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Abstract—In this study, cubes of trabecular bone with a wide range of structural properties were scanned
on a micro-computed tomography system to produce complete three-dimensional digitizations from which
morphoiogical and architectural parameiers couid be measured in a nondesiruciive manner. The cubes
were then mechanically tested in uniaxial compression in three orthogonal directions and to failure in one
direction to find the orthogonal tangent elastic moduli and ultimate strengths After testing, the cubes were
weighed and ashed to determine the apparent and ash densities. A high correlation between the basic
stereologic measurements was found, indicating that there is a relationship between the amount of bone and
number of trabeculae in cancellous bone. Regresswn analysxs was used to estimate the modulus and
ultimate aucugun, these u;gu:amuua accounted for 68-90% of the variance in these measures. These
relationships were dependent on the metaphyseal type and donor, with the modulus also dependent on the

direction of testing. This indicates that the properties of the individual trabeculae, as well as their amount

and aroonteatinm may ha 1 tomt 1 mradicting th 3 3
and organization, may be important in predicting the mechanical properties of cancellous bone.

INTRODUCTION

The structural and mechanical characteristics of can-
cellous bone have been studied by many investigators

tn a tand hatt 1 i
to understand better the functional adaptation asso-

ciated with the wide range of properties documented
for this biological material. It is known that morpho-
logy varies between bones and even within a bone
(Pugh et al., 1973; Raux et al, 1975; Singh, 1978;

Townsend et a.’ |Q7< Williams and Ip\xnc 1982

Whitehouse et al., 1971) as do the mechanical proper-
ties (Brown and Ferguson, 1980; Ciarelli et al., 1991;
Goldstein, 1987). The density of cancelious bone has

been related to its strength and modulus (Carter and
Haves 1077 Ciaralli of n’ 1001: Gihson 1085 Hvid

Hayes, 1977; Ciarelli et al,, 1991; Gibson, 1985; Hvid
et al., 1985; Rice et al, 1988). While measures of
density often lead to reasonable estimates of mechan-
ical properties, they do not explain all the variance
nor do they account for the structural organization of

the trabecular bone, thus rendering a scalar measure

inadequate for predicting the material properties.
Whitehouse (1974) was able to describe the struc-

tural anisotropy of trabecular bone on planar sec-

tions. Harrigan and Mann (1984) expanded this

planar ar}olv&wc to fhrpn (‘Irnensgopc

second rank symmetric tensor to describe the
anisotropy, while imposing the assumption of at
least orthotropic symmetry. Cowin (1985) was able to

producing a
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relate this tensor, in the form of a fabric tensor, to the
compliance matrix. This leads to the ability to relate
the structural organization of trabecular bone to the
mechanical properties in a mathematical equation
and the possibility of developing analytical models for
the prediction of trabecular bone remodeling and its
relationship to the stress environment (Cowin, 1986).
Turner et al. (1990) have recently presented results
using this fabric tensor to predict the mechanical
proper ties of cancellous bone from bovine femora and
human tibias.

Improved quantification of the structural organiza-
tion of trabecular bone permits more comprehensive
assessment of the intricate relationship between tra-
becular bone and its environment. One can then look
more rigorously at schemes or strategies the body
might use to optimize its structure while maintaining
structural integrity and strength. The effects of vari-
ous pathological disorders on bone can also be
studied and treatments designed to specifically main-
tain the most important structural parameters for
adequate bone strength could be advanced. These
relationships may also assist in estimating material
properties for finite element analyses that investigate
trabecular bone adaptation.

The purpose of this study is to investigate the rela-
tionships between the structural parameters for can-
cellous bone, to determine their correlation to the

mechanical properties, and to evaluate which para-
ing bone strencth

oone SiIciigt

meters are immortant for mainta

MCLTs ale UNPOIiaill UL HIKkLa.

and integrity. These relationships for normal indi-
viduals provide insight into the complex interactions
of the architecture of the trabecular bone.
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METHODS AND MATERIALS

Human cancellous bone specimens from seven
metaphyseal regions of four human cadavers were
used: proximal tibia, proximal and distal femora, iliac
crest, distal radius, proximal humerus, and the lumber
vertebral bodies. There were two females, aged 55 and
61, and two males, aged 31 and 69, with no known
bone disorders. The metaphyseal region plus a por-
tion of the diaphysis was cut from each long bone. The
diaphyseal portions were embedded in square alumi-
nium blocks using Vel-Mix Stone (Kerr Co., Chicago,
IL) so that cubes of metaphyseal cancellous bone
could be cut along the anatomical axes of an-
terior—posterior (AP), medial-lateral (ML), and in-
ferior—superior (IS). The iliac crest and vertebral bo-
dies were mounted to acrylic blocks using bone ce-
ment in an orientation that also allowed cubes to be
cut along the anatomical axes. The blocks were then
mounted to the x—y table of a numerically controlled
milling machine (Model Series I CNC, Bridgeport
Machines Inc, Troy, MI 48084). A stainless steel
blade rotating at low speed under constant water
irrigation was used to cut the specimens. Articular
surfaces were removed to expose a first layer of tra-
becular bone in a plane perpendicular to an anatom-
ical axis of the bone. Eight millimeter trabecular bone
cubes were then produced from successive layers. The
location and orientation of each bone cube were care-
fully documented and only those cubes composed
entirely of cancellous bone were included in the study.
The cubes were stored in lactated Ringers solution
and kept frozen at —20°C until scanning and mech-
anical testing. To ensure a wide range of morphologi-
cal and structural properties, at least seven specimens
spread over the whole metaphyseal region of the lar-
ger bones were used. From the smaller metaphyseal
regions, only 2-4 specimens were produced and all
were used in the study. Table 1 shows the distribution
of the 104 specimens by donor and metaphyseal type
used for scanning and mechanical testing.

To generate a complete three-dimensional digitized
image of each specimen (Fig. 1) for the stereologic
analysis, specimens were scanned on a unique micro-

Table 1. Distribution of trabecular cube locations from
cadaveric specimens

Male Female
Ages 31 69 55 61 Total
Proximal tibia 5 10 10 2 27
Distal femur i0 10 10 9 39
Proximal femur 5 2 2 3 12
Iliac crest — 1 3 — 4
Spine — - 4 — 4
Distal radius 3 2 2 2 9
Proximal humerus 3 2 2 2 9
Total 26 27 33 18 104

R. W. GOULET et al.

computed tomography (micro-CT) system (Feldkamp
et al., 1984, 1989) at the Ford Motor Company Re-
search Laboratories, Dearborn, MI. The specimens
{partially thawed and removed from Ringers solution)
were mounted on a special holder in air for scanning
which took approximately 15-20 min for each cube.
All cubes were reconstructed on a 50 um mesh, so that
each data point of the reconstruction represented
a subvolume of the actual specimen of
(50 x 50 x 50 pm3). The magnification for scanning
was approximately 0.045 mm pixel ~* giving a resolu-
tion between 50-70 um. The data size of the recon-
struction consisted of approximately 181 x 181 x 125
data points, with each data point converted to one
byte having a grayscale value between 0 and 255. The
reconstructed images were stored on magnetic tape
until the stereologic analyses were performed on an
Apollo Domain Computing system (DN4000). After
scanning, the specimens were returned to Ringers
solution and refrozen until mechanical testing.

For the mechanical testing procedure, the speci-
mens were thawed and tested at room temperature in
uniaxial compression at a displacement rate of
0.01s~! in each of the three orthogonal directions
(AP, ML, IS} to pre-yield to find the tangent moduli,
and to failure in one random direction to obtain the
ultimate strength. The testing was done on an Instron
Materials Testing machine (Model 1000, Instron
Corp., Canton, MA 02021), with a Zenith-286 PC
equipped with a Data Translation A/D board for data
collection and analysis. The protocol for testing con-
sisted of preconditioning the cube by cyclic loading 10
times to approximately 50-60% of the estimated ulti-
mate strength as recommended by the work of Linde
and Hvid (1987), and then the next cycle was used for
data collection. A priori estimates for the ultimate
strengths were based on previous experiments
(Ciarelli et al, 1991). An oscilloscope was used to
monitor the load vs displacement curves during the
preconditioning and final test cycles to ensure that the
loads remained within the elastic region. The loads
were converted to stress values by dividing by the
original cross-sectional area of the specimen perpen-
dicular to the direction of testing. Displacement was
measured from the cross-head motion and the tangent
modulus (MOD) was calculated from the most linear
portion of the stress—strain curve with a correction
applied to account for the system compliance. This
testing procedure was carried out in all three direc-
tions with the last direction carried out to failure to
determine the ultimate strength (S,) for one direction
of the specimen. The ultimate strength was defined as
the maximum stress level achieved during the failure
test.

Once mechanically tested, the apparent and ash
densities were determined based on a protocol de-
scribed in Ciarelli ez al. (1991). The marrow from the
specimens was removed using a water-air jet, then
centrifuged to remove all excess water and weighed to
determine the apparent density. They were then ashed



Fig. 1. Micro-CT image of a trabecular bone cube showing the full three-dimensional image and

orthogonal two-dimensional slices of the specimen. The image was reconstructed on a 50 ym mesh and

thresholded. The x-direction corresponds to the anterior-posterior direction, y-direction to medial-lateral,
and z-direction to inferior-superior.
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and reweighed to determine the ash density. The vol-
ume of the specimen was determined from micrometer
measurements of the specimen’s dimensions.

The morphological analyses consisted of first ap-
plying an adaptive thresholding procedure (Feldkamp
et al., 1989; Kuhn et al., 1990) to each reconstructed
micro-CT image to separate the image into
bone/nonbone voxels. Because the X-ray attenuations
through a nonhomogeneous material are not uniform
and there may exist trabeculae of varying densities
throughout the specimen, the selection of one gray-
scaled threshold value to create a binary image was
inappropriate. Therefore, a thresholding procedure
was developed to account for the possible variation in
density levels of the trabeculae throughout the speci-
men. This thresholding procedure has been evaluated
by a comparison of micro-CT image slices within
bone cubes and matching histological sections (Kuhn
et al., 1990). Errors of less than 4 and 15% were found
for the two basic stereologic measurements used to
derive the morphological and architectural para-
meters: Pp, the number of bone voxels per total num-
ber of voxels in an analysis region and P;, the number
of intersections between bone and nonbone compo-
nents per total length of test lines applied to a speci-
men. This error in P, amounts to about 19 um for the
length variables, i.e., trabecular plate thickness.

The equations for the morphology parameters of
interest as described by Underwood (1970), Weibel
(1979), Parfitt et al. (1983), and others are (the nomen-
clature recommended for use in bone histomor-
phometry will be used, Parfitt et al., 1987):
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ratio of bone, BS/BV, is a measure of the surface of
trabecular bone (BS) to the volume of trabecular bone
with units of mm? mm 3. The trabecular plate thick-
ness, Tb.Th, trabecular plate number, Tb.N, and tra-
becular plate separation, Tb.Sp, all assume a plate
model for the trabecular bone in the derivation of the
equations used to calculate these quantities. Trabecu-
lar plate thickness is a measure of the average thick-
ness of the trabeculae within the whole specimen and
has units of mm. Trabecular plate number is
a measure of how many trabeculae there are in a spe-
cimen and has units of mm ~!. Trabecular plate separ-
ation is a measure of the average distance between
trabecular plates and has units of mm.

The topological measure of connectivity, or
Euler-Poincaré number, was measured based on
a procedure described in general terms by Serra (1982)
and in detail by Feldkamp et al. (1989). The Euler
number is multiplied by negative one to produce
a quantity which effectively counts the number of
connections in a specimen. The number is then nor-
malized by dividing by the volume analyzed to allow
meaningful comparison between specimens of differ-
ent volumes (this variable will be denoted as —Eu-
ler/Vol). Even though this variable gives a measure of
how connected the material is, it provides no informa-
tion about the quality of the connections. A limitation
of the Euler-Poincaré number as determined here is
that it does not take into account trabeculae at the
edge of the analysis volume that are not connected

Bone volume fraction (mm® mm™3) BV/TV=P,, 5]
Trabecular plate number (mm™1) To.N=P,, )
Trabecular plate thickness (mm) Tb.Th=Pp/P,, (3)

Trabecular plate separation (mm)
Surface-to-volume ratio of bone (mm? mm ~3)

where each voxel is used to find Py, and perpendicular
test lines superimposed over the micro-CT image are
used to find P;. Because of the anisotropic nature of
cancellous bone, a single set of parallel test lines
superimposed over the image should not be used to
find P, . The use of perpendicular test lines and a cal-
culation of an average P, from the three orientations
gives a reasonable estimate of the true Py (Weibel,
1980). Further, in our procedure the whole specimen
is analyzed, rather than one random plane from the
specimen; our procedure should give a better estimate
of the true Pp and P;. Turner (1986) calculated an
average P, as a function of the principal mean inter-
cept lengths. A small substudy of our data showed
that this produces an estimate that was highly corre-
lated to an average P, determined from orthogonal
test lines; slope=1.00, R2=0.99.

The bone volume fraction, BV/TV, is a measure of
the volume of trabecular bone (BV) per total volume
(TV) of analysis in the cube and is expressed as a frac-
tion with units of mm>® mm ~3. The surface to volume

Tb.Sp=(1—Pp)/Py, )]
BS/BV=2*P, /Py, (5

due to being disconnected by the analysis volume; or
trabeculae that appear to be free floating within the
analysis volume due to the limitations of the scanning
and thresholding procedures. These errors will lead to
a slightly more positive Euler number (negative as
used in this paper), but we believe the magnitude of
the correlations seen will remain the same. A subset of
21 specimens were analyzed to study this problem by
removing single voxels and disconnected trabeculae
so that only the most continuous structure would be
analyzed.

The quantification of the anisotropy was deter-
mined by a procedure described by Whitehouse (1974)
for calculating the mean intercept length of trabecular
bone, denoted as MIL, on a two-dimensional analysis
section. A circular analysis region was defined on each
micro-CT slice. The areal density, Pp, of the analysis
region was found by dividing the total number of
bone pixels by the total number of pixels in the ana-
lysis region. An array of parallel test lines was then
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superimposed over the specimen in this analysis re-
gion at an angle, ©, from a reference direction. The
number of intersections between the bone and non-
bone components was counted for each test line. The
total number of intersections for all test lines was
divided by the total length of test lines to give the
number of intersections per unit length of test line,
P, (®). The mean intercept length for trabecular bone
was calculated as

MIL(®)=2+

P . .
m).

P.(©) (units in mm) (6)
The grid was then rotated, A® (a 5° increment was
used), and the same calculations repeated. This gave
MIL(®) as a function of the grid angle orientation
over the image, where 0 <® < 180°. Plotting MIL(®)
vs ® on a polar plot generally produces an elliptical-
shaped curve. The data were fitted to the equation of
an ellipse from which the direction and amount of
orientation could be found for that analysis plane.

By analyzing three orthogonal planes with this
method, the three-dimensional anisotropy of the spe-
cimen may be quantified as shown by Harrigan and
Mann (1984). This method assumes orthotropic sym-
metry and that the anisotropy may be described by an
ellipsoid. The equation of an ellipsoid may be cal-
culated if it is assumed that the ellipses determined
from the analysis planes are the projections of the
ellipsoid on them. The general form of the equation is

1 T

m—{ﬂ} (Al{n}, @
where n is the unit vector in the direction of interest,
and [A] is the second rank symmetric anisotropy
tensor formed from the coefficients of the equation of
the elipsoid. By solving the eigenvalue problem for
this tensor, the principal structural directions and
magnitudes are obtained. The eigenvalues are used to
define the degree of anisotropy, DA, as the maximum
to minimum MIL ratio:

=gh= é’ (8)
(1L 4 Ay
with MIL;= 1/\/2, where A; are the eigenvalues of
[A], and MIL, > MIL, > MIL;. In this study, a single
subscript will refer to the principal structural direc-
tions, while a double subscript will refer to the axes of
the specimen: 11 =AP, 22=ML, and 33=1S. Taking
the inverse square root of the anisotropy tensor, [A],
will result in what Cowin (1985) has called the Fabric
tensor, [H], for cancellous bone. This fabric tensor
would then be normalized by dividing by the trace of
the tensor. In our analysis, we have used the
un-normalized mean intercept length values for the
formulation of an empirical structure-function
relationship.

Because of the nature of the three-dimensional
digitization of the cube, we were able to analyze any
three orthogonal planes within the specimen along
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with the surface planes. The anisotropy tensor has
been formed using three surface orthogonal analysis
planes, three central orthogonal analysis planes, or
three orthogonal planes that represent the average
ellipse in each of the three orthogonal directions. This
average plane ellipse was found from analyzing the
cube in a front-to-back procedure and calculating the
average MIL(®) from all planes for each grid angle
orientation. These average MIL(®) were then used to
form the two-dimensional ellipse for that direction.
The analyses will be referred to as surface, central, and
average throughout the rest of the text. For this study,
only the anisotropy tensor formed from the average
plane analysis will be used in the derivation of the
structure—function relationship. The average plane
analysis will be used since more of the three-dimen-
sional image is analyzed to produce the tensor that
gives a more accurate representation of the anisot-
ropy (Goulet ez al., 1989).

For the statistical analyses, Pearson product cor-
relations were used to study the associations between
the various morphological and architectural para-
meters. Linear regressions were used to model the
relationships between the morphological and archi-
tectural parameters on the observed scale. Linear
regression models were fit to the logarithms (base
10) of the three moduli and ultimate strength with
the independent variables being the morphology
and architectural measures, either on the
original scale or after a logarithmic transforma-
tion. The average of the log(MOD;;), calculated as
{[1og(MOD,;)+10g(MOD,;) +log(MOD;3)1/3}
and denoted as Ave:log(MOD), and the average of
log(MIL;), calculated as {[log(MIL,,)+log(MIL,,)
+log(MIL33)1/3} and denoted as Ave:log(MIL),
were also determined for each cube. The standard
error of the estimate (SEE) and p-values greater than
0.005 were presented with each regression. All regres-
sions were based on 104 observations unless noted
otherwise. A set of dummy variables was created to
represent a categorical variable defining the direction
of testing, and included in the models to test for the
independence of mechanical testing direction. Sets of
dummy variables were also created for the categorical
variables representing the subject (donor) and the type
of bone specimen (metaphyseal type). The use of these
dummy variables removes donor-to-donor differences
or bone-to-bone differences from the estimate of the
correlations and from the estimates of the intercepts
of the regression equations. The statistical analyses
were performed using SYSTAT and BMDP statistical
computer packages.

RESULTS

The descriptive statistics of the architectural and
mechanical parameters are presented in Table 2. The
specimens included in this study ranged in bone vol-
ume fraction from 6 to 36% and had a degree
of anisotropy from 1.11 to 2.54 (from the average
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Table 2. Basic descriptive statistics of the data
Variable n Mean S.D. Median Range
BV/TV (mm? mm 3} 104 0.20 0.07 0.20 0.06-0.36
Tb.N (mm~1!) 104 1.39 0.32 1.37 0.61-2.06
Tb.Th (mm) 104 0.14 0.02 0.15 0.10-0.19
Tb.Sp (mm) 104 0.64 0.24 0.61 0.32-1.67
BS/BV (mm?*mm~?) 104 1444 221 1393 10.75-21.02
—Euler/Vol (mm™~3) 104 2.83 1.88 278 —1.63-6.56
DA (mmmm™?) 104 1.65 0.29 1.62 1.11-2.54
AP MIL (mm) 104 0.30 0.06 0.29 0.21-047
ML MIL (mm) 104 0.26 0.04 0.26 0.19-041
IS MIL (mm) 104 0.36 0.06 0.35 0.24-0.55
Apparent density 104 0.31 0.12 0.30 0.11-0.60
Ash density 104 0.19 0.07 0.18 0.07-0.37
AP modulus (MPa) 104 173 204 120 6-1524
ML modulus (MPa) 104 123 120 89 1-654
IS modulus (MPa) 104 287 255 208 16-1113
AP Ult. strength (MPa) 32 331 3.14 250 0.58-16.00
ML Ult. strength (MPa) 34 2.58 2.19 1.88 0.10--9.60
IS Ult. strength (MPa) 38 4.63 348 3.78 0.51-14.56
Table 3. Pearson product moment correlations between the various morphological and architectural parameters
BV/TV  Tb.N  —Euler/Vol DA BS/BV  Tb.Th Tb.Sp Ash Den App Den
BV/TV 1.000
Tb.N 0.955 1.000
—Euler/Vol 0.874 0.952 1.000
D.A. 0.281 0.265 0.123 1.000
BS/BV —0863 —0.731 —0.631 ~0.263 1.000
Tb.Th 0.872 0.710 0.595 0301 —0.983 1.000
Tb.Sp —-0892 -0934 —0.880 —0.243 0.801 —0.742 1.000
AshDen 0.937 0.875 0.795 0205 —-0.797 0822 —0.786 1.000
App Den 0.903 0.832 0.751 0.187 —0.782 0809 —0.757 0.969 1.000

Correlations of 0.195 and 0.254 represent critical values corresponding to two-tailed 5 and 1% levels of significance. All
measures are significantly correlated at p=0.001 level except degree of anisotropy (DA).

plane analysis). The thickness of the trabeculae varied
from 0.10 to 0.19mm and had a separation of
0.32-1.67 mm. Frequency distribution plots of some
of the various morphological and architectural
measures are shown in Fig, 2(a)-(d). The mechanical
properties exhibited skewed distribution [Fig. 2(e)
and (f)].

Investigating the relationship between the various
structural properties, correlations between the mor-
phology variables and connectivity were highly signi-
ficant, p <0.001, except when correlated with the de-
gree of anisotropy, DA (Table 3). The most interesting
of these correlations were the relationships between
connectivity (— Euler/Vol), trabecular plate number
(Tb.N) and bone volume fraction (BV/TV). All three
of these measures were derived with different
stereological procedures and are not related math-
ematically, yet were highly correlated, r=0.95 for
—Euler/Vol vs Tb.N, r=0.87 for —Euler/Vol vs
BV/TV, and r=0.96 for Tb.N vs BV/TV [Table 3 and
Fig. 3(a)—(c)]. The other morphological variables
(Tb.Th, Tb.Sp, and BS/BV) were derived using the
measurements BV/TV and Tbh.N [equations (1)435)].

The relationships between these variables are math-
ematically dependent on how the basic measurements
were combined to compute them and thus are not
shown. The degree of anisotropy, DA, was less corre-
lated with the other variables, although all correla-
tions are significant (p <0.05). When partial correla-
tions are computed for the variables found in Table
3 after adjusting for donor and metaphyseal bone
type, all large correlations remained large (p <0.001);
the correlation of DA with — Euler/Vol is no longer
significant (r=0.09), all other correlations with DA
remain significant (p <0.05).

Because of the limitations of the scanning and
thresholding procedures, there is the possibility that
single voxels or disconnected trabeculae may be pres-
ent in the image. To test the affect of this error on the
correlations between BV/TV, Tb.N, and —Euler/Vol,
a subset of specimen (n=21) were used. After remov-
ing single voxels and disconnected trabeculae, it was
found that the magnitude of the correlations between
—Euler/Vol, Tb.N and BV/TV remained the same
(r=0.93 for —Euler/Vol vs Tb.N, r=0.88 for —Eu-
ler/Vol vs BV/TV, and r=0.97 for Tb.N vs BV/TV) as
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Fig. 2. Distribution plots are shown for: (a) bone volume fraction; (b) trabecular plate number; (c) degree
of anisotropy; (d) connectivity (—Euler number normalized by the volume of analyzed); (¢) modulus;

(f) ultimate strength. These plots of the morphology, anisotropy and mechanical data show a wide range of

properties were studied. Only the mechanical properties (e and f) demonstrated a skewed distribution.
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Fig. 3. Plots between some of the morphologic parameters
are shown: (a) connectivity vs trabecular plate number;
{b) connectivity vs bone volume fraction; (c) trabecular
plate number vs bone volume fraction. Strong relationships
were found between these independent morphological vari-
ables. The linear regression models are included in each

graph.

found for the full data set. Thus, all results presented
in this paper are for the specimens as originally scan-
ned and thresholded.

The correlations between ash density, apparent
density and bone volume fraction are also presented
in Table 3. Ash and apparent density are very highly
correlated (r=0.97). Bone volume fraction, a
stereological measure from micro-CT images, corre-
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Fig. 4. As can be seen by this plot of AP modulus vs bone

volume fraction on the log-log scale, strong relationships

were found between the mechanical properties and the den-

sity of trabecular bone. The regression equation and line are

shown with the graph, where ‘11’ stands for the AP test

direction. Regression equations for the ML and IS directions
may be found in Table 4.

lated well with the physical measures of ash density
(r=094) and apparent density (r=0.90). Because
BV/TV was highly correlated with both ash and ap-
parent density as well as to the other morphology
variables, only the density measure of BV/TV was
included in the regression analyses relating the struc-
ture of trabecular bone to its mechanical properties.

The plot of log{MOD) vs log(BV/TV) for the AP
test direction is shown in Fig. 4. Similar curves were
seen for the ML and IS directions and thus only the
AP direction is shown. The log scale is used because
a nonlinear relationship was observed between the
modulus and bone volume fraction when plotted on
the observed scale. The regression equations for each
direction and Ave:log(MOD) are given in Table
4 (first four equations); significant relationships were
found with R2=0.76, 0.70 and 0.69 for each direction,
respectively, and R2=0.88 for the Ave:log(MOD)
equation. An analysis of the constant and coefficient
terms showed that these equations were direction
dependent. The coefficients of the equations also de-
pend on the donor and metaphyseal type.

Comparing only the directional measure of the
MIL of trabecular bone to the modulus, the plot for
the AP test direction data of log(MODj;) vs
log(MIL;;) is shown in Fig. 5. The regression equa-
tions for each direction and an average of log(MOD)
and log(MIL) are also given in Table 4 (second set of
four equations); all equations were significant and
R%2=0.70,0.57 and 0.65 for each direction, respective-
ly, and R?*=0.77 for the Ave:log(MOD) vs
Ave:log(MIL) equation. Much of the variance is still
unexplained in the modulus using just this directional
measurement. The relationship was also dependent
on the direction of testing and the dummy variables
for donor and metaphyseal type.

A relationship using both global (BV/TV and DA)
and directional (MIL;;) measurements was developed
to investigate if a single relationship independent of
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Table 4. Regression models for modulus, MOD. The ‘Ave’ direction equations were found by
using the arithmetic mean of log(MOD;;) and log{(MIL;;). p-values <0.005 for all coefficients
and equations except where denoted by *. Directions 11=AP, 22=ML, 33=IS, and
Ave=(average value of the log of the directional variables from all three directions). The
standard error of the estimate, SEE, is given in the last column. N =104 for all equations
log(MOD;;) Constant  log(BV/TV) log(MIL;) log(DA) R? SEE
11 3.84 2.54 0.76 023
22 3.76 261 0.70 0.28
33 3.80 2.10 0.69 0.23
Ave 3.80 242 0.88 0.14
11 4.52 4.75 0.70 0.25
22 5.04 5.37 0.57 0.33
33 4.18 4.19 0.65 0.24
Ave 544 6.47 0.77 0.20
11 443 1.64 2.35 0.84 0.19
22 5.00 1.89 3.01 0.82 0.21
33 442 1.38 2.52 0.84 0.16
Ave 434 1.88 1.79 0.90 0.13
11 4.55 1.69 2.36 —-0.37* 0.84 0.19
22 4.99 225 2.14 —1.13 0.84 0.20
33 4.83 1.31 3.18 —0.79* 0.85 0.16
Ave 4.56 1.90 1.95 —0.54 091 0.13
*p=0.151 for 11, p=0.011 for 33.
3307 1ogMOD, )= 452+ 475 logMIL, 3 . equations of Table 4?) did improve the amount f)f
300 ®22070, SEE<0.25 variance explained slightly (for the Ave relationship
5 29 R?=0.91), but the relationships were still dependent
é 2404 on the direction of testing. Metaphyseal type and
El donor also had a major effect on this relationship.
g The other mechanical property measured was ulti-
= 150 property
E oo mate strength, S,. The ultimate strength was first
2 o9 . compared to the elastic tangent modulus for the direc-
2 0 ' tion of failure on a log—log scale. A strong relationship
030 was found between the two variables:
0.00

75 070 065 060 055 050 045 040 035 030
log(MIL of trabecular bone)
(Units for MIL: mm)

Fig. 5. As can be seen by this plot for the AP direction of
modulus vs the mean intercept length of trabecular bone on
the log-log scale, strong relationships were found between
the mechanical properties and directional measures of tra-
becular bone. The regression equation and line are shown
with the graph, where ‘11’ stands for the AP test direction.
Regression equations for the ML and IS directions may be
found in Table 4.

direction of testing could be formulated to estimate
MOD;;. Using just log(BV/TV) and log(MIL;) in the
regression analysis, a significant relationship was
found for each direction and for the equation relating
Ave:log(MOD) to Ave:log(MIL); for the equation
using the averages, R?=0.90 and SEE=0.13 (see
Table 4, third set of four equations). Because the con-
stant and coefficient terms were significantly different
for each direction and from those from the equation
using the average variables, the equations for
modulus are dependent on the direction of testing.
These equations were also dependent on the dummy
variables for donor and metaphyseal bone type.
Adding in the DA to the equations (last set of four

10g(Su,,) = — 1.26 +0.79 log(MODy,),
R?*=095, SEE=008, ©)

the relationship did not differ significantly between
direction of testing, and metaphyseal type and donor
had little effect.

To develop an empirical relationship between the
ultimate strength with the morphology and architec-
tural measures similar to that done for the modulus,
regression models were also fit using the logarithms of
the variables. Using only the bone volume fraction as
a predictor for ultimate strength, the relationship for
each direction was found to be dependent on the
direction of testing, p<0.0001 (see Tabie 5, first set of
three equations). The relationship using only the
mean intercept length of trabecular bone (Table 5,
second set of four equations) was also found to be
dependent on the direction of testing (p <0.002). The
effect of donor and metaphyseal type on these equa-
tions were small.

The variables of BV/TV,MIL;;, and DA were used
to develop a relationship for the uitimate strength
appropriate for any direction of testing. Using only
BV/TV and MIL;; (Table 5, third set of four equa-
tions), a strong relationship was found (R?=0.89 and
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Table 5. Regression models for ultimate strength, S,,. p-values <0.005 for all coefficients and

equations except where denoted by *. Directions 11 =AP, 22=ML, 33=I8, and All=(all

three directions regressed together). For the AP, ML, and IS directions N =32, 34, and 38

respectively, and N =104 for equations of All directions regressed together. The standard
error of the estimate, SEE, is given in the last column

log(Suy;) Constant  log(BV/TV) log(MILy) log(DA) R? SEE
11 2.12 247 0.77 0.17
22 1.85 2.26 0.82 0.19
33 1.86 1.80 0.82 0.15
11 237 3.87 0.74 0.18
22 322 5.16 0.72 0.23
33 2.08 334 0.56 0.23
All 223 2.56 0.66 0.23
11 2.59 1.52 220 0.89 0.12
22 2.85 1.53 2,62 092 0.13
33 224 141 1.46 0.88 0.12
All 2.59 1.39 232 0.89 0.13
1 2.85 1.67 221 —0.69* 091 0.11
22 2.81 1.66 227 —0.36* 0.92 0.13
33 247 1.38 1.80 —0.42* 0.89 0.12
All 279 1.44 241 —0.58 091 0.12

*p=0.028 for 11, p=0.422 for 22, p=0.254 for 33.

SEE=0.13 for the regression equation of all three
directions together), but was still slightly dependent
on the direction of testing (p=0.021). The effects of
donor and metaphyseal type were minimal. Including
the DA (last set of four equations in Table 5), the fit
improved only slightly (R?=0.91, SEE=0.12 for the
equation of all three directions together) and was not
dependent on the direction of testing (p =0.17). Exam-
ining the effects of the metaphyseal type and donor
source, it was found that neither were as significant for
ultimate strength as they were with modulus.

DISCUSSION

This paper investigated the relationship between
the various structural parameters often measured for
trabecular bone as well as how these parameters relate
to the mechanical properties. Cubes of trabecular
bone were taken from various metaphyseal regions of
the body and several donors to ensure a wide range of
material properties would be studied. The cubes were
scanned in a unique micro-CT system to generate
three-dimensional digitizations of the cubes upon
which the various stereologic algorithms could be run.
The specimens were then subjected to uniaxial com-
pression tests and finally the apparent and ash weight
densities measured.

High positive correlations were obtained between
the number of trabeculae (Tb.N), bone volume frac-
tion (BV/TV), and connectivity (— Euler/Vol). These
three variables are measured using different
stereological procedures and have no underlying
mathematical relationship yet are highly correlated.
These correlations were not affected by the limitations
of the scanning and thresholding procedure used as
seen for the specimens that had only the most con-

tinuous structure analyzed. The effect of trabeculae
being disconnected by being at the edge of the analysis
volume may alter the relationships slightly but should
not have a major effect or change the type of correla-
tions seen. Figure 3 demonstrates that as the amount
of bone increases, one can expect that the number of
trabeculae and connections to increase. There is prob-
ably a limit to the number of connections and
trabeculae that can be added. If too much bone mater-
ial is added, the bone would no longer be cancellous
bone, but a porous type of cortical bone. It is also
possible that the conformation of the trabecular archi-
tecture may follow a consistent pattern in which, for
trabeculae whose variation in thickness is small,
a constant number of connections are prescribed for
a given trabecular tissue volume, or number of
trabeculae. Cancellous bone may try to preserve its
architecture and density within a certain range; and
therefore, a certain mechanical environment. Other
investigators have noticed a similar relationship be-
tween bone volume fraction (or closely related quant-
ities) and trabecular number, but not many studies
have looked at the three-dimensional connectivity for
trabecular bone. Snyder et al. (1989b) found a linear
relationship between trabecular number and density
for vertebral bodies (horizontal trabeculae, R2=0.90;
vertical trabeculae, R?> =0.87). Turner et al. (1990) also
found a significant correlation (r =0.74) between areal
porosity and average mean intercept length* for bo-
vine distal femoral cancellous bone and human prox-
imal tibiae.

*Turner et al. (1990) defined MIL as 1/P(©) which is
equivalent to 1/Tb.N(®). This term was subsequently
normalized by the areal porosity in the derivation of the
anisotropy tensor.
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It should also be noted that the relationships de-

O
veloped in this paper were found for individuals with
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no known bone disorders and with very different ages
(although biased towards the older age groups). There
may be a given relationship for normal individuals
and bones, but various pathological disorders and/or
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age may cnange
(y-axis) intercept point of the curves could change for
such individuals. If these relationships do change with
age, gender, and disease, it may provide insight into
why individuals with approximately the same amount
of bone can have different pi'\’)pei'uco and auaucpuurl-
ity to fractures. The linear regression relationships
between these variables shown in Fig. 3 did not take
into account the donor or metaphyseal type. When
these effects were included in the regression analyses
for thesc variables, metaphyseal type was found to
have a major effect while donor had a minor effect.
Although there is a strong relationship between these
architectural measures, it appears they are still de-
pendent on location. Each bone may be trymg to
organize its structure differently base
environment.

In work by Fazzalari et al. (1989), the relationship
between bone surface to total volume ratio, Sy (which
is equivalent to Tb.N as derived in this paper), to the
volume fraction, } Vv \ucuuwu DV/ TV in this paper;,
was investigated to examine the effects on this rela-
tionship if different models are assumed for the tra-
becular bone structure, that is, whether the bone is
made up of plates, rods, or spherical voids. The math-
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and BV/TV (or Vy) was found to be dependent on the
type of model assumed for the trabecular bone. Com-
paring actual experimental data from the femoral
head of controls to osteoarthritic patients and the iliac

oract af cantenle ta Actammaratin matianta thav fannd
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the relationship between Tb.N and BV/TV differed
between the control and disease state as well as be-
tween the metaphyses. Although our data for the
relationship between Tb.N and BV/TV showed a de-
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data points in each metaphyseal type to investigate
whether one metaphyseal could be better approxim-
ated as a plate or rod-like structure. Because the
equation for trabecular plate number, Tb.N, assumes
a plate-like model for its derivation, this may be part
of the reason for the dependence of metaphyseal type
in the relationship between Tb.N and BV/TV. Differ-
ent metaphases may need to be modeled either as
completely plate-like, rod-like, or a mixture of rods
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trabecular number. Schemes of how the body may try
to maintain the relationship between trabecular num-
ber and bone volume fraction or connectivity could
then be modeled to study better the effects of aging
and diseases on these relationships.

A change in the relationship between these mor-
phological parameters (trabecular member, bone vol-

ume fraction, and connectivity) may provide a basis
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for predicting various pathological diseases. Immobil-
izatien studies, for example, have been used to exam-
ine changes seen in trabecular bone as a model for
osteoporosis. From studies on dog forelimbs,
Jaworksi and Uhthoff (1986) found a decrease in tra-
becular bone volume with time, but after remobiliz-
ation, partial to total recovery of bone volume was
seen, depending on the age of the animal. Although
they did not quantify the number of trabeculae or how
connected the trabeculae were, they felt that bone loss
and recovery occurred only on the endosteal cortical
and trabecular surfaces. Schaffler and Pan \1991.) aiso
found a decrease in trabecular bone volume, thickness
and eventually trabecular number in an immobiliz-
ation study using adult female beagles. In a related

study, Yoshida et al. (1991) studied the effects of
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their combinations on the trabecular bone of the rat
tibia. They found a decrease in percentage bone area
and trabecular width due to immobilization from
a hemicordotomy, while the ovariectomy caused a de-
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but no real change in trabecular width. A combina-
tion of both immobilization (by sciatic neurotomy or
hemicordotomy) with ovariectomy caused a greater
decrease in percent bone area and a decrease in tra-
becular number and trabecular width, with the
hemicordotomy causing a much greater decrease in
trabecular width than that seen with the sciatic neur-
otomy. Work by Mori et al. (1990) found that admin-
istration of prostaglandin E; to ovariectomized, os-
teopenic rats caused an increase in cancello
mass and trabecular number.

From these studies, it appears that mechanical in-
fluences seem to aiter the amount of bone by changing
the thickness of the trabeculae, while hormonal
and/or chemical influences appear to have a direct
affect on the number of trabeculae. Together these
two influences, mechanical and hormonal, may lead
to the balance seen between the amount of bone,
number of trabeculae and number of connections for
llUl llla} bUll\a, bul ahcn Jlls Ull\v Ul bUlh \)f lhese iuﬂucu-
ces will lead to alterations in this balance. Trabecular
bone may develop a new relationship between these
morphological parameters to try to maintain a struc-
ture of adequate strength based on the relationship
allowed between them at a given mechanical and/or
hormonal level. The metaphyseal dependency of the
morphological correlations found in this study illus-
trates this concept and suggests that trabecular bone
may optimize its structure to accommodate its specific
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certain bones (and regions within a bone) may be
more plate-like while others have a more rod-like
structure.

The other morphological variables (BS/BV, Tb.Th,
and Th. Qn\ studied in this paper were also highly
correlated (Table 3). However, they were derived from
bone volume fraction and trabecular number [see

equations (1)—(5)}] and their interrelationship is dic-
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tated by their derivation. Since the three basic
measurements (BV/TV, Tb.N and —Euler/Vol) are
all strongly related as well as BV/TV being highly
correlated to apparent and ash weight densities, the
empirical relationships developed for the mechanical
properties used only the morphological variable of
bone volume fraction. Including other variables
would not improve the relationships in a useful
manner.

In determining the morphological and architectural
measures, an accurate means of representing the an-
isotropy of the entire bone cubes was necessary. The
use of surface, central or an average representative
plane to form the anisotropy tensor should produce
similar tensors if the architecture of the specimen is
relatively consistent throughout the specimen. If the
architecture varies considerably through the speci-
men, then the choice of analysis planes will have an
effect on the resulting tensor. Since the average plane
analysis uses most of the three-dimensional data,
a more representative tensor of the specimen will be
produced.

In a related study, it was found that for cubes that
had two-dimensional MIL ratios (degree of aniso-
tropy) approaching 1.2 on the planes of the analysis,
the predicted direction of orientation could vary by
20° or more (Kuhn, 1987; Kuhn et al., 1988). These
types of planes are probably close to being ‘isotropic’
making it imperative that the degree of anisotropy be
examined as well as the predicted directions when
trying to relate principal structural directions to prin-
cipal mechanical properties. As noted by Turner and
Cowin (1988), errors in the principal structural direc-
tions will lead to larger errors in predicting the mech-
anical properties. For specimens that are highly
anisotropic, the error in predicting the principal
structural directions will be small when using surface
planes, but that error may increase as the cube be-
comes more isotropic or the orientation varies greatly
while having the same degree of anisotropy. Since
there are errors in making the mean intercept
measurements as well as in the mechanical properties,
efforts should be made to reduce their effect on the
analysis. It is partly due to this that only the tensor
produced by the average plane analysis was studied.

It should be noted that the formula used for deter-
mining the mean intercept length is different from that
used by other investigators (Cowin, 1986; Harrigan
and Mann, 1984; Turner et al., 1990), but is the same
as that originally proposed by Whitehouse (1974) and
that used by Hayes and Snyder (1981) and Snyder
et al. (1989a). Although mathematically the definitions
are not very different, there is an important concep-
tual distinction. The difference in the formulae has to
do with the term Pp. Including the factor Pp, as in
equation (6), gives the mean intercept length of tra-
becular bone, i.e. the average thickness of bone in the
direction that MIL is calculated. With this definition,
MIL seems appropriate to be included as an indepen-
dent term in a structure—function relationship. Leav-
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ing Pp out produces the mean intercept length of one
trabeculae/marrow length (i.e. the combined length of
one trabeculae and the adjacent marrow cavity in the
direction the test lines). However, structures can be
constructed with nearly identical 1/P (m) yet have
vastly different mechanical properties due to different
amounts of structural material. In the relationship
developed by Turner et al. (1990), they did normalize
the mean intercept length they calculated by the areal
porosity that was then used to determine the aniso-
tropy tensor. This tensor was converted to the fabric
tensor (inverse square root of the anisotropy tensor)
and then normalized by its trace. It was these nor-
malized fabric tensor values that were then used to
develop the structure—function relationship. Part of
the reason for using the normalized fabric tensor was
based on the work by Cowin (1985) where he de-
veloped an analytical relationship between the com-
pliance matrix with the density and fabric tensor for
trabecular bone. To use this tensor relationship, one
has to assume at least orthotropic symmetry and to
test trabecular bone along the principal structural
directions. Since so few of the cubes from this study
had a test direction aligned with the principal struc-
tural directions as determined from the anisotropy
tensor (only nine cases), we are not able to formulate
a relationship similar to that presented by Cowin
(1985) or that used by Turner et al. (1990). The rela-
tionship we developed was purely empirical and does
not use a normalized mean intercept length.*

In addition to the possible errors associated with
the stereologic analyses that will cause some of the
unexplained variance in the estimation of the mechan-
ical properties, there will also be errors in the mechan-
ical data itself. In this study, specimens where tested
unconfined, without a lubricant on the platen heads,
and the displacement was measured across the platen
heads, not by an extensiometer attached to the central
portion of the specimen. All of these factors can lead
to errors in the estimation of what the true mechanical
properties may be for each specimen (Allard and Ash-
man, 1991; Linde and Hvid, 1989; Odgaard and
Linde, 1991), but this error should be systematic for
all specimens. Although we do not know precisely the
effects of the end constraints on our specimens or
precisely where they failed, our data are consistent
with previously published studies, as reflected in the
relationship between strength and modulus. Review
of all the load—deformation curves demonstrated
a pattern of failure not consistent with isolated ‘edge’
failure. While, as with most studies of trabecular bone,
these data cannot be considered as true mechanical
properties (due to nonphysiologic boundary condi-
tions), all specimens were tested under the same pro-
tocol and the critical results are only dependent on the

* An empirical relationship using MIL divided by the trace
of the MIL tensor as well as BV/TV and DA for estimating
the modulus or ultimate strength explained about the same
amount of variance as did using just MIL.
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contrasts among the specimens, reflective of architec-
tural variationg

The results from the mechanical tests showed
strong correlations between the morphology and
modulus values (Table 4). The regression analysis
consisted of using transformed values for both the
mechanical properties, as the dependent variables,
and the morphology and architectural measures, as
the independent variables. Because the relationships
were not linear and the variance in the data became
greater for larger values, the analysis was performed
on the log scale to try to minimize the effect of the
variance. Although the SEE may seem large when
converted back to the original scale, this error in the
predicted modulus represents a small percentage of its
range.

Bone volume fraction and the mean intercept
length of trabecular bone were found to be good
predictors for the mechanical properties. When either
variable was used alone as a single estimator, the
direction of testing was required in the model. Even
though the mean intercept length is a directional
measurement, used alone it cannot predict the mech-
anical properties of trabecular bone unless a dummy
variable for the direction of testing is included. When
using bone volume fraction, the mean intercept
length, and degree of anisotropy to estimate the
modulus, the relationship was found to be statistically
dependent on the direction of testing as well as the
metaphyseal type and donor. For the ultimate
strength, the relationship was not as dependent on the
direction of testing, and only slightly on metaphyseal
type and donor. This difference in dependence on
direction of testing and specimen location between
modulus and ultimate strength is not easily under-
stood. Because modulus is dependent on the direction
of testing and specimen location, other features of the
architectural arrangement besides the density and
amount of bone in the direction of testing may be
needed if one is interested in developing a general
relationship to predict the modulus independent of
direction of testing. For example, using a different
procedure to quantify the anisotropy of the trabecular
bone, such as proposed by Odgaard et al. (1990), or
modeling the trabeculae as a rod-like structure in-
stead of plate-like may be needed. If the goal is to
investigate the effects of changing the amount of bone,
number of trabeculae, or mean length of the
trabeculae, then the relationships developed here and
by other investigators are more than adequate. Since
modulus is a measure of the slope between stress and
strain, while ultimate strength is a measure of the
maximum stress the bone can achieve, it seems that
modulus would be more dependent on the arrange-
ment and tissue properties than ultimate strength.
The dependence of ultimate strength on the properties
of the individual trabeculae appears not to be as great,
since relationships using the overall bone volume frac-
tion combined with the amount of bone in the direc-
tion of testing were found to be independent of the test
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direction and only slightly dependent on the meta-
physeal type and donor.

The variation in mechanical properties due to
donor may be due to either age or gender effects, both
of which may be important factors in predicting the
stiffness of cancellous bone. Other investigators have
tried to form general structure function relationships,
but often have used specimens from one or two meta-
physeal regions, and a limited age range (Snyder et al.,
1989a; Turner et al., 1990). It is known that certain
structural properties vary with age (Atkinson, 1967;
Bergot et al., 1988; Merz and Schenk, 1970a,b), but
how these changes with age affect the mechanical
properties is not known. If the gender and age of the
donor are important, then the properties of the
trabeculae tissue itself may be as important in predic-
ting the mechanical properties of cancellous bone as is
the morphology and architectural organization of the
trabecular bone. This next level of structural organ-
ization in the hierarchy will need investigation to gain
a full understanding of the relationship between struc-
tural and mechanical properties.

In conclusion, strong correlations were found be-
tween the independent structural measures of bone
volume fraction, trabecular plate number and con-
nectivity; bone volume fraction was also found to be
highly correlated with apparent density and ash
weight density. Because of these strong correlations
and the dependence of the other morphology
measures determined with BV/TV and Tb.N, only
bone volume fraction and the mean intercept length of
trabecular bone where included in the regression
equations to estimate the mechanical properties.
Strong relationships were found for modulus and ulti-
mate strength capable of estimating approximately
90% of the variance in these mechanical properties.
The modulus was found to slightly dependent on the
direction of testing, and both modulus and ultimate
strength were dependent on the metaphyseal type and
donor the specimens came from.
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