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Analysis of Ti-6Al-4V Implants Placed with 
Fibroblast Growth Factor 1 in Rat Tibiae

Michael McCracken, DDS, PhD1/Jack E. Lemons, PhD2/Kurt Zinn, DVM, PhD3

Titanium-aluminum-vanadium (Ti-6Al-4V) implants were placed in the tibiae of 32 rats (male Sprague-
Dawley, 350 g) to examine healing and bone response. Half of the implants were treated with fibro-
blast growth factor 1 (FGF-1) delivered in an activated fibrinogen matrix. Animals were injected with a
radiopharmaceutical imaging agent, technetium-99m-methylene diphosphonate (Tc-99m-MDP), which
concentrates in bone, especially in areas of higher osteoblastic activity. Binding of Tc-99m-MDP to the
implant was detected in vivo by Anger gamma camera imaging. Fourteen days after implant surgery,
specimens were recovered and prepared for histomorphometric analysis. Histologic examination
revealed that samples treated with FGF-1 demonstrated significantly greater amounts of bone-to-
implant contact (P < .05) compared to controls. Also, FGF-1–treated samples showed significantly
greater amounts of bone (percent volume) adjacent to implants (P < .005). These findings were sup-
ported by analyses of the non-invasive Tc-99m-MDP images, which demonstrated significantly greater
uptake of Tc-99m-MDP adjacent to FGF-1-treated implants (P < .05). Results of the experiments sup-
ported the hypothesis that FGF-1 could increase bone production around implants in a rat model. (INT

J ORAL MAXILLOFAC IMPLANTS 2001;16:495–502)
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Dental implants continue to provide a predictable
and viable treatment option for patients missing

teeth.1–5 Many patients turn to dental implants for
oral rehabilitation, often because they have unsuc-
cessfully worn a conventional removable denture or
they desire a more stable or fixed prosthesis. After a
healing period, the implants may be restored with a
fixed or removable prosthesis, with an associated
increase in chewing ability, function, esthetics, and
phonetics. Unfortunately, the total treatment time
for some patients may exceed 12 months.6

In an attempt to improve this current condition,
researchers have worked to enhance the healing rate
and bone density around endosseous implants. One

possible method to enhance tissue response is to
manipulate the host site with growth factors or
other cytokines. A variety of substances, including
platelet-derived growth factor (PDGF), insulin-like
growth factor (IGF), and bone morphogenetic pro-
teins (BMPs), have been studied.7–17

Fibroblast growth factors (FGF) have also been
shown to increase bone activity and bone healing.
The subgroups FGF-1 and FGF-2 have received
the most study in this area. These studies are sum-
marized in Table 1. However, there is little research
that examines the effects of FGF on healing adja-
cent to dental implant materials, such as titanium or
titanium alloy. Much more has been written, for
example, about the interactions of BMP with these
materials. Even less appears in the literature regard-
ing a specific subgroup of the FGF family, FGF-1.

It is reasonable to believe that the addition of
FGF-1 could enhance healing around titanium
implants, in that FGF-1 and FGF-2 are potent cell
mediators. Originally, this cytokine was labeled
“fibroblast” growth factor because its effects were
first noted on fibroblast cells. It is now known that
the effects of FGF are not limited to fibroblasts.
Fibroblast growth factors are mitogenic for meso-
dermal, neuroectodermal, and endodermal cell
types, and in vitro actions include modulation of
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cell motility and differentiation.18 They also stabi-
lize phenotypic expression of cultured cells and
delay cell senescence.19 Importantly, FGFs increase
angiogenesis in vivo and may play a crucial role in
wound healing.19–21

Implant Imaging
As the need for biomimetic and bioengineering
materials increases, so does the need for research
tools to evaluate host response. Gamma camera
imaging with biologically active radiotracers offers
many possibilities in this area. A specific example of
this technology is in vivo imaging with technetium-
99m-methylene diphosphonate (Tc-99m-MDP).
This substance has been used in a variety of situa-
tions to examine bone and bone growth, and it is
approved for human use as a diagnostic tool for
metastasis of cancer to bone. Its potential as a
research tool, however, especially for small animal
models, has not been fully developed.

Technetium-99m is a radioactive isotope with a
half-life of 6 hours, and in various chemical forms it
accounts for approximately 90% of all nuclear med-
icine scans. Advantages include its relatively short
half-life, high abundance of 140 keV gamma ray
emission (89%), and lack of � emission. Many con-
sider Tc-99m to be less dangerous than other
radioisotopes commonly used in medical research
and ideal for noninvasive imaging. It can be used in
any laboratory that utilizes standard radiation
hygiene protocols. 

Few published articles apply radioimaging tech-
nology to the study of implant healing with growth

factors or other bioengineering materials. Some
have reported the use of scintimetric techniques, but
this involved harvesting of the tissue.22,23 Many
advantages could exist for in vivo imaging tech-
niques that do not require sacrifice of the host ani-
mal. For example, studies could be done over time,
including multiple within-subject comparisons. The
effect of drugs or other biologically active agents
could be assessed in different combinations. Gamma
camera imaging with Tc-99m-MDP provides such a
research tool.

In this investigation, the following hypotheses
were tested: First, titanium alloy implants (Ti-6Al-
4V) placed with FGF-1 would show an increased
quantity of associated bone compared to implants
alone; second, Ti-6Al-4V implants placed with
FGF-1 would result in greater uptake of Tc-99m-
MDP radioactivity than implants placed alone, and
the difference could be measured by noninvasive
imaging.

MATERIALS AND METHODS

Animals were maintained in an AAALAC-accred-
ited (American Association for Accreditation of
Laboratory Animal Care) animal care and use pro-
gram in accordance with the standards of the Guide
for the Care and Use of Laboratory Animals (NRC
1996). Thirty-two male Sprague-Dawley rats
weighing 350 to 375 g (4 months old) were divided
into test and control groups of 16 each. The test
group received implants treated with FGF-1 in an

Table 1 Summary of Literature Reporting Effects of FGF on Bone Growth or
Osteogenic-type Cells

Study FGF Model Results

Wang and Aspenberg 199630 FGF-2 Rat Biphasic response; at optimal dose, bone 
associated with titanium chambers 
increases

Aspenberg et al 198931 FGF-2 Rat FGF in gel carrier increases bone formation 
in demineralized bone implants; FGF 
alone had no result

Schliephake et al 199832 FGF-2 Miniature pig Single dose of FGF (no carrier) produces 
no increase in bone

Wiltfang and Merten 199633 FGF-2 Miniature pig FGF increases bone production by angio-
genesis and cell recruitment

Rodan et al 198734 FGF-1 Culture FGF stimulates rat osteoblastic cells
Bland et al 199535 FGF-1, FGF-2 Rabbit FGF administered in single dose (no 

releasing agent) has no effect on bone
Nakamura et al 199536 FGF-2 Rat Systemic injections of FGF stimulate 

generalized bone growth
Mayahara et al 199337 FGF-1, FGF-2 Rat Systemic injections of FGF show increase 

in bone production and calcium content 
of long bones
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activated fibrinogen matrix. The control group
received implants only.

Rats were anesthetized with volatile gas (enflu-
rane), shaved, scrubbed, and draped to present a
surgical field. A 1.5-cm incision was made on the
medial-proximal surface of the tibia above the tibial
protuberance. Tissue was reflected to expose the flat
portion of the tibia below the knee. Using a slow-
speed surgical handpiece (Nobel Biocare, Yorba
Linda, CA) with a No. 4 round bur and copious
warm saline irrigation, a pilot hole was drilled in the
tibia 8 mm proximal to the tibial protuberance. A
1.3-mm-diameter surgical implant drill was used to
create an oblique-transverse osteotomy, traveling
through the medullary canal and the opposite corti-
cal plate. Rather than drilling perpendicular to the
bone, the oblique path of implant placement was
used to optimize the implant surface area for each
specimen (Fig 1). A No. 6 round bur was used to
increase the size of the hole in the medial aspect of
the tibia. The osteotomy was irrigated with 20 mL
of warm saline. 

Titanium alloy screws measuring 1.5�8 mm
were obtained for implantation (Walter Lorenz
Surgical, Jacksonville, FL). Implants were placed
manually. The implant engaged the opposite corti-
cal plate but did not engage the medial cortical
plate, which had been enlarged with the No. 6
round bur. The test group was treated by injecting
65 µg of FGF-1 (16 µL) in an activated fibrin
matrix. This matrix was formed by mixing the FGF-
1 with 0.1 units of thrombin (20 µL) (Sigma-
Aldrich, St. Louis, MO) and 0.6 mg of fibrinogen
(60 µL) (Sigma-Aldrich). The thrombin and fib-
rinogen liquids formed a gel-like mass after 2 min-
utes. The FGF-1 was mixed with the thrombin and
fibrinogen and injected into the osteotomy before
setting occurred.

The dose, sample size, and matrix formula had
been determined previously in pilot and related
studies. It was determined that a 65-µg dose of
FGF-1 increased healing in a rat model with
hydroxyapatite powder; so that dose was used for
this study. Samples were examined at day 14,
because this is the midpoint in healing for this
species, which is essentially finished after 28 days24;
this provides an examination where bone is present
but still developing. In a pilot study, implants placed
with the fibrinogen matrix alone were not statisti-
cally different from controls with implants alone.
Therefore, the control group received implants
alone to simplify surgical procedures.

Primary closure was achieved for each animal by
approximating the muscle layers with sutures and
closing the skin with surgical staples. Approximately

200 µL of blood was obtained from each animal
using a tail snip. Hemostasis was achieved with a
cautery. Blood samples were left at room tempera-
ture for 1 hour and spun, and serum was extracted
and frozen. All rats recovered from surgery and dis-
played normal mobility and activity after 1 or 2
hours. Rats received standard rodent chow and
water ad libitum.

Analysis by Tc-99m-MDP
After 5 days, a subset of 12 rats was imaged after
injection with Tc-99m-MDP. Rats were anes-
thetized using volatile gas. The Tc-99m-MDP was
obtained from the Central Pharmacy (Birmingham,
AL). Approximately 1700 µCi of activity was drawn
into a tuberculin syringe and diluted to 200 µL with
saline. Activity was measured with a dose calibrator
(Atomlab 100, Biodex Medical Systems, Shirley,
NY). The Tc-99m-MDP was administered intra-
venously into the penile vein of the rats. This loca-
tion was selected because it is readily accessible and
is easily visualized to ensure intravenous injection of
the radiotracer. Activity in the syringe was again
measured, and the difference before and after injec-
tion was considered the actual dose. Animals
received approximately 1,500 µCi of Tc-99m-MDP.

After waiting for 3 hours to allow the Tc-99m-
MDP to clear the soft tissue and be excreted, rats
were anesthetized and imaged (static, planar tech-
nique) using an Anger 420/550 mobile radioisotope
gamma camera (Technicare, Sulon, OH). Two
images were collected: a whole-body image and a leg
image. The whole-body images were collected over
60 seconds (50,000 counts) using a high-resolution
parallel-hole collimator. A close-up image of the leg
joint and implant healing site was then collected

Implant

Medullary
canal

Cortical
bone

1 5

2 4

3 3

Fig 1 Schematic of implant placed in rat tibia. Zone 1 is the
proximal portion of the medial cortical plate. Zone 2 is the proxi-
mal medullary canal. Zone 3 is the opposite cortical plate (proxi-
mal and distal aspects). Zone 4 is the distal medullary canal.
Zone 5 is the distal portion of the cortical plate.
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over a period of 300 seconds (50,000 counts) using a
pinhole collimator. In this case, the end of the cone
was about 4 cm from the joint space.

Images were analyzed using a modified version of
NIH Image software (NucMed Image, Mark D.
Wittry, University of Saint Louis, MO). Region-of-
interest analyses were conducted on each image by
drawing a circle around the area of increased bone
activity around each implant and recording counts
in the area, as well as the number of pixels in the
area. The value is reported as Tc-99m density, or
mean counts/pixel. 

Two areas were measured on each animal: the
proximal half of the cranium (whole-body image)
and the implant area (implant image). A baseline
absorption factor was determined from measuring
the cranium to compensate for variables associated
with the procedure, such as dose of Tc-99m-MDP,
differences in clearing rates, bone density varia-
tions, animal size, and metabolism. The cranial val-
ues were averaged, and then each individual animal
was normalized to the average value. Counts associ-
ated with implants were multiplied by this normal-
ization coefficient to determine the adjusted activity
for each implant area.

Histomorphometric Analysis
After 14 days, rats were euthanized with carbon
dioxide inhalation. Tibiae were removed, cleaned of
soft tissue, and fixed in phosphate-buffered
paraformaldehyde for 12 hours. Specimens were
dehydrated with progressive alcohols under vacuum
over 14 days, cleared with xylene, and infiltrated and
embedded with Technovit 7200 (Exakt Technolo-
gies, Oklahoma City, OK). Samples were prepared
for light microscopy by cutting and grinding tech-
niques described by Donath and Breuner25 using an
Exakt cutting and grinding system (Exakt Technolo-
gies). Final sample slide thickness was less than 60
µm; slides were stained with toluidine blue, which
stains new bone a darker blue than existing bone.

Samples were examined for histomorphometric
analysis using an imaging system and microcom-
puter analysis. Briefly, a Sony 3-chip charge-cou-
pled device videocamera (Sony Corporation of
America, New York, NY) fed live images to a
microcomputer, which captured the images with a
video capture board (Scion Corporation, Frederick,
MD). These images were analyzed using modified
NIH image software (Scion Corporation). 

Three different histomorphometric quantities were
determined for each sample: percent bone-to-implant
contact, bone volume percent around the implant, and
frequency of bone contact along the implant surface.
Each of these quantities is defined as follows.

• Bone-to-implant contact was measured in 5
zones around the implants. Percent contact (lin-
ear contact) was defined as the length of bone
contacting the implant, divided by the length of
the implant. Bone contact was defined as no visi-
ble gap at the light microscopic level; for this
system, this represents any bone within 10 µm of
the implant surface. 

• Bone volume percent was defined as the amount
of bone within 1.5 mm of the implant surface,
divided by the area of that region. Bone was
identified by thresholding and digitizing tech-
niques to minimize operator error. Bone volume
was measured around the proximal cortical area
of the implant (zones 1 and 5) and the medullary
region (zones 2 and 4) (see Fig 1). 

• Total count/frequency of contact was the number
of bone nodules (areas of calcification) that were
touching the implant. This is an integer for each
implant and measures the frequency of contact,
rather than volume or length of bone.

Statistical Analysis
Statistics were performed using StatView software
(SAS Institute, Cary, NC). Comparisons of different
measurements between groups were analyzed using
multivariate analysis of variance (MANOVA). Since
this test indicated a significant difference among
groups, particular areas of analysis were examined
with the Fisher PLSD post hoc analysis. Results
were considered significant at the alpha = .05 level.

RESULTS

Specimens were examined using a light microscope
at 40� and 100� magnifications. The entire tibia
was visible in most slides, permitting examination of
both cortical plates, the implant, marrow spaces,
and growth plates at the knee joint. Toluidine blue
stains chromatically, so that mature bone stains blue
and new bone stains a darker violet. Control sam-
ples can be seen in Figs 2 and 3. Samples treated
with FGF-1 are displayed in Figs 4 and 5.

Implants treated with FGF-1 showed greater
bone-to-implant contact percent (40.3 ± 4.1) than
controls (24.9 ± 8.0). This result was significantly dif-
ferent (P < .01). Also, bone volume percent associated
with the treated implants (11.5 ± 1.3) was almost
twice as high as that of controls (6.0 ± 1.0). This dif-
ference was significantly different (P < .005). Finally,
implants treated with FGF-1 showed significantly
more nodes of bone calcification than control
implants (P < .05). Individual areas of analysis (zones)
are labeled in Fig 1. Percent bone-to-implant contact,
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bone volume, and contacting count measurements
are provided in Table 2. Total bone-to-implant con-
tact and total bone volume are displayed graphically
in Fig 6 and Fig 7, respectively. 

Examples of Tc-99m-MDP whole-body and leg
images are displayed in Figs 8 and 9. The whole-
body images show the retained radioactivity in the
skeleton, while the leg images show a close-up view
of the joint and implant region. Areas of greater Tc-
99m-MDP activity are represented by darker colors.
Implants treated with FGF-1 showed significantly
more associated Tc-99m-MDP activity than
implants alone (Fig 10). The activity (counts/pixel)
associated with FGF-treated implants was 9.45 
(± 0.60); the mean activity of control implants was
6.56 (± 0.41). This result was significantly different
(P < .01). 

Fig 2 Bone response to control implant. In controls, modest
bone growth was associated with implants (I). Below the cortical
plate (C), bone can be seen along the surface of the implant.
However, little bone is present in the medullary canals (M) (tolui-
dine blue; magnification �40).

Fig 3 Bone contact in control implant. Bone does integrate with
the implant in this specimen, although not in great amounts. Lit-
tle bone is seen away from the implant surface (toluidine blue;
magnification �100).

Fig 4 Bone response around implant treated with FGF-1. The
bone growth associated with implants treated with FGF-1 is typi-
cally greater than controls. The bone is seen further from the
implant surface, and more nodules of bone ossification are pres-
ent. Typically, the greater volume of bone may be attributed to
more centers of ossification and, in some cases, larger centers of
ossification (toluidine blue; magnification �40).

Fig 5 Integration of implant treated with FGF-1. Implants
placed with FGF-1 showed increased bone-to-implant contact
(arrows). Also, more frequent areas of contact are noted com-
pared to controls. An increase in medullary bone is also evident
in this slide (toluidine blue; magnification �100).

Table 2 Results of Histomorphometric
Analysis of FGF and Control Groups

Control FGF
Measurement (mean ± SE) (mean ± SE)

Bone-to-implant contact %
Area no. 1 8.0 ± 2.6 12.4 ± 3.0
Area no. 2 17.7 ± 2.3 30.4 ± 5.0*
Area no. 3 48.1 ± 3.9 61.7 ± 4.1*
Area no. 4 23.6 ± 2.6 46.5 ± 5.1†

Area no. 5 29.9 ± 5.6 39.6 ± 9.4
Total 24.9 ± 8.0 40.3 ± 4.1†

Bone volume %
Cortical 18.3 ± 3.2 27.1 ± 3.8
Medullary 4.1 ± 0.8 9.2 ± 1.2†

Total 6.0 ± 1.0 11.5 ± 1.3†

Bone nodes contacting 16.6 ± 1.5 22.1 ± 2.0*
implant (n)

*Statistically significant, P < .05; †Statistically significant, P < .01.
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Fig 6 Percent bone-to-implant contact associated with implants
(± SE). Implants treated with FGF demonstrated significantly
more bone-to-implant contact than controls (*P < .01).

Fig 7 Percent bone volume around implants. Implants treated
with FGF-1 demonstrated significantly more associated bone vol-
ume (*P < .005). 

Fig 8 Whole-body Tc-99m-MDP image of rat, dorsal view. Three
hours after injection, Tc-99m-MDP is associated with bones and
osteoblasts in the skeleton.

Fig 9 Tc-99m-MDP image of rat leg with implant. Areas of
higher osteoblast activity show more intense color, indicating
increased action.
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Fig 10 Tc-99m-MDP radioimaging analysis of implants (± SE).
Implants placed with FGF-1 showed significantly more Tc density
than controls (P < .01).

* *
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DISCUSSION

Biomimetic research using growth factors seems to
be a promising area, as the potential for therapeutic
treatments using these cytokines increases.26–28

Growth factors in the FGF family, especially FGF-1
and FGF-2, have the potential to increase healing in
a number of ways. These agents have a proliferative
effect on osteoblasts and enhance bone production by
increasing the number of cells available to synthesize
collagen.19,27 In particular, though, FGFs stimulate
angiogenesis, a crucial part of the healing process.20,29

The results of this study provide evidence of
these effects of FGF-1. Bone-to-implant contact
and bone volume percent were clearly greater
around implants treated with FGF-1. Also, it was
observed when reviewing the slides after histomor-
phometric analysis that the bone-to-implant contact
of FGF-treated implants was greater, not because
the bone contacted in larger surface distances per
contact, but because contact occurred more fre-
quently. This observation, expressed as bone node
count, was statistically significant and represents an
important difference between the groups. If the only
action of the FGF-1 was to increase only the prolif-
eration of cells already present, the nodes of calcifi-
cation would be similar in number but larger in the
FGF-treated group. The increased number of nodes
of ossification, however, may be evidence of
increased angiogenesis in the treated samples. The
increased nodes of ossification could not exist with-
out a corresponding increase in vascular support.
The increase in ossification nodes and the known
angiogenic effect of FGF-1 suggest that increased
vasculature played a role in the increase of bone
associated with FGF-treated implants.                      

Additionally, the FGF-1 affected the implant site
early in the healing process. Only 4 to 6 days after
implant placement, implants healing in rat tibiae
were characterized by a prolific increase in neovas-
cularization and the appearance of an osteoid
seam.24 Technetium-99m-MDP imaging analyses
supported the hypothesis that the implants treated
with FGF-1 at this point were more advanced in the
healing process than controls. The greater uptake of
Tc-99m-MDP indicated an increase in osteoblast
activity and bone or osteoid deposition. Whether
this effect resulted from the angiogenic or prolifera-
tive effects of FGF-1 was unclear from these data,
though a combination of effects seems likely.

In this study, the addition of FGF-1 to the
osteotomy increased percent bone-to-implant con-
tact around the implant, but not in all zones exam-
ined. The osteotomy on the medial aspect of the
tibia was increased to 2 mm. Since the implant was

only 1.5 mm in diameter, it did not engage the corti-
cal plate in this area (zones 1 and 5). Observation of
these zones indicated that the bone did not reach the
implant in most cases during the limited healing
time of 14 days. Along the opposite cortical plate
(zone 3), the FGF did increase bone-to-implant con-
tact. In this region, the bone was much closer to the
implant at the time of surgery, as the osteotomy was
smaller than the implant, which was screwed into
the cortical plate for mechanical stabilization. When
treated with FGF-1, the medullary canals (zones 2
and 4) exhibited greater bone-to-implant contact
compared to controls—as much as 50% more. This
was the area of greatest difference in healing. In the
normal healing process, recruitment of cells and the
vasculature to support them is the limiting factor in
this region. The FGF-1, with its angiogenic and
proliferative effects on bone-producing cells, exhib-
ited the greatest effect in these areas, where the bio-
logic infrastructure is more scarce. In the regions of
the cortical bone, where osteogenic cells and blood
supply are more plentiful and established, the impact
of the FGF was not as dramatic, though still statisti-
cally significant. These findings agree with the
analysis of bone volume surrounding the implants.
In specimens treated with FGF-1, bone volume per-
cent was more than twice that of controls. 

CONCLUSIONS 

This study showed that healing around titanium
alloy implants in a rat tibia model was enhanced
with an exogenous growth factor, FGF-1. The addi-
tion of this growth factor increased bone-to-implant
contact associated with the implant, increased the
volume of bone associated with the implant, and
increased the number of ossification centers touch-
ing the implant. Additionally, compared to
untreated controls, implants treated with FGF-1
demonstrated increased Tc-99m-MDP binding, as
shown by noninvasive gamma camera imaging.
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