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Abstract

It was the purpose of this study to examine the osseointegration of laser-textured titanium alloy (Ti6Al4 V) implants with pore
sizes of 100, 200, and 300 pm, specifically comparing 200-pm implants with polished and corundum-blasted surfaces in a rabbit
transcortical model. Using a distal and proximal implantation site in the distal femoral cortex, each animal received all four different
implants in both femora. The bone—implant interface and the newly formed bone tissue within the pores and in peri-implant bone
tissue were examined 3, 6, and 12 weeks post-implantation by static and dynamic histomorphometry. Here we show that additional
surface blasting of laser-textured Ti6Al4 V implants with 200-pum pores resulted in a profound improvement in osseointegration, 12
weeks postimplantation. Although lamellar bone formation was found in pores of all sizes, the amount of lamellar bone within pores
was linearly related to pore size. In 100-um pores, bone remodeling occurred with a pronounced time lag relative to larger pores.
Implants with 300-pm pores showed a delayed osseointegration compared with 200-um pores. We conclude that 200 pm may be the
optimal pore size for laser-textured Ti6Al4 V implants, and that laser treating in combination with surface blasting may be a very

interesting technology for the structuring of implant surfaces.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

A stable anchoring is critical for long-term success of
total hip arthroplasties, avoiding pain for the patient,
functional impairment, and eventually revision of the
implant. To achieve lasting stability of non-cemented
implants, osseointegration of the implant is a prerequi-
site [1]. Osseointegration is defined as the direct
connection from implant to living remodeling bone
without any soft tissue component between implant and
bone on the light microscopic level [2]. A rapid
osseointegration is associated with improved secondary
stability and, thus, with a favorable prognosis for long-
term success of the implant [3,4]. To allow early fibrin
adhesion, blood vessel growth and eventually new bone-
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formation, initial stability has to be achieved by
reduction of micromotion [1,5,6]. If micromotion
cannot be reduced to a minimum level, a fibrous tissue
instead of a bony interface will result at the implant
surface [2,7-9].

In order to reduce micromotion initially, and to
improve osseointegration later on, many variants in
surface geometry of the implant have been developed
[10-12]. It is well known that surface geometry
determines the interactions of proteins and cells with
the implant surface [13,14], and that increased surface
roughness is associated with better cell adherence,
higher bone—implant contact (BIC), and improved
biomechanical interaction [6,15-19].

It is evident that bone ingrowth into porous implant
surfaces may result in improved osseointegration and
mechanical stability by interlocking the surrounding
bone tissue with the implant [20-22]. Implants with
different pore sizes were investigated by Bobyn [23], who
reported an optimum pore size of 100—400 um. Several
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other studies have shown that there appears to be a
minimum pore size of about 140-200 um for viable
osteons to arise [12,24,25]. Osteons in cortical bone and
hemiosteons in cancellous bone are created by bone
remodeling activities [26], replacing biomechanically
inferior woven bone by lamellar bone, and removing
microdamage that may have accumulated at the bone—
implant interface [27]. Thus, remodeling of bone within
pores is essential for long-term stability of the bone—
implant interface.

To achieve a porous surface, implants usually have
been manufactured as solid rods, and were then sintered
with beads or fiber mesh due to the lack of a technology
to homogeneously create open interconnecting struc-
tures in titanium alloys [28]. However, the sintering
process can lead to brittleness and reduced fatigue
strength [29]. Recent progress in laser technology has
made it possible to produce novel implant surfaces by
introducing pores of defined geometry into metal
implants with high precision and efficiency [30]. In a
previous study conducted in our laboratory, we
examined the osseointegration of copper vapor laser-
textured titanium alloy (Ti6Al4 V) implants with pore
sizes of 25, 50, and 200 um in a rabbit intramedullary
model [31]. We found that implants with 50- and 200-pum
pore sizes had the highest values for BIC among the
laser-textured surfaces, and that bone remodeling within
pores occurred only in the implants with 200-pm pores.
However, all laser-textured implants were inferior to
corundum-blasted (CB) control implants in terms of
osseointegration, most likely due to the fact that the
implant surface between the pores was smoothly
polished in our previous investigation. Therefore, we
sought to examine the osseointegration of laser-textured
Ti6Al4V implants with pore sizes of 100, 200, and
300 um in the present investigation, specifically compar-
ing 200-um implants with polished and CB surfaces. We
chose a rabbit transcortical model in this study in order
to expand our model to situations with increased
compression loading such as those found in noncemen-
ted endoprosthetic hip cups. Here we show that surface-
blasted implants with 200-um pores are superior to
polished implants with any pore size in terms of
osseointegration.

2. Materials and methods
2.1. Implants

Ti6Al4V cylinders of 5.5mm length and 3.5mm
diameter were used (Brehm, Weisendorf, Germany).
Using a neodyme (Nd):YAG laser, pores of defined
geometry were introduced into the surface of the
polished, lathed implants by the ATZ-EVUS company
(Vilseck, Germany), and by the University of Applied

Sciences, Amberg, Germany. The laser generated a
maximum power of up to 65W. Nanosecond timing of
each amplifier resonance point permitted firing of a
predetermined number of pulses of up to 100ns
duration at high repetition rates (10 kHz). In this study,
we used pore diameters of 100, 200, and 300 um. Pore
depth and pore diameter were identical. The pores were
conical or cylindrical in shape and the distance between
the pores was the same as pore diameter. The sharp
edges of the pores were smoothed with fine sandpaper.
Half of the implants with 200-um pores were addition-
ally blasted with 500-710 pm Al,O; grit. Surface rough-
ness was measured by non-contact surface profilometry
(Mahr, Goéttingen, Germany), and a mean inter-pore
roughness of 7.25 um (R,) was achieved for blasted 200-
pm implants. After surface treatment, the implants were
cleaned ultrasonically, and sterilized industrially using
gamma irradiation (28 kV).

2.2. Experimental animals and surgical procedures

All animal experiments were approved by the
government authorities. Forty-five adult female New
Zealand White rabbits with mature skeletons and an
average body weight of 3.2kg were used for this
experiment. The animals were jointly housed in runs.
Each animal received two implants in each femur. Thus,
each rabbit received all 4 different implants. The
implants were randomly assigned to the two different
implantation sites.

The animals were anesthetized with an intramuscular
injection of 25mg/kg ketamine (Parke & Davis, Frei-
burg, Germany) and 5mg/kg xylazine (Boehringer,
Ingelheim, Germany). Anesthesia was maintained with
intravenous injections of ketamine/xylazine. Immedi-
ately before the operation the rabbits received 0.4ml
benzyl penicillin (Tardomyocel®™, Boehringer, Ingel-
heim, Germany). After shaving, depilation (Pilca
med®™, Schwarzkopf und Henkel, Disseldorf, Ger-
many), and desinfection (Betaisodona®™, Mundipharma,
Limburg, Germany) of the skin, the distal femur was
exposed by a lateral incision. The incisions were
infiltrated with 2% lidocaine (Hoechst, Frankfurt,
Germany). Two holes (proximal and distal, 3.2mm in
diameter) were carefully drilled into the lateral cortical
bone of the distal femur under generous irrigation with
saline to reduce the heat generated by drilling. The
implants were placed transcortically in the holes by
press-fit insertion. Finally, the incision was closed in
layers. At the end of the procedure, all animals received
a subcutaneous injection of 0.1 mg/kg buprenorphine
(Essex, Miinchen, Germany) as an analgesic. Subse-
quent analgesic therapy was performed with metamizole
(Hoechst) administered via the drinking water (5 mg/l)
over 2 days postsurgery.
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Normal weight-bearing was permitted after the
implantation. Most of the wounds healed without
complications. Two animals died under anesthesia,
and four rabbits had to be killed a few days after the
operation because of patella luxation or weight loss. As
markers for bone formation dynamics, 4 different
fluorochromes (alizarine complexone 20mg/kg body
weight, xylenol orange 90 mg/kg, calcein green 10 mg/
kg, oxytetracycline 30 mg/kg; ICN, Ohio, USA) were
injected subcutaneously according to the regimen shown
in Table 1. Groups of 11-15 animals each was killed by
an intraperitoneal pentobarbital overdose 3, 6, and 12
weeks postsurgery.

2.3. Histology

At necropsy, the femora were removed, and trimmed
with a saw under fluoroscopic control. With the
implants in situ, these bone cylinders were then
dehydrated in ascending alcohol solutions and em-
bedded undecalcified in methylmethacrylate in cylind-
rical glass vials as described [32]. Proceeding from
periosteal to endocortical, at least six consecutive
sections of approximately 200 pm thickness were made
with a precision band saw (Exakt, Norderstedt, Ger-
many) from each specimen. Subsequently, the sections
were ground to a final thickness of 20 um with the help
of the micro-grinding system (Exakt) as described [33].
The sections were initially left unstained for fluoro-
chrome-based measurements. Thereafter, the sections
were stained with toluidine blue for subsequent mea-
surements of bone—implant contact.

2.4. Histomorphometry

2.4.1. Bone growth within pores and in peri-implant tissue

Measurements of fluorochrome-based histomorpho-
metric parameters of bone formation within the pores
and in the area within 0.5 mm from the implant surface

Table 1

Fluorochrome labeling regimen

Time point Postoperative day Substance

3 weeks 10 Alizarine complexone
15 Calcein green
19 Xylenol orange

6 weeks 10 Alizarine complexone
20 Calcein green
30 Xylenol orange
40 Oxytetracycline

12 weeks 15 Alizarine complexone
31 Calcein green
47 Xylenol orange
63 Oxytetracycline

were made using a Videoplan semiautomatic system
(C. Zeiss, Jena, Germany) and a Zeiss Axioskop
microscope with a drawing attachment in unstained
sections. Measurements of peri-implant bone growth
were performed only in the 12-week group. One section
was analyzed per implant. The labeled perimeter
(L.Pm/B.Pm) was defined as the percentage of fluor-
ochrome-labeled bone perimeter for each fluorochrome
label, and was measured at x200. The mineral
apposition rate (MAR) between two adjacent fluoro-
chrome labels was measured at x 200, sampling each
site showing both labels every 50 um. Values for MAR
were not corrected for obliquity of the plane of section.
The bone formation rate (BFR/T.Ar) for the time
interval between two fluorochrome labels was calculated
by multiplying the arithmetic mean of the two individual
values for labeled perimeter with the respective MAR.
All bone formation rates were normalized to the pore
area or to the peri-implant measuring area in order to
account for differences in total area available for these
measurements.

2.4.2. Bone—implant interface

Measurements of BIC were made with a semiauto-
matic system (Videoplan, C. Zeiss) and a Zeiss
Axioskop microscope with a drawing attachment on
one section stained with toluidine blue at x 100. BIC
was measured separately within the pores, and on the
outer surface of the implant. Total BIC was calculated
as the sum of within-pore BIC and surface BIC.

2.4.3. Bone quality within pores

Using the Videoplan semiautomatic system (C. Zeiss),
the pore area, and the total and lamellar bone area
within the pores were measured under polarized light on
sections stained with toluidine blue at x 100. From
these primary data, the percentages of pore filling, and
of lamellar and woven bone were calculated.

2.5. Statistical analysis

Statistical data analysis was performed using SPSS
11.0 (SPSS, Chicago, IL, USA). Initially, the data from
all time points (3, 6, and 12 weeks) were analyzed using a
three-way factorial analysis of variance (ANOVA) with
the factors implant surface (100-, 200-, 300-um pores,
and blasted 200-um pores), implantation site (distal,
proximal), and time postsurgery (3, 6, 12 weeks). Three-
way factorial ANOVA evaluated whether the above-
mentioned factors had a statistically significant effect,
and also determined whether there was a two-way
interaction between the individual factors. Thus, this
statistical technique allows telling whether two different
factors mutually influence each other in a non-additive
way.
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Subsequently, using only implant surface as variable,
the combined data from each time point were analyzed
by one-way ANOVA followed by Student—Neumann—
Keuls multiple comparison test.

P values of less than 0.05 were considered significant
for all statistical analyses. The data are presented as the
mean+SEM.

3. Results
3.1. Factorial ANOVA

Factorial ANOVA showed that the variables implant
surface and time postimplantation had a significant effect
on total and surface BIC, on pore filling, and on the
amount of lamellar bone within pores (Table 2). The
within-pore BIC was not influenced by the type of
implant surface, but increased significantly with time
(see below). The implantation site (proximal or distal)
did not show a significant effect on any parameter. For
most parameters measured, there was a significant two-
way interaction between implant surface and time
postimplantation, but not for the combinations of
implant surface or time postimplantation with implanta-
tion site. The presence of these significant two-way
interactions between implant surface and time showed
that it was not legitimate to combine the data from
different time points for subsequent data analysis.
Therefore, the data from each time point were subse-
quently analyzed separately, using implant surface as
sole variable.

3.2. Bone—implant interface

Total, surface, and within-pore BIC increased with
time for all implant surfaces (Fig. la—c). After 3 and 6
weeks, the implants with 200-um pores showed the
highest percentage of total BIC (Fig. 1a, P<0.05 at 3
weeks vs. 100- and-300 um pores). However, after 12
weeks postsurgery, total BIC did not differ between all
three implants with polished surfaces, independent of
pore size. The blasted 200-um implants exhibited the
highest values for total BIC compared with all other

surfaces at 12 weeks postimplantation (P<0.05). The
increase in total BIC for blasted 200-um pores was
almost entirely due to a higher surface BIC, which was

20 13 weeks *
6 weeks
I 12 weeks
30
— #
E,\‘i 20

10 ﬂ
O_

100 pm 200 pm 200 um CB 300 pm

@ Pore size
40+
13 weeks .
6 weeks
307 w12 weeks
< #
S 204
#
10-
0- Ill

100 pm 200 pum 200 um CB 300 pm

(b) Pore size
60 13 weeks
6 weeks
50
I 12 weeks
40-
<
S 30-
20
o] ﬂ
O_
100pm  200um 200 um CB 300 pm
(© Pore size

Fig. 1. Total (a), surface (b), and within-pore (c) bone-implant contact
(BIC) in polished and corundum-blasted (CB), laser-textured implants
at 3, 6, and 12 weeks postimplantation. Data represent mean+ SEM
(n=11-15 per group). *P<0.05 vs. all other groups, # P<0.05vs.
100- and 300-um pores at the same time point by one-way ANOVA
followed by Student—Newman—Keuls test.

Table 2
Three-way ANOVA analysis of selected parameters of osseointegration of polished and corundum-blasted, laser-textured implants
Parameter Implant surface Implantation site Time Two-way interactions

Surface/time Surface/site Site/time
Total BIC P<0.001 NS P<0.001 P =0.005 NS NS
Surface BIC P<0.001 NS P<0.001 P =0.002 NS NS
Within-pore BIC NS NS P <0.001 NS NS NS
%Pore filling P<0.001 NS P<0.001 P =0.020 NS NS
% Lamellar bone P<0.001 NS P =0.007 NS NS NS

BIC, bone-implant contact; NS, not significant; The percentage of lamellar bone was quantified within the pores of the implants.
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about twice as high relative to all other implants (Figs.
1b and 2, P<0.05). Within-pore BIC was not influenced
by pore geometry or surface blasting (Fig. 1¢).

3.3. Pore filling and bone quality inside pores

Pore filling increased with time for all implant
surfaces (Fig. 3a). At 6 and 12 weeks postsurgery, pore
filling was lowest for the 100-um pores (Figs. 2 and 3a,
P<0.05). A similar trend was seen for the 3-week time
point. Also, the amount of lamellar bone found within
pores increased with time for all implants (Fig. 3b). Pore
size was a major determinant of the percentage of
within-pore lamellar bone. At all time points, implants
with bigger pores showed more lamellar bone within
pores, independent of surface blasting. Only very little
lamellar bone was found in 100-pum pores at the end of
the study period.

3.4. Bone formation within pores and in peri-implant bone

To examine the dynamics of bone growth within the
pores and in peri-implant bone, we performed multiple
fluorochrome labeling. Data are shown for the 6- and
12-week time point only. Generally, the bone formation
rates per mm” pore area reached higher values in the 6-
week compared with the 12-week group, showing that
bone remodeling in this model was most intense 4-6
weeks postimplantation (Fig. 4a-b). In the group of
animals killed at 6 weeks postimplantation, the bone
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Fig. 3. Percent pore filling (a) and percent lamellar bone present
within pores (b) in polished and corundum-blasted (CB), laser-textured
implants at 3, 6, and 12 weeks postimplantation. Data represent
mean+SEM (n = 11—15 per group). *P<0.05 vs. all other groups,
# P<0.05 vs. 100- and 300-um pores, T P<0.05 vs. 100- and 200-pm
CB pores at the same time point by one-way ANOVA followed by
Student-Newman—Keuls test.

Fig. 2. Photomicrographs of laser-textured TiAlV implants with 100- (a), 200- (b), surface-blasted 200- (c), and 300-um pores (d), 12 weeks
postimplantation. Note that pore filling is lower for the 100-pum pores (a), and that bone tends to avoid the polished surfaces of the implants that were
not surface blasted (a,b,d), leaving a visible gap between the implant and the surrounding bone tissue (arrows). The corundum-blasted implant with
200-um pores (c) shows ample bone—-implant contact at the inter-pore surface. It is evident that distinct fluorochrome labels indicative of lamellar
bone formation are present in all pores, independent of their size (a—d). Sections were stained with toluidine blue, original magnification x 200.
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Fig. 4. Bone formation rate within pores in polished and corundum-
blasted (CB), laser-textured implants at 6 (a), and 12 weeks (b)
postimplantation. The bone formation rate was normalized to the pore
area. Data represent mean+SEM (n=11-15 per group). * P<0.05 vs.
all other groups at the same time point by one-way ANOVA followed
by Student-Newman—Keuls test.
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formation rate in the 100-um pores was lower compared
with all other implant surfaces for the time interval
between days 30 and 40 of the study (Fig. 4a). A similar
trend was seen for the earlier labeling intervals (Fig. 4a).
However, at the later time points, lamellar bone
formation in the 100-pm pores increased, and for the
time interval between days 47 and 63 of the study there
were no significant differences in bone formation rates
between the different surfaces any more (Fig. 4b). In
peri-implant bone tissue, we did not observe any
differences in bone formation rates between the different
implant surfaces in the 12-week group (data not shown).
In agreement with the above-mentioned measurements
of lamellar/woven bone made under polarized light,
fluorochrome labeling showed the presence of well-
defined, linear labels also in 100-um pores, 12 weeks
postsurgery (Fig. 5a—d).

4. Discussion

In the current study, we have demonstrated that
surface blasting significantly enhances the osseointegra-
tion of laser-textured Ti6Al4V implants in a rabbit
transcortical implantation model. The increased total
BIC in blasted 200-um implants was almost entirely due
to increased BIC at the implant surface. Compared with
polished 200-um implants the higher surface BIC in
blasted 200-pm implants was not observed at 3 weeks
postimplantation, but developed mainly between 6 and
12 weeks postsurgery, suggesting that the biological

Implant

Fig. 5. Photomicrographs of laser-textured Ti6Al4 V implants with 100- (a), 200- (b), surface-blasted 200- (c), and 300-um pores (d), viewed under
epifluorescent light, 12 weeks postimplantation. The animals were labeled with four different fluorochromes according to the regimen shown in
Table 1. Fluorochrome labels in bone tissue are visualized by blue—violet excitation. It is evident that distinct fluorochrome labels indicative of
lamellar bone formation are present in all pores, independent of their size (a—d). Unstained sections, original magnification x 200.
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mechanisms involved in bone ingrowth preferentially
used the pores to initially anchor the implant within
newly formed bone. At the later stages of osseointegra-
tion, bone growth spread onto the implant surface,
depending on the structure of this surface. In agreement
with this notion, within-pore BIC was always higher
than surface BIC for all implants at all time points.
Interestingly, surface blasting after the introduction of
pores with defined geometry by Nd:YAG laser techni-
que did not enhance BIC within the pores. Obviously,
the local evaporation of the titanium alloy induced by
the pulsed laser beam left a surface of sufficient
roughness for optimal bone ingrowth within the pores.
For long-term biomechanical integrity of the bone—
implant interface, remodeling of the initially formed
woven bone and of microdamage [27] generated by
mechanical loading is a crucial process. In our previous
study [31] using a rabbit intramedullary implantation
model we found lamellar bone and bone remodeling in
200-pum, but not in 25- or 50-um pores created by laser
texturing. Many years ago, Hulbert et al. [24] had
demonstrated that the development of osteons requires
minimum pore diameters between 150 and 200 pm in
ceramic implants. In agreement with these findings, Li
et al. [12] reported that laser-treated surfaces require
pores of at least 140 pm diameter for osteon formation
in a rabbit transcortical model. However, the present
study has clearly shown that bone remodeling does
occur in pores with 100 um diameter, albeit with a
pronounced time lag relative to larger pores. The
delayed onset of bone remodeling in 100-um pores
may be an important argument against the use of such
small pore sizes, because it can be assumed that the
delayed bone remodeling within the pores is associated
with decreased mechanical stability within the first
weeks after implantation compared to implants with
larger pores. Three-hundred-pm pores had the highest
percentage of lamellar bone at the end of the study.
However, the 300-um pores were inferior to 200-um
pores in terms of total, surface, and within-pore BIC at 3
weeks postimplantation, suggesting that osseointegra-
tion of the implants with larger pores was slower. Thus,
it remains to be shown in a long-term study whether the
potential advantage of an improved mechanical stability
due to a higher extent of bone remodeling within the
pores could outweigh the initially slower osseointegra-
tion of laser-textured implants with 300-um pores.
Laser treatment of metal implants may be a very
interesting technology for the structuring of implant
surfaces. Bone ingrowth into pores causes interlocking
of the surrounding bone tissue with the implant, and
may result in improved biomechanical stability and
higher resistance to fatigue loading [20-22]. In this
context, our finding that initial bone ingrowth is
preferentially directed toward the pores of the implant
may indicate further advantages of laser-textured

implants with open pores due to an improved stability
during the early stages of osseointegration. This
hypothesis needs to be tested in future experiments.

Taken together, our study has clearly shown that
additional surface blasting of laser-textured Ti6Al4V
implants with 200-pym pores results in a profound
improvement in osseointegration, 12 weeks postimplan-
tation. Furthermore, the available data suggest that a
diameter of around 200 um may be the optimal size of
pores in laser-textured Ti6Al4V implants. At present,
larger pore sizes do not seem to offer major advantages.
Clearly, more experimentation is required to demon-
strate that surface-blasted, laser-textured implants are
superior to standard surface-blasted implants in terms of
osseointegration and mechanical stability in different
models.
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