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Abstract—Experimental determination of the elastic modulus and ultimate strength of human tibial

trabecular bone as a function of metaphyseal location is presented.
A 1 cm cubic matrix with planes parallel to the subchondrali plate was defined on five fresh frozen cadaver
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tibias. Approxxmately 400, 7 mm x 10 mm cylindrical bone p}ugs were cut from the locations defined by the

matrix and tested in uniaxial compressive stress at a strain rate of 0.1 ¢,

~ ! Results of the study indicate that

the trabecnlar bone properties vary as much as two orders of maznitude from one location to another. As

might be predicted from Wolff’s law and noted by previous mvestlgators, concentrations of strcngth arise

from the medial and lateral metaphyseal cortices toward the major medial and lateral contact regions.
These results may be valuable for improved analytical modeling and optimal prosthetic design.

INTRODUCTION

Characterization of metaphyseal trabecular bone at
the knee joint using various analytical techniques has

L o orao arant T it
been an area of great reéscarcn interest in recent years

(Bartel et al., 1982; Hayes et al., 1978; Hayes et al., 1979;
Lewis et al., 1982; Murase et al., 1983; Pugh et al,
1973a; Simon. 1980; Williams and Lewis, 1979). Most

studies have focused primarily on the load distribution
properties relating specifically to improving prosthetic
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design and selection of optlmal and 1mplantable
materials.

The function of trabecular bone in human synovial
joints is to distribute the large contact stresses applied
at the articular surfaces to the compact bone of the
cortical shafts (Hayes et al, 1978). It is generally
accepted that this function directly influences the

structure ano slrcngm of ll’lC mclapnybcan DOIlC a
relationship known as Wolff s law (Wolff, 1870, 1892).
Hayes and Snyder (1981) in a recent investigation of
Wolff’s law have provided strong support for the
trajectorial theory of bone architecture. This theory

ctatag that tha trabaculae are aroanized alone the lineg
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of principal stress (Meyer, 1867; Koch, 1917; Pauwels,
1948; Kummer, 1966).

The mechanical properties of trabecular bone have
been shown to be similar to that of fluid filled porous
engineering materials (Carter and Hayes, 1977). Its
porosity and structural orientation contribute to its
anisotropy (Galante et al., 1970; Harrigan et al., 1980;
Townsend ¢i al., 1975; Williams and Lewis, 1982). The
strength and stiffness of trabecular bone is propor-
tional to its mineral density and orientation (Behrens
et al., 1974; Galante ¢t al, 1970; Lindahl, 1976;

McElhaney et al., 1970; Pugh et al., 1973b; Schoerfeld
et al, 1974; Townsend et al., 1975). Carter and Hayes
(1977) found the compressive strength to be related to
the square of the apparent density and the compressive
modulus to be proportional to the cube of the density.
Carter et al. (1980) found similar relationships when
the trabecular bone was subjected to pure tension. This
relationship between the mechanical properties of
trabecular bone and its mineral density is fundamental
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property determinations such as computed tomogra-
phy {Goldstein et al., 1982).

Brown and Ferguson (1980) experimentally de-
termined the spatial and directional variation of the
trabecular bone material properties in the proximal
femur. Their results mdlcated that the contour of
property variations correlated well with the cor-
responding X-ray findings. They aiso conciuded that
the stiffness and yield point at a given location were
linearly proportioned to one another regardless of the
degree of anisotropy.

Behrens et al. (1974) determined the properties of
trabecular bonc at the knee joint.
evaluated trabecular bone specimens from different
contact area locations, suggested that bone strength
correlates not only with magnitude but also with
duration and frequency of stress normally applied to
the area.

This study was designed to determine the variation
of trabecular bone mechanical properties throughout
the entire human tibial metaphysis. This information
will provide the material property parameters necess-
ary for more accurate modeling of the tibial meta-
physis. The results may therefore be of value for de-
sign optimization of total knee prosthesis tibial
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MATERIALS AND METHODS

Bone specimens

Symmetric cylindrical plugs of trabecular bone with
a cross sectional diameter of 7mm and a height of
10mm were removed from standardized locations in
five human tibial metaphyses. The tibias were obtained
from five autopsy subjects (three males, two females)
between the ages of 50 and 70 and immediately stored
at —20°C. None of the specimens exhibited severe
arthritic pathology, or pathological osteopenia on
gross examination. All subjects appeared to be of
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To standardize the plug locations across the speci-
men population, a coordinate axis with respect to the
first plane of trabecular bone beneath the subchondral
plate was defined (Fig. 1). This trabecular bone plane
was located from three specific points through the
articular surface. Two points corresponded to the
centroids of the ellipses formed by the semi-lunar
cartilages, and a third at the posterior tibial spine
(Fig. 1). Three holes were ground through the sub-
chondral bone until trabecular bone was exposed
under each point. The tibia was placed in an alignment
apparatus with markers matching the three exposed
trabecular bone areas. The bone was encased in a
polyurethane foam that rigidly fixed the tibia relative
to the molding enclosure. This methodology provided
standard orientation based on the geometry of each
specimen: specifically the location of the approximate
centers of the load bearing areas were consistent for all
tibias. These defined center points of the load bearing
areas corresponded to the centroids of the included
ellipses formed by the menisci.

R

Fig. 1. The first plane of trabecular bone was defined from

three points: two correspondlng to the centroids of the

ellipses formed by the semi-lunar cartilages and a third at the

interspinous region. The points were located by drilling

through the articular surface and used to reference the first
transverse slice.
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The encased tibias were then sectioned transversely
at 10 mm intervals with a specially adapted industrial
band saw while being constantly cooled with Ringer’s
solution. The ends of the specimens were carefully
machined using a high speed mill to ensure that they
were plano-parallel. Each section was then placed in a
plexiglass drilling template that defined the locations
that the plugs were to be taken. The cylindrical plugs
were cut from each section using a trephine bone
cutter, and placed in Ringer’s solution until testing.
Each plug was labeled according to the specific matrix
location
placement in the Rlnger’s solution. All the specxmens
were maintained at constant room temperature until
and during testing. Care was taken to expose all
specimens to the same environmental conditions, such
as time from thawing until testing.

Materials properties

The plugs were tested in uniaxial compressive stress
on an Instron Materials testing machine at a strain rate
of 0.1%;s~ 1. Simultaneous recordings of load vs defor-
mation were made. Each test specimen was preloaded
at 1.3 MPa, returned to zero and then loaded to failure.
From the load deformation curves, ultimate load and
tangent elastic modulus (at 67 9/ of ultimate load) were
documented. In a very limited number of specimens
there was evidence of yielding during preload. In these
cases, the preload was extended until failure and the
ensuing curves analyzed for tangent modulus and
ultimate strength.

RESULTS

The results of the study indicate the presence of
concentrations of strength arising from the medial and
lateral metaphyseal cortices and extending inward
beneath the contact regions of the femoral condyles. It
was also observed that a central column of extremely
low modulus trabecular bone extends upward from the
intramedullary space towards the subchondral plate.
The results indicated that the medial side was stronger
and stiffer than the lateral and the lateral side seemed
to have a concentration of strength in the vicinity of the
attachment of the fibular head.

These patterns of variation were found to be con-
sistent among our specimen population. The mean
values of tangent elastic moduli as a function of
location are illustrated in Fig. 2. While the mean results
illustrate a variation of greater than one order of
magnitude in some areas, the individual tibias showed
as much as two orders of magnitude differential. A
transverse section of one subject illustrates a variation
of elastic modulus from 430 MPa in the load bearing
areas to 4.2 MPa in the center (Fig. 3). The mean elastic
moduli and their standard deviations for the first plane
of trabecular bone are illustrated in Table 1.
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Fig. 2. The elastic moduli (MPa) as a functjon of location are presented in this figure. These values are the
mean responses for the sample population for each plug location.
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Fig. 3. This figure represents the elastic moduli (MPa) from

the first transverse section of one tibia. This individual

illustrates a variation in properties of two orders of
magnitude.

The ultimate strength of the bone specimens was
found to be linearly proportional to the elastic mo-
dulus and demonstrated the same patterns of vari-
ability. A least squared error regression analysis in-
dicated that this relationship was significant at
p < 0.001 with R?>=0.89 (Fig. 4). The ultimate

strength can be predicted from the elastic modulus by
the following model

Ultimate Stress = (0.0265) (Tangent Elastic Modulus).

DISCUSSION

The results of this study support the hypothesis of
bone functional remodeling. Strengthening and stif-
fening of the bone is clearly evident directly beneath
the centers of the load bearing areas. These areas were
assumed in this study to be the regions corresponding
to the entire surfaces within the outer perimeter of the
semilunar cartilages (Kettlekamp and Jacobs, 1972;
Walker and Hajek, 1972; Seedholm er al., 1974).

The patterns of increased stiffness become more
peripheral, distally in the metaphysis. While this
finding supports the hypothesis that the loads are
effectively transmitted to the distal cortices, we were
unable to obtain adequate samples adjacent to the
cortices to substantiate this hypothesis. In a similar
nondestructive study, utilizing computer axial tom-
ography, however, this finding was further supported
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Table 1. To illustrate the magnitude of the variation in the experimental data, the mean elastic moduli and standard
deviations for the trabecular bone in Level 1 are presented

210+45 143 +52 88 +48

210+65 293+72 125432 32425
296+ 100 336186 134452 31118
305495 185+85 80+42

112472 49+40

80+32 105+ 62

105+ 51 172147 233+68

54+47 122458 183495 251165
49+25 119165 172475

34425 52438

(Mean Tangent Elastic Moduli +S.D.)

STRESS (MPA)

ELASTIC MODULUS '(MPA)

Fig. 4. A statistically significant relationship between elastic
modulus and ultimate strength was found.

by an observation of increasing peripheral trabecuiar
density at the more distal metaphyseal regions
(Goldstein et al., 1982).

The variation of properties in the first transverse
plane is similar to that reported by Behrens et al.
(1974). Similarly, medial side
strengthening was also in agreement with observations
from other investigators (Behrens et al., 1974; Walker
and Hajek, 1972). The range of material properties in
the present study were also found to be in general
agreement with previous published data on tibial

trabecular bone (McElhaney et al., 1970; Pugh et al.,
1973b; Carter and Hayes, 1977; Evans and King, 1961;
Evans, 1969; Behrens et al., 1974; Hayes and Carter,
1976; Carter and Hayes, 1977).

The linear relationship between the ultimate
strength and the elastic modulus was also found to be
similar to that previously published by Carter and
Hayes (1977).

There are a number of limitations to this informa-
tion which must be emphasized. Trabecular bone is a
difficult material to characterize analytically or exper-
imentally. It is porous or perhaps more accurately it

consists of a matrix of nlatea and columns pntnrn"v

filled with a fatty viscous fluid. It has been dem-
onstrated that trabecular bone has preferred orien-
tations, so that the macroscopic properties are not
isotropic. The structure of trabecular bone is also fairly
coarse when compared to the size of the plugs obtained
in our study. This causes additional problems, in that
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any test sample large enough to behave as a continuous
material during testing is likely to have a large
variation of properties within the sample boundaries.
Trabecular bone has been shown to be strain rate
dependent as well as anisotropic (Ducheyne et al.,
1977; Galante et al., 1970; Harrigan et al., 1980;
Townsend et al., 1975 Wiiliams and Lewis, i982).
While the study does not completely characterize
trabecular bone, it does provide some valuable infor-
mation about the relative variation of modulus and
strength in tibias from a typical arthroplasty popu-
lation. This information m inay be useful in d\-'v'elﬁpiﬁg

improved models of the tibia and thus improving
future prosthetic designs and methods of fixation.
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