Acta orthop. scand, 47, 241-249, 1976

THE EFFECTS OF RIGIDITY OF INTERNAL FIXATION PLATES

ON LONG BONE REMODELING
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The effect of rigidity of internal fixation plates on long bone re-
modeling was studied using two types of plates with considerable dif-
ferences in stiffness. The plated bones were subjected to bioengineering,
quantitative histological, and cortical thickness studies after 9' dand
12 months. The biomechanical results, together with the quantitative
histological measurements of the macroscopic architecture, showed that
tissue characteristics of the plated bones were similar. However, be-
cause of the larger cortical area, the less rigidly plated femora can
sustain significantly higher loads and energy before failure. Cortical
thickness measurements also showed that rigid plate immobilization
results in thinning of the cortex of the underlying bone. The experi-
mental results suggest that cortical bone remodels according to
functional stress demands, and the osteoporosis secondary to rigid
plate protection is consequent to thinning of its cortex.
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This investigation is a continuation of
our study to determine whether the
osteopenia caused by protection from
stress in plated bones can be reduced by
the use of less rigid fixation devices
(Woo et al. 1976, Akeson et al. 1975). A
less rigid fixation plate requires the
plated bone to carry more of its normal
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physiological stress, and thus induces
remodeling to stronger bone following
Wolff’s law (Cochran 1969, Perren et al.
1969, Hutzschenreuteret al. 1969, Chamay
& Tschantz 1972). The benefits of this
type of fixation are that a shorter period
of external protection should be required
to reach acceptable bone strength for un-
protected activity once the plate is sur-
gically removed. It remains to be shown
whether comparable union rates can he
achieved with plates of reduced stiffness.

Previous experiments by this labora-
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tory utilized two internal fixation plates
with significant differences in bending
and axial stiffness for fixation of mid-
shaft osteotomies of the canine radius.
Clinical and biomechanical evaluations
of the healed bones at 4 months post-
operatively showed the rate of healing
and the strength characteristics to be
similar (Woo et al. 1974). Quantitative
histological evaluation of these bones
revealed lower cortical porosity and more
new bone formation in the less rigid
plated side {Akeson et al. 1875). The in-
vestigation presents a second experimen-
tal model using the intact canine femur
to study the effect of rigidity of fixation
plates on long-term bone remodeling.

MATERIALS AND METHODS

The materials selected for this study were
graphite fiber methylmethacrylate resin com-
posite (GFMM) and conventional vitallium. The
difference in moduli of elasticity for GFMM
(1-4 X 105kg/cm?) and vitallium (26 X 105
kg/cm2) is approximately an order of magnitude
(Woo et al. 1974). Hence, a GFMM plate of
similar geometrical design as a vitallium plate
would have a bending and axial stiffness one-
tenth that of the vitallium plate. The plates used
were of identical dimensions and configurations.
They were 9 cm long and had six screw holes.
Both plates had identical sized serew holes and
countersinks. The location of screw holes was
also the same (Figure 1),

Figure 1. Photograph of the GFMM and Vital-
lium plates used for the canine femora.
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Figure 2. A schematic diagram showing the
system of identification used for the eight seg-
ments subdivided from the mid-diaphysis of the
canine femur. Note that the plate was applied
on the anterior (A) surface of the bone.

Animal studies

Six adult mongrel dogs with an average weight
of approximately 20 kg were used as experi-
mental animals. After confirming skeletal ma-
turity by x-ray, the right and left femora of
each animal were plated on the anterior surface
with a vitallium and a GFMM plate, respectively.
A skin incision centered over the lateral thigh
was used to expose the femur. The periosteum
was then stripped from the bone anteriorly and
the plate was positioned on the shaft. Screw
holes were drilled using a centering drill guide
and the holes were tapped. Three screws were
used at each end to fasten the plate onto the
bone, The wound was then irrigated with sterile
saline and closed routinely. The animal was
redraped and the contralateral femur was plated
in an identical procedure. )

Three of the animals were maintained for 9
months, and three were maintained for 12
months post surgery. The animals remained in
individual cages for 4 weeks and were then sent
to an animal farm where they were allowed
freedom to exercise, Routine x-rays were made
at monthly intervals, Starting 16 weeks prior to
sacrifice the animals were given 750 mg daily
of oxytetracycline (Terramycin) for § w._ks and
dimethylchloretetracycline (Declomycin) 450 mg
daily for the remaining 8 weeks for quantitative
histological studies.

Specimen preparation and bioengineering tests

The animals were sacrificed with Euthanasia
and the femora were harvested. The mid-diaph-
ysis of the femoral specimen was cut to ob-
tain four longitudinal test strips, 3.0 mm wide
and 5.5 c¢cm long. The four strips were labeled
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AL, AM, PM, and PL, representing anterior
lateral, anterior medial, posterior medial, and
posterior lateral segments, respectively (Figure
2). These bone specimens were submerged in a
37° C saline filled tank and subjected to 4-point
bending test to failure. The bioengineering test
procedure was described in detail in a previous
publication (Woo et al. 1976). Bioengineering
tests were not done on the remaining four larger
segments, i.e. anterior, medial, posterior and
lateral segments (shown in Figure 2), because
of the irregular curved geometry. These larger
segments, together with the four smaller (3.0
mm wide strips) segments were analyzed by
quantitative histological procedures, however.
Eight pairs of normal canine femora were also
cut and subjected to 4-point bending tests under
identical testing conditions. The results of the
normal canine femora were compared with the
experimental femora.

Quantitative histological methods

The eight segments of each femur were aligned
in a parallel sequence, fixed in absolute alcohol,
infiltrated with methacrylate monomer under
vacuum, embedded in a mold, and cured under
UV 1light. When the plastic was sufficiently
hardened, the block was trimmmed, and 120 g
sections were cut serially using a milling bone
saw equipped. with a diamond-edggd, 12% cm
diameter saw blade, The width of the saw blade
was 500 u. Very slow cutting speeds and con-
tinnous water cooling were used to minimize
fragmentation. The serial sections were ground
down to approximately 70 g thick using wet and
dry sandpaper with absolute alcohol as a lu-
bricant. Finally the sections were polished by
hand to 50 y thick with ground glass plates.
After washing with several changes of alcohol,
sections were cleaned in xylene and mounted
conventionally.

Each of the sections was scanned by a recti-
linear grid eye piece at 80 X magnification as
described by Harris & Weinberg (1972). This is
a random point count technique which permits
quantitative scanning of the entire cortical area
by moving the grid over the section in a checker
board manner. Categories of bone counted in-
cluded unlabeled cortical bone, tetracycline la-
beled cortical bone, and porosity.

Cortical thicknesses of all eight segments of
the femur were also measured optically using a
graduated magnifying glass (7 X) accurate to
0.1 mm, The thickness of each segment was
measured at three places, i.e. at the midpoint,
and at both ends, All measurements were made
by two independent observers and the mean
values were calculated.
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Figure 3. Histograms showing the differences in
maximum bending load and maximum energy
stored in the Vitallium (right) and GFMM (left)
plated femora. Since there were no significant
left and right differences in the normal femora,
the significant differences in the experimental
femora are concluded as results of plate fixation.
P values given underneath the bars are for
differences between right and left sides.

RESULTS

The GFMM plated femora were not re-
markably different in gross appearanece
from the vitallium plated femora. A few
carbon particles were evident in adjacent
tissues near the screw hole sites where
the screw hole tap had abraded the plate
during surgery on the GFMM side. The
overlying capsule appeared inert, with no
evidence of accumulation of serous exu-
date. The histological appearance of the
membrane was essentially as previously
reported for a short-term study of
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Figure 4. This histogram shows cortical thick-
ness and total counts (cortical area) of 3 mm
wide bone strips from homotypic segments of
the plated left and right femoral diaphyses. Note
that only those segments where the cortical
areas are different also showed simultaneous
differences in cortical thickness.

fracture healing using GFMM plates
(Akeson et al. 1975).

The bioengineering data and methods
of computation were presented in detail
in an earlier communication (Woo et al.
1976). The test results of the mechanical
properties (bone as a material) of the
AL, AM, PM, and PL segments of the
femora showed no significant difference
in the ultimate bending strength (o;) and
the flexural modulus of elasticity (E)
between the less rigid, GFMM plated
femora and the more rigid, vitallium
plated femora. Also, o; and E for the
anterior (AM and AL) segments were
similar to those of posterior (PM and
PL) segments for both the GFMM and
vitallium plated femora. In addition, es-
sentially no significant difference in o,
or E existed between the plated femora
or the normal femora.
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Measurements of the structural prop-
erties of the femur (bone as an organ),
i.e. maximum bending load and maxi-
mum energy stored, showed a significant
advantage of the GFMM plated over the
vitallinm plated femora. The GFMM
plated femora sustained a larger maxi-
mum load and absorbed more energy be-
fore failure than the vitallium plated
femora. As the duration of plating in-
creased from 9 to 12 months, the struc-
tural differences became more marked
(Figure 3). The difference in maximum
bending load increased from 12.5 per
cent to 55 per cent and the difference in
maximum energy absorbed increased
from no significant difference at 9
months to more than a factor of two at
12 months.
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Figure 5. A comparison of anterior (AL & AM)
and posterior (PL & PM) segments of 12 month
plated femoral diaphyses. Consistent statistical
differences were found in cortical thickness,
quantitative histological data, and bioengineer-
ing test results between left (GFMM plated) and
right( Vitallium plated) specimens.
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Table 2. A comparison of the thickness of poste-
rior and anterior cortices of GFMM and Vital-
lium plated femora. This comparison shows that
the thickness of the posterior cortex of the vital-
lium plated femur was significantly greater than
that of the antérior cortex, i.e., osteopcrosis
occurred beneath the plate. No such difference
in cortical thickness was observed for the GFMM
plated femur,

AL,A,AM PM,P,PL

1) 9 month series
a) Left (GFMM plated) 23+03 2.3:+04
(P > 0.50)
2004 2.3x%02

(P < .005)

b) Right (VIT plated)

2) 12 month series
a) Left (GFMM plated) 2.24+0.4 23%0.2
(P > 0.50)
1.7+0.3 1.9x0.1

(P < 0.06)

b) Right (VIT plated)

Corlical thickness results

The cortical thickness of the corre-
sponding left and right segments (homo-
typic areas) were compared. The cortical
thickness of the GFMM plated femora
was consistently greater than the vital-
lium plated femora (Figure 4 and Table
1). The thickness data from PM, P, and
PL segments were pooled and termed the
posterior side and compared statistically
with the pooled AM, A, and AL segmenis
termed the anterior side. For the vital-
lium plated femur, the posterior cortical
thickness was significantly greater than
the anterior side for both the 9 and 12
month series (P < 0.005 and P < 0.05,
respectively), whereas on the GFMM side
there was no anterior-posterior cortical
thickness difference for either series
(Table 2).

Quantitative histological results

Random grid area counting was per-
formed on seven serial cross-sectional
slides obtained from the midshaft of
each femoral diaphysis. The detailed data
are presented in Table 3. There was no
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significant left and right difference in
percentage of unlabeled bone, labeled
bone or porosity for either the 9 or 12
month series with the exception of PM
and PL in the 12 month series, which
showed significant porosity differences.
Unlabeled bone ranged from 78 to 97
per cent of the cortical area; whereas the
tetracycline labeled bone and porosity
each ranged from a minimum of 1 per
cent to a maximum of 11 per cent of the
cortical area. A comparison of any one
segment of bone with the remaining
seven segments in the same femur also
showed no consistent difference in per-
centage of unlabeled bone, labeled bone,
or porosity.

However, a comparison of the total
counts of the segments from the homo-
typic left and right femora revealed a
significantly larger number of counts on
the GFMM side in most of the segments
(Table 1). In addition, only those seg-
ments where the total counts were signif-
icantly different also showed significant
difference in cortical thickness (Figure
4). These results confirmed the validity
of the statistical counting method used
because the total counts should be pro-
portional to the area of bone. That is,
since the width of all the segments was
3 mm (AM, PM, PL, and AL segments
were cui to this width), the cortical
thickness should directly correspond to
the total counts as the results have dem-
onstrated.

DISCUSSION

Two plates with considerable differences
in bending stiffness were applied on the
anterior surface of opposite canine femo-
ral diaphyses for 9 and 12 months dura-
tion to study the effect on long bone re-
modeling. The bioengineering evalua-
tion of the femoral specimens showed no
significant difference in mechanical
properties as represented by the maxi-
mum bending strength (¢;) and the elas-
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tic flexural modulus of bone (E) between
the vitallium (rigid) plated and GFMM
(less rigid) plated femora. The mechani-
cal properties of the plated femora were
also similar to the normal canine femora.
The quantitative histological evalunation
of the same segments of the bone were
consistent with the biomechanical data.
No significant difference in percentage
of unlabeled old bone, tetracycline la-
beled new bone, or cortical porosity
existed between the femora immobilized
by these different plates. The values for
cortical porosity obtained in the plated
bone were in the range of those of the
normal canine long bones reported by
Harris & Weinberg (1972), and Enne-
king et al. (1972). The above observa-
tions suggest that the macroscopic archi-
tecture of bone, and hence its resunlting
mechanical properties, remained un-
changed in spite of plate immobilization.

Gross architectural differences, how-
ever, were seen. Thinning of the cortical
wall due to medullary canal enlargement
was noted. This occurred to a greater
degree on the rigid plated side. The 4-
point bending test results showed that
the GFMM plated femora have superior
structural properties to the vitallium
plated femora. Since the mechanical
properties of the bones are the same, the
greater structural strength in the GFMM
plated side should be a result of increase
in bone mass. Again, this biomechanical
observation was corroborated by the
histological measurements (total counts)
and by the cortical thickness measure-
ments, where consistent results were
found (Figure 5).

The logical conclusion of this inves-
tigation based on the quantitative his-
tological and biomechanical measure-
ments would be that rigid plate immobili-
zation of long bone results in osteopenia
because of reduction in normal bone
stress. However, such stress protection
does not seem io alter the substance of
bone; yet the net amount of cortical bone
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is significantly reduced, probably as a
result of increased resorption on the
endoesteal surface.

The present quantitative histological
results are not to be confused with the
osteotomized or experimental fractured
model that was presented earlier (Akeson
et al. 1975). In the earlier model the
cortical porosity values were significant-
ly higher (7 per cent for GFMM plated
radius, and 14 per cent for stainless steel
plated radius). With an identical tetra-
cycline labeling period (16 weeks) the
present models have only 1 to 11 per cent
of new bone formation as represented by
the tetracycline labeled bone. These
values were much lower than the labeled
bone area of stainless steel plated (23 to
28 per cent) and GFMM plated (35 to 49
per cent) osteotomy sites of the radial
diaphyses. In the osteotomized model, of
course, accelerated bone formation and
resorption were seen as a result of repair.
However, potential advantages of a less
rigid internal fixation plate for long-term
skeletal fracture fixation were suggested
in the experiment just concluded. Long-
term studies of fracture healing which
give information on effects of plates of
varying bending stiffness on the remod-
eling phase of fracture repair will be re-
quired to be certain that this observation
is valid.

The present study also opens the pos-
sibility of using other potential surgical
materials as less rigid internal fixation
plates. In addition to the GFMM material,
we are investigating a plate made of
titanium alloy (Ti-6A1-4V) (Bardos
1974), designed to have a bending stiff-
ness ten times less than a conventional
stainless steel plate. These plates are
being used in an osteotomized canine
femur model, and studies up to 18
months are in progress. A considerable
amount of work remains to be done to
evaluate the implications of material
properties and design of implants on
bone histology and architechture. An
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opportunity will exist to achieve op-
timization of design and material selec-
tion for skeletal implants once the re-
sponse of bone to implants of varying
stiffness is understood in detail. Only
then can the trade-offs between the need
for rigid fixation in early repair and
less rigid fixation for later remodeling be
understood and the lessons applied ef-
fectively.
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