Strnad.qxd

5/29/08

2:54 PM

Page 502

Secondary Stability Assessment of Titanium Implants
with an Alkali-Etched Surface: A Resonance
Frequency Analysis Study in Beagle Dogs
Jakub Strnad, MSc, PhD1/Karel Urban, Dr Med, PhD2/
Ctibor Povysil, Dr Med, Dr Sc Prof3/Zdenek Strnad, MSc, PhD4
Purpose: This study was carried out to quantify the effect of an alkali-modified surface on implant stability during healing using an animal model. Materials and Methods: A total of 24 screw-shaped, selftapping, commercially pure titanium dental implants, divided into a test group (implants with an alkalimodified surface or “biosurface”) and a control group (implants with a turned, machined surface) were
inserted without pretapping in the tibiae of 3 beagle dogs. The resonance frequency analysis method
was used to measure the implant stability quotient (ISQ) 0, 1, 3, 9, and 12 weeks after implantation.
The animals were sacrificed after 2, 5, and 12 weeks, and the bone-implant contact (BIC%) was evaluated histomorphometrically. Results: The difference in the osseointegration rates (⌬ISQ/⌬healing
time) between the implants with alkali-modified surface (biosurface) and those with a turned,
machined surface was evaluated as a mean of 0.843 ISQ/week within the first 9 weeks of healing.
The mean increase in the secondary implant stability was found to be proportional to the mean
increase in the BIC at healing period earlier than 5 weeks. Discussion: The characteristics that differed between the implant surfaces, ie, specific surface area, contact angle, and hydroxylation/hydration, may represent factors that influence the rate of osseointegration and the secondary implant stability. Conclusion: The alkali-treated surface enhances the secondary stability in the early stages of
healing compared to the turned, machined surface, as a consequence of faster BIC formation. INT J
ORAL MAXILLOFAC IMPLANTS 2008;23:502–512
Key words: alkali-etched surface, bioactive surface, dental implants, histometric analysis, resonance
frequency analysis, secondary stability

n modern dental implantology, advanced treatment
protocols (eg, early or immediate loading) are frequently used to reduce treatment time. Shortening the
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healing period entails new demands on both the primary and secondary stability of the implant. Primary
implant stability is mainly dependent on the mechanical characteristics of the original bone (its local quality
and quantity), the type of implant used (its geometry,
diameter, length, and surface), and the surgical techniques employed. Secondary stability represents
enhancement of the stability as a result of peri-implant
bone formation through gradual bone remodeling
and osteoconduction, with the possibility of new bone
formation at the implant-bone interface.1 Contemporary knowledge indicates that the degree of micromotion at the bone-implant interface (primary stability)
during initial healing is of utmost importance in
achieving good secondary stability.2–4 However, several experimental and clinical studies have shown that
secondary stability is also strongly influenced by the
implant surface characteristics.5,6
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To enhance secondary stability and accelerate the
formation of stable and functional bone-implant
interfaces, a number of implant surfaces have been
developed. Surface roughness is the most frequently
studied property affecting secondary stability. A summary of a number of studies7,8 providing analysis of
bone-implant contact and removal torque values
using animal models, indicates that roughened titanium surfaces generally exhibit greater contact with
the bone and/or higher removal torque values than
smoother implant surfaces, such as turned, machined
or polished titanium surfaces. Some authors suggested that surfaces with mean roughness of 1.0 to
1.5 µm exhibit stronger bone response than
smoother or rougher implant surfaces.9–12 These suggestions do not take into consideration chemical
composition changes and physical chemical property
variations introduced to the compared surfaces by
the roughening procedures. It has been shown that
the optimal roughness value varies according to the
chemical composition and physical chemical properties of the tested surfaces and that, in some cases, the
bone response can be more strongly affected by
these parameters than by the roughness alone.13–15
Currently, surface modification of titanium by acid
etching of turned or sandbasted titanium surfaces to
create a micro-rough texture is being introduced to
support and accelerate the healing and bone formation processes around the implant.16–21 Some experimental studies have indicated that acid-etched surfaces with minimal roughness (Ra = 0.62 µm)16 or
greater roughness (Ra = 2.15 µm)17 exhibit a stronger
bone response compared to sandblasted, moderately
rough surfaces (Ra = 1.26 µm)16 or to mechanically
turned, machined low-roughness surfaces (Ra = 0.86
µm).17 Some acid-etched implants with a micro-rough
texture can accelerate the osseointegration processes
despite their minimal roughness compared to the
moderately roughened sand-blasted surfaces.
The surface chemistry of titanium implants is also
thought to affect the secondary stability independently of the surface topography although it is difficult to separate the effects of these 2 factors. There is
extensive experimental evidence in the literature
showing that biomaterials with different chemical
compositions trigger different biologic responses.22–26
A specific biologic response is elicited at the interface
with bioactive materials with high surface reactivities,14 resulting in the formation of a bond between
the tissue and the material surface.22 Bioactive materials with special chemical compositions, including
bioactive glasses, bioactive glass ceramics, hydrated
silica, and titanium gel oxides or hydroxyapatite have
the ability to very rapidly form a stable interface with
bone tissue following the formation of calcium phos-

phate deposition on their surfaces as a consequence
of chemical interaction with body fluids. 22 For
instance, 50% bone-implant contact is achieved within
7 days for bioactive glasses.22 The mechanical strength
of this interface usually exceeds the strength of the
bone tissue to which the bioactive material is
bonded.27,28 However, because their poor mechanical
properties prevent their use as solid implants under
high load-bearing conditions, bioactive materials
(especially hydroxyapatite) are generally used as a
coating applied on the surface of titanium implants to
achieve faster and more reliable bonding with bone
tissue. In spite of the success achieved in accelerating
the bone healing process and in exhibiting greater tolerance to low primary stability in the early phases of
healing,21–31 hydroxyapatite plasma-sprayed coatings
have often been the subject of controversy regarding
their stability32,33 and low long-term success rate.34,35
On the other hand, some medium-term and long-term
clinical studies demonstrate the high success rate of
hydroxyapatite-coated implants.36–38 The literature
tends to indicate the imperfect adhesion of the
hydroxyapatite surface layers and their chemical and
mechanical instability rather than their inability to
substantially improve osseointegration, especially in
the initial stages of healing.
Various attempts have been made to modify the
titanium surface to make it bioactive without the use of
a thick coating of another bioactive material. The most
successful methods of titanium bioactivation have
been, for example, alkali or fluoride treatment.39–41
Recently, an alkali-modified surface for titanium dental
and spinal implants was clinically introduced under the
brand name Bio-surface as a potentially bioactive surface.42–47 The present study was carried out to quantify
the effect of this surface modification on the implant
stability during healing, using resonance frequency
analysis and histologic examination on an animal
model. This study also describes the characteristic surface properties of this surface and compares them
with the turned, machined titanium surface.

MATERIALS AND METHODS
Implant Materials
A total of 24 screw-shaped, self-tapping, (c.p.) titanium
dental implants divided into a control group (12
implants with a turned, machined surface) and a test
group (12 implants [Lasak, Prague, Czech Republic])
with sandblasted, acid-, and alkali-treated surface
[Biosurface; Lasak]) were inserted without pretapping
into the tibiae of 3 beagle dogs. Identically shaped
implants with a diameter of 3.7 mm and a length of
10 mm were used for the test and control groups.
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Fig 1 SEM images of (a to c) the turned,
machined surface and (d to f) the biosurface (original magnification a and d ⫻30;
b and e ⫻200, c ⫻1500; f ⫻4000).

a

1 mm

d

1 mm

b

200 µm

e

200 µm

c

2 µm

f

2 µm

Surface Characterization
The overall surface morphology of the employed
implants was characterized using a scanning electron
microscope (SEM, Hitachi, Tokyo, Japan) with an accelerating voltage of 15 to 30 kV (Fig 1). Surface roughness measurement was carried out using a scanning
surface topography instrument, a Talysurf CLI 1000
with a confocal CLA gauge (Taylor Hobson, Leicester,
United Kingdom), which provides highly accurate
non-contact 3-dimensional measurements. The following were measured for 3 implants in each group: 3
thread tops, 3 thread valleys, and 3 thread flanks. Four
3-dimensional parameters (amplitude, spacing, and
hybrid) were calculated (Table 1). The original unfiltered measurements and measurements made with a
filter size of 50 ⫻ 50 µm were evaluated.
Dynamic contact angle measurement was performed by the Wilhelmy plate method using a Tensiometer K15 instrument (Kruss, Hamburg, Germany).
504

The wetting angle values in water were determined
from the dependence of the wetting force on the
immersion depth. The mean values of the wetting
angle were calculated from 4 repeated measurements (Table 2). The specific surface area was determined by the BET krypton gas adsorption method.
The surface area is expressed in relation to unit geometric surface area of the implant as the mean value
of 4 repeated measurements (Table 2). The determination was performed using an ASAP 2010 M instrument (Micromeritics, Norcross, GA). Diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy was used to determine the degree of surface hydration. The measurement was performed on
a Nicolet 740 instrument (Nicolet, Madison, WI).
Hydroxyl group density was expressed as the radiation absorption in Kubelka-Munk units (KMU) evaluating a band at 3,400 cm–1 with resolution of 4 cm–1
(Fig 2).
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Table 1 Mean Roughness Parameters of Bio- and Turned, Machined Implant Surfaces Measured at 3
Different Sites of Implant Threads
Sa (µm)

Surface treatment/
Sites of measurement

Mean

Gaussian filter size 50 ⫻ 50 µm (roughness)
Biosurface
Top
1.11
Valley
1.32
Flank
1.15
Machined
Top
0.57
Valley
0.28
Flank
0.50
Original unfiltered measurement
Biosurface
Top
2.41
Valley
2.47
Flank
2.41
Machined
Top
0.65
Valley
0.50
Flank
0.86

Sq (µm)
SD

Sds (µm2)

Sdr (SD) (%)

Mean

SD

Mean

SD

Mean

SD

0.13
0.27
0.14

1.50
1.72
1.55

0.19
0.36
0.20

15.90
18.28
19.99

4.50
7.46
6.88

0.019
0.022
0.031

0.002
0.003
0.003

0.14
0.03
0.11

0.73
0.36
0.68

0.17
0.03
0.18

8.35
2.50
8.29

3.06
0.04
4.10

0.025
0.051
0.034

0.005
0.009
0.004

0.23
0.50
0.34

3.17
3.15
3.11

0.33
0.64
0.47

24.28
29.05
37.91

7.39
12.13
15.90

0.049
0.065
0.103

0.009
0.010
0.019

0.14
0.06
0.30

0.82
0.62
1.10

0.18
0.07
0.35

11.41
4.22
13.24

3.67
0.41
5.90

0.057
0.115
0.082

0.013
0.019
0.018

Sa = arithmetic average height deviation; Sq = root mean square of height deviation; Sdr = developed surface ratio, Sds = the number of summits in
a unit sampling area.

Table 2 Contact Angles and Specific Surface
Areas of Biosurfaced Implants and Machined
Implants
Surface
treatment
Biosurface
Turned, machined
surface

Contact
angle

Specific surface area
Mean ± SD (mm2/mm2)

Mean

SD

Mean

SD

27.2

6.9

138.0

42.5

79.5

4.6

1.4

0.7

2.00E +08
Kubelka-Munk units

Strnad.qxd

1.50E +08

Biosurface
Turned, machine surface

1.00E +08
5.00E +07
0.00E +07
–5.00E +07
3650 3550 3450 3350 3250 3150 3050
Wavenumber (cm–1)

Fig 2

DRIFT spectra of turned, machined surfaces, and biosurfaces.

Surgical Procedure and Implant Placement
Three beagle dogs (mean weight, 16 ± 2 kg; mean
age, 2 years) were used in this study, which was
approved by the Ethics Committee for Work with
Experimental Animals at the Teaching Hospital,
Charles University, Hradec Králové, Czech Republic.
Anesthesia was carried out using a dose of 15 mg/kg
of 5% Narkamon (Spofa, Prague, Czech Republic) and
2 mg/kg of 2% Rometar (Spofa).The animals were premedicated with a dose of 0.05 mg of Atropin (Biotica,
Slovenská Lupca, Slovakia) 30 minutes prior to
surgery. Under total anesthesia, in a supine position,
following the usual preparation of the operation field
and toweling, a surgical cut with a length of approximately 7 cm was made on the anteromedial surface
of the tibia. A sharp cut was made in the fascia and
then in the periosteum, which was widened to the

side with a raspatory. Following uncovering of the surface of the tibia, the positions for drilling the holes for
implanting the tested implants were marked. The
implant sites were prepared with 1.5-mm, 2.0-mm
pilot, and 3.0-mm drills at 800 rpm with simultaneous
cooling with a physiologic solution. A countersink drill
was then used. The implants were screwed in with an
insertion torque of approximately 40 Ncm.The biosurfaced and machined implants were alternately
inserted in the tibia side by side (eg, biosurfaced,
machined, biosurfaced, and so on), as depicted in Fig
3. The order of the implants was the opposite in the
other leg of the same animal (eg, machined, biosurfaced, machined, and so on). The first animal received
12 implants (6 from each group). Each of the other 2
animals received 6 implants (3 from each group). In
the first animal, implantation was followed by measur-
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BIC = 66.5%
M

B

M

B

M

B

Fig 3 The order in which the implants were placed from the
medial aspect of the tibia on down (left leg). B = biosurface, M =
machined surface.

Fig 4 Histometric analysis. Evaluation of the bone-implant contact (%BIC).

ing the stability of the implants using resonance frequency analysis. A probe was screwed into the cervical part of the implant, and the soft tissues were
pulled to one side with a hook so that they did not
affect the probe. The measurement was carried out
twice for each implant. This was followed by rinsing of
the operation incision. The implants were closed with
cover screws, and, following control of hemostasis, the
operation incisions were closed in layers and were
finally covered with a sterile bandage. Implant stability measurement was repeated for each implant in
the 1st, 3rd, 9th, and 12th weeks using the same procedure. Following completion of the experiment, the
dogs were sacrificed after 2, 5, and 12 weeks by an
overdose of thiopental (ICN, Roztoky u Prahy, Czech
Republic), and the tibiae were removed and fixed in
10% formaldehyde prior to histologic evaluation.

Histologic Preparation and Analysis

Implant Stability Measurement
The resonance frequency analysis (RFA) method was
used to measure implant stability. The measurement
was performed using an Osstell instrument (Integration Diagnostics, Göteborg, Sweden) with a commercially available transducer (type F37 L5). The perpendicular orientation of the transducer along the long
axis of the bone was always maintained. The transducer, which is fixed to the implant in the bone, contains a wave source and an analyzer. The wave source
vibrates with gradually increasing frequency. The
analyzer records the frequency of the source, causing
the resonance in the transducer-implant-bone system, including the bone-implant interface. The
recorded frequency value in Hz is converted to an
implant stability quotient (ISQ) value, which varies in
a range from 0 to 100, with 100 indicating maximum
stability. The method allows measurement with a
precision of ± 1 ISQ.
506

The tibiae were dissected and blocks of 7 mm thickness containing 1 implant each were prepared. Nondecalcified (ground) sections were processed according to the method of Donath and Breuner.48 Thin
sections with a thickness of 30 to 50 µm were stained
with toluidine blue and examined using an optical
microscope (Olympus BX-60, Tokyo, Japan) equipped
with an image system (Quick PHOTO Industrial 2.0;
Olympus, Prague, Czech Republic). Bone-implant
interfaces at the threaded part were histometrically
analyzed by evaluating the percentage of boneimplant contact (BIC). The length of the bone tissue
in direct contact with the implant (BC) and the total
interface length (IL) were measured (Fig 4). The percentage of BIC is given by the ratio of the direct contact length to the total interface length multiplied by
100. The presented mean values were calculated
from the 3 sections as an average for each implant
for both types of implant surface.

Statistical Analysis
Implant stability quotient (ISQ) and BIC% data are
reported as mean values with standard deviations (SD).
Nonparametric Friedman’s analysis of variance
(ANOVA) was performed to analyze variations of ISQ
and BIC% during the 12-week follow-up period. The
analysis was followed by nonparametric Wilcoxon tests
to determine differences within groups between particular time intervals.To investigate the statistical significance of the implant group differences, the data were
subjected to the nonparametric Mann-Whitney tests. A
difference was considered significant when P < .05.
To determine the difference in the osseointegration rate between the test and control groups, the
time-dependence of the differences (test ISQ – control ISQ and test BIC% – control BIC%) were evalu-
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Weeks

Healing time (wk)

Fig 5 Mean implant stability (ISQ ± SD) of biosurfaced implants
(B) and machined implants (M) at placement (baseline) and after
1, 3, 9, and 12 weeks. * indicates significant difference (P < .05).

Fig 6 Time dependence of implant stability difference (biosurface ISQ – machined ISQ). Regression straight line: biosurface
ISQ – machined ISQ = 0.843 ⫻ time (weeks) + 1.0111. Boundaries of reliability are shown (dashed lines). Correlation coefficient r = 0.756.

ated by the method of linear regressions and the
parameters of the straight lines (slopes and intercepts) were determined. These parameters were calculated together with the P values, reliability limits,
and correlation coefficients. The values of the
physico-chemical properties of surfaces are presented as mean values and standard deviations (SD).

RESULTS

The time dependence of the differences (biosurface ISQ – machined ISQ) in the first 9 weeks of follow-up was evaluated by the method of linear
regressions, and the parameters of the straight line
(slope and intercept) were determined as follows:
biosurface ISQ – machined ISQ = 0.843 ⫻ time
(weeks) + 1.0111 (Fig 6). The correlation coefficient (r
= 0.6561) indicated a moderately strong relationship
between variables; the slope of the regression line
was positive and statistically significant (P < .001).

Primary Implant Stability and Variation of
Implant Stability During Healing

Histologic Examination
(Histologic Observations)

The mean ISQs for the machined and biosurfaced
groups (± SD) at baseline (primary stability) and at 1,
3, 9, and 12 weeks are presented in Fig 5.
The RFA measurements indicate similar mean primary stabilities for both groups of monitored
implants (74.0 ± 2.45 for biosurfaced and 74.5 ± 2.99
for machined); no significant difference was
observed between the 2 groups (P = .871; MannWhitney test). Friedman ANOVA revealed no statistically significant differences in biosurface-group ISQ
at any of the measured time points (P = 0.482). In
contrast, significant differences (P < .001) were
revealed during the 12-week follow-up for the
machined group. There was a statistically significant
decrease in ISQ between baseline and 3 (P = .028)
and 9 (P = .028) weeks (Wilcoxon matched pairs test).
A statistically significant difference between the test
and control groups was observed after 3 (P = .0035)
and 9 (P = .0035) weeks (Mann-Whitney test; Fig 5).

Histologic examination of the bone-implant interface was performed for both types of tested implant
surfaces 2, 5, and 12 weeks after implantation. Three
implants from each group were evaluated for each
time interval. The cervical part of the implants was
mostly surrounded by cortical bone, while the thread
part was surrounded by trabecular bone. Close BIC
was frequently observed at the cervical part of the
implants with the biosurface. In contrast, the specimens with turned, machined surfaces showed patchy
BIC, and intermediate soft tissue was indicated in
some cases (Fig 7). The time development of the
bone-implant contact (BIC%) at the thread part of
the implant was evaluated histometrically (Figs 8 and
9). The results of the histometric analysis are presented in Fig 10.
Friedman ANOVA revealed statistically significant
differences in BIC% for the test group (P = .029) as
well as the control group (P = .032) at all measured
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Fig 7 Photomicrographs of the boneimplant interface at the cervical part of the
implants with (a) a machined surface and
(b) a biosurface 2 weeks after implantation
(toluidine blue; original magnification
⫻500). Histologic examination indicated the
formation of intermediate soft tissue in the
case of implants with machined surfaces.

a

b

time points. BIC of the biosurfaced group increased
sharply during the first 2 weeks in contrast to the
machined group, which exhibited a gradual increase
starting at a later timepoint (Fig 11). Using the MannWhitney test, statistically significant differences
between the test and control groups were observed
after 2 weeks (P = .046) , 5 weeks (P = .049), and 12
weeks (P = .049).
The time dependence of the differences in BIC
between the groups in the first 5 weeks was evaluated by the method of linear regressions, and the
parameters of the straight line (slope and intercept)
were determined as follows: test BIC – control BIC =
7.94 * time (weeks) + 10.92. The positive slope of the
regression line was found to have a correlation coefficient of r = 0.7561 and to be statistically significant
(P = .013).

Relationship Between Implant Stability and
BIC
Evaluation of the correlation between the contribution of the biosurface to the implant stability (test
ISQ – control ISQ) and the BIC (test BIC% – control
BIC%) could not be performed by the standard
method of correlation coefficients because of the
experimental arrangement. Nevertheless, it was
shown that test BIC% – control BIC% was proportional to time (P = .013) as was test ISQ – control ISQ
(P < .001). This supports the hypothesis that during
the first 5 weeks of the healing period, these 2 quantities are proportional to each other.

508

DISCUSSION
This study presents the results of measurement of
changes in the stability and BIC during healing of
implants with biosurfaces and turned, machined
surfaces.
RFA measurements showed that implants with
machined surfaces exhibited a significant stability
decrease after implantation. This decrease leveled off
after as long as 12 weeks of healing. The biosurfaced
implants did not show any significant stability
change and maintained their stability during the
monitored period. It was observed that even RFA
indicated no change in implant stability with time
(Fig 5); simultaneously, bone integration and
increased bone-implant contact were observed (Fig
10). Similar results have been reported by several
authors, showing that distinct BIC%s may have similar values of implant stability or that implants with
similar BIC%s may have different ISQs. These results
could be taken as an indication of lack of correlation
between BIC and implant stability.49–52 However, it
must be borne in mind that the measured RFA data
represent the total implant stability (ISQT), which is
composed of the contributions of the primary (ISQP)
and secondary (ISQS) implant stability (ISQT = ISQP +
ISQS). Furthermore, when monitoring changes during
healing, it must also be recalled that the contributions of these 2 factors (secondary and primary stability) change with the healing time. The secondary
stability increases with increasing healing time as a
result of new bone formation. The initial primary sta-
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Fig 8 Photomicrographs of the BIC at the
threaded par t of implants with (a) a
machined surface and (b) a biosurface 5
weeks after implantation (toluidine blue;
original magnification ⫻200). The BIC of
the machined implant surface was a considerably lower value than the biosurface.

a

b

a

b

Fig 9 Photomicrographs of the boneimplant interface at the threaded part of
implants with (a) a machined surface and
(b) a biosurface 12 weeks after implantation (toluidine blue; original magnification
⫻200). High BIC was seen in the threads of
both the machined and biosurfaced groups.

70
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t

Healing time
Fig 10 Mean BIC values ± SD for biosurfaced and machined
implants at 2, 5, and 12 weeks postimplantation. * indicates significant difference (P < .05).

Fig 11 Scheme of the variation in the total, primary, and secondary implant stability during healing, illustrating the relationship ISQT = ISQP + ISQS.
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bility decreases with time as a result of mechanical
bone relaxation and biologic changes associated
with the original bone. Consequently, the individual
data on the total stability of the implant do not
provide any information on the relationship to
osseointegration or the degree of BIC in the absence
of information on how the secondary or primary stability contribute to the total stability value. The contribution of primary stability (ISQP) must be known in
order to determine that of secondary stability (ISQS =
ISQT – ISQP; Fig 11).
Nevertheless, in a comparative study, considering
the same pattern of primary stability for the 2 types
of implants compared at placement and during healing, the difference in their total implant stabilities
(test ISQT - control ISQT)t measured by RFA at time
point t yields the difference in the secondary stabilities according to the following formula:
(test ISQs–control ISQs)t = (test ISQT–control ISQT)t–
(test ISQ P–control ISQP) t, where (test ISQ P–control
ISQP)t = 0.
In the animal model used, the primary implant stability (at the moment of placement) did not exhibit a
statistically significant difference between the test
and control groups; (test ISQP – control ISQP)t = 0 = 0.
Furthermore, standardization of the insertion procedure and the identical shapes of the implants used
for both groups of implants make it possible to
assume that the variations in the primary stability
with time for the test and control groups are coincident (test ISQP – control ISQP)t = 0. Under these circumstances, the stability difference (test ISQT – control ISQ T ) observed experimentally from RFA
measurements representing the net contribution of
the biosurface to the implant stability may be considered equal to the difference in the secondary stabilities(test ISQs – control ISQs) of implants with biosurface (test) and the turned, machined surface (control).
The slope of the dependence of (test ISQT – control
ISQT) versus healing time t then corresponds to the
difference in the secondary stability rates between
the implants with the biosurface and the turned,
machined surface
(test ISQT – control ISQT) = (⌬test ISQs) – (⌬control ISQs)
⌬t
⌬t
⌬t

difference in the osseointegration rate between the
biosurfaces and turned, machined surfaces could be
estimated as a mean value at 0.843 ISQ/week within
the first 9 weeks of healing.
Referring to the evaluation of the correlation
between the contributions of the biosurface to ISQ
and BIC, it may also be concluded that the variations
in the secondary stabilities of the biosurfaced
implants were proportional to the changes in the BIC
within the first 5 weeks of follow-up. These findings
demonstrated that the biosurface enhances secondar y stability compared with the turned,
machined surface as a consequence of more rapid
formation of BIC in the early stages of healing.
It can be speculated that the differences in the
rates of osseointegration in the initial stages of healing for the biosurfaces and the machined surfaces
could be related to different surface reactivity due to
the different surface material properties, eg, specific
surface area, surface wettability, surface contact
angle, and surface hydroxylation/hydration. In general, surface reactivity, which is a common characteristic of bioactive materials,14 increases with increasing
specific surface area. Therefore, the 3-dimensional
macro-, micro- and nano-structured biosurface which
exhibits a surface area almost 100 times larger than
the turned, machined surface, may significantly
enhance the surface reactivity with the surrounding
ions, amino acids, and proteins, which modulate the
initial cellular events at the cell-material interface.53
In addition, the easily wettable hydrophilic biosurface enables establishment of good contact between
the body (specifically, blood) and the rough and
porous structure of the implant, and thus contributes
to cellular and biomolecular migration and
adhesion. 54,55 This biosur face, which is rich in
hydroxyl groups, in contrast to the machined surface,
rapidly induces adsorption of calcium and phosphate ions on contact with the ions of the blood
plasma. 42 The calcium phosphate–rich layer promotes adsorption and concentration of proteins56,57
and constitutes a suitable substrate for the first
apatite structures of the bone matrix, which are synthesized by the osteogenic cells at the beginning of
the formation of the new bone tissue. This mechanism can accelerate the formation of a stable boneimplant interface formed by fusion of the biologic
cement-line matrix with the reactive calcium phosphate layer on the surface.

where ⌬test ISQs and ⑀control ISQs correspond to
the changes in ISQ values and ⌬t represents the corresponding interval of the healing time of implants in
bone.
If the osseointegration rate is defined as proportional to the secondary stability rate (⌬ISQ/⌬t), the
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CONCLUSIONS
The test surface (biosurface) enhances the secondary
stability at an early stage of healing compared with
the turned, machined surface, as a consequence of
more rapid bone-implant contact formation. In contrast to the hydrophobic turned, machined surface,
the biosurface, which is rich in hydroxyl groups,
exhibits hydrophilic character, a low wetting angle,
and high specific surface area.
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