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Porous tantalum trabecular-structured metal (PTTM) has been applied to
titanium orthopedic and dental implants. This study evaluated the healing
pattern of bone growth into experimental PTTM cylinders (N = 24; 3.0 X
5.0 mm) implanted in the partially edentulous jaws of 23 healthy volunteers
divided into four groups. Six PTTM cylinders per group were explanted,
prepared, and analyzed histologically/metrically after 2, 3, 6, and 12 weeks
of submerged healing. PTTM implant osseoincorporation resulted from the
formation of an osteogenic tissue network that over the course of 12 weeks
resulted in vascular bone volume levels in PTTM that are comparable to
clinically observed mean trabecular volumes in edentulous posterior jaws.
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The ability to achieve and maintain
osseointegration has resulted in a
high degree of predictability for
dental implants, often with long-
term survival rates well above 90%.'-3
Although the risk of implant failure
remains relatively low, its occurrence
can be detrimental for the patient
and can pose significant challenges.

Implant survival rates are direct-
ly related to the quality of the bone-
to-implant interface.* Numerous
studies in the dental literature have
reported that implant and hard tis-
sue osseointegration is positively af-
fected by altering the characteristics
of the machined (turned) implant
surface.* For that purpose, a variety
of ablative (grit-blasting, laser- or
acid-etching, anodization), additive
(plasma spraying, electrophoretic
deposition, sputter deposition, sol
gel coating, pulsed laser deposi-
tion, biomimetic  precipitation),*
and combination surface modifica-
tions>¢ have been introduced to
increase the percentage of bone
interaction with the implant and
ultimately enhance the quality of
host-to-implant integration. Among
these modiifications, porous surface
coatings have been designed to
enhance implant fixation by permit-
ting bone ingrowth into small bone
healing chambers, or pores, formed
by the implant geometric character-
istics.> These pores may undergo
a different bone healing process
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where rapid bone formation oc-
curs through an intramembranous-
like healing pathway. However, the
volume and quality of achievable
bone ingrowth into porous surface
coatings is limited by the number
and size of the pores. For example,
while pores of 100 pm allow bone
ingrowth, larger pores of 150 pym
are needed for osteon formation,
and pores > 300 um are required
for angiogenesis inside the material.
Nonetheless, surfaces with various
pore sizes have been regarded as
having adequate continuity for bone
ingrowth and maturation.®

To address the limited amount
of bone ingrowth achievable with
porous surface coatings, orthope-
dic researchers developed highly
porous (~80%), tantalum trabecular-
structured metal (PTTM) (Trabecu-
lar Metal Material, Zimmer Biomet),
a biomaterial that forms a three-
dimensional network of intercon-
nected pores in highly regular sizes
(~430 pm) and shapes designed for
bone and blood vessel ingrowth.
The physicochemical characteriza-
tion of PTTM has been reported in
detail elsewhere, and its mechanical
properties more closely approxi-
mate that of natural bone (6.8 to
17 GPa) than solid titanium (106 to
115 GPa) and other surgical metals
(210 to 230 GPa).-1°

PTTM and other methods have
been applied to orthopedic titanium
hip, knee, and spine implants since
1997113 and more recently to titani-
um dental implants."*'¢ For instance,
implants that allow healing chamber
formation (defined as void spaces
between the surgical instrumenta-
tion outer diameter and the implant

bulk component, where a blood clot
will be present immediately after
implantation) after placement have
been known for rapid bone forma-
tion-2° and the development of
haversian-like structures?-?* over the
implantation time. Under the same
prerogative, the PTTM trabecular
structure and crystallographic sur-
face texture created by the CVD
process have been reported by the
manufacturer to increase the per-
centage of surface area of PTTM
dental implants by 52.7% to 81.8%,
depending on implant diameter.
Although the biocompatibility and
efficacy of the PTTM dental im-
plant design has been documented
through animal and limited size hu-
man clinical studies,?>?¢ the tempo-
ral bone ingrowth inside PTTM has
not been well documented in den-
tal clinical models during early im-
plantation times. The present study
and
metrically evaluated PTTM cylinders

histologically histomorpho-

placed in human jaws.

Materials and Methods

This study conformed to the ethi-
cal principles for medical research
involving human subjects specified
in the World Medical Association'’s
Declaration of Helsinki (amended
October 2013). Subjects’ rights were
protected by the University of Léon
institutional review board (approval
letter July 20, 2011), and written
informed consent was granted by
each subject.

Systemically ~healthy, partially
edentulous volunteers were sched-
uled for implant placement in one

or both jaws. Study candidates were
required to have adequate residual
bone to accommodate placement
and explantation of a 3.0-mm-
diameter, 5.0-mm-long PTTM cyl-
inder. The study design allowed up
to four nonadjacent PTTM cylinders
to be placed in a single subject. Af-
ter explantation, subjects were pro-
vided with a dental implant and/or
bone graft, as determined by the
clinician based on patient needs.
Subjects were clinically and radio-
graphically evaluated preoperative-
ly using computed tomography (CT)
to verify adequate ridge dimensions
and the location of anatomical land-
marks. Participants were randomly
assigned to one of four treatment
groups designated for PTTM cylin-
der explantation after 2, 3, 6, or 12
weeks of healing. Each treatment
group interval consisted of six PTTM
cylinders.

Under
implantation site was surgically ex-

local anesthesia, the
posed. Osteotomies were sequen-
tially prepared under irrigation by
first using a pilot drill 2.3 mm in di-
ameter and 6 mm long, followed by
final sizing with an internally irrigated
spade drill 2.8 mm in diameter and
6 mm long. Implantation sites were
located between or distal to preex-
isting dental implants. A sterile cylin-
der was pressed into the osteotomy
until it was fully seated. Because
healing would be submucosal and
the final osteotomies were 2.8 mmin
diameter, which was 0.2 mm smaller
than the PTTM cylinders, there was
not major concern about cylinder
micromovement in the absence of
threads on the PTTM samples due
to PTTM's high coefficient of friction
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Fig 1 Explanted cylinders were marked to indicate their orientation
at placement: apical (A), coronal (O), mesial (M), distal (D), buccal
(B), lingual (L). Four possible orientations of one explanted cylinder
are shown (left to right): buccal, mesial, lingual, distal.

against bone.? Soft tissues were ap-
proximated and sutured for primary
closure. Subjects were reappointed
for cylinder explantation accord-
ing to their previously assigned
treatment group. A periapical ra-
diograph of the PTTM cylinder was
taken immediately prior to expla-
nation (5.0-mm-diameter trephine).
Additional intermediate periapical
radiographs were also taken at 4
weeks for subjects in the 6-week
explantation group, and at 4 and 8
weeks for patients in the 12-week
explantation group. After removal,
the PTTM cylinder and surrounding
bone tissue were physically marked
to distinguish the sample’s apical,
coronal, buccal, and lingual orien-
tations at placement (Fig 1). The
explanted cylinder was then placed
in 10% buffered formaldehyde and
sent to the laboratory for histologic
processing and analysis.

Fig 2 Percentage of area density (%Aa) was assessed in three
different regions, as measured in mm from the outside peripheral
surface of the PTTM cylinder: (a) partial sample to a depth of
0.5 mm (0.5 mm wide X 5.0 mm long); (b) partial sample to a

depth of T mm (1.0 mm wide X 5 mm long); and (c) the entire
sample (3.0 mm wide X 5.0 mm long).

Histologic Analysis

The 3.0-mm-diameter nondecalci-
fied explanted implants were em-
bedded in polymethylmethacrylate
and cut parallel to the apicocoronal
long axis of the cylinder. Slides were
stained for histologic analysis. The
percentage of bone area density
(%Aa) was assessed in three differ-
ent regions, as measured from the
outside peripheral surface of the
PTTM cylinder: (1) partial sample to
a depth of 0.5 mm (0.5 X 5.0 mm);
(2) partial sample to a depth of
1.0 mm (1.0 X 5.0 mm); and (3) the
entire sample (3.0 X 5.0 mm) (Fig 2).
The reference area corresponded
to the entire area occupied by the
trabeculae of the cylinders. The area
of interest for each analysis was the
designated portion of the cylinders
except for the areas occupied by the
PTTM. To quantify the bone found

in the PTTM pores, the total tissue
area density (total Aa) was calcu-
lated based on the percentage of
bone area fraction occupancy within
the total trabecular area of interest.
Areas of bone inside the total pore
identified and traced
manually on the computer image to

area were

facilitate quantification of bone in-
growth, as described and illustrated
in Fig 2. At each of the postopera-
tive periods of 2, 3, 6, and 12 weeks,
average difference of percentage
of bone ingrowth between differ-
ent depths were tested by Wilcoxon
signed rank test. P values were not
adjusted for multiplicity.

Results
A total of 24 PTTM cylinders were

implanted in 23 subjects (16 men,
7 women), who ranged in age from
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Fig 3 Week 2, distal orientation: Representative sample (left;
mesial aspect) with corresponding histology section (middle);
enlarged region of interest (right) shows TM (x) pores occupied by

infiltration tissue and newly formed blood cells (circles) (staining:

toluidine blue).

39 to 60 years (mean 42.13 years). At
eatch time point of 2, 3, 6, and 12
weeks postoperative, 6 PTTM cylin-
ders were explanted. One subject
(#15) in the 6-week treatment group
provided two samples: one from the
maxillary left and one from the max-
illary right first premolar locations.
The other 22 subjects provided one
sample each. By jaw, 14 PTTM cyl-
inders (58.3%) were placed in max-
illary locations and 10 (41.7%) were
placed in mandibular locations. The
most frequent implantation site was
the second molar location (n = 10),
followed by the first molar (n = 4),
first premolar (n = 4), canine (n = 4),
and central incisor (n = 2) areas. No
complications were reported at any
time during the study.

At 2 weeks in vivo, the pores
inside the cylinders showed con-
nective tissue infiltration with blood
vessels (Fig 3). Minimal woven bone
formation was observed at the
PTTM walls at this time interval. Two

samples presented mild inflamma-
tory infiltrate, and epithelial tissue of
mucosal origin had invaded several
peripheral pores in the cervical re-
gion. The absence of macrophages,
foreign body giant cells, and sig-
evidenced
the biocompatibility of the devices.

nificant  inflammation
Small bone fragments that abraded
from the surface walls of the oste-
otomy during cylinder placement
were present in the peripheral pores
of some samples in mean percent-
ages of 2.46% at a depth of 0.5 mm,
1.44% at a depth of 1 mm, and 1.34%
for the whole sample (Table 1) (Fig
3). At 3 weeks, osteoblasts were ob-
served in the connective tissue ma-
trix in proximity with external PTTM
spaces. These were located in the
central pores deeper inside several
of the PTTM networks and were evi-
dence of cell migration through the
osteogenic tissue (Fig 4). Infiltration
of epithelial cells from the surround-
ing gingiva was observed at the

Fig 4 Week 3, buccal orientation: A front of osteoblasts (line) in an
internal pore of the PTTM cylinder suggests osteogenic tissue in
the process of new bone formation (staining: hematoxylin-eosin).

same level at 2 weeks in vivo. The
vast majority of pores in the samples
exhibited tissue infiltration with new-
ly formed blood vessels. The mean
percentage of newly formed bone is
presented in Table 1.

At 6 weeks, the PTTM cylinder
pores were occupied by osteogenic
tissue. Larger amounts of bone were
qualitatively observed relative to
the 2- and 3-week samples (Fig 5,
Table 1). At this time in vivo, abun-
dant blood vessel formation was
observed inside the PTTM pores.
The presence of undifferentiated
cells, together with bone formation
activity and extensive angiogenesis,
resulted in higher degrees of inte-
gration than samples retrieved at
the earlier time intervals (Figs 3 and
4). Increased bone formation activity
was present around and inside the
PTTM pores than with samples ex-
planted at weeks 2 and 3. At week
12, newly formed bone presenting
osteoid edges lined by osteoblasts
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Fig 5 Week 6, distal orientation: Representative sample (left; distal
aspect) with corresponding histology section (middle), peripheral

pore inside the TM material (right; x) shows (a) bone tissue
formation (woven bone), (b) a line of osteoblasts, (c) potentially
osteogenic tissue, and (d) a longitudinally cut blood vessel
(staining: hematoxylin-eosin).

Table 1 Longitudinal Bone Ingrowth and Neoformation Inside PTTM Pores

Fig 6 Week 12, lingual orientation: Representative sample (left;
lingual aspect) with corresponding histology section (middle) that
shows young bony trabeculae in the neoformation process with a
border lined with osteoblasts penetrating the width of the cylinder.
Enlarged region of interest (right) shows the young bone tissue

(a) adhering to the surfaces and growing into the pores of the

TM (x) material (staining: toluidine blue).

Bone formation (%)

Comparisons of mean percentage of
calcified bone vs marrow (P?)

Time Depth  Samples Differences between Differences between
interval (mm) (n) Mean SD Min Max  measurement depths time intervals
Week 2 0.5 6 2.46P 2.02 0.63 6.31

1 6 1.44b 1.24 0.43 3.86

Full sample 6 1.34b 0.92 0.68 3.02
Week 3 0.5 6 2.02 2.32 0.19 6.49 .094¢ 1744

1 6 1.39 1.45 0.12 4.11 .94e 1744

Full sample 6 1.32 1.33 0.08 3.76 .563f 1264
Week 6 0.5 6 475 3.87 0 10.20 .125¢ .008¢

1 6 3.63 2.67 0 6.47 .813¢ .0209

Full sample 6 4.53 3.94 0 10.43 438 .0209
Week 12 0.5 6 22.74 11.91 8.35 43.04 .031¢ .005"

1 6 16.77 9.84 423 34.20 .031e .005"

Full sample 6 14.95 8.21 3.26  27.77 31f .008"

2Wilcoxon sign rank tests not adjusted for multiplicity/family-wise errors.

bAt week 2 only, these figures represent small fragments of old bone that abraded from the surface walls of the osteotomy
during placement and collected inside the peripheral pores of the TM material.

0.5 mmvs 1 mm.
dWeek 3 vs week 6.
0.5 mm vs full cylinder.
1 mm vs full cylinder.
IWeek 6 vs week 12.
"Week 3 vs week 12.

was observed throughout the PTTM
pores (Fig 6). These were frequently

in contact with the internal and ex-

ternal surfaces of the PTTM cylin-
ders. Bone growth into the PTTM
cylinders occurred mainly from the

peripheral lingual and buccal edges
of the material, but no preferences
were observed for either of the loca-
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tions. Besides bone, blood vessels,
marrow, and abundantly vascularized
connective tissue were found inside
the pores. A significant increase in
woven bone occupancy as a function
of depth was observed relative to the
shorter evaluation times (Table 1).

Discussion

Titanium fiber mesh dental implants
introduced in the 1970s featured a
high degree of porosity, similar to
PTTM.# While partial bone ingrowth
into the material was documented
in animals, the implants were also
subject to soft tissue ingrowth and
fibrous tissue encapsulation.?’ Such
results may be attributable at least in
part to the implant design. The im-
plant lacked threads for stabilization
in bone and was a one-piece device
that included a transmucosal abut-
ment post that extended into the oral
cavity at the time of implant place-
ment.?” Even if the implant wasn't im-
mediately loaded with a prosthesis,
the implant post could have been
indirectly loaded by tongue thrusts,
cheek pressure, and impacts by food
boluses during meals, which could
have resulted in deleterious micro-
movements by the implant with sub-
sequent soft tissue encapsulation. In
contrast, while miniature PTTM proto-
types were used in the present study
instead of commercially available im-
plants, without a barrier membrane
to avoid soft tissue ingrowth in PTTM,
histologic sections revealed that only
a few of the cylinders exhibited soft
tissue ingrowth that was limited to
their coronal peripheral pores and
did not preclude osseointegration.

The present investigation is the
first longitudinal study to histomor-
phometrically document progressive
bone ingrowth into PTTM in human
jaws. Results demonstrated that the
combination of traditional bone-to-
implant surface contact (through

supple-

mented by an intramembranous-like

geometric  interference)
bone formation in the interconnect-
ed PTTM trabecular network are
in direct agreement with what has
been previously characterized in the
dental literature as osseoincorpora-
tion.”> While at 2 weeks the samples
showed osteogenic tissue forma-
tion and filling of the PTTM spaces,
at 3 weeks samples exhibited initial
bone formation in the central re-
gions of PTTM void spaces without
direct contact with the biomaterial.
This is likely due to the migration of
bone-forming cells that initially mi-
grated through the fibrin network
developed after blood clotting in
the empty spaces (healing chambers)
of the PTTM.?® The natural progres-
sive osseoincorporation of the PTTM
cylinders was observed from 3 to
12 weeks. At 6 and 12 weeks, newly
formed bone surrounded by oste-
oid in intimate contact with cuboidal
cells indicative of osteoblasts was
evident inside and on the surfaces of
the samples.

On the commercially available
PTTM dental implant design, the
PTTM depth ranges from approxi-
mately 0.65 to 0.76 mm, depending
on the implant diameter, and the
material is limited to the midsection
of the implant body. For this reason,
the present study evaluated the mean
percentage of bone tissue formation
at depths of 0.5 mm and 1.0 mm in-

side the PTTM cylinders in addition
to the entire sample. The finding of
approximately 23% calcified bone
penetration at a depth of 0.5 mm
inside the cylinders after 12 weeks
of healing was not unexpected since
the majority of cylinders (n = 14/24)
were placed in posterior jaws, where
mean trabecular bone volume in the
first molar region has been reported
to range from approximately 24% for
men to approximately 18% for wom-
en in edentulous jaws.??3° Similarly,
sinus lifts typically have approximately
25% vital bone in histology taken
from the same region after 6 to 8
months of healing.?! Thus, the present
results show that bone regeneration
throughout the PTTM network occurs
to levels clinically observed prior to
implant placement after 12 weeks.

Conclusions

PTTM was progressively anchored
via a rapid, intramembranous-like
bone healing pathway. This osseo-
incorporation process resulted from
the formation of an osteogenic tis-
sue network that over the course of
12 weeks resulted in vascular bone
volume levels within PTTM that are
comparable to clinically observed
mean trabecular volumes in edentu-
lous posterior jaws.
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