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Abstract
Purpose: To investigate photoelastically the difference in load distribution of dental
implants with different implant neck designs in intact and compromised bone.
Materials and Methods: Composite photoelastic models were fabricated using two
different resins to simulate trabecular bone and a 1-mm thick layer of cortical bone. The
following parallel-sided, threaded implants were centrally located in individual models
representing intact and compromised cortical bone: Straumann (4.1-mm diameter ×
12-mm length), AstraTech (4.0-mm diameter × 13-mm length), and 3i (3.75-mm
diameter × 13-mm length). The compromised cortical bone condition was simulated
by contaminating a 1-mm neck portion with Vaseline to impair the implant–resin
interface. Vertical and oblique static loads were applied on the abutments, and the
resulting stresses were monitored photoelastically and recorded photograhphically.
Results: For the fully intact condition, the highest stresses were observed around the
crest and apical region for all implant designs under vertical and inclined loads. There
were no appreciable differences in magnitude or distribution between implant types.
With compromised cortical bone, for all designs and load directions, higher stresses in
the supporting structures were observed. Increased stresses were noted especially at the
cortical bone–trabecular bone interface. Somewhat lower stress levels were observed
with the 3i implant.
Conclusions: The condition of implant–cortical bone contact has considerable influ-
ence on stress distribution. A compromised cortical bone condition caused higher level
stresses for all implant designs tested.

Marginal bone loss around dental implants supporting prosthe-
ses occurs to a certain level with dental implant systems.1-5

Comparative clinical studies of different implant designs report
similar levels of annual bone loss.6-8 In a recent prospective
cohort study,9 different criteria widely used for the definition
of success were compiled to evaluate 10-year success rates of
titanium implants.10-12 An implant with marginal annual bone
loss of less than 0.2 mm following the first year of functional
loading has been accepted as successful; however, disparity in
reported bone loss around various implant systems, specifically
in the first year of service, remains debatable.10,13

Experimental studies implicate peri-implantitis14,15 and oc-
clusal overload16,17 as the primary causes leading to marginal
bone loss. Initiation of this process remains unclear. In essence,
biological and mechanical factors interact to set enviromental
conditions before and after marginal bone reactions start tak-

ing place around dental implants at either the physiological or
pathological level.

There are subsidiary factors claimed to be involved in
marginal bone level changes.9 In regard to mechanical fac-
tors, implant macrogeometry’s impact on marginal bone level
changes has been studied. Accordingly, the bone loss for
single-tooth Brånemark implants with a conical collar design
demonstrated a significantly greater amount of bone loss than
Brånemark self-tapping implants.18 In part, increased marginal
bone loss with a nonthreaded conical neck design is likely to
be consistent with the lack of retention element at implant col-
lar.19 This hypothesis may be correct due to extremely stable
marginal bone level found around AstraTech implants using a
microthread configuration at the implant neck.20 On the con-
trary, in a randomized clinical study,21 acid-etched/sandblasted
Straumann dental implants with no thread configuration at the
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marginal bone level also displayed comparable bone stability.
Thus, the effect of geometrical specifications at the implant
neck on load distribution in marginal bone is not sufficiently
known.

In addition, load transfer around an implant with compro-
mised marginal bone conditions would be further complicated
in the presence of inflammatory bacterial infiltration. Therefore,
understanding the biomechanical consequences of impairment
at the bone–implant interface, specifically at early stages, is
quite crucial; however, thus far, in vitro studies dealing with
this issue are very limited. Therefore, the objective of this re-
search was to evaluate the effect of implant neck designs in
simulated intact and compromised cortical bone conditions on
load transfer using photoelastic stress analysis.

Materials and methods
This in vitro biomechanical study included Straumann (Ø 4.1-
mm diameter × 12-mm length, Institut Straumann, Basel,
Switzerland), AstraTech (Ø 4.0-mm diameter × 13-mm length,
AstraTech AB, Mölndal, Sweden), and 3i (Ø 3.75-mm diam-
eter × 13-mm length, Implant Innovations, Inc., A Biomet
Company, Palm Beach Gardens, FL) dental implants for com-
parative evaluation of various implant neck designs (Fig 1).
Surfaces of the Straumann, AstraTech, and 3i dental implants
were sandblasted/acid-etched, TiO2 grit-blasted, and machined,
respectively.

For quasi-3D photoelastic stress analysis, each implant de-
sign was included in two photoelastic models to simulate intact
and compromised cortical bone conditions. Experimental mod-
els were fabricated using individual simulants with different
stiffnesses to approximate the ratio of elastic moduli between
cortical and trabecular bone. PL-2 (Measurements Group, Inc.,
Raleigh, NC) was used to represent trabecular bone with a layer
of 1-mm thick PLM-1 (Measurements Group, Inc.) as cortical
bone.22

For fabrication of experimental models, a master mold was
obtained from a 40 × 40 × 40-mm3 aluminum block (EN-AW-
AlMg1SiCu) using silicone impression material (Dow Corning
3110 RTV, Dow Corning, Midland, MI). With the same proce-
dure, a subsidiary mold was made to fabricate a 1-mm cortical
bone layer. In the fabrication of a model with intact cortical

Figure 1 Dental implant designs used in the study (l to r, Straumann; 3i,
AstraTech).

Figure 2 Completed composite model holding vertically placed dental
implant.

bone, a dental implant was centrally located into the subsidiary
mold with the long axis perpendicular to the top surface of the
mold. PLM-1 mixture was prepared according to the recom-
mendations of the manufacturer, and was injected to fabricate
cortical bone simulant. Upon completion of polymerization,
the photoelastic cortical bone model attached to the implant
was removed from the mold. The lower surface of the resin
was roughened with abrasive papers to enhance micromechan-
ical attachment with the trabecular bone simulant. Then, the
cortical bone simulant holding the implant was placed into the
master mold to incorporate trabecular bone. PL-2 was cast into
the impression directly around the implant and allowed to cure
sufficiently (Fig 2).

In fabrication of a model with compromised cortical bone,
debonding of the bone–implant interface at the marginal bone
level was simulated. For this purpose, prior to fabrication of
cortical bone simulant, a 1-mm implant neck portion was con-
taminated with circular treatment of Vaseline using an applica-
tor tip (Dentsply, DeTrey GmbH, Konstanz, Germany). Then,
the above-described procedures for model fabrication with in-
tact cortical bone were followed using the contaminated im-
plant. A total of 12 composite models, six each for intact and
compromised cortical bone conditions, were completed to pho-
toelastically visualize peri-implant stresses developed under
experimental loading conditions.

To standardize the distance from the upper surface of the
models to the applied load level (∼=9 mm), solid abutment
(048.541, Institut Straumann), direct abutment 5 high (240007,
AstraTech AB), and GingHue Post (APP452g, 3i Implant In-
novations) were selected and were torque-tightened into the
implants with 35, 25, and 32 Ncm, respectively. Prior to ex-
perimental loadings, models were confirmed to be stress-free.
Vertical and oblique (20◦ angle) static occlusal loads of 10, 20,
and 30 lb were applied in sequence on top of the abutments.
Load was applied in a loading frame by means of a calibrated
load cell mounted on the movable head of the frame. Forces
were monitored and controlled by a digital read-out after sig-
nal treatment using a strain gauge conditioner (models 2130
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Figure 3 Stresses developed under 30-lb vertical load in intact models with (A) 3i dental implant, (B) AstraTech dental implant, and (C) Straumann
dental implant.

Figure 4 Stresses produced under 30-lb oblique load in intact models with (A) 3i dental implant, (B) AstraTech dental implant, and (C) Straumann
dental implant.

Figure 5 Increased stress intensity particularly in trabecular bone around (A) 3i dental implant, (B) AstraTech dental implant, and (C) Straumann dental
implant in compromised models in comparison to intact models under vertical load.

Figure 6 Stress concentration observed in the tension side at the interface of the trabecular and cortical simulants at the neck of (A) 3i dental implant,
(B) AstraTech dental implant, and (C) Straumann dental implant in compromised models.
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and 2120A, Instruments Division, Measurements Group, Inc.).
During loading, the models were placed in a tank of mineral oil
to minimize surface refraction and facilitate photoelastic obser-
vation. The stresses that developed in the supporting structures
were observed and recorded photographically in the field of
a circular polariscope (Measurements Group, Inc.). Photoelas-
tic stress fringes were analyzed and interpreted as described
previously.23,24

Results
For all implant neck designs tested, the stresses developed were
proportional to the applied load level. To facilitate presentation,
only the results for the 30-lb load will be given below.

Models with intact cortical bone

Under axial loading of all implants, stresses were localized at
the implant apex, within the cortical simulant at the neck, and at
the interface of the trabecular and cortical simulants at the neck
(Fig 3). Although the general distribution of load-induced stress
was similar, some differences were noted. For example, the
intensity of stress at the above locations tended to be somewhat
higher with the Straumann design than the AstraTech and 3i
neck designs. Load transfer was evident at the threads for all
designs, with more distinct localizations around the Straumann
design, which has fewer threads.

Under oblique loading of all implants, stresses again were
localized at the implant apex, within the cortical simulant at
the neck, and at the interface of the trabecular and cortical sim-
ulants at the neck (Fig 4); however, in contrast with the axial
load, a nonsymmetric distribution developed. Stresses for each
implant were localized on the compression side, the side oppo-
site the location of force application. The highest stresses at this
location in the cortical simulant and at the cortical-trabecular
simulants were seen with the Straumann and Astra implants.
Stresses at the apex of these implants also were slightly higher
than the 3i implant. Overall, the 3i implant was less stressful to
the supporting structures.

Models with compromised cortical bone

Under axial loading of all implants, although stress localiza-
tions were the same as observed around the implants with in-
tact cortical bone, differences in stress distribution and inten-
sity were remarkable. Basically, the trabecular bone simulant
was placed under more concentrated and higher stresses for
all implant designs tested in comparison to models with intact
cortical bone (Fig 5). More importantly, load-induced stresses
in trabecular bone simulant notably differed between implant
designs. Increase in load transfer along the implant threads of
Straumann and Astra implants was discernable. In addition,
stress intensity and concentration at cortical–trabecular bone
interface were the highest with Astra neck design.

Under oblique loading of all implants, stress localizations
were the same as observed around the implants with intact
cortical bone. In comparison to intact cortical bone, stress dis-
tribution was similar at the implant apex and within the cortical
simulant at the neck; however, in contrast to models with intact

cortical bone, stress concentration was also observed on the
tension side, the side of force application, at the interface of
the trabecular, and cortical simulants at the neck (Fig 6). Addi-
tionally, stresses were notably higher than of those observed in
models with intact cortical bone for all implants tested. Differ-
ences between load-induced stresses around the implant designs
were evident. Straumann and Astra implants displayed similar
but higher stresses than the 3i implant at the apex, within the
cortical simulant at the neck, and at the interface of the trabec-
ular and cortical simulants at the neck.

Discussion
Photoelastic analysis is a unique technique to visualize full-field
stress distribution resulting from interference of components of
polarized light when transmitted by an experimentally loaded
plastic model. Photoelastic methods have been applied to inves-
tigate biomechanical behavior of dental implants in bone sup-
porting fixed and removable prostheses;25-27 however, repre-
senting the nonhomogeneous and anisotropic structure of bone
by plastic models gives rise to certain limitations in predictions
of biological response to applied loads. Nevertheless, photoe-
lastic models have successfully indicated differences between
various conditions by comparative evaluation of stress-related
outcomes.

As in many other biomechanical studies, the gap between
the information obtained at in vitro and in vivo levels could be
bridged by establishing more realistic experimental conditions.
For this purpose, composite modeling employing concurrent
simulation of cortical and trabecular bone has been intro-
duced recently to form more effective photoelastic models.
These models facilitate explanation of perplexing bone con-
ditions.22,23 Although the elastic moduli of the bone simulants
depart from actual values of cortical and trabecular bone, the
ratio of elastic moduli between cortical and trabecular bone
simulants (PLM-1 and PL-2, respectively) falls into a realistic
range.22 In this study, cortical and trabecular bones were sepa-
rately simulated to fabricate more realistic photoelastic models
to reflect the early stages of a compromised bone–implant in-
terface.

The impact on load distribution of a peri-implant defect
around the implant neck has been studied photoelastically.22

In essence, deterioration in the bone–implant interface is likely
to start before concrete bone resorption occurs. In the current
study, compromise in bone-to-implant contact at the cortical
bone level was simulated by contamination of the implant sur-
face to interfere, and consequently lead to poor mechanical
retention with the bone simulant. The outcomes revealed that
characterization of stress intensity and concentration at corti-
cal and trabecular bone simulants after contamination differed
considerably under vertical and oblique load conditions. There-
fore, the method followed to simulate compromised cortical
bone may be acceptable at least in terms of establishing the
difference from intact cortical bone.

The biomechanical relationship between the implant neck
and surrounding bone has been considered to have an im-
portant influence on the success of implant-supported restora-
tions. Accordingly, various implant designs presenting different
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implant–abutment connections have been introduced to create
stable marginal bone levels with a minimum amount of bone
loss. In the present study, the 3i dental implant neck design
tended to present slightly lower stress levels than AstraTech
and Straumann dental implants both in intact and compromised
cortical bone under loading conditons. The photoelastic analy-
sis has limited potential to distinguish the differences in detail.
In this regard, refinement of the results with regards to implant
designs that do not present dramatic change in load distribution
will be questionable; however, the stress intensity and concen-
tration in compromised cortical bone condition was remarkably
different than those established in intact bone conditions for the
three tested implant designs. The major difference was the stress
concentration on the side of force application at the interface
of the trabecular and cortical simulants. This clearly indicates
that the compromise in bone–implant interface remarkably al-
ters the peri-implant load distribution regardless of the implant
design. Therefore, peri-implant bone condition may have a pre-
vailing effect over implant design on load distribution around
an implant. Biomechanical studies are required to substantiate
the above premise.

Conclusions
Within the limitation of this biomechanical study, the condition
of implant–cortical bone contact has considerable influence on
stress distribution. Compromised cortical bone caused higher
stress levels for all implant designs tested, with a smaller effect
noted with the 3i implant.
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