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I.  Introduction

The importance of bone to the health and well being of the
individual because of its structural and physio-chemical functions
is well known.  Bone is a two phase material composed of a highly

oriented collagen matrix in which minute hydroxyapatite crystals
are embedded.  The mechanical properties of bone are quite different
than the properties of either of its constituents. Collagen, while
somewhat elastic, does not exactly obey Hooke's Law. It offers

little resistance to compression and demineralized bone can actually
be tied into a knot.  Hydroxyapatite crystal has a modulus of elasticity
about ten times that of collagen and is much stronger in compression
than tension.  Bone from which the collagen has been removed has little
strength in either tension or compression.  While the role each plays
in the maintenance of the structural integrity of bone is unknown, the
combination gives bone strengths that are comparable to those of some
metals.

It has been reported by several investigators that the ash content
and strength of trabecular bone are related and that both decrease with
age (1,2,3).  Bartley et. al. (4) measured the maximum compressive

strength of whole vertebral bodies and found a positive correlation
between the maximum stress and the ash content per unit volume.  Adjacent
lumbar bodies were used, one to determine the crushing strength and the
other to determine the ash content.  The second body was coated with
wax and the volume determined by water displacement and then ashed.
Osteoporosis which is generally characterized by a decrease in bone
strength and is sometimes clinically defined by fractures associated
with minimal trauma, shows no significant chemical differences from
normal bone (5).  There is a normal degree of mineralization but the
quantity of bone is less than that of normal subjects of comparable
age (6).  Semb (7) produced disuse osteoporosis in dogs by immobilizing
one limb and measured the tensile strength of small samples (50 x 2 x l mm)
of cortical bone.  There was no significant difference between the
breaking strength of the samples from the immobilized limb and the other

limb.  The intrinsic strength of osteoporotic bone on a local level was
normal. It appears that the reduction in strength of bone is due to the
decrease in quantity of bone rather than to a decrease in bone quality.
There are other conditions of course that weaken bone, such as hyper-
mineralization or hypomineralization of the organic matrix.  However,
in general the ratio of organic material to .mineral is approximately
constant with age after the third decade (5).  By measuring the amount
of bone mineral present, some estimate of its strength would be possible.
We have investigated the relationship of the mineral content of the ninth
and tenth thoracic vertebrae as measured by the Cameron-Sorenson technique (8)
and its maximum crushing strength.
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II. Materials

The vertebral columns of 24 embalmed cadavers were obtained
from the University of Wisconsin Anatomy Department.  The ninth
and tenth thoracic vertebrae were removed and the soft tissue,
cartilage and the posterior spinal processes were trimmed off.
Those vertebral bodies which had the intervertebral disc herniated
into the body or which were badly calcified or in which wedging was
apparent were excluded from this study.

III. Mineral Content Measurements

The mineral contents and the vertebral widths were obtained
by scanning the bodies in water. Each vertebra was scanned along
two paths (figure 1).  Scan A was in the coronal plane cutting
through the maximum dimension of the vertebral body, scan B was
made by rotating the body 90'.about an axis perpendicular to scan
path A and scanning through the same portion of the body.  Each
path was transversed' three times; the standard deviation  of  the
three measurements was about 2.5% for the mineral content and about
1% for the width. The amount of bone in the scans A and B is the
sarnie and the measured mineral content along the two paths agreed
to within 5%.  The scanning system is calibrated such that the
scan integral is proportional to the amount of mineral or bone ash
in a slice of bone one centimeter wide. By dividing the mineral
content determined along path A by the product of the widths

determined along paths A and B, the average mineral content (or
ash content) per cm  is determined.  The fange of values for the
thoracic vertebrae was 0.06 to 0.19 gm/cm .  These values compare
well with the ash content of the lumbar vertebral bodies reported
by Bartley, et. al. (4).  Their values with the exception of four

3
males under forty all fell within the range of 0.08 - 0.19 gm/cm .

IP. Compression Test

Cylindrical damples were cut from near the center of T-9 and
T-10 parallel to the vertical axis. The ends of the core samples
were turned dawn on a lathe to remove the cortical bone and to make
the end surfaces parallel.  Some of the samples were very fragile

and crumbled as they were being prepared.  There was no appreciable
heating of the samples during the machining process.  The samples
were kept wet at all times in a 50% ethyl alcohol solution and were

stored at O'C.  The samples were approximately 0.4 cm in diameter
and 1 cm in length.  The compression test was performed at a constant
strain rate of 0.1 inches per minute. One of the sample records is
shown in figure 2.  The ultimate compressive force was taken at the
peak value.  A plot of3the maximum compressive stress versus the
mineral content per cm , figure 3 has a positive correlation co-
efficient of .83 (p < .001).  The energy absorbed to failure or
the amount of work required to produce failure was calculated by
measuring the area under the curve (cross-hatched area) in figure 2.

This was normalized to the cross section area and length of the3
sample and plotted, figure 4, versus the mineral content per cm
(r = .81, p < .001).  Young's Modulus was calculated and was also
po itively related (r = .66, p < .001) to the mineral content per
cm , figure 5.



-3-

V.  Conclusions

The values for ultimate compressive stress and energy absorbed
for embalmed material we  found compared well with those of other

investigators using fresh material.  The effect of embalming on
the mechanical properties of bone has been reported by several
investigators and appears to be small.  Calabrisi (9) compared the

strengths of a small number of fresh and embalmed human femurs and
found a 13% decrease in the ultimate compressive strength.  Evans (10),

usibg small machined samples of cortical bone, reported an increase of
apptoximately 20% in the tensile strength.  McElhaney, et. al. (11)
determined the modulus of elasticity, ultimate strength and maximum
strain to failure for both compressive and tensile test on fresh and

embalmed beef bone.  The ultimate compressive strength of the embalmed
bone was reduced by 12% while there was only a slight reduction in
tensile strength, maximum strain and modulus elasticity.  We feel
that the uncertainty due to embalming is small and that the extrapo-

lation of the results of test on embalmed material to the in vivo
properties of bone is valid.

The results of this study indicate that it is possible to
estimate the crushing stress from the mineral content determined by
scanning the vertebral body in vitro. While the application of the
single photon scanning technique for .in vivo measurement on the spine
is impossible due to the physical limitations of the method, the dual
photon technique.described by Ort, et. al. (12) and Roos, et. al. (13)
would permit these measurements to be done in vivo.  This would be of
value in that by knowing the .in vivo mineral content of the vertebra
the maximum allowable stress and the danger of vertebral collapse
could be estimated.  The predictive value of the data presented here
is not great and additional compression tests are being performed

on T-8, T-11, T-12 and some lumbar vertebral samples.

This work was supported in part by the U. S. Atomic Energy
Commission through contract AT-(11-1)-1422.

LEGAL NOTICE
This report was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.



-4-

Acknowledgments

We would like to thank Dr. Warren Young and John Dreger of
the Engineering Department for their assistance and the use of

their equipment and Robert Witt in performing the compression
tests.



REFERENCES

1.  Melick, R.A. and Miller, D.R., Variations of Tensile Strength
of Human Bone with Age.  Clin. Sci. 30: 243-248 (1966).

2.  Bell, G.H., Dunbar, 0. and Beck, J.S., Variations in Strength
of Vertebra with Age and their Relation to Osteoporosis.  fal.
Tiss. Res. 1: 75 (1967).

3.  Mather, B.S., The effect of radiation in specific gravity and
ash content on the mechanical properties of human compact bone.
J. Biomech. 1:  207-210 (1968).

4.  Bartley, M.H., Arnold, J.S., Haslam, R.K. and Jee, W.S., The
Relationship of Bone Strength and Bone Quantity in Health,
Disease and Aging.  J. Gerontology 21: 517-521 (1966).

5.  Dollerup, E., Chemical analysis and microradiographic investigation

on bone biopsies from cases of osteoporosis and osteomalacia as
compared with normal.  Bone and Tooth, Pergamon Press, H.J.J.
Blackwood, ed. (1964).

6.  Arnold, J.S., Quantitation of Mineralization of Bone as an Organ
and Tissue in Osteoporosis.  Clin. Orthop. 11: 167-75 (1960).

7.  Semb, H., The Breaking Strength of Normal and Demineralized
Cortical Bone from Dogs. Acta. Orthop. Standinav. ill: 131-140
1966.

8.  Sorenson, J.A. and Cameron, J.R., A Reliable 12 Vivo Measurement
of Bone Mineral Content.  J. Bone and Joint Surg. 49-A (3):  (1966).-

9.  Calabrisi, P. and Smith, F.C., Effect of Embalming on Compressive
Strength of Compact Bone.  Naval,Med. Res. Inst. NH/R-NM 001056.02
MR-51-2.

10.  Evans, F.G., Significant Differences in the Tensile Strength of
Adult Human Compact Bone.  Bone and Tooth, Pergamon Press, H.J.J.
Blackwood, ed., (1964).

11.  McElhaney, J.H., Fogle, J., Byars, E. and Weaver, C., Effect of
Embalming  on the Mechanical Properties  of  Beef  Bone. 1. Applied
Physiol. 12 (6):  1234-1236 (1964).

12. Ort, M.G. and Cameron, J.R., Determination of Vertebral Bone
Mineral In Vivo. USAEC Report COO-1422-79 (1970).

13.  Roos, B., Rosengren, B. and Skoldborn, H., Determination of Bone
Mineral Content in Lumbar Vertebrae  by a Double Gamma-Ray Technique.
in Proc. of Bone Measurement Conference, Cameron, J.R., ed.
pp. 243-254, USAEC CONF-700515 (1970).  In press.



0

:0       -
I                         d

1   L --\
/
WIDTH A SCAN
\

/  PATH A\.
\ *-/7 /

SUPERIOR VIEW

C

9.
B
WIDTH B SCAN

PATH B

4

LATERAL VIEW

F igure 1 Scan paths A and B through the ninth thoracic
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F igure 2 Compressive test record.



*.--
N
E 700    I   ,   I   I   I
·2                                        ·Z 600

M 500              e
00                               0

LI..1      4 0 0                                                    0                          .

IE
U) 300 ...

e
.e

2 200- . % .

1*E   100 -  0   00%           0
LU
Cki f i l i l l im .075 .10 .125 015 .175 .20

MINERAL CONTENT (gm/cm3)

Figure 3 BFeaking stress vs. mineral content.
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Figure 4 Energy absorbed to failure vs. mineral content.
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Figure 5 Young's Modulus vs. mineral content.


