Acta Orthop Scand 56, 256-259, 1985

Contribution of the cortex to epiphyseal

strength

The upper tibia studied in cadavers

Non-destructive measurements of compressive stiffness were carried out
on 20 proximal tibial autopsy specimens. The tibial epiphyses were first
loaded through a template covering all but the peripheral 2 mm of the
subchondral resection surface, then through the whole resection surface,
and finally, after removal of the peripheral shell. A slight increase of the
stiffness coefficient resulted from peripheral contact. Stiffness increased
significantly after removal of the shell, but several potential sources of
systematic error in this part of the investigation raise questions as to the
validity of this finding. The area-corrected stiffness showed a decrease as
a result of peripheral contact; this result indicates that the peripheral rim
of bone has a lower area-corrected stiffness than the central bone, a find-
ing which is incompatible with the concept of a true cortical shell at the
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epiphyseal level.

Although full coverage of the tibial resection
surface is not a realistic option with most ar-
throplasty designs, some clinicians stress the
importance of full area contact (Freeman et al.
1982). Experimental work indicates that the ti-
bial component, whether all polyethylene or
metal-backed, should preferably cover a large
fraction of the tibial resection surface (Bargren
et al. 1978, Reilly et al. 1982, Figgie et al.
1984). A substantial load-bearing function of
the cortical shell at the epiphyseal level was
suggested by Figgie et al. (1984). Analytical
models of the proximal tibia sometimes include
an epiphyseal cortical bone shell (Murase et al.
1983), while other authors believe that the
cancellous bone alone supports the joint load at
this level (Askew & Lewis 1981, Bartel et al.
1982, Lewis et al. 1982).

We have studied the mechanical significance
of the peripheral rim of bone delineating the
cross-section of the proximal tibial epiphysis.

Material and methods

Twenty-three knee joints were obtained from routine
autopsies within 24 h postmortem and immediately
deep-frozen to below —21°C. After thawing, the ti-
biae were isolated, and the joint surfaces were re-
sected closely beneath the subchondral bone plate. A

parallel cut produced approximately 25-mm thick
specimens. The proximal resection surface was cop-
ied onto paper, and a secondary surface excluding a
peripheral 2 mm rim was constructed. Each area
was measured twice with a planimeter. From the
secondary surfaces, 4-mm thick steel templates were
manufactured.

The mechanical tests were run in a universal ma-
terials testing machine (Instron® 1195). The speci-
men was placed on a rigid metal block. The load cell
was equipped with a heavy steel column, slightly
curved at the end facing the specimen to ensure uni-
form axial loading. Between the specimen and the
loading column, the 4-mm steel template or a 4-mm
steel plate covering the whole resection surface was
inserted. To disperse the load equally, a 19-mm steel
disc was added on top of the template (Figure 1). Fi-
nally, the peripheral bone was removed carefully
from the proximal 5 mm of the epiphysis with a
sharp osteotome to investigate the possibility that
the shell contributes to epiphyseal compressive stiff-
ness by resisting lateral expansion. Each loading
condition was tested twice with an approximately
45-min interval. The individual compression test was
stopped when a linear graphic output had been ob-
tained. Between tests the specimens were kept in
physiological saline. The individual test was per-
formed as one “conditioning” loading cycle followed
by the measuring cycle; conditioning was necessary
because the stiffness of bone is load-history depen-
dent (Zilch et al. 1980). The increase in stiffness be-
tween the first and second load cycle amounted to as
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Figure 1. Diagram showing
the application of load
excluding the peripheral rim
of bone (above) and
including the peripheral rim
(below). Steel plates and
piston shown hatched,
cortical bone shown dotted.
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much as 50 per cent. The last load application in
each series was carried beyond the ultimate failure
point. Thus, it was possible to ensure that the non-
destructive tests were within the linear range of the
curve as assumed. This was the case with 20 speci-
mens.

The deformation rate was kept constant at 0.5 cm
min~! (approximate strain rate 0.003 s'). Also, the
recording paper was advanced at a constant speed.
Thus, the time axis could be converted to deforma-
tion correcting for machine compliance.

From the force (F) and deformation (D) data, the
stiffness (S) was calculated:

S=F/D.

The area-corrected stiffness (S,) was calculated
from:

S,=F/(DxA)

where A is the contact area. It may be seen that if an
increase in stiffness is caused by an equal percentual
increase in area, then the area-corrected stiffness is
unchanged. If the stiffness increase is less than ex-
pected from the increase in area, then the area-cor-
rected stiffness is reduced. Statistical comparison of
the test series was by Student’s paired ¢-test.

Results

Ninety-five per cent tolerance limits for the
area measurements were £0.15 cm? (approx-
imately *0.5 per cent) and £4.9 MNm™' for the
stiffness measurements (approximately *+10
per cent).

19

The average gain in stiffness from the addi-
tion of peripheral contact was 1.3 MNm™! (Ta-
ble 1). When the peripheral bone was removed,
an increase in stiffness resulted (average in-
crease = 4.2 MNm™', standard error of differ-
ence = 1.5 MNm™, t = 2.85, P = 0.01).

The gain in stiffness from peripheral contact
was smaller than expected from the gain in
contact area as seen from the comparison of
area-corrected stiffness (Table 1).

The stiffness coefficients measured after re-
moval of the shell correlated closely with the
maximal force measured during the final, de-
structive test (r = 0.91,t = 9.43, P < 0.0001).

Discussion

With the tolerance limits shown above, an
average stiffness difference of approximately 5
per cent would be statistically significant at
the 5 per cent level. Cortical bone tested in
compression is roughly 30 times stiffer per unit
area than cancellous bone (Currey 1970). This
means that a 0.1 mm shell (a realistic minimal
thickness value, according to Murray et al.
1984) with cortical bone properties would be
expected to increase the stiffness of a 30 cm®
epiphysis by some 20 per cent. Thus, the de-
sign of the study would seem to be adequate to
detect the effect of a cortical shell.

The increase in the stiffness coefficient resul-
ting from peripheral contact did not reach a
statistically significant level; the increase was
much smaller than expected from the increase
in area, since the area-corrected stiffness de-
creased more than 10 per cent on average. The
results after removal of the peripheral bone do
not suggest a significant role of the shell in re-
sisting lateral deformation; in fact, the stiff-

Table 1. Stiffness with and without peripheral contact

Peripheral contact Stiffness Area-corrected
(MNm™) stiffness
(GNm™
Excluded (E): mean 345 113
Included (1): mean 35.8 12.8
Mean difference (I-E) 1.3 -1.5
St. error of difference 0.9 0.4
Significance P>0.10 P < 0.001
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ness increased after removal of the peripheral
bone, a finding which is difficult to explain. Im-
paction of bone caused by the osteotome is one
possible explanation, but this may not be the
only factor involved. Although some considera-
tion was given to the time-dependent proper-
ties of bone, perhaps this aspect was not fully
controlled in our study, the time-stiffness rela-
tion during repeated non-destructive loading of
cancellous bone being unknown. A review of
the results of the double-determinations of
stiffness coefficients suggests a systematic
trend to increased stiffness being recorded at
the second of the two determinations; since the
tests were performed in the sequence stated,
such a trend does not affect the conclusion that
peripheral contact produces little increase in
stiffness, but it might have added to an impac-
tion effect in the last part of the experiment.
Finally, the fact that the last stiffness value

was measured from a dest‘ruct,ive test graph.

(offering a longer linear interval) might also
have caused a systematic error towards higher
stiffness values.

The “measuring” load-cycle invariably exhi-
bited a steeper linear slope than the “condi-
tioning” load-cycle, with a maximal increase in
the stiffness coefficient of approximately 50 per
cent. Unfortunately, no comparable data are
available in the literature, but it is apparent
that other investigators have encountered the
same difficulty when subjecting composite
specimens to non-destructive tests (Rockoff et
al. 1969, Krause et al. 1976, Bourne et al.
1980). Carter & Hayes (1977), examining ma-
chined cylindrical cancellous bone specimens,
found that hydraulic strengthening was appar-
ent only when the strain rate was extremely
high, e.g. 10.0 s or several thousand times
faster than in the present investigation. Thus
the strain rate used seems appropriate to avoid
hydraulic strengthening. Furthermore, if hy-
draulic strengthening were present, it would
be expected to affect consecutive load-cycles,
including the first cycle, equally.

The close correlation between stiffness and
strength in the last part of the experiment, a
correlation that is well-documented in tests on
cancellous bone specimens (Goldstein et al.
1983, Hvid & Jensen 1984), suggests that the

findings may be extrapolated to include the
strength of the epiphyseal structure.

Figgie et al. (1984), in an experimental study
comparing the ultimate load-bearing capacity
of paired tibiae with standard or conforming
(full surface covering) tibial components, found
that the increase in load-bearing capacity was
proportional to the area increase. For some
reason the largest available standard compo-
nent (72 mm) was not included in the study,
and thus some non-utilized areas were proba-
bly unrealistically large. The authors specu-
lated that factors other than area may come
into play when the prosthesis reaches the corti-
cal shell, but this was not supported by their
findings. Reilly et al. (1982) measured surface
strain at the proximal tibia, and compared the
normal state to a variety of prosthesis config-
urations. Relatively high proximal strain read-
ings were found with full area contact, while
strain readings were subnormal with partial
contact. This may suggest an abnormally low
in vivo loading of the uncovered peripheral
bone with standard implants, but disregards
the effect of ligaments and tendons inserting in
this area; it does not necessarily suggest a sig-
nificant load-bearing function of the most prox-
imal shell since weaker bone is subjected to
higher strain per unit load.

Finite element analysis of the effect of in-
creasing area coverage by the tibial component
— in a model that included a proximal cortical
shell (Murase et al. 1983) — did not suggest a
stress-lowering effect of larger tibial compo-
nents unless metal-backed. This result is in
agreement with the experimental finding of
Walker et al. (1984) that the polyethylene ti-
bial component transmits relatively high
stresses beneath the areas contacting the fem-
oral component, i.e. at the centers of the con-
dyles.

Murray et al. (1984) investigated the me-
chanical properties of the proximal metaphys-
eal shell in a more direct manner. From plate-
bending tests on machined specimens, an aver-
age elastic modulus of approximately 1.5 GPa
was derived; this figure is one order of magni-
tude lower than reported for cortical bone
(Currey 1970). Furthermore, the failure crack-
pattern of the proximal metaphyseal speci-
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mens suggested isotropy, indicating that this
bone is unlikely to resist significant compres-
sive forces. The present findings are well ex-
plained by the material properties quoted
above.

Our findings are not compatible with the
concept of a true cortical bone shell surround-
ing the proximal tibial epiphysis. The potential
benefit of including the peripheral rim of bone
in the contact area is likely to be negligible,
since the increase in stiffness is less than 5 per
cent.

Acknowledgements

The study was supported by grants from Gigtfor-
eningen (The Danish Rheumatism Association),
grants nos. 233-273 and 233-503. The authors wish
to thank the staff at The Institute of Pathology, Uni-
versity of Odense, Denmark, for the provision of au-
topsy specimens.

References

Askew, M. J. & Lewis, J. L. (1981) Analysis of model
variables and fixation post length effects on
stresses around a prosthesis in the proximal tibial.
J. Biomech. Engng. 103, 239-245.

Bargren, J. H., Day, W. H., Freeman, M. A. R. &
Swanson, S. A. V. (1978) Mechanical tests on ti-
bial components of non-hinged knee prosthesis. J.
Bone Joint Surg. 60-B, 256-261.

Bartel, D. L., Burstein, A. H., Santavicea, E. A. & In-
sall, J. N. (1982) Performance of the tibial com-
ponent in total knee replacement. Conventional
and revision designs. J. Bone Joint Surg. 64-A,
1026-1033.

Bourne, R. B., Finlay, J. B., Cohen, N. & Chivers-
Wilson, J. (1980) Load bearing in the human knee
joint. Orthop. Transact, 4, 255-256.

Carter, D. R. & Hayes, W. C. (1977) The compressive
behavior of bone as a two-phase porous structure.
J. Bone Joint Surg. 59-A, 954-962.

19*

Currey, J. D. (1970) The mechanical properties of
bone. Clin. Orthop. Rel. Res. 73, 210-231.

Figgie, H. E,, Davy, D. T., Heiple, K. G. & Hart,R. T.
(1984) Load-bearing capacity of the tibial com-
ponent of the total condylar knee prosthesis. Clin.
Orthop. Rel. Res. 183, 288-297.

Freeman, M. A . R., Blaha, J. D, Bradley, G. W. & In-
sler, H. P. (1982) Cementless fixation of ICLH ti-
bial component. Orthop. Clin. North Am. 13, 141
154.

Goldstein, S. A, Wilson, D. L., Sonstegard, D. A. &
Matthews, L. S. (1983) The mechanical properties
of human tibial trabecular bone as a function of
metaphyseal location. J. Biomech. 16, 695-969,

Hvid, I. & Jensen, J. (1984) Cancellous bone
strength at the proximal human tibia. Engng.
Med. 13, 21-25.

Krause, W. R., Pope, M. H,, Johnson, R. J. & Wilder,
D. G. (1976) Mechanical changes in the knee after
meniscectomy. J. Bone Joint Surg. 58-A, 599-604.

Lewis, J. L., Askew, M. J. & Jaycox, D. P. (1982) A
comparative evaluation of tibial component de-
signs of total knee prosthesis. J. Bone Joint Surg.
64-A, 129-135.

Murase, K., Crowninshield, R. D., Pedersen, D. R. &
Chang, T.-S. (1983) An analysis of tibial compo-
nent design in total knee arthroplasty. J. Bio-
mech. 16, 13-22.

Murray, R. P, Hayes, W. C., Edwards, W. T. &
Harry, J. D. (1984) Mechanical properties of the
subchondral plate and the metaphyseal shell.
Trans. O.R.S. 9, 197.

Reilly, D., Walker, P. S., Ben-Dov, M. & Ewald, F. C.
(1982) Effects of tibial components on load trans-
fer in the upper tibia. Clin. Orthop. Rel. Res. 185,
273-282,

Rockoff, S. D., Sweet, E. & Bleustein, J. (1969) The
relative contribution of trabecular and cortical
bone to the strength of human lumbar vertebrae.
Calc. Tiss. Res. 3, 163-175.

Walker, P. S., Onchi, K., Kurosawa, H. & Rodger,
R. F. (1984) Approaches to the interface problem
in total joint arthroplasty. Clin. Orthop. Rel. Res.
182, 99-108.

Zilch, H., Rohlmann, A., Bergmann, G. & Kolbel, R.
(1980) Material properties of femoral cancellous
bone in axial loading. Part II: Time dependent
properties. Arch. Orthop. Traumat. Surg. 97, 257—
262.



