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The effect of bead diameter on the accuracy of
two current techniques used to quantify bone
ingrowth in porous-coated implants

V. L. CAJA* A. MORONI, E. L. EGGER, F. GOTTSAUNER-WOLF,
E.Y.S.CHAO

Orthopedic Biomechanics Laboratory, Department of Orthopedics, Mayo Clinic/Mayo Founda-
tion, Rochester, Minnesota 556905, USA

The effect of the bead diameter on the accuracy of two technigues used in bone ingrowth
quantification, microradiography and backscattered electron imaging-scanning electron
microscopy (BEI-SEM), was assessed using porous-coated implants. Two groups of seven
titanium porous implants (group A: bead size 250-350 um and group B: 500-700 um) were
implanted for 12 weeks in a canine model. After euthanasia, the same histological slides were
prepared for microradiography and BEI-SEM. The percentage of bone, bone ingrowth, bone
ongrowth, porosity and bone index were determined by a point counting method using
images from both techniques. ANOVA and Tukey’s test were used to compare the results from
the different bead sizes and techniques. The results showed significant higher bone ingrowth
in microradiography groups, and significant lower porosity in only the fine-bead
microradiography group (group A size). Microradiography also obtained significantly higher
bone ongrowth, but only for the coarse bead size group (group B). From these results it was
concluded that microradiography decreases the porosity of the porous coating compared with
BEI-SEM. This effect seems to be dependent on the bead diameter. The smaller the diameter,
the greater the effect. Furthermore, microradiography increases bone ingrowth which seems to

be affected independently of the bead diameter, becoming the most sensitive parameter to

increase.

1. Introduction

Porous coating of titanium prostheses has been intro-
duced to improve the bone-implant interface strength
by increasing the bony reaction around and inside the
surface of the implant [1, 2]. Consequently, interest
has developed in the methods used to determine bone
ingrowth in metallic implants. Two main methods are
used to quantify bone ingrowth: microradiography,
and backscattered electron imaging-scanning electron
imcroscopy (BEI-SEM) because of their ability to
detect mature bone.

Previous works have demonstrated the accuracy of
BEI-SEM in the histomophometric studies of hydrox-
ylapatite pellets, transcortical beaded porous [3] and
fibre mesh titanium implants [4]. The results
showed that light microscopy techniques overestimate
bone ingrowth and underestimate porosity. The rea-
son for those results seems to be related to the fact that
BEI-SEM studies only 1 to 5pum of the implant
surface [5], while the light microscopy technigues
require between 35 and 100 pm specimen thickness,
which results in projection errors.

However, no information is available on the effect of
different bead diameter porous coatings when using
the above-mentioned methods of quantification. The

purpose of this study is to evaluate the effect of bead
diameter on the quantification of bone ingrowth in
titanium implants with two different bead sizes using
both microradiography and BEI-SEM.

2. Material and methods

Fourteen titanium porous coated samples supplied by
DePuy USA (Warsaw, IN 45680, USA) were utilized.
The samples had a cylindrical shape, 22 mm long and
5+ 03 mm in diameter. Two groups of seven im-
plants were used. Bead diameter was 250-350 pm in
group A and 500-700 um in group B. Surface porosity
was 473 + 5.6% in group A, and 39.5 + 6.4% in
group B.

Seven adult mixed breed dogs of similar size and
weight were operated on. General anesthesia was
induced and maintained with intravenous pentobarbi-
tal sodium (55-65 mgkg™1'). Prophylactic antibiotics
(Cefazolin 20 mgkg~!) were given, starting the day
before surgery, for three days. One hind limb was
selected by randomization in each dog and group A
samples were implanted in the proximal femoral
cancellous bone using a 3.5 mm drill to a depth of
22 mm. The hole was reamed to a diameter 0.2 mm
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smaller than the sample to be implanted. Samples
were press fitted into these holes to lie in the cancel-
lous bone of the medullary canal on the longitudinal
axis of the femur. Group B samples were implanted
transversely in the distal femoral cancellous bone of
the same hind limb using the same technique. Postop-
erative analgesia was given with Butorphanol (0.2 to
04 mgkg™! IM).

Twelve weeks after surgery, dogs were euthanized
and two implant-bone blocks were obtained from
each operated femur. Each block was cut perpendicul-
arly to the longitudinal axis of the implants in order to
obtain the samples and discard the ends. Undecalci-
fied cross-sections from samples were cut to 200 pm in
thickness with a diamond saw (Leco Vari-Cut VC50,
USA; No. 11-4245 diamond wafering blade) and
ground to 100 um. Microradiographies of each section
were performed in a habitual technique [6] and im-
ages from the same cross-sections were created using a
JSM-6400 (JEOL Ltd, Tokyo, Japan) backscattered
electron microscope at 39 mm focal distance. Photo-
graphs were taken at X30 magnification.

Histomorphometric quantification was performed
using a Merz grid [7]. The bone ingrowth area was
defined as the section area containing the porous
coating, extending 500 um from the surface of the
substrate and including 584 points, and the bone
ongrowth area as the section area in the cancellous
bone between 500 um and 720 um from the surface of
the substrate and including 236 points (Fig. 1). The
following apparent technique-dependent measure-
ments were calculated to assess the quantity and
extent of the real bone ingrowth [8, 97: the percentage
of bone in the ingrowth area was defined as the
amount of bone in the bone ingrowth area referred to
the whole ingrowth area surface, bone ingrowth as the
percentage of available space for bone formation in
the ingrowth area occupied by bone, surface porosity
of the implant as the percentage of the ingrowth area
occupied either by bone or background, bone on-
growth as the bone percentage in the ongrowth area,
and bone index [10] or the ratio between bone in-
growth and bone ongrowth expressed as a percentage
(Table I).

Ongrowth area 1
220um

Ingrowth area
500um

Substrate
2500um

o (g
Figure 1 Schematic representation of the substrate, bone ingrowth

including the porous coating and bone ongrowth areas defined for
the histomorphometric study. Units are expressed in micrometres.
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TABLE 1 Histomorphometric parameters used in the present
study in ingrowth and ongrowth areas defined as in Fig. 1

Parameter Description

Ingrowth area bone points
% Bone - X
Ingrowth area points

Ingrowth area bone points
x 100

Bone ingrowth -
Ingrowth area bone & background points

Ingrowth area bone & background points
Porosity - x 1
Ingrowth area points

Ongrowth area bone points
Bone ongrowth - x 1
Ongrowth area points

Bone ingrowth
Bone index % 100

Bone ongrowth

ANOVA was used to compare the results of both
bead size and technique (SAS Software, SAS Institute,
Inc., Cary, NC, USA). If a significant difference was
observed, Tukey’s studentized range test at a confi-
dence level of 95% was used to determine the signific-
ant subgroups.

3. Results

All animals recovered well after surgery and no signi-
ficant complication developed. The implants were well
tolerated and no lucencies were apparent on radio-
graphic evaluations performed every two weeks
throughout the study. Radiographically, all implants
appeared to be incorporated at the end of the study.

Both techniques, microradiography and BEI-SEM,
were found useful for the study of bone formation
achieved in titanium porous implants. In both bead
size groups, samples were surrounded by bone in close
contact with the implant surface, fitting the definition
criteria of osseointegration [11]. New trabecular bone
formation, which was differentiated from old trabecu-
lar bone on the basis of its density, osteonal arrange-
ment, location and lacunae shape and orientation
inside the trabeculae, was more easily observed using
the BEI-SEM technique than with microradiography
(Figs 2 and 3).

Qualitatively, microradiography was useful for
observing fine details on trabeculac shape and dis-
tribution, providing quasi three-dimensional insight
information on their spacial disposition (Fig. 3). How-
ever, BEI-SEM produced sharper, more precise im-
ages and provided, at the same time, more information
on the internal composition of trabecular bone be-
cause of its high resolution power. Fine details on
lacunae shape and distribution and bone density were
provided only by BEI-SEM (Fig. 2).

Analysis of variance did not show any statistical
differences among groups for apparent bone percent-
age and bone index (Table II). In the remaining three
parameters (bone ingrowth, porosity and bone on-
growth) Tukey’s test showed significantly different
subgroups. Apparent bone ingrowth was significantly
higher in both microradiography groups compared
with their respective BEI-SEM groups, while there
were no differences inside both microradiography and
BEI-SEM groups. Porosity was apparently higher in



TABLE II Microradiography and BEI-SEM histomorphometric measurements (Mean + SD: n = 7)

Measurements Technique

Microradiography BEI-SEM
Group A A B
Bead diameter (um) 250-350 500-700 250-350 500-700
% Bone 147453 110+ 43 178 + 5.5 126 + 32
Bone ingrowth 542 +6.0° 525+ 12.6° 24.6 + 9.5° 328 +60°
Porosity 273 £ 722 33.7 4 5.8%¢ 45.1 + 5.0° 38.6 + 6.2>°
Bone ongrowth 37.1 +£ 9.8 443 + 13.9° 253+ 79° 27.5 + 5.1
Bone Index 1574 £ 65.3 127.6 + 51.0 97.5 +202 121.7 £ 283
A = fine beads

B = coarse beads

Superscript characters indicate differences at p < 0.05 level (Tukey’s test)

Figure 2 BEI-SEM from a 250-350 um bead diameter group A
specimen (X30). Fine details on the bone density, osteonal arrange-
ment and lacunae disposition are shown (same specimen and area as
in Fig. 3).

Figure 3 Microradiography from a group A specimen bead dia-
meter 250-350 um (X30). Underestimation of porosity (spaces with-
out metal) and overestimation of the area covered by bone are
apparent when compared with Fig. 2.

both BEI-SEM groups, but differences were signific-
ant only for the fine-bead group (group A) in reference
to both microradiography groups. BEI-SEM group B
porosity (coarse group) was not different from its
homonymous microradiography group. Porosity was

not different inside each technique group. Bone on-
growth showed a similar pattern of significance as in
bone ingrowth (significant apparent higher results for
microradiography) only for coarse bead groups.

4. Discussion

Quantified microradiography was introduced by
Jowsey et al. [6] for the study of turnover of bone,
formation and resorption. This technique has been
proved useful if some considerations are taken into
account. As described by these authors, the section
thickness is the most important technical detail affec-
ting fine images. The thicker the section, the denser the
specimen will appear to be, so the authors recommen-
ded a final section thickness about 100 pm for conven-
tional microradiographies.

This relationship between section thickness and
density of the image was recognized in light micro-
scopy many years ago. It was defined as the Holmes
effect [12] and many authors tried to calculate it
[12-16]. Proposed calculation methods are based on
the isotropy or anisotropy of the material object of the
study [12]. If isotropic behaviour of bone is assumed,
and a mean trabecular width of 150 um for the thick-
nesses examined in this study, an error of 42% is
predicted for microradiography and 2.1% for
BEI-SEM. Isotropic error calculation seems to be an
easy and useful estimation of the accuracy of both
methods. The role of the microradiography is how-
ever, still important in other situations. As Moroni
et al. [17] have demonstrated, microradiography is
useful to determine fine details of trabeculae shape and
trabecular fracture patterns after push-out mechanical
tests in porous coated implants. In our opinion, this
technique is still useful and should not be discarded as
a histomorphological laboratory technique.

The use of BEI-SEM for the quantification of
bone-implant histomorphometric studies has been
widely accepted. BEI-SEM -offers higher resolution,
easy specimen preparation, and the images it provides
are independent of specimen thickness. Therefore,
BEI-SEM only differentiates between bone and non-
bone (including osteoid) phases, so tissues other than
bone are represented -as backgroud [18].
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As is well known, microradiography increases the
apparent bone ingrowth and bone ongrowth, and
decreases the apparent implant porosity [ 3, 4]. Appar-
ent bone ingrowth is affected twice by this effect
because microradiography increases the observed
bone and reduces the available space for bone in-
growth, as a result of the reduction of the porous
coating porosity. However, there is no information
available on how different bead diameter porous coa-
tings affect these measurements. The present study
indicates that their effect depends on the bead dia-
meter and consequently on the bead number. Thus,
the decrease in apparent porosity seems to be more
important in the smaller diameter bead size (because
of the increase in the number of beads in the porous
coating) than could be expected from the diameter
reduction. Bone index showed no significant differ-
ences between both techniques. The authors believe
that this finding results from the bone index defintion
itself, where the increase of bone ingrowth and bone
ongrowth tend to neutralize each other. Thus, bone
index seems to be independent of the method used to
quantify the samples.

References

1. J. O. GALANTE, W. ROSTOKER, R. LUECK and R. D.
RAY, J. Bone Joint Surg. A 53 (1971) 61.

2. R. M. PILLIAR, H.U. CAMERON and I. MACNAB, J.
Biomed. Engng. 10 (1975) 126.

3. R. D. BLOEBAUM, S. A. REID and K. N. BACHUS, in
Proceedings of 35th Annual Meeting of the Orthopedic Re-
search Society (ORS, Las Vegas, 1989) p. 399.

4, D.R.SUMNER, J. M. BRYAN, R. M. URBAN and I. R.
KUSZAK, J. Orthop. Res. 8 (1990) 448.

32

5.

10.

11
12.
13.
14.
15.

16.
17.

18.

R. E. HOLMES, H. K. HAGLER and C. A. COLETTA,
J. Biomed. Mater. Res. 21 (1987) 731.

J. JOWSEY, P. J. KELLY, L. B. RIGGS, A. J. BIANCO,
D. A. SCHOLZ and J. GERSHON-COHEN, J. Bone Joint
Surg. A 47 (1965) 785.

D.B. KIMMEL and S. S. J. WEBSTER, in “Bone histomor-
phometry techniques and interpreation”, edited by R. R.
Recker (CRC Press, Boca Raton, 1983) p. 89.

M. JASTY, C. R. BRAGDON, S. SCHUTZER, H. RU-
BASH, T. HAIRE and W. H. HARRIS, Scan. Microscopy 3
(1989) 1051.

A. M. PARFITT, M. K. DREZNER, F. H. GLORIEUX,
J. A.KANIS, H. MALLUCHE, P.J. MEUNIER, S. M. OTT
and R. R. RECKER, J. Bone Min. Res. 2 (1987) 595.

K. N. BACHUS, A. A. HOFMANN and L. A. DAUTER-
MAN, in Proceedings of 34th Annual Meeting of the Orthope-
dic Research Society (ORS, Atlanta, 1988) p. 308.
T.ALBREKTSSON, P.I. BRANEMARK, H. A. HANSSON
and J. LINDSTROM, Acta Orthop. Scand. 52 (1981) 155.

A. H. HOLMES, in “Petrographic methods and calculations”
(Murby & Co., London, 1927).

R. T. DEHOFF and F. N. RHINES, in “Quantitative micro-
scopy” {(McGraw-Hill, New York, 1968).

E. E. UNDERWOOD, in “Quantitative
(Addison-Wesley, Reading, MA, 1970).

E. R. WEIBEL, in “Stereological methods” (Academic Press,
San Diego, 1979) p. 139.

W.J. WHITHEHOUSE, J. Microscopy 107 (1976) 183.

A. MORONI, V. CAJA, E. EGGER, F. GOTTSAUNER-
WOLF, L. TRINCHESE, G. ROLLO and E. Y. CHAO, in
“Bioceramics. Materials, properties, applications™ edited by
A. Ravaglioli and A. Krajewsky (Chapman & Hall, New York,
1991) p. 141.

R. D. BLOEBAUM, T. A. GRUEN, P. CAMPBELL and
L. D. DORR, in Proceedings of 34th Annual Meeting of the
Orthopedic Research Society (ORS, Atlanta, 1988) p. 366.

stereology”

Received 18 December 1992
and accepted 9 April 1993



