though the aging human femur is known to un- 
dergo changes in various anatomical features that 
can substantially alter mechanical stresses across the 
hip.41,42,46,5fl - 52 

Morphometric study 

Several of the external morphologic features exam- 
ined in the present study have been suggested as 
being important in previous investigations, but have 
not been quantified. Sumner and co-workers stated 
that the canine femoral head offset length, stated in 
terms of femoral neck length, and normalized to bone 
length, is much shorter in canines than  human^.^ 
They suggest that this difference may account for the 
lack of relationship between the distribution of bone 
within the proximal diaphysis, measured as the major 
axis of the second moment of inertia, and various 
external angles of the canine femur. Therefore, femoral 
head offset length is a feature that warrants further 
comparative study since this parameter can have an 
important influence on the magnitude of bending mo- 
ments imparted across the femoral neck.41,51,53 Sumner 
and co-workers also stated that the canine and human 
femora both have an anterior bow with an apex 
in the mid-diaphyseal r e g i ~ n . ~  However, we have 
recognized a marked difference in the relative location 
of maximum anterior curvature in the femora of these 
two species, and we hypothesize that with certain 
stem designs this may be an important considera- 
tion. Goel et al. examined various important external 
anatomical features in canine and human femora but 
failed to statistically examine their data.' 

The present study attempts to clarify the poten- 
tial use of the canine model in human THR by ac- 
complishing two main objectives: the examination, 
quantification, and statistical comparison of various 
external anatomical features in canine and human 
femora that are felt to be important in human THR, 
and the analysis of the structural changes mentioned 
above for the aging human femur to see if they also 
occur in the aging canine femur. 

METHODS 

Forty-two left and right greyhound femora (18 male, 
24 female, age range 1-10 years) and 30 left and 
right Caucasian human femora (21 male, 9 female, age 
range 17-72 years) were studied. The morphometric 
parameters measured in this study were anteversion 
angle (AV), cervico-diaphyseal angle (CD), total bone 
length (L), biomechanical length (Lb), head diameter 
in anteroposterior plane (HDap), head diameter in 
superioinferior plane (HDsi), length from head center 
to lateral margin of greater trochanter (Lht), length 
from head center to longitudinal axis of diaphysis 
(Lhd), femoral head offset length (Lh, ), anterior bow 
(AB), anterior bow at point of maximal curvature 
(ABmax), and anterior bow index (ABi). 
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The methods described by Ruff were adopted for 
establishing the anatomical axis system and global or 
three-dimensional ~ r i e n t a t i o n . ~ ~  However, the distal 
supracondylar region of the canine femur does not 
have the distinct anterior "low" point that is evident 
along the anterior cortex in the supracondylar region 
of the human femur that was used by Ruff to define 
the distal point of the longitudinal axis in lateral 
view.41 Therefore, in canines the distal mark on the 
lateral diaphysis was made on the cadaveric bone at 
the point just proximal to the consistently prominent 
epicondylar tubercle. 

Biomechanical length, total length, head center, an- 
gular measurements, and bow measurements were all 
made on the cadaveric bone with the bone oriented. 
Biomechanical and total length were measured using 
an osteometric table configured with a sliding vernier 
caliper. Other length measurements were made with 
hand-held calipers. The head center was determined 
using a template with concentric circles placed over 
the cadaveric femoral head in the frontal plane when 
the femora were oriented, in accordance with Ruff.4' 

Figures 1, 2, and 3 illustrate the various direct mea- 
surements made on the specimens. Total and biome- 
chanical bone lengths were measured parallel to the 
longitudinal diaphyseal axis. Biomechanical length 
(Lh) was measured in both species from the point 
where the longitudinal axis intersected the proximal 
femur, which occurred typically in the region where 

z 'axis 

Figure 1. Morphometric parameters measured in this 
study for the comparison between canine and human 
femora. Z axis represents the longitudinal diaphyseal 
axis. 

Z axis 

Figure 2. The length from the head center to the lateral 
margn of the greater trochanter [L(ht)] was measured 
parallel to the cervical axis. The length from the head 
center to the longtudinal diaphyseal axis [L(hb)] was 
measured parallel to the cervical axis. 

the greater trochanter merges with the base of the 
femoral neck, to the point along the longtudinal axis 
at one-half the distance between the most inferior 
edges if the condyles. The distance between the in- 
ferior condylar edges was averaged in this manner 
because of the asymmetry of the human  condyle^.^' 
Total bone length was measured from the superior 
point of the head to the point one-half the distance 
between the most inferior edges of the condyles. In 
canines there was no need to average the distance 
between the inferior edges of the condyles since the 
condyles are virtually ~ymmet r i ca l .~~  

The length from the head center to the lateral 
margin of the grater trochanter (Lht)] was measured 
parallel to the cervical axis. The length from the head 
center to the longitudinal diaphyseal axis (Lhd)  was 
measured parallel to the cervical axis. The femoral 
head offset length (Lho) was measured as the horizon- 
tal distance from the head center to the longitudinal 
diaphyseal axis, perpendicular to this axis. These three 
measurements were made in the plane of the antev- 
ersion angle. Head diameter was measured in the 
anteroposterior (HDap) and superioinferior (HD,i) di- 
rections. All these measurements were made directly 
on the specimens while oriented on the osteometric 
table. 

The anteversion angle and the cervico-diaphyseal 
angle in the greyhound were the only measurements 
made using the biplanar radiographic techniques de- 
scribed by Montavon et al.55 This method can be 
summarized as follows: radiographs of the femurs 
were taken in the anteroposterior (AP) and medio- 
lateral (ML) planes (Figs. 4[a, b]). The X and Y coor- 
dinates used to calculate the anteversion angle were 
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a - 35% max bow canine 

Figure 3. Illustration of the head diameter measured 
in the anteroposterior plane [HD(ap)] and the antev- 
ersion angle [AV]. The anteversion angle is formed by 
the inclination of the femoral head and neck from the 
transcondylar axis in the frontal plane. 

established on the radiographs. The Y coordinate was 
defined as the distance from the center of the head 
to the longitudinal axis on the AP radiograph. The 
X coordinate was defined as the distance from the 
center of the head to the longitudinal axis on the 
ML radiograph. The anteversion angle was calculated 
from the relationship tan(AV) = X/Y. The cervico- 
diaphyseal angle of the canine femur was measured 
directly on the AP radiograph and corrected to the real 
angle of inclination using trigonometric relationships 
described by Ogata and G ~ l d s a n d . ~ ~  

Measurements for anterior bow were also made 
directly on the specimens while the femora were 
oriented on the osteometric table according to the 
methods described by Ruff:' Small holes were drilled 
into the proximal and distal points that define the 
longitudinal diaphyseal axis along the lateral aspect of 
the diaphysis. The femurs were then elevated above 
the leveling surface on which the condyles rested 
to a distance where the axis formed by these two 
holes was 10 cm above the orignal leveling surface 
(Figs. 5 [a, bl). Global anatomical orientation was also 
preserved while anterior bow measurements were 
made. Elevation of the femur placed human and 
canine femora at the same plane of reference, which 

b 

Figure 4. Biplanar method for measuring the ant- 
eversion angle in the canine. Y was measured on the 
anteroposterior radiograph. X was measured on the 
mediolateral radiograph. The anteversion angle was 
calculated by the relationship tan(AV) = X/Y. 

80 7 0  60 50 40 30 20% 

b 55% max bow human 

80 70 60 50 40 30 20% 

Figure 5. Anterior bow was measured from the leveling 
surface to the anterior cortex at intervals of 5% of the 
biomechanical length starting at 20% and ending at 80%. 
Canines (Fig. 5a) had a maximum bow at 35% of their 
biomechanical length. Humans (Fig. 5b) had a maximum 
bow at 55% of the biomechanical length. 

facilitated both anterior curvature measurements 
and subsequent between-species comparisons. The 
locations at which anterior bow measurements were 
made were calculated as percentages of biomechanical 
length starting at the 20% location, which is the distal 
or condylar end, and proceeding proximally at 5% 
increments to the 80% location, which is near the 
base of the lesser trochanter. At each percent length, 
the height of the anterior cortex above the leveling 
source was measured. To compare the amount of 
anterior bow in the AP plane between the two species, 
a relative height or anterior bow index (ABi) was 
calculated. The anterior bow index is defined as the 
distance from the anterior cortex at the location with 
the maximum bow to the leveling axis, which is 10 cm 
above and parallel to the leveling surface, divided by 
biomechanical length (ABi = AB,,, - 1O)/Lb). 

Potential size- and sex-related variability in the 
data was reduced by dividing the remaining length 
measurements by the biomechanical length and mul- 
tiplying by 100. This statistical approach for reducing 
variability by normalizing data is based on a study by 
Ruff that allows ratios to be compared. Ruff showed 
that human femoral cross-sectional geometric proper- 
ties scale geometrically with bone length.57 The same 
scaling relationships are thought to also occur in the 
canine femur.3 Differences between parameters were 
evaluated statistically using a nonparametric Mann- 
Whitney test with statistical significance set at P < 
.05. 

Age-related changes in canine and human femoral 
morphology were also analyzed. Human data were di- 
vided into a young group with a mean age of 26 years 
(range 17-36 years, n = 16) and an older group 
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with a mean age of 64 years (range 50-89 years, 
n = 14). Greyhound data were also divided into a 
young group, with a mean age of 21 months (range 
12-29 months, n = 18) and an older group with a 
mean age of 69 months (range 35-136 months, n = 
24). Age-related comparisons were also evaluated 
statistically using a nonparametric Mann-Whitney test 
with significance established at P < .05 

RESULTS 

Table I lists the mean and standard deviation for 
each parameter measured or calculated in canines and 
humans, and P value of the comparisons between 
canines and humans. Normalized data are listed in 
Table I. 

When comparing the entire samples without distin- 
guishing age, several geometric differences between 
canine and human femora were identified. Humans 
have a smaller anteversion angle ( P  < .05) and a 
smaller cervico-diaphyseal angle (P < .05). The ratio 
of total bone length (L) to biomechanical length (Lb) 
was greater in humans than canines. The canine has 
a relatively longer distance from the head center to 
the longitudinal axis of the diaphysis (Lhd/Lb) ( P  < 
.05). No significant between-species differences were 
found in the length from the head to the lateral margin 
of the greater trochanter (Lht/Lb) ( P  = .07), or in the 
femoral head offset length (Lh&b) ( P  = 54). 

In canines, there was no significant difference be- 
tween anteroposterior head diameter (HDap/Lb) and 
superioinferior head diameter (HD,i/Lb) ( P  = .97). 
However, measurements of femoral head diameters 
in humans showed that the AP diameter was greater 
than the SI diameter ( P  < .05). This suggests that the 
human femoral head may be a spheroid that is more 
oblong than that of the canine femoral head. 

Comparison of the anterior bow index measured 
at the point of maximum bow showed that the grey- 
hound is significantly more bowed in the anteropos- 
terior direction than humans ( P  < .05). The point 
of maximum bow is located more distally in dogs, 
at approximately 35% of the biomechanical length, 
than in humans where the maximum bow occurred 
at approximately 55% of the biomechanical length 
(Table 11, Figs. 5 [a, b], 6). 

Table I11 lists the means, standard deviations, and P 
values for the comparisons made between young and 
old human femora. No age-related change was found 
at any diaphyseal location in terms of the anterior 
bow indices. No age-related change was found in the 
anteversion angle in the human femora. However, 
there was a significant age-related decrease in the 
human cervico-diaphyseal angle of 5.8" ( P  < .05). In 
human femora, significant age-related increases were 
also found in the distance from the head to the lateral 

TABLE I 
The Mean, Standard Deviation (in parentheses), 

and P Values of the Compared Parameters 
between Humans and Canines. Symbols 
Presented as a Ratio Indicate Normalized 

Data. (See text for parameter abbreviations.) 

Parameter Canine Human P 
~ 

27.0" 

139.8" 

291.6 mm 

103.8 

10.6 

10.6 

23.8 

15.2 

9.8 

6.8 

(6.3) 

(3.1) 

(9.9) 

(0.7) 

(0.5) 

(0.4) 

(0.9) 

(1.5) 

(1.1) 

(0.8) 

7.8" 
(6.0) 

128.0" 
(8.1) 

431.0 mm 
(28.3) 
106.2 

(1.2) 
10.6 
(0.7) 
11.0 
(0.7) 
23.2 
(1.6) 
12.8 
(1.9) 
10.0 
(1.8) 
5.5 

(0.8) 

< .05 

< .05 

< .05 

< .05 

.90 

< .05 

.07 

< .05 

.54 

< .05 

margin of the greater trochanter (Lht/Lb) (P < .05), 
head center to the longitudinal axis (Lhd/Lb) ( P  < .05), 
and femoral head offset length (Lho/Lb) (P < .05). 

Comparisons between the young and old grey- 
hound groups in Table IV showed that there were no 
significant age-related changes in any of the parame- 
ters, including angular and length measurements, and 
anterior bow indices. 

Table V lists the P values of the comparisons made 
between the entire greyhound sample to each of the 
young and old human groups. The canine remained 
significantly different (P < .05) from both the young 
and older humans with respect to anteversion an- 
gle (canine > human), cervico-diaphyseal angle (ca- 
nine > human), length from the head center to the 
longitudinal axis (Lhd/Lb) (canine > human), and an- 
terior bow index at the location of maximum bow 
(canine > human). When the length of the head center 
to the lateral margin of the greater trochanter (LhtjLb) 
in the human group was compared to the greyhound, 
it was observed that there was a significant difference 
between the young humans and the entire canine 
sample (canine > human), but no significant differ- 
ence could be shown between the older human group 
and the -entire canine sample. Comparison of femoral 
head offset lengths (Lho/Lb) showed that there was 
a significant difference between the entire greyhound 
sample and the young and old human age groups; 
the younger human sample had a mean femoral head 
offset length that was smaller than the canine ( P  < 
.05), but the older human sample had a mean head 
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TABLE I1 
Anterior Bow: Average height (cm) of the Anterior Cortex above the Leveling 
Surface and the Standard Deviation (in parentheses) for Each Percent Length 

Canine 11.20 11.25 11.42 11.48 11.45 11.41 11.22 11.25 11.18 11.11 11.03 10.99 10.92 
(0.10) (0.10) (0.11) (0.14) (0.16) (0.16) (0.16) (0.16) (0.15) (0.15) (0.14) (0.19) (0.12) 

Human 12.01 12.09 12.16 12.21 12.24 12.29 12.72 12.36 12.35 12.29 12.17 11.95 11.70 
(0.20) (0.21) (0.23) (0.26) (0.30) (0.31) (0.34) (0.36) (0.36) (0.34) (0.30) (0.27) (0.26) 

offset length that was greater than the canine ( P  < 
.05). in contrast, there was no significant difference 
between femoral head offset length between canine 
and human femora when each species was examined 
with no distinction made for age. 

DISCUSSION 

in the present study several morphological differ- 
ences between human and greyhound femora were 
identified. Two of the most obvious differences are the 
cervico-diaphyseal angle and the anteversion angle. 
Montavon et al.5s reported values of the mean an- 
teversion and the mean cervico-diaphyseal angles in 
adult mongrel dogs as being 31.3" and 144.7' respec- 
tively, and Sumner et aL3 reported 34.2" and 147.4", 
respectively, in their series of mongrel dogs. These 
values are higher than those reported in the present 
study, where mean anteversion angle measured 27.0" 
and mean cervico-diaphyseal angle 139.8'. Conse- 
quently, in terms of these two angular measurements, 
greyhound femora differ from adult mongrel dogs. in 
humans, the mean anteversion angle measured 7.8" 
for the entire sample, with no distinction for sex made, 

. -  
I - Mean : SD human 10.5 

1 - Mean 2 SD canine I 1 Drox;mat , , , , , , , , , , distal , j 
80% 76% 70% 65% 60% 55% 50% 45% 40% 35% 30% 25% 20% 0% 

9.5 

PERCENT LENGTH 

Figure 6. Plot of the means and standard deviations of 
the anterior bow measurements, at each percent length, 
for canines and humans. Humans have a maximum 
bow anteriorly at 55% of their biomechanical length. 
Canines have a maximum bow anteriorly at 35% of their 
biomechanical length. 

which is similar to the mean anteversion angle of 7" 
in male and 10 degrees in female Caucasians reported 
by Hoaglund and This is at the lower range 
of normal when compared to numerous other studies 
cited by Clark et al.53 In the human femora examined 
in the present study, the mean cervico-diaphyseal 
angle measured 128.0", which is similar to the mean 
values reported by Goel et a1.2 and in numerous other 
studies reviewed by Clark et al.53 Humans, therefore, 
have a femoral neck that is significantly less antev- 
erted and a cervico-diaphyseal angle that places the 
hip in a relatively more varus position than seen in 
both mongrel dogs and greyhounds. Additionally, a 
few human specimens in our sample were retroverted 
(n = 3).  Retroversion of the femoral neck was not 
seen in our sample of greyhounds, nor has it been 
previously reported in other canine studies. 

The present study showed differences in anterior 
bow of the diaphysis between canines and humans. 
The point of maximum bow in the human femora 
occurred at approximately 55% of the biomechanical 
length, which is consistent with the previous findings 
of W a l e n ~ k y . ~ ~  In contrast, the greyhound femora 
had the point of maximum curvature located more 
distally, at approximately 35% of biomechanical 
length. The canine femora also exhibited a greater 
degree of relative curvature (ABi). These differences 
in curvature of the femur must be considered when 

TABLE I11 
Means, Standard Deviations (in parentheses), 

and P Values for the Age-Related 
Comparisons of the Human Parameters 

Parameter Young Old P 

7.4" .57 
(1.8) 

(2.1) 

(0.3) 

(0.3) 

(0.3) 

(0.2) 

124.8" < .05 

24.0 < .05 

11.3 < .05 

13.8 < .05 

5.5 .56 
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TABLE IV 
Means, Standard Deviations (in parentheses), 

and P Values for the Age-Related 
Comparisons of the Canine Parameters. 

Young Old 
Parameter (12-29 months) (35-136 months) P 

AV 25.0" 28.5" .08 
(6.1) (6.1) 

(3.8) (2.6) 

(0.8) (1.1) 

(1.1) (1.0) 

(1.7) (1.3) 

(1.0) (0.7) 

CD 139.7" 139.8" .83 

Lht/Lh 23.6 24.0 .18 

Lho/Lb 9.6 9.9 .15 

Lhb/Lb 14.9 15.4 .67 

.92 ABi 6.8 6.8 

interpreting bone adaptive responses that are thought 
to be due to dynamic loading conditions on the 
femoral stem. For example, whether the femoral stem 
is straight or curved may bear relevance to how 
the implant is stressed in humans and canines. An 
anatomical curved stem, designed to improve canal 
filling and cortical contact in humans that is modelled 
experimentally in the relatively straight proximal 
femoral diaphysis of the greyhound, may encounter a 
markedly different degree of cortical contact that may 
even approximate three point fixation. This difference 
must be considered when interpreting the results of 
canine studies since the stiffness of the femoral stem 
and surrounding bone, and its fit into the proximal 
femur are critical design features in influencing stress 
shielding.59 

Bending moments across the proximal femur and 
femoral head offset length are influenced by the an- 
gulation of the neck in three-dimensional s p a ~ e . ~ ' , ~ ~  
In order to maintain the original balance of abductor 
and joint reaction forces so that hip loading condi- 
tions can remain in a physiologic range after THR, 
endoprosthetic designs must restore these geometric 
 relationship^.^^ If age-related changes in these geo- 
metric features occur in the proximal human femur, 
but not in the canine femur, this would represent po- 
tential disparities in the loading conditions imparted 
across the implanted hip components and surround- 
ing bone. Results of the comprehensive osteometric 
anthropological study reported by Ruff4' showed that 
age-related changes occurred in the human femur in 
both femoral neck anteversion and cervico-diaphyseal 
angles. Ruff41 showed that, with age, these changes 
were much more conspicuous in females, where the 
femoral anteversion decreased by 6.8" ( P  < .01) and 
the cervico-diaphyseal angle decreased by 1.1" ( P  > 
.05). Although these changes may appear small, the 
associated change in femoral stressing could substan- 
tially decrease the bending moment, and hence protect 

TABLE V 
P Values of the Comparisons between 

Canines and Younger Humans and 
between Canines and Older Humans 

Canines vs. Canines vs. 
Younger Humans Older Humans Parameter 

AV < .05 < .05 
CD < .05 < .05 

Lhh/Lh < .05 < .05 
Lho/Lh < .05 < .05 
ABi < .05 < .05 

Lht/Lh < .05 .55 

the femoral neck by decreasing tensile stress.41 Results 
of the present study showed that in human femora 
there was an age-related decrease in the mean cervico- 
diaphyseal angle of 5.8" ( P  < .05), but no significant 
change in the anteversion angle ( P  = .57). Additional 
age-related changes identified in our sample of human 
femora included increases in the length from the 
head center to the greater trochanter (Lht/Lb)  ( P  < 
.05), femoral head offset length (Lho/Lb) ( P  < .05), 
and the length from the head center to the longi- 
tudinal diaphyseal axis (Lhd /Lb)  ( P  < .05). These 
differences can be attributed to the apparent decrease 
in cervico-diaphyseal angle which alters the head 
position relative to the femoral diaphysisS3 Varus 
and valgus orientation of the proximal femur is be- 
lieve to influence the bending moment across the hip 
by altering in the femoral head offset length and 
hence the effective length of the lever arm formed 
by the quasi-cantilevered construction of the proximal 
f e r n ~ r . " , ~ ~ , ~ ' - ~ ~  Since the typical recipient of a total hip 
replacement is an elderly patient, age-related changes 
in femoral morphology must be considered since these 
changes can have substantial impact on local loading 
conditions. These age-related changes in humans and 
the absence of these change in the canine sample 
should be considered when attempting to extrapolate 
the results from long-term canine THR studies to the 
longevity of an artificial human hip. 

It is interesting that the mean femoral head offset 
length of the canines in this study was relatively 
greater than that of the young human group, but 
less than that of the older human group. It has been 
suggested that this age-related change in femoral head 
offset length may represent an adaptation in the hu- 
man hip to changes in predominate stress  pattern^.^' 
Whether or not a similar structural change occurs in 
the canine proximal femur is not known. Although no 
change in femoral head offset was seen in this study 
of canine femora, it is suggested that dogs that exceed 
the age of our sample may be needed to address this 
issue. 

Since geometric and allometric changes can oc- 
cur in limb bones during growth, it is important 
to address the following question: when do growth- 
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related changes cease to occur in the limb skeleton 
of greyhound dogs? Smith63 and Smith and A l l ~ o c k ~ ~  
have provided data that partially answer this question 
by showing that all femoral physes in greyhounds 
fuse between 11 and 12 months of age, Additionally, 
these investigators showed that virtually all growth 
plates had fused by 14 months of age. Torzilli et al.65 
also showed that structural properties of canine limb 
bones do not change substantially after 7 months of 
age. Based on these observations it is suggested that 
researchers should avoid the use of greyhounds less 
than 16 months of age in order to reduce the possibil- 
ity of growth-related effects on both bone geometric 
and mechanical properties. In terms of the geometric 
parameters examined in the present study, including 
angular and length measurements, the greyhounds 
from 1-3 years of age did not differ significantly from 
those from 8-10 years of age. It is important to note 
that even though external anatomical differences do 
not vary with age in our sample, various internal fea- 
tures dealing with bone and related tissue constitution 
or physiology may still be undergoing changes that 
could yield differential responses to devices implanted 
in a broad age range of animals. 

Magee et a14’ have examined the effects of age on 
the development of bone-implant interface strength 
in canine femora. In their experiment, they observed 
that at 6 weeks the young greyhounds attained a 
higher bone-implant interface strength than the older 
group, and that at 7 weeks the older group had not 
yet achieved the interface strength the young group 
achieved at 6 weeks. In their view, the bone response 
rate to an implanted femoral component is influenced 
by more than gross morphology and loading condi- 
tions, but also by the influence of the aging process on 
bone tissue’s ability to remodel. They suggested that 
studies done on canines without regard to age may be 
inappropriate for extrapolation to the relationship of 
bone response to prosthetic design in a typical elderly 
human recipient. Other authors have suggested that 
the faster remodeling rate in the canine bone may 
explain why reproducible bone ingrowth is seen in 
this model and rarely in human bone.66,67 

Poss et al.68 have summarized the variables of bio- 
logic and prosthetic design features that influence the 
performance of total joint prostheses. Bobyn et a1.6 
listed important variables that can affect bone mod- 
eling and remodeling around a femoral component. 
These variables can be implant- and animal- related, 
and include implant material and modulus of elas- 
ticity, location of the porous coating, size of the stem 
relative to the size of the femur, the amount of rotation 
or angulation of the stem within the femur, apparent 
density of bone interfacing with the implant, biologi- 
cal variability in the animals’ response to surgery and 
their tendency to form and resorb bone, degree and 
rate of loading, and period of implantation. Since clin- 

ical and experimental studies of total hip replacement 
have shown that a close geometric fit between the 
femoral component and supporting bone is essential 
for durable implant f i ~ a t i o n , ~ ~ , ~ ~ . ~ ~  it can be argued 
that in this situation it is of cardinal importance that 
the anatomy of the bone be precisely known.71 The 
present study provides an anatomical database for fu- 
ture studies using the greyhound femur to model total 
hip replacement designs. The appropriateness of an 
animal model, however, can not simply be established 
on morphologic criteria alone. Investigators must also 
be cognizant of other differences between canines and 
humans when attempting to extrapolate results from 
canine studies to human clinical situations. 

By virtue of having a quadrupedal gait and dig- 
itigrade stance, it is immediately apparent that dogs 
have limb weight distributions that are different from 
those occurring in human limbs during their bipedal 
plantigrade gait. To state it plainly, it requires little 
intuition to recognize that dogs walk on four limbs 
and humans on two. Thus, it seems, that loads placed 
on the limb bones and joints must be different in these 
species. Recent studies have examined these differ- 
ences and have attempted to quantify the relevant 
loads across the hip in order to clarify the role of 
the canine hip in modeling THR designs for human 
use. Loading conditions at the hip are influenced not 
only by proximal femoral morphologies, but also by 
the global functional morphologies of musculoskeletal 
and ligamentous elements and associated locomotor 
patterns of the animal. Dogan et aL7’ quantified in- 
tersegmental forces, moments of inertia, and various 
kinematic parameters of the canine hind limb in order 
to identify parameters predictive of restoration of nor- 
mal gait following total hip replacement. They found 
no alteration in kinematic parameters as defined by 
time in stance phase and by the position, velocity, 
and acceleration of the body segments. However, they 
did find that intersegmental joint forces and moments 
were significantly decreased in the implanted hip 
but did not increase significantly in the control hip, 
indicating that no significant compensation was occur- 
ring. Yet in these implanted animals they observed a 
bilateral decrease in hip forces, indicating that there 
may be compensation for THR by shifting weight 
from the hind limbs to the fore limbs. 

Hip joint reaction forces have also been quantified 
in the human and canine hip in order to clarify the role 
of the canine as an experimental model. Grelsamer 
et al.38 report that the canine center of gravity is lo- 
cated in the vertebral column at approximately 40% of 
the distance from the shoulder to the pelvis. Therefore, 
more weight is carried by the fore limbs than the hind 
limbs. Page et al.73 showed that dogs typically place at 
least twice as much weight on the fore limbs than on 
the hind limbs. Allan et al.35 determined weight distri- 
bution in the canine hip using foot-floor reaction force 
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measurements and showed that a hind limb receives 
approximately 0.35 X body weight (BW), which corre- 
sponds to a hip reaction force of 0.9 X BW. In contrast, 
the floor-reaction force was 0.65 X BW for the fore 
limb, which is nearly twice that of the hind limb. In 
canines, Grelsamer et a1?8 estimated hip forces during 
the gait cycle to range from 1.66 X BW at maximum 
loading to 0.36 X BW when the forepaw was directly 
under the shoulder. In comparison, hip forces have 
been reported to be dramatically greater in humans, 
normally ranging from 2.4-6.5 X BW, according to 
activity leve1.74-78 Even when size normalization is 
done, these differences still demonstrate that during 
normal activity much larger loads are being carried by 
the human hip. Furthermore, Grelsamer et al.38 found 
that when canines walked, the force produced by the 
hip abductors was almost completely unloaded in the 
walking mode when the contralateral forepaw was 
directly under the shoulder. This decrease in hip force 
occurred when the dog had three paws that were si- 
multaneously on the ground, which is common in the 
walking cycle. Therefore, they concluded that unless 
vigorously exercised at a gait that consistently keeps 
only two legs in a weight bearing position, dogs do 
not load their hip joints anywhere near the force levels 
typically experienced by the human hip. These species 
differences may be important contributing factors, in 
addition to differences in skeletal morphologies, to 
the disparities in clinical successes that occur between 
canines and humans, since the role of body weight 
and range of cyclic stress fluctuations across the hip 
play an important role in the fatigue life of the femoral 
stem.79 

Reliance on human studies for the evaluation of 
the interaction between host bone and femoral pros- 
thesis types and various prosthetic design features 
can be experimentally and ethically problematic. The 
collection of clinical data and the procurement of 
postmortem prosthetic retrievals can be difficult to 
obtain in relatively short periods of time. Even when 
such data or specimens are available, there are still 
instances when new endoprostheses must be tested 
for biocompatibility and longevity in biologic condi- 
tions prior to human  US^.^^,^" This often necessitates 
the use of experimental animals, particularly canines, 
as models for evaluating the functional adaptive and 
pathological response of bone and other tissues to 
the prosthesis. Although use of an animal model 
involves a departure from human biomechanical and 
physiological conditions, the discrepancies may be 
reduced by understanding both the limitations of the 
animal model and the specific constraints imposed 
by the experimental design and by the questions un- 
der consideration. Our findings, using a homogenous 
breed of highly cursorial canines, showed that there 
are significant geometric differences between grey- 
hound and human femora. These differences suggest 

that marked disparities exist in loading conditions 
between the two species. It can be concluded that dis- 
cretion must be used when attempting to extrapolate 
results from studies using this breed of canine to the 
human clinical condition. 
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