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A 6-year prospective study was conducted to assess the clinical
success rates and crestal bone response of a dental implant system
with a stress-diversion design. Mathematical modeling, digital
radiography with applied isodensity, and finite element analysis
were used to highlight the effect of the stress distribution design. A
total of 386 hydroxyapatite-coated prototypes and 234 commercial
grit-blasted external hex implants were placed in virgin bone as well
as various grafted maxillary regions, with 36% of the posterior
implants being immediately loaded. Prototypes achieved 96.6%
survival over a 3-year period. The grit-blasted implant, placed from
2000 to 2003, showed a 95% survival rate. There were no significant
changes in crestal bone levels after the first 12 months of prosthetic
loading. Engineering evaluations suggested that undesirable stresses
were distributed from the crest of the ridge down through the center

of the implant body.
INTRODUCTION The second phase would be
described as the uncovering
phase. Crestal bone loss associ-
ated with this surgical phase is
scarcely reported in the literature
due to the noninvasive nature of
the procedure.
The third phase is that of
prosthetic loading and function.

he physiologic re-

sponse of crestal

bone levels sur-

rounding an osseo-

integrated implant

can be separated into
3 general phases.

The first phase is associated
with primary site preparation
and has been well documented
in the literature.! Crestal bone
loss during the first phase has
been attributed to poor surgical
technique, inadequate quality
and quantity of bone, or a pre-
existing osseous defect not pre-
viously controlled.*?

Crestal bone loss in this phase is
multifactorial and well reported
in the literature.*® These “ailing
and failing” implants have in-
troduced a new discipline within
the field of implant dentistry,
attempting to reverse or repair
the obvious clinical problems of
crestal bone loss.”® Reports of
excessive crestal bone loss have




Fiure 1. The study implant: (A) standard external hex, (B) polished 0.7-mm titanium
collar, (C) 6.5-mm with stress-diversion thread, (D) tapered self-tapping implant body,

(E) cutout in the driving thread.

been suggested to be a result of
plaque-induced peri-implantitis’
or occlusal overload, the latter
producing excessive stresses in
the crestal bone surrounding the
implant.'>"" Publications demon-
strating bone loss at the crestal
ridge of implants associated with
microbial infections noted that
it occurred only after occlusal
overload."’® One study, uti-
lizing a primate model, demon-
strated that occlusal overload was
more responsible for crestal bone
loss than plaque accumulation
by more than a threefold dif-
ference.'* Both photoelastic and
finite element analysis (FEA)
demonstrate that the highest
concentration of stress at the
implant/bone interface occurs
within the area of crestal
bone."”™ High crestal implant-
to-bone stresses may also acceler-
ate the accumulation of plaque in
a similar way that occlusal
stresses increase plaque accumu-
lation around natural dentition.'®
The increased threshold to tactile
perception, associated with up to
50 times greater force in dental
implants, subjects the dental im-
plant to the increased risk of
occlusal overload.”*® Desmo-
dontal structures refer to all
physical, chemical, and physio-
logical structures associated with
the myriad of events within the
dental and periodontal attach-

ment apparatus. This system is
a complex sympathetic and para-
sympathetic coordination of all
neuromuscular structures of the
myofacial system, designed to
prevent overload and harmful
assaults to the natural dentition.*!
This is missing in the peri-
implant region due to the missing
desmodontal structures.”>”
Their absence in dental implants
enhances harmful stresses and
puts dental implants at greater
risk for crestal bone loss than
natural teeth.**?* Late failure of
osseointegrated dental implants
is most commonly the result of
bone loss at the crest of the al-
veolar ridge.?® The clinical reality
of this ever-present problem in
implant dentistry has led to a
myriad of solutions.

In recent years, studies have
focused on improving the clinical
success of osseointegrated im-
plants by evaluating the effect of
design and shape.” > Bioengi-
neering has played a major role,
with its increasing effectiveness
in determining the optimum de-
sign for implant configuration
and the prosthetic superstruc-
ture.>>* Geometric analysis of
the dental implant has shown
a threaded architecture to be
a more favorable design for ideal
stress distribution, when com-
pared with nonthreaded im-
plants.®*®>  Mathematical — and
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mechanical modeling of the
bone surrounding an implant can
provide theoretical information
concerning the effects of im-
plant geometry and the bone
environment.

There is an ideal envelope of
stress that encourages a physio-
logic osteoblast response in bone
remodeling and a corresponding
relative magnitude of stress asso-
ciated with the process of bone
resorption and maturation.>*
However, it has yet to be scientif-
ically and clinically proven which
thread configuration would be
most favorable in evenly distrib-
uting the stress of occlusion.
The objective of this prospective
study is to clinically analyze the
effectiveness of a dental implant
with a stress-diversion design
in minimizing crestal bone loss
and enhancing bone maturation
below the bone crest.

METHOD AND MATERIALS

The SDS implant (Stress Diver-
sion Surface, ACE Surgical,
Brockton, Mass), shown in Figure
1, is made of type IV commer-
cially pure titanium. This surface
is treated with a resorbable blast
medium (RBM).**> All prosthetic
connections are the industry stan-
dard external hex (Figure 1A).
The transition from the prosthetic
connection to the thread configu-
ration is characterized by a highly
polished 0.7-mm titanium surface
(Figure 1B). The coronal, or prox-
imal 6.5 mm of the thread (Figure
1C), is the stress-diversion thread
configuration. It consists of 1
continuous thread that progres-
sively changes the thread angle
and inner minor diameter while
holding the major diameter con-
stant. This thread is mathemati-
cally designed to divert the stress
of occlusal load away from the
crest of the ridge and into the
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implant body. The thread transi-
tions into a continuous self-
tapping tapered design.

Tables 1 and 2 demonstrate the
distribution of implant placement
in bone after surgical placement.
At least 70% were placed in the
first 2 years of the study. The
majority of the implants were 15
mm in length (64.1%), with the
13- and 10-mm lengths represent-
ing 19.6% and 16.3%, respectively,
of all implants placed. The largest
numbers of implants (138, or
59%) were loaded immediately,
while 96 (41%) were unloaded.
There was some variability in the
depth to which the head of the im-
plant was placed relative to the
crest of the ridge. In 158 implants
(67.5%), the top of the implant
neck was crestal, while 76 (32.4%)
were up to 1 to 1.5 mm above the
crest.

A minority of the implants (91,
or 38.8%) was placed into native
bone with no additional grafting,
while the remainder were placed
with the addition of some type
of augmentation material: (1) an
amino acid peptide and anor-
ganic bone mineral (PepGen P-
15, Dentsply Ceramed Dental,
Lakewood, Colo) alone, (2) a com-
bination of this anorganic bone
mineral and deproteinated min-
eralized cancellous bone allograft
(Puros, Zimmer Dental, Carslbad,
Calif), (3) an allograft mixture
with autologous platelet rich
plasma (PRP), or (4) subantral
augmentations with a combina-
tion of PRP with a freeze-dried
demineralized bone allograft, de-
proteinated human cortical bone
(banked tissue), and a microfibril-
lar bovine collagen hemostatic
agent (Collastat OBP, Integra
Corp, Plainsboro, NJ) (Table 2).
Implants were placed in all jaw
locations with the anterior and
posterior mandible, as well as the
anterior maxilla, each containing
close to 50 implants. A larger
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TABLE 1

SDS implants placed per 6-mo time period after start of study

Time (months)

0-6 6-12

12-18

18-24 2430 30-36  Total

No. of implants 58 27 14

82 53 0 234

number, or 92 (39%), were placed
in the posterior maxilla. Of these
92 implants, 51 (22%) were placed
in a subantral augmentation. It is
also noteworthy that 36% of these
posterior implants were immedi-

ately loaded.
Each implant in the study was
documented  radiographically

and positioned by means of
a standard Rinn Kit, with an
assigned isodensity value of 4.
Digital reverse polarization tech-
niques were used to evaluate the
qualitative changes in the sur-
rounding bone. Within a given
digital radiograph, using con-
stants (the implant body), the
relative changes to the surround-
ing tissues were compared and
analyzed by means of the
Vix-Win computer program.>®>’
In the present program, the same
number of pixels/mm? repre-
sents an area of “isodensity,”
and given the color yellow.”®
Every area with the same density
will show the same color, based
on the degree of mineralization.
Figure 3 is an example of this type
of analysis. Figure 3A shows the
digital radiograph of 2 study im-
plants in the lower left first molar
position. This radiograph was
taken 18 months after insertion
of the implants and 12 months
after occlusal loading. The bitmap
format of the digital radiographs
allow for standardization of se-
quential radiographs over the
duration of the study. Note also
the isodensity mapping of similar
areas on the adjacent teeth. Figure
3B is the same radiograph with
isodensity mapping of a different
region of the bone surrounding

the implant. Figure 3 also shows
a comparable isodensity mapping
for a conventional screw-type
implant, depicting the crest of
the ridge (C) and the remainder
of the implant body (D) after 2
years in function.

Mechanical ~modeling of
implant geometry and bone
environment made use of the
modeling technique known as
finite element analysis (FEA)
and was accomplished by using
the Ansys 5.3 software program
(Ansys Corporate, Canonsburg,
Pa), a commercially available
FEA code (G.R.O., unpublished
data).*

REsuLTS

There were a total of 620 implants
placed over a 6-year period
(Figure 2). From 1997 to 2000, a
prototype design was used. This
implant was coated with hy-
droxyapatite, and was machined
without the continuous helical
thread configuration, while still
maintaining varying angles of
incidence. Out of the 386 proto-
types placed, 13 (3.4%) have been
removed due to total implant
failure. Four of these 13 implants
were removed within the first
month due to extremely poor
quality of bone. Five of the failing
implants were removed due to
postsurgical infection related to
immediate extraction. The re-
maining implants were removed
as a consequence of premature
overload associated with imme-
diate placement and habitual
grinding. The remaining implants
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TABLE 2

Number of SDS implants in various grafting procedures*

Virgin Bone Allografts
PRP + FDDB
+ DHCB
PepGen + Colostat
No + (in subantral
grafting PepGen Puros PRP augmentation) Total
No. of implants 91 45 7 46 45 234

*PepGen P-15 is amino acid peptide and anorganic bone mineral; Puros, mineralized cancellous bone allograft; PRP, platelet-
rich plasma; FDDB, freeze-dried demineralized human cortical bone (50-100 w); DHCB, deproteinated human cortical bone;
Collastat OBP, microfibrillar bovine collagen hemostatic agent (0.3 g/5 cm?).

demonstrated consistent bone
maintenance and associated cir-
cumferential maturation, as op-
posed to crestal bone loss. In the
surviving 96.6% of the implants,
there were no signs of crestal
wear.

The 234 implants placed in the
years 2000-2003 (Figure 2) were
the current commercial design,
with an RBM surface treatment.
Twelve of these implants were
removed. Eight of the 12 failed
due to prosthetic overload at the
time of immediate placement.
Four of the 8 failures were in
a subantral augmentation of 1
patient. The failures in this case

can be attributed to patient ne-
glect and heavy bruxism. Two
failures were implants placed in
immediate extraction sites with
pre-existing chronic endodontic
infections. The remaining 2 im-
plants were removed due to over-
load at the time of immediate
placement. Three of the 12 fail-
ures were in the area of the right
lower molars. These implants
were prematurely exposed and
in very poor quality bone. The
failure sites have been grafted
with the intent of replacing the
removed implants.

Of the 222 implants remain-
ing, 11 (4.4%) had 1 to 2 mm of

700

600 1 i total

Number of Implants

Prototype

Bfailures

Commercial

620

Total

Types of implants

FIGURE 2. Number of failures in the 6-year implant study.
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horizontal bone loss after the first
6 months of prosthetic loading.
An additional 6 showed similar
bone loss after 12 months. There
was no change in the radio-
graphic appearance or probing in
these implants in the following
recall visits. Those implants that
showed bone loss were associated
with the group of 91 (Table 2) that
were placed in virgin osteoto-
mies. This might suggest that the
bone loss was due to surgical
trauma and not prosthetic over-
load. They also fell into the
category of the 76 implants where
the head of the implant was
placed above the crest of the
ridge. Poor initial osseous con-
touring or quality of bone would
most likely explain this bone-loss
pattern. It is noteworthy that
there were no significant changes
in the bone level after 12 months
of prosthetic loading.

The 3-dimensional FEA of the
study implant design, when com-
pared with the industry standard
Branemark (Nobel Biocare, Yorba
Linda, Calif) screw implant de-
sign, clearly demonstrate that
simulated occlusal loads were
more evenly distributed in the
first 6 to 8 mm of the study
implant, with diversion of the
stress from the crest of the ridge
down into the implant body.
Figure 4A shows the FEA of a
13-mm study implant (left) and
a 13-mm standard implant (right).
The surrounding bone matrix was
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assigned a modulus of elasticity
of 8 GPa (gigapascals) to replicate
cortical bone. An on-axis com-
pression load of 50 pounds of
force (average occlusal load) was
introduced with equal parame-
ters in both models. Crestal stress
was reduced to 579 pounds per
square inch (PSI), depicted by the
smaller red band (maximum von
Mises stress) around the study
implant at the crest of the ridge.
The medium stress bands in
green on the study implant depict
an increase in stress distribution.
That is, stress is diverted away
from the crest of the ridge and is
redirected 2 to 8 mm below the
crest, in even bands, by the im-
plant’s thread configuration. The
standard implant does not dem-
onstrate this same pattern, as
evidenced by the absence of
medium (green) stress bands in
the center of the implant body as
well as the increased presence of
yellow and red stress band at its
crestal region. In fact, the in-
creased maximum von Misses
stress band (red) over the 1- to 2-
mm coronal area of the implant
has a value of 859 PSI, which is
a 48% greater stress application to
this area when compared with the
study design. Figure 4B depicts
13-mm study (left) and standard
(right) implants. The surrounding
bone matrix was again assigned
a modulus of elasticity of 8 Gpa.
A transverse cantilever load of
4.535 inch-pounds, which gener-
ates significantly higher applica-
tion stress, was also introduced
with equal parameters to both
models. These transverse loads
were generated by applying
a compressive load of 14.4
pounds 8 mm from the central
axis of the implant. Again, Figure
4B depicts the highest red stress
band (maximum von Mises stress
of 8058 PSI) at the crest of the ridge
for the standard implant. The
corresponding FEA plot of the
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FiGure 3. Isodensity marking on bone around the (A) study implant configuration at
the crest of the ridge and other regions of equal density, (B) at the study implant
thread portion of the implant, (C) at the crest of the ridge of a standard screw implant,
and (D) the remainder of the standard implant body.

study implant, with the same
parameters, again shows the min-
imized crestal red band (maxi-
mum von Mises stress of 5626
PSI) and a more even distribution
of stress, depicted by the in-
creased blue bands at the im-
plant’s thread configuration.
Under these transverse loading
conditions, the standard implant’s
maximum crestal stress was
found to be 43% higher than the
study implant’s thread design,
which correlates with the on-axis
compressive loading results.

DiscussioN

Once an implant is integrated,
prosthetic loading introduces
forces to the implant-bone inter-
face and the surrounding connec-
tive tissue strata, which are
directed through the implant

and into the surrounding sup-
portive anatomy. The implant
body and its physical properties
remain a constant. The support-
ive anatomy surrounding the
dental implant is an everchang-
ing, visco-elastic medium of mul-
tipotential cells, with the unique
ability to change form and struc-
ture to accommodate the desired
task. This unique collection of
connective tissue will be referred
to as the peri-implant substrate.
The more rigid the connection
between the superstructure and
this peri-implant substrate, the
more force-absorbing demand is
placed on the implant and its
surroundings.

The laws and principles asso-
ciated with the science of bio-
mechanical engineering govern
all aspects of the load dynamics
and stress distribution associated
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FiGURE 4. Finite element analyses of the study implant and standard screw-type implants showing von Mises stresses. In both pairs
of schematics, the study implant is on the left and the standard screw implant is on the right. (A) Depicts on-axis compressive
loading of 50 pounds of force (average occlusal load) with equal parameters in both models. Note the reduction in crestal stress,
depicted by the smaller red band (maximum von Mises stress) around the study implant at the crest of the ridge versus the
standard design. (B) Depicts these same implants under off-axis transverse cantilever loading of 4.535 inch-pounds. Again, the
study implant shows a decrease in the crestal stress (red) band and the dispersion of these stresses toward the center of the implant.

with the forces of occlusion and
the distribution of those forces.
Material science has given us
a clear and predictable mathe-
matical explanation of the con-
stants within our prosthetic
system. The peri-implant sub-
strate presents with an infinite
range of densities, volumes, and
modulus of elasticity. This varia-
tion also changes with each pa-
tient and even with each site in
the oral cavity. We are able to
establish some ranges in the areas
of modulus of elasticity, density,
and the percent of surface area
contact, but these remain varia-
bles when mathematically de-
scribing the stress distribution
around a dental implant. The
isodensity mapping of bone sur-
rounding the stress-diversion de-
sign implants demonstrates
a maintenance of a crestal attach-
ment at the very top of the
implant after a year in function

(Figure 3A) as well as an
increased region of bone matura-
tion associated with the stress-
diversion thread portion of this
implant (Figure 3B). This increase
in density suggests distribution of
stress away from the crest of the
ridge to a more favorable location
2 to 8 mm below the crest. The
mapping of a standard screw-
type implant, in Figure 3C, shows
the maintenance of a crestal at-
tachment, with similar bone den-
sity at the top of the implant.
Figure 3D demonstrates the iso-
density mapping of an indiscrim-
inate medullary pattern of bone
after 2 years of occlusal loading.
Although there is no sign of
crestal saucerization or bone loss,
there is also no sign of positive
maturation of bone related to
functional load as seen in the
stress-diversion implant design.
Finite element analysis (FEA)
has demonstrated that the nature
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of the connection, as well as the
properties of the surrounding
bone, greatly influence stress dis-
tribution.’” Several studies have
demonstrated that implant geom-
etry and diameter create both
positive and negative influences
on stress distribution.*” The study
dental implant was conceived
with the intention of evenly dis-
tributing the stresses of occlusion
away from the crest of the ridge.

When a prosthesis is put into
function, the forces associated
with the load dynamics are
distributed through the rigid
connections and into the sur-
rounding connective tissue. These
forces seek out the most rigid
material and connection to aid in
the support necessary for the
particular function. There is ma-
terial fatigue and component
breakage, if given enough time
and force to allow this form of
damage. In certain cases, bone
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degeneration often starts at the
most rigid connection closest to
the origination of the load. Math-
ematically, it can be demonstrated
that the compressive forces in-
troduced by an occlusal load can
be up to 5 times greater than the
corresponding tensile forces.*® It
would stand to reason then that
to reduce the harmful stresses at
the crest of the ridge, one would
be encouraged to convert these
stresses from compressive to ten-
sile.* Looking at the mathemati-
cal derivation of stress analysis
within changing thread values,
the ideal angle of incidence and
surface area can be extrapolated
as

A x=A> y(Ysinw), (1)

where AY" y is the change in the
forces introduced in the surround-
ing bone, and A ) vy is the change
in the sum of the forces of occlu-
sion. One can see that, as the angle
of incidence (sin o) or the pitch of
the thread is increased, the corre-
sponding transverse force into the
bone (AY y) is decreased.

Using this formula, the angles
necessary to maximize tension at
the crest and minimize compres-
sion can be derived. The distance
stress must travel down the body
of the implant also counterbal-
ances further stress distribution.
This leads to a more even force
distribution throughout the first
6 to 8 mm. This inherently would
help compensate for the in-
creased stresses associated with
implant dentistry. This stress dis-
tribution would also be more
likely to yield values within that
ideal zone associated with bone
development and maturation.*!
The FEA samples indicate a
reduction of both maximum
stresses and/or collar region
stresses for various osseous mod-
els. This stress distribution indi-
cates that, in carrying loads, the
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study implant uses more of the
surrounding bone material than
does the standard screw implant.
One can see that the combination
of high stresses in the collar
region, from both compression
and bending, can cause resorp-
tion and bone loss in this region,
leading to “saucerization.” There-
fore, the study implant, through
proper clinical use, could aid in
the reduction of these stresses
and resulting bone loss. For there
to be a total of only 17 implants
with postprosthetic crestal bone
changes, given the wide range of
clinical applications, is of clinical
relevance. This would present
a total of 91.7% of the remaining
implants, over the given time
period, with no sign of crestal
degeneration associated with
prosthetic loading.

In more evenly distributing the
load, within the envelope of ideal
stress for proper bone matura-
tion,> the study implant design
may help to encourage greater
bone maturation. Reiger et al*
have suggested that often an im-
plant’s design not only creates
maximum stress at the neck and
apex but transfers relatively low
stresses to the bone along the body
of the implant. This leads to bone
loss in the middle of the implant
due to atrophy, while at the same
time causing bone loss at the
extremities due to excessive
stress. In this study, there have
been no significant radiographic
signs of postprosthetic crestal
saucerization, often seen in
other designs within the first 1 to
2 years of prosthetic loading.****

CONCLUSION

The study implant with a change
in conventional thread configura-
tion achieved a 96% survival rate,
with placement in all areas of the
jaws, in both grafted and virgin

bone, with up to 3 years of
functional loading. Finite element
analysis and isodensity radio-
graphic mapping suggest that
the stress-diversion thread design
may lead to more evenly distrib-
uted load.
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