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QUANTIFICATION BY BACKSCATTERED SCANNING ELECTRON MICROSCOPY AND IMAGE ANALYSIS
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Abstract

Bone ingrowth into titanium fiber mesh porous-
surfaced canine total hip replacement prostheses was
evaluated and quantified using a computer assisted
image analysis system attached to a scanning elec-
tron microscope equipped with a back scattered elec-
tron detector. Excellent contrast between the bone,
the porous metal and the soft tissues resulted in the
backscatter mode, allowing easy differentiation of
these components in real time by the image analysis
based on gray scales. By three weeks the mean (*
standard deviation) amount of bone ingrowth express-
ed as a percentage of porous layer measured 7.2% (*
1.5%) for the acetabular components, and 3.9% (*
1.7%) for the femoral components. At six weeks the
amount of bone ingrowth increased to 10.5% (+ 1.3%)
for the acetabular components and 8.5% (+ 1.4%) for
the femoral components. Cementless prosthetic fixa-
tion using porous surfaced prostheses holds great
promise in joint replacement surgery, and the ability
to quantitate the amount of bone ingrowth will per-
mit the evaluation of the efficacy of various tech-
niques to improve bone ingrowth.

Key Words: Bone ingrowth, Joint replacement, histo-
morphometry, backscattered electrons, scanning elec-
tron microscopy, image analysis.
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Introduction

Total joint replacement surgery using man made
prostheses to replace diseased joints has provided
dramatic relief of pain and improvement in function
for many patients with end stage arthritis. Approxi-
mately 100,000 total hip replacements and 100,000
total knee replacements are done annually in the
United States and an equal number in the rest of the
world. In the past, the vast majority of these pros-
theses were attached to the skeleton using surgical
bone cement made of polymethylmethacrylate. Al-
though this form of prosthetic fixation was remarka-
bly successful over a short time, mechanical
loosening was a problem over the long term, with
approximately 10% of the components becoming loose
by 10 years necessitating further surgery (Stauffer,
1982; Sutherland, et al. 1982).

Porous-surfaced, uncemented prosthetic compo-
nents have recently been introduced to avoid the
problem of cement failures and long term mechanical
loosening (Galante, et al. 1971). Bone ingrowth into
the porous surfaces of these prosthetic components is
believed to provide remarkable long term fixation of
the prosthetic components to the skeleton. These
uncemented, porous-surfaced prostheses are being
used with increasing frequency as attractive alterna-
tives to conventional cemented prostheses particular~
ly in the young and active patient (Engh, et al. 1987;
Galante, et al. 1971).

Obtaining consistently reliable fixation of these
components by bone growth into the porous surface,
however, remains a problem (Cook, et al. 1988;
Collier, et al. 1988; Engh, et al. 1987; Harris and
Jasty, 1987; Pilliar, et al. 1981). Appropriate porous
surface, rigid initial prosthetic stability, intimate
apposition of the porous surface to the prepared
bone, and weight bearing stresses are believed to in-
fluence the degree of bone ingrowth into the porous
surfaces (Harris and Jasty, 1987). Although bony in-
growth has been shown to occur in the porous-sur-
faced total joint replacement components in animal
studies as early as three weeks, the amount of bone
ingrowth has been small and variable (Cameron, et
al. 1976; Park and Kenner, 1976; Pilliar, et al. 1981;
Rivero, et al. 1988; Russotti, et al. 1987). Prelimi-
nary studies of porous surfaced prostheses retrieved
from patients who had undergone cementless total
joint replacement surgery have also failed to show
extensive bony ingrowth. Cook, et al. (1988) and
Collier, et al. (1988) have examined porous-surfaced
prostheses retrieved from human patients and found
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Table 1. Quantification of Bone Ingrowth
Area Fraction Density Depth Surface
3 Week Acetabulum 7.2 1.5 16.0 = 3.4 53.2 + 9.6 82.4 + 3.9
3 Week Femoral 3.9 +1.7 9.5 + 4.9 32.6 £ 18.4 61.7 + 26.0
6 Week Acetabulum 10.5 = 1.3 21.5 + 4.4 66.2 + 8.3 76.0 + 14.9
6 Week Femoral 8.5 + 1.4 22.4 + 2.8 60.1 + 12.8 85.7 + 9.1

appeared to be the result of ingrowth from the sur-
rounding bone into the mesh. However, many areas
of de novo bone formation inside the mesh were ob-
served at three weeks. Fibrocartilage or endo-
chondral ossification was very rare. Fluorochrome
label showed continuing bone on the surface of the
coating both at three and six weeks.

In spite of the precise surgical techniques used
to obtain intimate bone-porous surface apposition,
small gaps (less than 0.5 millimeters in thickness)
occurred at the bone porous surface interface in one
three week dog around the acetabular component,
and in almost all of the femoral components (Fig. 4).
Bone ingrowth was absent in the gap regions, and
these regions were occupied by dense fibrous tissue.
Bone ingrowth however, occurred in regions adjacent
to these gaps in which there was intimate apposition
between the bone and the porous surface.

BSE SEM imaging permitted easy differentiation
of the bone, the metal wires and the soft tissues
with minimal edge artifacts. The uniform brightness
of the field and the large differences in the bright-
ness levels between the bone and the metal allowed
easy quantification of the bone ingrowth based on
the brightness levels. The thresholding of the bone
and the metal could be done in real time, thereby
enhancing the speed of the analysis. Pseudocoloring
of the image based on the brightness threshold levels
allowed accurate visual verification of the threshold-
ing process since it was possible to visualize the full
image and the pseudocolored image on the same mon-
itor. Therefore, there was no need to precisely
standardize the beam current or the threshold levels.
Quantitative measurements of bone ingrowth in each
of the analysis areas took approximately 30 seconds
per field and both the acetabular and femoral compo-
nents from a single dog could be analyzed in less
than eight hours.

Area fraction measurements showed that at
three weeks the total amount of bone ingrowth ob-
tained into the porous layer (defined as the areas
from the top of the porous layer to the solid sub-
strate) in dogs receiving the uncoated prostheses
measured 7.2% * 1.5% for the acetabular components
and 3.9 + 1.7 for the femoral component (Table 1).
The metal wires themselves occupied an additional
54% of the porous layer. The area density of bone
within the pore space available for bone ingrowth
therefore measured 16% + 4% for the acetabular com-
ponents and 10% + 5% for the femoral components.
The differences between bone ingrowth into the ace-
tabular and femoral components were statistically
significant at P less than 0.01 using students T test.

At three weeks the depth of bone penetration
into the acetabular components measured 53% * 10%
whereas the femoral components obtained a depth of
penetration 33% + 18%. The percentage of the ace-
tabular surface that obtained bone ingrowth at three

weeks measured 82% * 4% for the acetabular compo-
nents and 62% * 26% for the femoral components.
Thus, the femoral components obtained bone ingrowth
over less of their periphery and the bone grew into
less of the depth of their porous coating compared
to the acetabular components.

At six weeks the bony ingrowth into the ace-
tabular components increased to 10.5% * 1.3% and for
the femoral components the bony ingrowth increased
to 8.5% + 1.4%. There was significantly greater bone
ingrowth into the acetabular and femoral components
at six weeks than at three weeks. Similarly, there
was an increase in the area density of bone in the
pore area, the surface area of the implant periphery
into which bone grew and the depth of bone pene-
tration at six weeks (Table 1). The differences in
the average amount of bone ingrowth into the ace-
tabular and femoral components became less dramatic
at six weeks. However, one of the seven dogs ob-
tained minimal bone ingrowth into the femoral com-
ponent even at six weeks (area fraction of 2.5% of
the porous layer) while all of the acetabular compo-
nents obtained good bone ingrowth at both three and
six weeks.

DISCUSSION

In this study, using well designed prosthetic
components and precise surgical techniques it was
possible to obtain excellent bone ingrowth into po-
rous surfaced uncemented canine total hip replace-
ment prostheses. However, histological and quantita-
tive BSE SEM studies have shown that the amount of
bone ingrowth is variable and depends of multiple
factors such as the adequacy of the apposition be-
tween the porous coating and the prepared bone bed,
rigid initial prosthetic stability, and site of im-
plantation.

Bone ingrowth has been obtained as early as
three weeks in these canine studies employing weight
bearing and functionally loaded joint replacements.
However, the bone ingrowth was more substantial
into the acetabular components than the femoral
components at three weeks. Several factors may ac-
count for this difference. It is technically easier to
prepare the acetabulum than the femur since the
acetabulum has a simpler hemispherical geometry un-
like the femoral canal which has a complex internal
geometry. Using current surgical instrumentation the
acetabulum can be reamed to match the hemispherical
outer contour of the acetabular component without
creating gaps at this interface. The bone surface in
the acetabulum is predominantly cancellous and
therefore, more vascular than the endosteal surface
of the femur. Of greater importance, perhaps, may
have been the ability to reliably obtain initial
stability of the acetabular component under physio-
logical loads by using screws. It is known that in
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agents to improve the bone ingrowth into these de-
vices. BSE SEM imaging provides an excellent meth-
od to analyze the bony ingrowth into these devices,
and in combination with computer assisted image
analysis allows quantification of bone ingrowth into
these devices, so that the above parameters can be
optimized and hopefully improve the long term suc-
cess rates of total joint replacements.
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Discussion with Reviewers

P.G.T. Howell: How did a variation in thresholding
of the BSE signal affect the results? What methods
did the operators use to standardize their beam cur-
rent etc. for the recording of their measurements on
both a single sample and between the samples?
Authors: The bone, metal and the void spaces are
not distinguished based on their absolute threshold
levels, but on their relative threshold levels. Since
the unthresholded and thresholded images are dis-
played on the same monitor in different pseudocolors,
it is possible to choose the threshold levels at which
the thresholded images match the unthresholded
images. A relative threshold level of each feature is
established based on the geometrical superimposition
of the unthresholded and thresholded images, thereby
eliminating the need for precisely standardizing the
beam current and the threshold levels on a single
sample and between the samples.

H.U. Cameron: In the acetabulum was there total
area contact or was there dome or rim contact? If
so, where was the bone ingrowth most dense, around
the rim or in the dome?

Authors: There was total contact between the pre-
pared bone and the porous coating in most instances,
using the techniques described for implantation of
the acetabular components. There was some varia-
bility in the regional distribution of bone ingrowth
among the dogs, but in general the most dense bone
ingrowth occurred around the dome of the acetabular
components.

H.U. Cameron: Was the bone ingrowth found most
heavily around the screws?

Authors: Yes. In general, bone ingrowth was found
to occur most consistently and most heavily into the
porous coating immediately adjacent to the screws
used to fix the acetabular component. It is difficult
to speculate why this occurs however. It is possible
that the screws provided the best compression of the
porous surface to the acetabular bone in these re-
gions thereby providing more bone ingrowth. It is
also possible that local alterations in the stress
patterns produced by the screws might have resulted
in more bone ingrowth.

H.U. Cameron: On the femoral side, did the bone
ingrowth occur better when the porous layer was
adjacent to the cortical bone or cancellous bone?
Where in the femur was the bulk of the bone in-
growth found?

Authors: The small sample size and the variable fit
of the femoral components make the analysis of the
distribution of the bone ingrowth on the femoral side
difficult. In general, the heaviest bone ingrowth
seemed to occur at the distal end of the porous
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coating.

R. Bloebaum: How many representative sections, and
number of fields were analyzed?

Authors: Twelve to fifteen sections were cut from
each component. All of the serial sections were
analyzed for the acetaebular components. Only every
other section was analyzed for the femoral compo-
nents. All of the fields were analyzed for each of
the sections examined for the quantification of bone
ingrowth.

R. Bloebaum: How do the authors justify making in-
ferences from the canine data to the clinical events
under load bearing conditions in patients?

Authors: It is true that canine data should not be
used to describe what would happen in the clinical
situations with human patients. For example, canine
bear significantly lower weight on their hips (1.6
times body weight or about 50 kg in the present se-
ries) than humans (2.5 times body weight or 175 kg
for a 70 kg person), and the findings on the canine
might not hold in the human. In spite of these
large differences however, canine studies are
enormously valuable in the investigation of the new
prosthetic designs for humans, since histologic data
from humans are difficult to obtain, and long term
follow-up data from humans will take a long time to
collect. If a particular prosthetic design is not suc-
cessful in the canine, it is doubtful that it would be
successful in the human who bear much heavier loads
on their hips. If a particular design is successful in
the canine, it may not mean that it would be suc-
cessful in the human however, and caution should be
exercised in using the canine data to predict the
outcome of those prosthetic components in human
patients. Till long-term clinical follow-up data on
these newer prosthetic components is available, ca-
nine studies provide good models for optimizing the
various design features of the prosthetic components.
In this study, we have shown that hemispherical po-
rous surfaced acetabular components, stabilized with
screws, obtained excellent bone ingrowth in the ca-
nine while the cylindrical porous surfaced femoral
components do not. Therefore, further work is
needed to improve the design of the femoral compo-
nents to be used in the human patients.
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