Determinants of Stress Shielding:

Design Versus Materials Versus Interface

DALE R. SUMNER, PH.D., AND JORGE O. GALANTE, M.D.

Experimental studies of cementless porous-coated
total hip arthroplasty indicate that a critical design
variable for femoral remodeling is stem stiffness.
In the long term (two years) in the canine model,
other variables, including the presence, type, and
placement of the porous coating, did not signifi-
cantly affect the pattern of bone remodeling when
tested with metallic stems. The basic pattern of
bone remodeling was characterized by proximal
cortical atrophy, and distal cortical and medullary
bone hypertrophy. In the short term (six months),
the use of low-stiffness stems altered this pattern,
leading to reduced proximal bone loss, increased
proxima) medullary bone hypertrophy, and no dis-
tal cortical hypertrophy, suggesting that stem
stiffness had a profound effect on stress shielding.

Cementless total hip arthroplasty (THA)
has experienced significant clinical success in
the past few years. Short-term clinical experi-
ence indicates satisfactory clinical results
with a low incidence of failure.*™?2?7 There
are, however, a series of issues of concern re-
garding the long-term performance of these
implants. One of these issues is that of corti-
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cal bone loss observed after implantation of
cementless femoral stems.>®!'? Remodeling
changes in cementless femoral stems appear
to be more severe and appear 10 developin a
shorter period of time as compared to those
seen in cemented femoral stems.'** While
the reasons for this phenomenon are many,
the net effect of cortical bone loss can be seri-
ous and lead to failure of the arthroplasty.
Cortical loss can lead to fracture of the bone,
potential fracture of the implant, pain and
disability, and, potentially, can present very
difficult problems for future reconstruction.
While the prevalence of these changes has not
been well defined, they appear to be more
severe with large stems.’ Biologic and me-
chanical factors have been implicated in their
appearance and development. These include
the size of stem, the extent of porous coating,
the age of the patient, and the presence of
preexisting osteopenia. Long-term clinical
studies are invaluable in establishing the im-
portance of the different elements involved
in the complex process of bone remodeling
after cementless stem implantation. How-
ever, experimental studies are necessary to
understand the mechanisms involved, to pre-
dict the effect of different variables, and to
serve as a basis for eventual design and future
development of prosthetic implants.

The basic theoretical consideration behind
the experimental studies to be reviewed is
that implantation of a prosthetic device
changes the mechanical environment of the
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host bone and that the femur then remodels
to adapt to this new situation.'"* Cortical at-
rophy of the proximal femur after cementless
implantation is thought to occur because the
stresses normally experienced by the femur
are transferred to the distal part of the bone
through the implant. Theoretically, the bone
remodels to bring the stresses back to the orig-
inal level. The actual mechanical signal to
which bone cells respond is controversial.
Thus, the relevant signal could be change in
strain rather than change in stress.

The authors postulate that specific design
features of the femoral stem can affect the
bone remodeling patterns. These include
among others: (1) the presence and type of
the porous surface, (2) the extent of the po-
rous surface, (3} the conformity of the compo-
nent to the host cortical bone, (4) the compo-
nent geometry, and (5) the material from
which the component is made,

The various types of porous coatings have
different pore geometries and mechanical
properties. It is then possible that their bone
interface mechanics vary. The pattern of
bone ingrowth may differ for each one of
these materials and, consequently, this may
affect stress transfer mechanisms and in turn
influence the bone remodeling processes.

The extent of stem coverage by the porous
surface is another important variable. Exten-
sive coatings may encourage distal fixation.
This would promote transfer of load distally,
which in turn, would tend to reduce strains in
the proximal cortex and ultimately lead to a
net loss of bone proximally. In an attempt to
promote proximal stress transfer, many con-
temporary prosthetic devices incorporate the
porous coating at the proximal level only.
Several questions can be raised. Is the bone
loss less severe with proximal coating and is
fixation and stability of the stem adequate?

The conformity of the component to the
host bone relates to the shape of the compo-
nent and to its position in the medullary cav-
ity. Close proximity to cortical bone probably
results in a different biologic response than

that of a cancellous bone envelope. There re-
ally is no choice in this matter. To provide
stability, components have evolved into
more anatomic shapes that by necessity con-
form to the cortical envelope.

The relative stiffness of the stem compared
to the femur is another important variable.
This relationship depends on the cross-sec-
tional geometry and the material properties
of the stem and femur, as well as the location
of the stem within the femur. If everything
else is constant, as stem stiffness increases,
the proximal femur will experience less stress
and less strain. The amount and location of
bone tissue will be altered to return strain lev-
els to normal. Net bone resorption would be
expected, a condition that is clinically called
stress shielding. With very stiff prostheses, a
theoretical analysis predicted that the bone
eventually may resorb completely."!

The material used to make the component
represents an important design feature with
canal-filling stems. These stems are inher-
ently stiff because of their large cross sections.
Significant net bone resorption should be ex-
pected particularly with very large, very stiff
metallic stems. Unfortunately, these stems
are required for the patient population at risk
with bone deficient femurs.

An interesting development in this area
has been the introduction of fiber reinforced
composites. Composites can have excellent
strength and fatigue properties while at the
same time reduce the mismatch in stiffness
between the component and the femur. A ce-
mented femoral component represents a
composite device whereby the overall stiff-
ness is reduced by the combination of a stiff
metallic alloy and the more deformable poly-
methylmethacrylate.

To study the effects of particular implant
design features, clinical studies are not really
appropriate, although stem size and degree of
canal filling and by implication stress shield-
ing have been identified clinically as impor-
tant risk factors in cortical atrophy.® Con-
versely, animal models offer the opportunity
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of testing the role of particular design features
on bone remodeling. Stress-shielding effects,
in theory, can be modulated by altering the
bone implant interface or by changing the
stiffness of the implant.

EXPERIMENTAL STUDIES

To look at these issues, the authors have
developed an experimental total hip canine
model.?® Before discussing particular studies
and the principles derived, it is useful to re-
view some of the features of this model sys-
tem. The dog is an appropriate model for
bone-remodeling studies because the anat-
omy of its femur and its bone microstructure
are similar to that of humans.'® Bone remod-
eling in the canine has been studied consider-
ably so that there is information of normal
values for remodeling dynamics and data on
the effect of various types of treatments. The
major difference is that the canine has rela-
tively thin cortices as compared to the hu-
man and this implies that the use of equally
canal-filling stems in humans and canines
would lead to greater stress shielding in the
canine.!” In fact, this geometric difference
may partially explain why the canine appears
1o offer an accentuated model of bone remod-
eling.

The authors perform unilateral THAs and
normalize the data to the unoperated (con-
trel) limb. It is then possible to compare two
or more variants of a given design by compar-
ing normalized data. This requires the as-
sumption of bilateral symmetry.'?

Sample size is an important issue. A sam-
ple size of at least seven animals in the experi-
mental group in the later studies was chosen
based on the normal left-right variability in
the canine femur and the anticipated variabil-
ity in the response to the prosthesis.'® In the
authors’ studies, three time periods were cho-
sen: one month, six months, and 24 months.
The 24-month period was chosen as a reason-
able reflection of long-term effects.

One of the important factors that may
cloud the relationship between the design

feature and bone remodeling is the degree to
which the animal uses the operated limb. Ide-
ally, direct measurements of load during gait
would allow for an objective study of the
functional performance of the operated limb,
Determinations of tibial bone mineral con-
tent of the operated limb and control side
have been used as a reflection of the degree of
usage of the affected limb by the animal.?

Each animal was implanted with a ce-
mented ultra-high molecular-weight polyeth-
ylene acetabular component and a cement-
less experimental femoral prosthesis. The di-
mensions and shape of the femoral prosthesis
were identical regardless of the type of porous
coating or material from which the stems
were manufactured.?%2"2*-2 The stems were
either made from Ti6A 14V alloy or from a
reinforced composite. At surgery, the stems
were impacted into cavities that were slightly
smaller than the outer dimensions of the im-
plant to achieve an initial interference fit.

Three types of porous coating were tested:
beads, plasma spray, and fiber metal (all
made from unalloyed titanium). The stems
were coated along their length. In additional
groups, the fiber metal was applied only to
the proximal one-third part of the stem. Fi-
nally, the same stems were tested without any
porous coating.

At the completion of the experiment, the
femurs were oriented in a standard position
in a jig, roenigenographed, and sectioned seri-
ally, perpendicular to their long axis. Sections
were prepared for light microscopy, for scan-
ning eclectron microscopy, and for measure-
ments of cross-sectional geometry. The light
microscope was used to quantitate bone in-
growth and to evaluate qualitatively the
bone-implant interface and bone remodel-
ing at the different surfaces. Sections were
stained with fuchsin and toluidine blue. The
scanning electron microscope and a video-
based image analysis system were used to
measure medullary bone density and cortical
bone porosity and, more recently, bone in-
growth,'¢



Number 274
January, 1992

Determinants of Stress Shielding 205

Cross-sectional geometry was studied in
photographically enlarged contact roentgen-
ographs. Subperiosteal, endosteal, and im-
plant perimeters were digitized and analyzed
to calculate the cortical area, the total subper-
iosteal area, and the area occupied by the
medullary canal. All of the values were com-
pared to the control nonoperative side.

Using metallic porous-coated stems, a con-
sistent pattern of bone remodeling and sec-
ondary bone loss emerged. The general char-
acteristics of this phenomenon will be de-
scribed using data from a two-year study®
and some unpublished data as well. There
was a 1 5% reduction in cortical bone area ad-
jacent to the porous-coated regions of the
stem (Fig. 1). Proximally, most of the bone
loss was caused by subperiosteal bone resorp-
tion. At the middistal stem level, bone was
lost because of cancellization of the endosteal
surface of the cortex, There were some in-
creases in cortical porosity. The areas of the
cortex that were in closest proximity to the
porous surface of the implant showed the larg-
est increases in porosity. In these areas, which
were the most proximal, the amount of the
porosity nearly doubled. However, this
change in microstructure accounted only for
a minor fraction of the bone loss. At the stem
tip, the cortical area increased mainly be-
cause of addition of bone at the subperiosteal
surface. Within the medullary canal, there
were increases in the density of the cancellous
bone proximally and, particularly, distally.
The increase in proximal medullary bone
density offset to some extent the loss of bone
experienced in the cortex. It resulted effec-
tively in the redistribution of the available
bone mass. Thus, cortical bone was removed
proximally and added distally. If one as-
sumes that this pattern of bone remodeling
reflects the pattern of stress distribution from
the prosthetic device through the cancellous
bone to the surrounding coriex, then it can be
postulated that it reflects a preferential pat-
tern of stress transfer through the distal por-
tion of the stem.
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Fi1G. 1. Change in cortical area at two years in
the canine model. The Ti6Al4V stems were po-
rous coated along their length with either fiber
tmetal, bead, or plasma spray surfaces. Porous-
coating type had no effect on the bone-remodeling
response, A characteristic pattern of proximal cor-
tical atrophy and distal cortical hypertrophy was
observed in all of the experimental groups.*

Tibial bone mineral content was deter-
mined to evaluate the functional perfor-
mance of the affected limb.? There were no
differences between the operated and contra-
lateral (control) limbs at six months. At two
years, tibial bone mineral content was actu-
ally reduced by about 5% compared to the
control limb. Despite these findings, the ani-
mals clinically appeared to be fully weight
bearing. The degree of left-right asymmetry
in tibial bone mineral content did not corre-
late, though, with the left-right asymmetry in
femoral cortical area, indicating that changes
in the femur were probably local changes
caused by the presence of the stem and not
manifestations of generalized limb disuse.
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Having defined the characteristic features
of the remodeling process, a series of vari-
ables are looked at that may have a possible
effect on it. These include bone implant in-
terface design variables and stiffness of the
stem. The major bone implant interface de-
sign variables for which experimental data
exist include (1) the type of porous coating,
{2) the location of the porous coating, and (3)
press-fit versus bone ingrowth fixation.

The first variable is the type of coating.
There were three different coatings evalu-
ated: beads, fiber metal, and plasma
sprayed.”®* The geometry of the coatings
was different in terms of the size of the pores,
nature of the interconnecting channels, and
structure of the coating. However, despite
these major differences in the nature of the
bone-prosthesis interface and related poten-
tial differences in interface mechanics, there
were no differences in the cortical response.
The extent and distribution of cortical bone
loss was the same for all coatings. The type of
porous coating had no effect on the cortical
bone remodeling process. In all three groups,
cortical bone was lost proximally and medul-
lary bone density increased distally.

The second group of experiments investi-
gated the effect of location of the porous coat-
ing. With stems porous coated along their
length, the authors have compared bone re-
modeling in dogs in which the porous coating
was restricted to anterior and posterior stem
faces and in dogs in which the porous coating
was applied circumferentially.?®? In the long
term (two years), no difference in cortical
bone remodeling was found between these
two configurations.

Proximally coated stems are used clinically
in an attempt to decrease the severity of the
cortical loss. Bobyn et al.? looked at the effect
of restricting the porous coating to the proxi-
mal portion of the stem in a canine model in
which cobalt-chromium alloy stems were
used. There was no consistent difference in
proximal cortical bone resorption between
dogs receiving proximally and fully coated
stems. However, the cancellous bone at the

distal most extent of the porous coating was
hypertrophied in both groups suggesting that
the pattern of stress transfer from the implant
to the host bone may have been different.

The authors have also tested the effect of
restriction of the porous coating to the proxi-
mal stem.2"** The porous coatings were lo-
cated on the anterior and posterior surfaces,
either along the length of the stem or re-
stricted to the proximal part of the stem,
These stems were manufactured from
Ti6A 14V alloy. The pattern of cortical bone
loss was similar in the two groups at two
years. Thus, restriction of the porous coating
to the proximal stem not only did not de-
crease cortical resorption proximally but also
had only a negligible effect distally. Both
groups had distal cortical hypertrophy, sug-
gesting that a considerable fraction of the
load was transferred distally. In three of the
nine dogs with proximally coated stems,
there were occasional areas of fibrocartilage
at the distal bone implant interface, suggest-
ing that significant distal motion occurred
even though the devices were well fixed prox-
imally by bone ingrowth. This is an issue of
concern in terms of potential clinical perfor-
mance as to whether limiting the area of in-
growth proximally might limit further the ef-
fectiveness of fixation and, hence, present the
problem of extensive distal micromotion.

The severity of cortical resorption in proxi-
mally coated stems was time dependent. In
animals studies at six months, the extent of
bone loss in the proximally coated stems was
limited and significantly less then that ob-
served in fully coated stems.*® However, at
two years, there was no difference between
the two groups.?' In contrast, the process of
proximal cortical foss was well established by
six monthsin the fully coated stems. The pres-
ence of extensive porous coating thus re-
sulted in a faster rate of bone loss.

Two additional conclusions can be derived
from this finding. The first one is that short-
term experiments are not adequate for siud-
ies of bone remodeling. If the authors had
terminated their experiments at six months,
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they would have concluded that the extent of
bone loss was minimal in the proximally
coated stemns. Studies of bone remodeling in
the dog should probably be performed at a
minimum of two years.

The second conclusion is that it is not
known when and if the bone remodeling pro-
cess reached a sieady state, Longer-term stud-
ies are required. If one extrapolates 1o the hu-
man patient, it appears that most of the
changes in humans are observed within the
first two vears.>'? The changes observed be-
tween two and four years after implantation
are very subtle, The process, however, may
progress slowly for many years and it may
take perhaps a decade or longer to ascertain
its true severity.

In the following experiment, the authors
compared press fit with bone-ingrowth fixa-
tion.?>?* Bone remodeling was compared in
the canine model after use of porous coated
and uncoated Ti6A 14V stems of the same ge-
ometry. At six months and two years, the po-
rous-coated stems were fixed by bone in-
growth, while the uncoated stems had a fi-
brous membrane in most areas. Distally,
however, in these stems, there were sites of
intimate contact between the host bone and
the implant. At six months, the authors ob-
served a 15% reduction in proximal cortical
area in dogs with the porous-coated stems
and little change in cortical area in the dogs
with uncoated stems. However, at two years,
the amount of cortical bone loss was equiva-
lent in the two groups.

The finding of similar severity of long-term
bone loss in all of the metallic stems, regard-
less of porous-coating type, location, or pres-
ence indicates that other factors beside inter-
face mechanics may play an important role
in influencing the bone-remodeling process.
One of the potential factors is stem stiffness.
The amount of stress shielding imparted by
the prosthesis depends on (1) the elastic mod-
ulus of the stem material, (2) the geometry of
the stem, (3) the placement of the stem
within the femur, and (4) the geometry and
elastic modulus of the host femur.

The cross section of the stem can be
changed to decrease its structural rigidity. In
the clinical use of a cementless stem, how-
ever, a change in cross-sectional geometry is
not very practical. Cementless stems must be
canal filling so that the shape and dimensions
are mandated by the constraints imposed by
the shape and dimensions of the host femur.
A variety of strategies have been proposed to
overcome these limitations. These include
splitting the distal end of the stem, providing
deep peripheral grooves, or using a hollow
stem. However, the structural integrity of the
stem is always significantly compromised by
these measures, particularly when a porous
coating needs to be added for the purpose of
fixation. In the experiments reviewed here,
stem composition rather than external stem
geometry has been varied as a means of alter-
ing stem stiffness.

Low modulus femoral components have
been used in the past with mixed clinical re-
sults.'> One of the potential problems of
such stems is that of increased relative mo-
tion at the interface between the prosthesis
and bone with resulting abrasion of the poly-
meric surface and the occurrence of undesir-
able tissue reactions. For that reason the au-
thors believe that adequate biologic bonding
between the prosthetic device and bone is an
important design parameter. One approach
is to extensively coat the composite stem with
a porous material to allow fixation by the pro-
cess of bone ingrowth.

The authors recently compared dogs im-
planted unilaterally for a period of six
months with either composite stems or
Ti6A 14V stems.?® The stems were identical
in geometry and had a porous coating from
commercially pure titanium fiber metal ap-
plied to the anterior and posterior stem faces.
The device stiffness of the composite in bend-
ing was less than 20% of that of the Ti6A 14V
stems. The reduction in proximal subperios-
teal stress was calculated to be approximately
50% with the metal stems and 20% with the
composite stems.

The composite stems had more bone in-

e
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growth than the Ti6A 14V stems. In addition,
the patterns of bone ingrowth were different.
Specifically, in the metal stems the most bone
ingrowth was found proximally and distally,
but in the composite stems the most bone
ingrowth was found at the midproximal part
of the stem. In addition, although the cancel-
lous bone increased in density proximally
and distally adjacent to both types of stems,
the proximal hypertrophy was considerably
more marked in the dogs with composite
stems. There was 50% less reduction in the
proximal cortical area after implantation
with the composite stems compared with the
metallic stems (Fig. 2). In addition, with the
composite stems, there was no evidence of
distal cortical hypertrophy. These findings
imply that the pattern of stress transfer from

Fully Coated Stems
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FiG. 2. Change in cortical area at six months in
the canine model. Full-length porous-coated
Ti6Al4V stems and similarly coated composite
stems were implanted in two groups of animals.
There was less, proximal cortical atrophy and no
distal cortical hypertrophy in the animals with the
less-stiff composite stems, suggesting that the pat-
tern of load transfer from the implant to the host
bone varies as a function of stem stiffness.?

the prosthesis to the host bone varied as a
result of stem-stifiness differences and that
large reductions in stem stiffness mitigate
against proximal cortical atrophy.

THEORETICAL STUDIES

The experimental studies reviewed here in-
dicate that of the variables investigated to
date in animal models of THA, only reduced
stem stiffness leads to reduced proximal cor-
tical atrophy. These studies, while encourag-
ing, involved substantial reductions in stem
stiffness. Clinically, it may not be practical to
reduce stem stiffness to this degree because of
fatigue strength limitations of these types of
stems.

This underscores the need for a better un-
derstanding of the relationship between stem
stiffness and bone remodeling. Because, as
described above, bone remodeling after THA
is thought to be driven by change in bone
stresses or strains, it is first essential to under-
stand the relationship between stem stiffness
and alteration of the bone’s mechanical envi-
ronment.'®!* This relationship is, itself, de-
pendent on the particular geometries and ma-
terial properties of the femoral component
and femur. For the canine model described
in this paper, beam-theory calculations for
the proximal medial subperiosteal surface in-
dicate a nonlinear relationship between the
reduction in predicted bending and torsional
subperiosteal bone stresses and stem stiffness
(Fig. 3). A nonlinear relationship was also
predicted for the human femur in a three-di-
mensional finite element model."?

The next critical relationship 1o under-
stand is that between cortical atrophy and the
reduction in bone stress (or strain). Based on
the authors’ previcus experimental studies,
three models can be posited (Fig. 4). Two of
these models are nonlinear while one is lin-
ear. Currently, the experimental data are in-
adequate to support one of these models in
preference to the others. If the data from the
two previous figures are combined, then the
potential relationships between stem stiffness
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FIG. 3. Stem stiffness versus stress reduction in the canine model. This graph shows that the relationship
between stem stiffness and reduction in proximal-medial subperiosteal bone stress is nonlinear. The graph
was made by using beam theory to calculate normal stresses for the intact bone and the bone immediately
after placement of the stem, from which the reduction in stress was determined. The graph depicts the
relationship for torsional stiffness. The bending stifiness graphs were similar,

and cortical atrophy can be explicitly stated.
As can be seen from Figure 5, the predicted
relationships between stem stiffness and bone
remodeling varies widely depending on
which model is used. These differences have
important clinical implications. If Model 1 is
correct, then one would expect to observe
more than twice as much proximal cortical
atrophy with a CoCr stem than with a
Ti6A 14V stem of the same geometry. How-
ever, if Models 2 or 3 are correct, then the
difference in bone remodeling would be
much less. Clinically, this is an important is-
sue because CoCr stems are the most com-
monly used cementless prostheses and there
are no follow-up studies of comparable
TI6A14Y and CoCr stems that address this
issue. In practice, because of differences in

stem geometry, it may never be possible to
make these comparisons except in an animal
model. The curves in Figure 5 also suggest
that substantial reductions in stem stiffness
may be required to mitigate against proximal
cortical atrophy. However, until additional
experimental data become available, these
models only serve as theoretical guidelines.

DISCUSSION

Bone loss and a reorganization of the in-
trinsic geometry of the bony femur are re-
sponses associated with implantation of a ce-
mentless porous-coated stem in the experi-
mental animal. The characteristic pattern is
one of proximal cortical bone loss and distal
cortical hypertrophy. Several variables evalu-
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FiG. 4. Hypothetical relationships between reduction in stress and loss of cortical bone. The models are
based on actual data points from the studies reviewed in this paper. With currently available data, the
authors do not know if these points are related linearly (Model 2) or nonlincarly (Models | and 3).

ated in this study are relevant to this process:
the extent of porous coating, the time of im-
plantation, and the stiffness of the stem insta-
bility may create a completely diflferent set of
problems. The potential advantage of this ap-
proach, however, includes the ease of revi-
sion, a factor that must be taken into account
when using THA in younger patients.

Restricting the porous coating to the proxi-
mal region of the stem represents one ap-
proach used in clinical practice today to limit
the extent of bone loss. This approach does
not fully accomplish its goals. Proximal bone
loss still occurs and can be remarkable. In
addition, inadequate fixation, potential mi-
cromotion and distal stem

The role of porous-coating location to cor-
tical bone loss after cementless THA may be
dependent on other design features {such as
stem shape, stem flexibility, and the presence
or absence of a collar) that were not included

in our experiments. Strictly speaking, one
must be cautious about extrapolating from a
particular canine model. However, the
currently available experimental data from
this laboratory?'4? and elsewhere® suggest
that design features other than porous-coat-
ing location may be more important for re-
ducing proximal stress-shielding related bone
loss.

In the short-term (six months) the authors’
data indicate that stiffness of the femoral
stem is a very important issue. Given the
time-dependency of the remodeling response
caused by the presence and location of the
porous coating, one must allow for a similar
possibility based on stem stiffness. However
the authors believe that the different patierns
of bone ingrowth, medullary bone desifica-
tion, and cortical remodeling in the short
term with the use of relatively flexible com-
posite stems compared to the relatively stiff
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STEM STIFFNESS VS. PREDICTED BONE LOSS
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FiG. 5. Predicted loss of cortical bone as a function of stem stiffness. This figure uses the data from the
two previous figures to show three possible relationships between stem stiffness and loss of proximal
cortical bone. The nature of the relationship is dependent on which model from Figure 4 is used. If Model
| is correct, then one would expect to observe more than twice as much proximal cortical atrophy with a
CoCr stem than with a Ti6AI4V stem. However, with Models 2 and 3, the difference between the two
stems would be much less. In addition, bone loss with low modulus stems would be less if Model 1 is
correct than if Model 3 is correct. Currently, the experimental data are inadequate for discriminating

between the three models.

metallic stems indicates that a long-term dif-
ference in the remodeling response will also
be apparent. Thus, our current working hy-
pothesis is that stem stiffness profoundly af-
fects the stress distribution in the femur and
is probably responsible for most of the long
term remodeling changes observed.

ACKNOWLEDGMENTS

The authers acknowledge the invaluable contribu-
tions of their colleagues T. M. Turner and R. M. Urban,
and the technical assistance of Alberta Smith, Deborah
Hall, and Susan Infanger.

[5)

REFERENCES

. Andrew, T, A, Flanagan, J, P,, Gerundini, M., and

Bombelli, R.: The isoelastic, noncemented total hip
arthroplasty. Preliminary experience with 400 cases.
Clin. Orthop. 206:127, 1986.

. Blacker, G. J., and Charnley, J.: Changes in the up-

per femur afier low friction arthroplasty. Clin.
Orthop. 137:15, 1978.

. Bobyn, J. D., Pilliar, R. M., Binnington, A. G., and

Szivek, J. A.: The effect of proximally and fully po-
rous-coated canine hip stem design on bone model-
ing. J. Orthop. Res. 5:393, 1987.

. Callaghan, J. J., Dysart, 8. H., and Savory, C. G.:

The uncemented porous-coated anatomic total hip
prosthesis: Two year results of a prospective consecu-
tive series. J. Bone Joint Surg. 70A:337, 1988.

. Engh, C. A., and Bobyn, J. D.: The influence of stemn

size and extent of porous coating on femoral bone




212

Sumner and Galante

Clinical Orthopaedics
and Retated Regearch

13,

14,

resorption after primary cemendless hip arthro-
plasty. Clin. Orthop. 231:7. 1988.

. Engh, C. A., Bobyn, J. D., and Glassman, A, H.:

Parous-coated hip replacement: The factors govern-
ing bone ingrowth, stress shielding and clinical re-
sults, J. Bone loint Surg. 69B:44, 1987.

. Engh, C. A., and Massin, P.: Cementless total hip

arthroplasty using the anatomic medullary locking
stem. Results using survivorship analysis. Clin.
Qrthop, 249:141, 1989,

. Gothgen, C. B., Sumner, D. R., Platz, C., Turner,

T. M., and Galante, ). O.: Changes in tibial bone
mass following primary cementless and revision cc-
mentless total hip arthroplasty in canine models, J.
Orthop. Res. (In press.)

. Hedley, A. K., Gruen, T. A. W, Borden, L. S., Hun-

gerford, D. S., Haberman, E., Kenna, R. V.: Two
year follow-up of the PCA noncemented total hip
replacement. /n Brand, R.A. (ed.): The Hip, St.
Louis, C.V. Mosby, 1987, p. 225.

. Huiskes. R.: The various stress patterns of press-fit,

ingrown, and cemented femoral stems. Clin,
Orthop. 261:27, 1990.

. Huiskes, R., Weinans, H., Grootenboer, H. 1., Dal-

stra, M., Fudala, B., and Slool, T. ).: Adaptive bone-
remodeling theory applied 10 prosthetic-design anal-
ysis. J. Biomech. 20:1135, 1987.

. Martell, J. M., Pierson, R, H., Jacabs, 1. J., Rosen-

berg. A. G., Maley, M., and Galanic, J. O.: Primary
total hip reconstruction with a cementless titanium
fiber coated prosthesis. (Submitted J. Bone Joimt
Surg.)

Natarajan, R. N., Freeman, P., Sumner, D. R., An-
driaccht, T. P., and Galante, J. O.: A relationship
between stress shielding and stem stiffness in the
proximal femur after 1otal hip replacement. Pre-
sented at the American Society of Mechanical Engi-
neers, Dallas, Texas, Nov. 25-30, 1990,

Ritter, M. A, and Fechtman, R. W_: Distal cortical
hypertrophy following total hip arthroplasty. J.
Arthroplasty 3:117, 1988.

. Ritter, M. A., Keating, E. M., and Faris, P. M.: A

porous polyethylene-coated femoral component ofa
total hip arthroplasty. J. Arthroplasty 5:83, 1990.

. Sumner, D. R., Bryan, J. M., Urban, R. M., and

Kuszak, J. R.: Measuring the volume fraction of
bone ingrowth: A comparison of three techniques. J.
Orthop. Res. 8:448, 1990.

. Sumner, D. R., Devlin, T. C., Winkelman, D., and

Turner, T. M.: The geometry of the adult canine
proximal femur. J. Orthop. Res. 8:671, 1990.

. Sumner, D. R., and Turner, T. M.: The effects of

femoral component design features on femoral re-
modeling following cementless total hip arthro-
plasty. /n Fitzgerald, R. H. {ed). Non-Cemented To-
tal Hip Arthroplasty, New York, Raven Press, 1988,
p. 143,

. Sumner, B, R, Turner, T. M., and Galante, J. O.;

Symmetry of the canine femur; Implications for ex-
perimental sample size requirements, J. Orthop.
Res. 6:758, 1988,

. Sumner, D. R, Turer, T. M., Urban, R. M., and

Galante, J. O.: Long-term femoral remodeling as a
function of the presence, type and location of the
porous coating in cementless THA. Trans. ORS
13:310, i988.

. Sumner, D. R,, Tumer, T. M., Urban, R. M., and

Galante, J. O.: Bone remodeling 2 years afier ce-
mentless THA with a proximally porous-coaled
stem. Trans. ORS 15:207, 1990.

. Sumner, D. R, Turer, T. M., Urban, R. M., and

Galante, J. O.; Experimental studies of bone remod-
eling in 1o0tal hip replacement. Clin. Orthop. (In
press.)

. Turner, T. M., Sumner, D. R., Urban, R. M., and

Galante, J. O.: A comparison of uncoated and po-
rous coated press fit femoral components in a canine
total hip arthroplasty (THA) model. Trans. Soc. Bio-
mater. 10:2, 1987,

. Turner, T. M., Sumner, D. R,, Urban, R. M., and

Galante, J. O.: Cortical remodcling and bone in-
growth in proximal and full-length porous-coated ca-
nin¢ femoral stems, Trans, ORS 13:309, 1988,

. Turner, T. M., Sumner, D. R., Urban, R. M., and

Galante, J. O.: Effects of stem stifTness and porous
coating location on bone ingrowth and bone remod-
¢ling in a canine THA modecl. Trans. Soc. Biomater.
14:103, 1991.

. Turner, T. M., Sumner, D. R., Urban, R. M_, Ri-

vero, D. P., and Galante, J. O.: A comparative study
of porous coalings in a weight-bearing total hip
arthroplasty model. J. Bone Joint Surg. 68A:1396,
1986.

. Vaughn, B. K., and Mallory, T. H.: Poraus coated

anatomic cementless total hip replacement—clini-
cal and roentgenographic results with minimum two
year follow-up. Orthop. Trans. 12:686, 1988.

. Wixson, R. L., Stulberg, S. D., and Mchlhoff, M. A.:

A companson of the bone remodeling and radio-
graphic changes between cemented and uncemented
total hip replacements. Proc. AAOS 56th Annual
Meeting, Feb. 9-14, 1989, Las Vegas, Nevada.



