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Abstract: Surface texturing by acid etching has recently become popular among dental
implant manufacturers. The aim of this study was to compare the surface topography of four
implant systems and to check the reproducibility of the industrial process of each implant
system. Three implants per system have been selected from three distinct batches. They were
observed under a scanning electron microscope (SEM), and roughness was determined with
a contact profilometer by measuring five height-descriptive parameters (Ra, Rq, Rz, Rt, and
Rsk, a texture parameter Sm, and a hybrid parameter RAq. The analysis showed that each
implant system displayed a distinct surface topography that could not be mistaken. When
sandblasting was performed prior to etching, surface topography was a combination of macro-
and microroughness. The roughness and the amount of remaining sand varied among the
batches, showing that the industrial process is not fully developed. Deviation from the released
technical information was found for two out of four implant manufacturers. Based on the
available biological and clinical data on textured surfaces, it is suggested that it is bone
interlocking at the interface that maintains the biological properties of textured surfaces,
rather than a strong implant fixation per se. © 2003 Wiley Periodicals, Inc. ] Biomed Mater Res Part

B: Appl Biomater 69B: 46-57, 2004
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INTRODUCTION

Surface state modulates bone response' * and implant an-
chorage.’~® This evidence brought most dental implant man-
ufacturers to switch from the standard machined surface and
implement new surface treatments. Recently, acid etching
gained in popularity among manufacturers to prepare textured
titanium surfaces. Some of these surfaces have been docu-
mented to lead to more bone apposition,’*? to enhance the
interfacial strength as measured by removal torque>’® or
push-out tests.>'° Furthermore, it is claimed that these etched
surfaces can reduce the healing time in the mandible and in
the maxilla from 3—6 months to 6—8 weeks.'''*

For example, Lazzara et al.” compared the bone response
to Osseotite and machined surfaces placed in the human
posterior maxilla. After 6 months of healing, the bone contact
at the Osseotite surface was 72.96%, compared to 33.98% for
the machined surface. At the Osseotite surface, a special
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feature of bone creeping along the etched surface was ob-
served. The osteoconductive effect of the Osseotite textured
surface over the machined surface was particularly pro-
nounced in the softer trabecular bone. In this type of bone, the
amount of bone apposition was enlarged from 6.5 = 10.8%
for the machined surface to 59.1 = 25.3% for the Osseotite.
Klokkevold et al.” compared the anchorage of etched Osseo-
tite and machined surfaces after 1, 2, and 3 months in the
rabbit tibia model. After 1 month of healing, the mean re-
moval torque of the machined surface was 6.00 = 0.64 N cm,
whereas for the Osseotite surface it was 21.86 = 1.37 N cm,
that is, 3.6 times higher. After 2 months, the increase was 3.0
times, and after 3 months, the etched surface required a
removal torque of 27.40 * 3.89 N cm versus 6.73 = 0.95
N cm for the machined surface (X 4.1).

Acid etching is a subtractive method, wherein pits are
created in the titanium surface. The surface topography ob-
tained by acid attack can be modulated according to prior
treatment, for example, sandblasting, using acid mixtures,
using different temperatures, and using different etching
times. The aim of this survey was twofold: (a) to compare the
etched surface topography of four distinct implant systems,
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Osseotite SLA DPS HaTi

Implant length 8.5 mm 8 mm 11 mm 11 mm
Lot number 39504 1005 940301510069 5002
Expiration of

sterilization date November 2002 July 2003 December 1998 April 2004
Implant length 10 mm 10 mm 13 mm 14 mm
Lot number 41559 1010 940333310072 5001
Expiration of

sterilization date December 2002 September 2003 December 1998 July 2005
Implant length 13 mm 12 mm 15 mm 17 mm
Lot number 71022 1009 970040210208 N5004
Expiration of

sterilization date August 2003 October 2003 June 2001 July 2004

(b) to check for the reproducibility of the industrial process of
each implant system.

MATERIAL AND METHODS

Implants

Commercially available implants from four implant systems
were investigated. Three implants per system were randomly
chosen. Three different lengths of implants were examined,
each one with a different lot number and a distinct steriliza-
tion date (Table I). This was to ensure that the implants were
manufactured from three distinct batches.

DPS-Frialit 1l implant. This implant system is manufac-
tured by Friatech AG (Mannheim, D). The system is reported
to have been sandblasted and acid etched since 1989."° No
details about the etching process have been found in the
literature or in the manufacturer’s advertisements. Because
this surface has been available since 1989, implants created
over a large time span were collected. Implants were 3.8 mm
in diameter and 11, 13, and 15 mm in length. Corresponding
lot numbers were 940301510069, 940333310072, and
970040210208; sterilization expiration dates were 12.1998,
12.1998, and 06.2001, respectively, as shown in Table L.

Osseotite implant. This implant system is manufactured
by 3i (Palm Beach Gardens, FL). According to Beaty,'® a
dual thermo-etching is performed; that is, the implant surface
is successively immersed in a 15% HF bath to remove the
native titanium oxide layer and then etched in a mixture of
H,SO,/HCI acids (ratio of 6:1), and heated at 60—80 °C for
3—10 min to create the surface texture. The implants were 4.0
mm in diameter and 8.5, 10, and 13 mm in length. Lot
numbers were, respectively, 39504, 41559 and 71022. Ster-
ilization expiration dates were 11.2002, 12.2002, and
08.2003, respectively, as shown in Table I.

SLA-ITI implant. This implant system is manufactured by
Straumann AG (Waldenburg, CH). According to Steinemann
and Claes,'” the implant surface is sandblasted with large grit
(0.25-0.50 mm) alumina and etched in a boiling mixture of
HCI/H2S04. Etching conditions of 125-130 °C and 5 min
have been reported by Wong et al.° The implants were 4.1
mm in diameter and 8, 10, and 12 mm in length. Lot numbers
were 1005, 1010, and 1009, respectively. Corresponding ster-
ilization expiration dates were 07.2003, 09.2003, and
10.2003, respectively, as shown in Table 1.

HaTi implant. This implant system is manufactured by
HaTi Dental AG (Bettlach, CH). According to the manufac-
turer, the implant is sandblasted and etched. No record of the
etching process was found in the literature or in the manu-
facturer’s advertisements. Implants were 4.2 mm in diameter
and 11, 14, and 17 mm in length, respectively. Lot numbers
were 5002, 5001, and N5004. Corresponding sterilization
expiration dates were 04.2005, 07.2005, and 07.2004, respec-
tively, as shown in Table I.

Roughness Measurement

Implant roughness measurement was performed with a Hom-
mel T8000 profilometer (Hommel AG, Hamburg, D). The
measured length was 1.00 mm, cut-off was 0.08 mm, the
radius tip was 5 um, and the filter used was M1 of DIN 4777.
The measurements were performed in the same region, pref-
erably at the implant apex, where a flat surface was found,
compatible with the measured length.

Six measurements were performed at each implant; they
included three statistical height-descriptive parameters, Ra,
Rq, Rsk, two extreme height-descriptive parameters, Rz,
Rt, one texture-descriptive parameter Sm, and one hybrid-
descriptive parameter, RAg. Ra is the arithmetic average of
the absolute deviation from the mean line over a sampling
length, given in micrometers. Rq is the root mean square
value of the profile departure, given in micrometers. This
parameter is more sensitive to extreme values than the Ra. Rq
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TABLE Il. Roughness Data of All Implants

Osseotite HaTi DPS SLA
Implant length 8.5 mm 11 mm 11 mm 8 mm
Ra [pm] 0.46 = 0.06 0.88 = 0.08 1.50 = 0.20 1.56 = 0.27
Rq [pm] 0.86 = 0.06 1.63 £0.22 3.80 = 0.34 3.49 = 0.58
Rzi50 [pnm] 331 053 4.83 £0.43 8.27 = 1.03 8.19 = 1.19
Rt [um] 497 £0.57 6.33 + 0.63 12.12 £2.37 10.04 £ 1.77
Rsk —1.19 = 042 —0.14 = 0.24 0.042 = 0.15 0.052 £0.34
Sm [pum] 340+ 4.6 375%53 64.0 £ 44 509 = 9.1
RAg [rad] 0.191 £ 0.03 0.288 = 0.03 0.436 = 0.08 0.50 = 0.06
Implant length 10 mm 14 mm 13 mm 10 mm
Ra [pm] 0.42 £0.08 0.98 = 0.12 1.56 £ 0.08 1.57 £ 0.18
Rq [pm] 0.733 £0.18 1.73 £ 0.17 3.61 = 0.30 4.26 £ 0.37
Rzis0 [nm] 3.08 = 0.96 541 =048 8.49 = 0.51 8.38 = 0.84
Rt [um] 4.58 £ 1.45 7.03 + 0.63 12.27 £ 1.21 1142 £ 0.94
Rsk —1.35+0.81 —0.245 £ 0.24 —0.141 = 0.26 —0.150 = 0.38
Sm [um] 27.0*32 38.2 + 8.6 62 £5.8 68.8 = 9.5
RAgq [rad] 0.184 = 0.04 0.29 = 0.02 4.33 £0.04 0.451 £ 0.06
Implant length 13 mm 17 mm 15 mm 12 mm
Ra [pm] 0.41 £0.03 0.85 = 0.10 1.17 = 0.10 1.30 £ 0.11
Rq [pm] 0.725 = 0.10 1.59 £ 0.13 2.69 £ 0.47 3.180 £ 0.036
Rzi50 [pnm] 2.51 £ 0.26 4.88 £ 0.47 6.70 £ 0.67 7.15 £0.78
Rt [wm] 3.58 £ 0.84 6.22 = 0.84 10.54 £ 1.73 10.11 = 0.92
Rsk —0.016 = 0.21 —0.306 = 0.24 —0.16 = 0.25 0.036 = 0.29
Sm [um] 320x73 38.2 + 3.7 59.0 = 1.0 55.8 = 17.00
RAg [rad] 0.147 £ 0.01 0.26 = 0.02 0.357 = 0.05 0.42 £ 0.04
All implants All All All All
Ra [pm] 0.43 £0.07 0.90 = 0.11 1.41 =0.22 1.48 +0.23
Rq [pm] 0.772 = 0.13 1.65 = 0.18 3.37 £ 0.61 3.65 = 0.63
Rzis0 [pum] 297 = 0.70 5.04 = 0.51 7.82 £ 1.10 791 £ 1.05
Rt [um] 438 £ 1.13 6.52 = 0.76 11.64 £ 1.92 10.52 £ 1.37
Rsk —0.851 £ 0.79 —0.23 £ 0.24 —0.087 = 0.23 —0.021 * 0.33
Sm [pum] 31.0 + 5.8 38.0 5.8 614 £5.6 58.5 + 14.0
RAg [rad] 0.174 £ 0.03 0.28 * 0.03 0.41 £0.07 0.45 £ 0.06

has a statistical significance as the standard deviation of the
height distribution. Rsk is the skewness, a number without
units; it measures the symmetry of the deviation from a mean
plane. A negatively skewed surface has more valleys than
peaks; a positively skewed surface has more peaks than
valleys. For an equal number of peaks and valleys, the skew-
ness is 0. Skewness is useful to distinguish between asym-
metrical profiles of same Ra or Rq.

Rz;40 1s the arithmetic average of the five highest profile
peaks and the five lowest profile valleys over the entire
measurement trace, given in micrometers. This parameter is
sensitive to the changes of pronounced topographic features.
Rt is the maximum peak to valley of the entire measurement
trace, given in micrometers. Large variation of this extreme
parameter may be indicative of poor processing or scratches
on the surface. Sm is the arithmetic average spacing between
the falling flanks of peaks on the mean line measured over the
sampling length, given in micrometers. RAq is the root-mean-

square slope of the profile over the measured length, given in
radians.

Scanning Electron Microscopy

The implants were observed with a Philips XL 20 scanning
electron microscope. Implants were fixed to an aluminum
sample holder on a conducting paste with the long axis
parallel to the implant holder. Implants were removed from
their sterile package and fixed to the implant holder just
before placement in the microscope chamber. Observation
was conducted at 20 keV with a taking-off angle of 30
degrees; magnification varied from X 17 to X 4000.

Statistical Analysis

All roughness parameters were compared within a given
implant system and pairwise compared between implant sys-
tems. After checking normality, the nonparametrical Kruskal-
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TABLE Illl. Statistical Analysis of the Roughness Parameters
among the 3 Implants of a Given System. Only the HaTi Implant
Had All 3 Implants Similar in Roughness for All 7
Measurements. The Other Implants had 2 to 4 Parameters that
Showed Statistically Significant Differences between Implants.
S = Statistically Significant Difference between the 3 Implants,
NS = No Statistically Significant Difference Between the 3
Implants.

Osseotite SLA DPS HaTi

Ra [pm] p =029 p=004 p=0006 p=0.13
NS S S NS

Rq [pm] p=006 p=001 p=0005 p=040
NS S S NS

Rzigo [nm] p = 0.03 p=008 p=0.00 p=0.10
S NS S NS

Rt [um] p=004 p=0.11 p=014 p=2013
S NS NS NS

Rsk p=0005 p=060 p=024 p=040
S NS NS NS

Sm [pum] p = 0.06 p = 0.08 p = 0.27 p = 0.70
NS NS NS NS

RAg [rad] p = 0.02 p = 0.05 p = 0.04 p = 0.10
S NS S NS

Wallis test (ANOVA) that compares three groups of data or
more was used to evaluate any significant roughness differ-
ence within an implant system. The Wilcoxon rank-sum test
that compares two independent groups was used to pairwise
compare the roughness parameters between implant systems.
Statistical significance was set at &« = 5%.

RESULTS

Roughness Measurement

The mean Ra, Rq, Rzi5o, Rt, Rsk, Sm, and RAq of the three
implants of each implant system (n = 6) are given in Table
II as well as the corresponding mean values for each implant

system (n = 18). Statistically significant differences between
implants of a given system are shown in Table III.

DPS-Frialit Il implant. A statistically significant differ-
ence between the three implants was found for the Ra, Rgq,
Rziso and RAg parameters. No significant difference was
found for the Rt, Rsk and Sm (Table III).

Osseotite implant. A statistically significant difference
between the three implants was found for the Rz;qq, Rt, Rsk,
and RAq parameters. No significant difference was found for
the Ra, Rq, and Sm (Table III).

SLA-ITI implant. A statistically significant difference be-
tween the three implants was found for the Ra and Rg
parameters. No significant difference was found for the Rz,
Rt, Rsk, Sm and RAg (Table III).

HaTi implant. No significant difference was found for any
roughness parameter (Table III).

Comparing the roughness between implant systems.
For most parameters (Ra, Rq, Rz;5o, Rt, Sm), the roughness
order, from smoothest to roughest, was the following: Osseo-
tite < HaTi < DPS < SLA; however, the DPS and SLA
implant systems were not statistically significant except for
the RAg (Table IV). For the Rsk, the Osseotite showed the
strongest negative value, decreasing then for the HaTi, the
DPS, and the SLA implants; however, only the Osseotite was
statistically different from the others (Table IV).

Scanning Electron Microscopy

DPS-Frialit Il implant. All implants displayed the same
surface feature [Figures 1(a)-1(c)]. Unexpectedly, two dis-
tinct surfaces patterns were observed [Figure 1(d)]. The tips
of the threads and the flat cervical and apical areas were
sandblasted [Figures 1(e) and 1(f)], whereas the thread core

TABLE IV. Pairwise Comparison of the Roughness Parameters Among Implant Systems. S = Statistically Significant, NS = Not
Statistically Significant. N and NS Indicate if the Difference Found Between Implant Systems is Significant or Not.

Ra [pm] Osseotite S HaTi
0.43 = 0.07 < 0.90 £ 0.11
Rq [pm] Osseotite S HaTi
0.772 £ 0.13 < 1.65 = 0.18
Rz150 [pmm] Osseotite S HaTi
2.97 +0.70 < 5.04 £0.51
Rt [um] Osseotite S HaTi
438 = 1.13 < 6.52 = 0.76
Rsk Osseotite S HaTi
—0.851 £0.79 < —0.23 = 0.24
Sm [pum] Osseotite S HaTi
31.0 = 5.8 < 38.0 5.8
RAq [rad] Osseotite S HaTi
0.174 = 0.03 < 0.28 = 0.03

S DPS NS SLA

< 141 = 0.22 < 1.48 +£0.23
S DPS NS SLA

< 3.37 + 0.61 < 3.65 = 0.63
S DPS NS SLA

< 7.82 = 1.10 < 791 = 1.05
S SLA NS DPS

< 10.52 = 1.37 < 11.64 £ 1.92
NS DPS NS SLA

< —0.087 = 0.23 < —0.021 = 0.33
S SLA NS DPS

< 58.5 = 14.0 < 614 +5.6
S DPS S SLA

< 0.41 £ 0.07 < 0.45 £ 0.06
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area (between the threads) was not roughened by the sand-
blasting process [Figures 1(d) and 1(g)]. Etching was very
weak and did not create noticeable deep pits at either the
sandblasted [Figures 1(f) and 1(h)] or the non-sandblasted

areas [Figure 1(g)]. A considerable number of small alumina
particles were found in the sandblasted areas [Figures 1(e)
and 1(g)]. Nevertheless, the implant surface appeared repro-
ducible. In general, the textured surface had only a limited

Figure 1.
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Figure 2. SEM micrographs of the Osseotite implant surface. General overview of (a) the 8.5-mm-
long implant, (b) the 10-mm-long implant, and (c) the 13-mm-long implant. Note the machined and the
etched areas (X 17).(d) View of the transition zone between the machined and the etched surfaces (X
200). (e) Moderate etching with consistent pits as viewed at high magnification (X 1000). (f) Pits
obtained by the dual-thermo etching process as viewed at high magnification (X 4000).

Figure 1. SEM micrographs of the DPS-Frialit Il implant surface. General overview of (a) the 11-mm-
long implant, (b) the 13-mm-long implant, and (c) the 15-mm-long implant. The white spots corre-
spond to alumina particles (X 17). The white arrows correspond to the blasted areas; the black arrows
correspond to the non-blasted area between the threads. (d) Blasted and non-blasted areas. The
non-blasted zone corresponds to the interthread area (X 50). The white arrows correspond to the
blasted areas; the black arrows correspond to the non-blasted area between the threads. (e) Sand-
blasted aspect of the surface. The white spots are particles of alumina (X 200). (f) Sandblasted and
etched area at high magnification (X 1000). Etching is weak with limited pits. Alumina particles (black
arrows) are left weakly attached on the surface. (g) Non-sandblasted area at high magnification (X
1000). The pits are small and do not permit bone ingrowth. Even in this region, some alumina particles
have been found (black arrows). (h) Textured surface at high magnification (X 4000). Etching is very
weak.

51
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Figure 3. SEM micrographs of the SLA-ITI implant surface. General overview of (a) the 8—-mm-long
implant, (b) the 10-mm-long implant, and (c) the 12-mm-long implant The white spot corresponds to
alumina particles (X 17). (d) Transition zone between the neck and the SLA surface. This area was not
sandblasted. Note that the grain boundaries (white arrows) of the metal are revealed (X 200). (e)
Macroroughness of the 8-mm-long implant. The white part (black arrow) corresponds to a particle of
alumina (X 200). (f) Macroroughness of the 10—mm-long implant. It seems less rough than the 8—-mm-long
implant surface. The white spots (black arrow) correspond to a particle of alumina (X 200). (g) Macror-
oughness of the 12-mm-long implant. This implant seems to be the smoothest of the three implants (X
200). Note the grain boundaries (white arrows). (h) Macroroughness and microroughness at high magni-
fication (X 1000). Note the deep pits obtained by etching. The white spots correspond to an alumina
particle. (i) Microroughness of the SLA surface. Note the deep pits and undercuts that allow for bone
ingrowth (X 4000). (j) Microroughness of the non-sandblasted area (MA). Note the deep pits (X 4000).

micro-scale roughness, without any significant number of
sharp, deep pits.

Osseotite implant. As expected, two distinct surfaces
patterns were observed. The three cervical threads were left
machined, and the apical rest was etched [Figures 2(a)-2(d)].
Etching was moderate and produced pits at the implant sur-

face [Figures 2(e) and -2(f)]. No foreign particles were
found; implant surface looked reproducible. A micro-rough-
ness with sharp pits composed the textured surface.

SLA-ITI implant. A distinct amount of remaining
blasted particles was found at each implant [Figures 3(a)—
3(c)]. Unexpectedly, two distinct surfaces patterns were
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Figure 3. (continued)

observed. A transition zone of approximately 200 um was
consistently found at all implants between the implant
neck and the sandblasted-and-etched area [Figure 3(d)].
This region was not sandblasted; it was machined and
etched (MA), revealing the grain boundary of the metal
[Figure 3(d)]. Each implant displayed a distinct macror-
oughness [Figures 3(e)-3(g)], whereas the microroughness
seemed to be similar [Figures 3(h) and 3(i)]. A rougher
surface aspect seemed to correlate with a higher amount of
remnant particles. Etching was strong and produced sub-
stantial pits both at the SLA [Figure 3(i)] and at the MA
areas [Figure 3(j)]. Implant surface was not reproducible.
A macro- and microroughness with sharp pits composed
the textured surface.

HaTi implant. Each implant displayed a distinct amount
of remaining sandblasted particles [Figures 4(a)-4(c)].
Only one surface pattern was observed. Acid attack was
strong and produced a macroroughness with pits [Figures
4(d) and 4(e)]. At higher magnification, the pits appeared
to be wide and rounded, without undercuts [Figures 4(e)
and —4(f)]. The implant surface looked reproducible. A
macro- and microroughness with rounded pits composed
the textured surface.

DISCUSSION

Probe sampling of three implants, each one from a distinct
batch, is insufficient to demonstrate the reproducibility of an

industrial process. However, if such a limited probe sampling
leads to dissimilar results, it is sufficient to prove the lack of
reproducibility of the industrial process. This was the case for
three out of the four implant systems. The sandblasted sam-
ples showed the largest variability in surface appearance.
This might be due to an inappropriate refreshing cycle of the
used sand particles. Indeed, during the blasting process, a
fraction of the impinging alumina particles are broken into
smaller pieces. This blasting material can be either discarded
after a single run or further used to roughen more implants. In
the latter case, certain implants are blasted with fresh and
larger particles, and other implants are blasted with used and
smaller particles. Used blasting material is unable to create
the same roughness as with fresh blasting material, with its
larger particles.

Three implant systems presented a combination of macro-
and microroughness, and one presented a combination of
machined surface and microroughness. Although the ultimate
aim of acid attack is to create pits to allow for bone ingrowth,
etching varied from weak to strong. The DPS-Frialit IT im-
plant acid treatment produced pits too small to permit bone
ingrowth, as shown in Figures 1(f) and 1(h). This surface
aspect is caused by the use of either a weak acid mixture, a
low etching temperature, or a short etching time. In the
blasted areas of this implant, the topography resembled a
sandblasted surface rather than etched. The lack of sandblast-
ing between the threads was unexpected; an inadequate ori-
entation of the sandblasting nozzles probably prevented the
sand particles from reaching the interthread area. Mention of
this surface feature was not found either in the literature'® or
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Figure 4. SEM micrographs of the HaTi implant surface. General overview of (a) the 11-mm-long
implant, (b) the 14-mm-long implant, and (c) the 17-mm-long implant. The white spots correspond to
alumina particles (X 17).(d) Surface topography showing remaining alumina (black arrows) particles (X
200). (e) Sandblasted and acid-attacked surface at higher magnification (X 1000). (f) At higher
magpnification (X 4000), the pits are wide and rounded, without undercuts.

in the advertising documents released by the manufacturer.
This does not seem to interfere with the clinical performances
of the implant'>'® under standard healing conditions. The
sand particles were more numerous and smaller than on the
SLA surface; they were typically 2-10 um and appeared
weakly attached to the implant surface.

The features observed at the SLLA implants were also
unexpected. Mention of a MA transition zone between the
implant neck and the SLA surface was not found either in the
literature® or in the technical advertising documents released
by the manufacturer. Therefore, this MA zone represents
probably a shortage of the industrial process during the sand-
blasting step. The fact that the rough aspect and the amount
of remaining sand varied for each implant issued from a

different batch confirms that the industrial process can be
improved. According to published clinical studies,'*'*'* this
lack of surface uniformity does not seem to interfere with the
clinical performance.

The HaTi surface, although displaying a rough aspect at
low magnification, showed wide and rounded pits at a higher
magnification, instead of sharp ones. This pit shape is usually
obtained by pickling (HF/HNO; acid attack) rather than by
etching (HCl or HCI/H,SO, acid attack), as described by
Wilke et al.”> These authors reported low torque values for
various sandblasted-and-pickled surfaces inserted in bone for
periods up to 1 year. Experimental studies should document
if this surface has a bone interlocking capacity like other
surfaces.®®
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The Osseotite surface is moderately etched, whereas the
SLA surface presents deeper pits due to stronger etching
conditions. The latter are able to create substantial pits even
in the MA surface, sufficient for bone interlocking.® A dif-
ference in pit depth might explain the distinct torque patterns
reported by Buser et al.?® for SLA and Osseotite implants.
Torquing the SLA implants resulted in a peak torque after
10-12 degrees that was followed by a steep reduction,
whereas the torque applied at the Osseotite implants led to a
flatter curve after 12-18° without a marked torque reduction.

All four implant surfaces have been acid attacked; never-
theless, due to the distinct treatment parameters, every im-
plant displayed distinct surface roughness characteristics and
a proper surface aspect that could not be mistaken. Seven
distinct roughness parameters have been reported for each
surface, including height, space, and hybrid descriptive data.
However, their significance in terms of predicting an en-
hanced bone response or an increased implant fixation re-
mains questionable. Wennerberg and Albrektsson?! called for
a detailed reporting on surface characterization, not limited to
the classical height-descriptive (Ra, Rg, Rz, and Rt) parame-
ters. However, the same authors stated that there is still
uncertainty about which set of parameters, out of 13 listed
roughness parameters, including height, space and hybrid
descriptive data, is the most suitable for implant evaluation.
Although the Ra is obviously insufficient by its own to
characterize a given surface,”"** several studies reported a
good correlation between increased Ra and stronger anchor-
age.>”*> Wong et al.® evaluated pushed-out titanium cylin-
ders placed in the knee trabecular bone of mini-pigs after 3
months. Four surfaces were compared; they were either
blasted with glass, blasted with alumina, SLA treated, or
plasma-sprayed with hydroxyapatite. The surface with the
highest Ra showed the highest anchorage; a strong linear
correlation, » = 0.90, was found between the Ra and the
push-out load. Similarly, Gotfredsen et al.>* measured the
anchorage of four treated surfaces in a rabbit tibia model after
4, 6,9, and 12 weeks with the torque test. The surfaces were
either machined, blasted with TiO, sand of various granu-
lometry varying from 10-53 um to 90-120 wm or titanium
plasma sprayed (TPS). The highest torque values were ob-
served at each time point for the roughest surface, as deter-
mined by the Ra and Rt. At all time points, these authors
reported a high correlation of r = 0.83 between the Ra and
implant anchorage. In that study, the skewness and kurtosis of
the surfaces were also measured; however, these parameters
did not correlate with implant anchorage. On the other hand,
Chen et al.** studied the anchorage of simulated hips-stems
topography in acrylic bone cement; they found the interfacial
strength to increase monotonically with increase of the RAg
instead of the Ra. Notably, a strong linear correlation, r* =
0.98, was found between the mean Ra and the mean RAg for
the present four investigated implant surfaces. It is possible,
however, that the recently described “apparent volume of
interdigitation between implant surface and surrounding bone
or cement” is more suitable than other parameters to predict
implant fixation.

It turns out that clinical implications cannot be drawn by
relying on roughness-descriptive parameters alone. Nonethe-
less, biological and clinical data are available in the literature
for the implants that displayed the lowest (Osseotite) and
highest (SLA) height-descriptive parameters; they might pro-
vide some insight into the relationship between implant sur-
face and biological and clinical behavior. Buser et al.** com-
pared the torque resistance of Osseotite and SLA implants
after 4, 8, and 12 weeks in the maxilla of mini-pigs. The SLA
implants with a higher Ra (2.0 vs. 1.3 um) were better
anchored by 75-128%. Nevertheless, both surfaces displayed
the same clinical advantages of textured surfaces; that is,
short implants (= 10 mm) do not have a higher propensity to
fail than longer implants® and shorter healing periods of 6—8
weeks instead of 3-6 months are equally successful.®
Szmukler-Moncler et al.® hypothesized that a threshold an-
chorage, which still remains to be determined, might be
required to ensure the clinical advantages of textured sur-
faces, and that a marginal increase over this value might not
have a clinical relevance. This threshold value would have
been reached by surfaces that are capable of achieving the
same predictability for short and longer implants, like the
Osseotite,'*?° TPS,'® and SLA surfaces.'>!*!?

The literature shows that when micromechanical anchor-
age is achieved, the bone-repair process switches from dis-
tance osteogenesis to contact osteogenesis,?’ and from slower
bone corticalization around the implant surface to more rapid
bone trabeculization and bone ingrowth into the rough sur-
face.'?%?? In addition, because the bound mode is applicable
in finite element analysis,® forces and strains at the interface
are reduced and more evenly distributed along the implant
surface.*® This might explain why short implants can perform
as well as longer implants.'*'?*! In contrast, machined sur-
faces do not create micromechanical anchorage and bone
interlocking;?>*!*? bone response to machined surfaces is
distance osteogenesis®’ and corticalization instead of trabe-
culization."**° In finite-element analysis, the bound mode is
not applicable;® forces and strains at the interface are of
higher intensity, preferentially distributed at the tips of the
threads and at the apex.® With this surface, short implants
have been documented to fail more than longer ones,*'#*-3*
and long healing periods have been recommended.®> There-
fore, it is possible that the clinical benefits of textured sur-
faces are not dictated, as previously suggested,®>' by a high
level of anchorage per se. Rather the biological advantages of
textured surfaces might be gained by the capacity of these
surfaces to create a micromechanical anchorage with bone
interlocking, which turns out to be a stronger implant fixation
than for machined surfaces.**

Although higher Ra and stronger fixation have been
correlated as mentioned above, a surface with a high Ra is
insufficient by its own to warrant a high anchorage.*'**
Bone interlocking requires the conjunction of a minimal
Ra with peaks and/or valleys of adequate shape that permit
bone ingrowth and bone retention. Despite its low Ra, the
Osseotite surface showed a substantial bone anchorage at
early healing stages,”?° and displayed the biological and
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clinical advantages of textured surfaces,'*?® probably be-

cause of the retentive capacity of the created pits. Subse-
quently, although the height-descriptive parameters of the
DPS and the HaTi surfaces are significantly higher than
the Osseotite surface, one cannot speculate on their bio-
logical performance until their bone interlocking capacity
is demonstrated, especially for the surface with the
rounded pits.

Based on the above, it is suggested that evaluation of
bone-interlocking capacity should be used as a screening test
for new textured surfaces that are developed to optimize the
biological and clinical performances of implants.® Push-out
or reverse-torque tests should demonstrate the presence of
bone attached to the implant surface, such as the TPS,>
SLA,*® and MA?® surfaces.

SUMMARY AND CONCLUDING REMARKS

In conclusion, treating titanium surfaces with acid does not
create a standard topography. The latter varies according to
several parameters, such as prior treatment, acid mixture
composition, temperature, and time of acid treatment. In this
survey, each implant system achieved a specific topography
that could not be mistaken. This study revealed that (a) the
industrial process is not fully reproducible and (b) manufac-
turer advertising on surfaces should be more accurate. Clin-
ical implications based on roughness data alone cannot be
extrapolated from one surface to another.

The authors are grateful to Professor Ivo Krejci (Dental School,
University of Geneva, CH) for providing generous SEM access.
SEM analysis has been professionally performed by Marie-Claude
Reymond. Ing. Axel Baumann and Dr. Peter Zeggel (DOT GmbH,
Rostock, D) are acknowledged for the roughness measurement on
the implants.
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