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Abstract
Purpose: The patient population varies in nutritional deficiencies, which may confound
the host response to biomaterials. The objective of this study was to evaluate the effect
of a common deficiency of vitamin D on implant osseointegration in the rat model.
Materials and Methods: Male Sprague-Dawley rats were maintained under the ces-
sation of vitamin D intake and UV exposure. The serum levels of 1,25(OH)2D3, 25
OHD3, Ca, and P were determined. Miniature cylindrical Ti6Al4V implants (2-mm
long, 1-mm diameter) were fabricated with double acid-etched (DAE) surface or mod-
ified DAE with discrete crystalline deposition (DCD) of hydroxyapatite nanoparticles.
DAE and DCD implants were placed in the femurs of vitamin D-insufficient and con-
trol rats. After 14 days of healing, the femur-implant samples were subjected to implant
push-in test and nondecalcified histology. The surfaces of recovered implant specimens
after the push-in test were further evaluated by scanning electron microscopy (SEM).
Results: The decreased serum level of 25 OHD3 demonstrated the establishment of
vitamin D insufficiency in this model. The implant push-in test revealed that DAE and
DCD implants in the vitamin D-insufficient group (15.94 ± 8.20 N, n = 7; 15.63 ±
3.96 N, n = 7, respectively) were significantly lower than those of the control group
(24.99 ± 7.92 N, n = 7, p < 0.05; 37.48 ± 17.58 N, n = 7, p < 0.01, respectively).
The transcortical bone-to-implant contact ratio (BIC) was also significantly decreased
in the vitamin D-insufficient group. SEM analyses further suggested that the calcified
tissues remaining next to the implant surface after push-in test appeared unusually
fragmented.
Conclusions: The effect of vitamin D insufficiency significantly impairing the estab-
lishment of Ti6Al4V implant osseointegration in vivo was unexpectedly profound.
The outcome of Ti-based endosseous implants may be confounded by the increasing
prevalence of vitamin D insufficiency in our patient population.

Once placed in the host environment, biomaterials are subjected
to a complex process of cellular and extracellular reactions in-
volving intrinsic and extrinsic factors. Thus, behaviors of a
given biomaterial may vary in different hosts, who carry pre-
disposing pathophysiological conditions. For example, when
titanium-based endosseous implants are placed in chemically
induced diabetic rodents, the degree of bone-to-implant inte-
gration or osseointegration was significantly decreased for the
long term;1,2 however, other studies found that bone remodel-
ing around the implant during early healing periods was not
affected by the diabetic condition.3,4 Besides diagnosed or un-
diagnosed chronic disorders, our patient populations may be
suffering from various degrees of nutritional deficiencies. A

report by the Institute of Medicine of the National Academy of
Sciences has indicated that approximately 50% of women in
the United States are potentially vitamin D deficient.5

Vitamin D is a fat-soluble hormone transformed into an ac-
tive form through the liver and kidney; it plays an essential role
in maintaining normal blood levels of calcium and phosphorus,
and thus affects sound bone remodeling.6,7 While severe vita-
min D deficiency causes rickets in children and osteomalacia in
adults, there is evidence that lesser degrees of vitamin D insuf-
ficiency can cause deleterious effects on bone tissues. Increased
unmineralized osteoid has been reported in biopsy specimens
collected in winter months,8 and hip fracture patients have been
associated with vitamin D insufficiency.9,10
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We have hypothesized that vitamin D insufficiency affects
the establishment of osseointegration, the biological bone tis-
sue response to titanium-based endosseous implants. To test
this hypothesis, an experimental implant osseointegration was
examined in a vitamin D-insufficient rat model.

Materials and methods
Development of vitamin D insufficiency in rats

At 4 weeks of age, male Sprague-Dawley rats were transferred
to a vitamin D-deficient environment for 4 weeks. Rats were
depleted of vitamin D through lack of light and a modified diet.
A custom-made housing preventing any light transmission was
used for light inhibition. Rats were monitored on a regular
basis using night-vision goggles to ensure rats were healthy
and maintaining their diet. A vitamin D-deficient diet [0.47%
calcium (Ca), 0.3% Phosphorus (P)] (Harlan Teklad Custom
Research Diets, Madison, WI) was used throughout the experi-
mental period. Control rats were housed in the regular vivarium
and fed a nutritionally balanced diet.

Serum chemistry measurements

Approximately 2 to 6 mL of periphery blood was ex-
tracted at the time of sacrifice, and serum sample was
prepared. Ca and P levels were determined by the ACE
Calcium-Arsenazo assay and reacting phosphate ions with
molybdic acid polymers in an acidic solution, respectively.
The serum levels of 1,25-dihydroxycholecalciferol (1,25D)
and 25-hydroxycholecalciferol (25D) were determined us-
ing corresponding radioimmunoassays (Anilytics Incorporated,
Gaithersburg, MD).

Experimental implants

Miniature cylindrical Ti6Al4V implants (2-mm long, 1-mm di-
ameter) were fabricated with a surface treatment with double
acid-etching (DAE) (Osseotite, Biomet3i, Palm Beach Gar-
dens, FL). An additional set of DAE implants further under-
went the discrete crystalline deposition (DCD) of hydroxya-
patite nanoparticles (Nanotite, Biomet3i). Each implant was
gas-sterilized and packaged separately.

Implant placement

The rats were anesthetized with 2% isoflurane inhalation. After
their legs were shaved and scrubbed with 10% providone-iodine
solution, the distal aspect of the femur was carefully exposed via
skin incision and muscle dissection. The flat surface of the distal
femur was selected for implant placement. The implant site was
prepared 7 mm from the distal edge of the femur by drilling
with a 0.8-mm round bur followed by reamers ISO 090 and
100. The osteotomy procedure was performed under irrigation
of sterile saline solution to avoid overheating the bone bed.
Implant stability was confirmed with a mechanical fit. Surgical
sites were then closed in layers. The animals recovered without
complications and were given water and vitamin D-deficient rat
food or control food ad libitum during the healing process.

Implant push-in test

The femur-implant specimens were harvested after 14 days
of healing, and embedded in a custom-made resin block.
The implant-bone specimens were then subjected to push-in
testing as previously reported.11,12 The angle of the implant
relative to the horizontal plane was measured under an in-
cident light microscope. The testing machine (Instron 5544
electro-mechanical testing system, Instron, Norwood, MA) was
equipped with a 2000 N load cell and a custom-made pushing
rod (diameter = 0.8 mm). The implant was pushed in at a
crosshead speed of 1 mm/min. The applied load and the dis-
placement of the implant were monitored. The raw push-in
value was determined by measuring the peak of the load-disp-
lacement curve (Fig 1). The raw push-in values were normal-
ized against the deviation angle of the implant as follows: Y =
X/(1 + 0.017q), where Y = the normalized push-in value, X =
the raw push-in value, and q = the implant deviation angle.

Scanning electron microscopy (SEM)

After the push-in test, the implant-bone specimens were fixed
in 10% buffered formalin, and the cortical bone was carefully
split using a diamond disc within 1 mm to expose the implant.
Samples were desiccated and sputter coated with carbon or
gold. A scanning electron microscope (Cambridge Stereoscan
250, Cambridge, UK) was used to validate the sheared surface
created by the implant push-in test and to evaluate implant
surface and remnant tissue adhered to its surface. Accelerating
voltage of 20 kV was used for imaging.

Nondecalcified histology and bone-to-implant
contact (BIC) measurement

The implant-bone specimens were fixed in buffered formalin
for 1 week and dehydrated in an ascending series of alco-
hol rinses before being embedded in light-curing epoxy resin
(Technovit 7200 VLC, Heraeus Kulzer, Wehrheim, Germany)
without decalcification. The specimens were sectioned longi-
tudinally and ground to a thickness of 30 μm with a grinding
system (Exakt Apparatebau GmbH, Norderstedt, Germany).
The histologic section was stained with Goldner’s trichrome
stain for light microscopy (BX40, Olympus, Melville, NY),
and digital photographing (DP10, Olympus). BIC measure-
ment was performed on the top half of the implant in the
longitudinal section, which represented the transcortical bone
area.

Statistical analysis

For evaluating the implant push-in test and BIC, the control and
vitamin D-insufficient groups were compared using Student’s
t-test at the 5% level.

Results
Establishment of vitamin D insufficiency in rats

The control rat group (n = 5) reported a serum level of 1,25D at
52.4 ± 10.4 pg/mL and 25D at 19.1 ± 9.7 ng/ml. The vitamin
D-deprived rat group reported serum levels of 1,25D at 56.2 ±
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Figure 1 Implant push-in test. (A) Ti6Al4V
miniature cylindrical implants (1-mm diameter,
2-mm length) were fabricated with DAE or
DCD surfaces. (B) The experimental implant
was placed 7 mm from the distal end of the rat
femur. The femur specimen was embedded in
autopolymerizing resin using a custom-made
mold. (C) The implant was pushed in by
Instron. (D) The push-in value was obtained as
the normalized load at the abrupt break point
(arrow).

23.9 pg/ml and 25D at 1.9 ± 0.6 ng/ml (Table 1). While the
serum level of 1,25D was not altered, the vitamin D-deprived
condition resulted in significant reduction in the serum level of
25D (p < 0.01). Blood serum chemistry levels further suggested
that the calcium and phosphorous levels were not affected
(Table 1). From these data, the vitamin D insufficiency was
developed in our rat model.

Biomechanical assessment of osseointegration

The implant push-in values of the DAE implant (n = 7) and
DCD implant (n = 7) in the control group were 24.99 ± 7.92 N
and 37.48 ± 17.58 N, respectively (Table 2). DCD implants
showed significantly higher implant push-in values than those
of DAE implants (p < 0.05). The implant push-in values of
the DAE implant (n = 7) and DCD implant (n = 7) in the
vitamin D-insufficient group were 15.94 ± 8.20 N and 15.63 ±
3.96 N, respectively (Table 2). In the vitamin D-insufficient
group, both DAE (p < 0.05) and DCD (p < 0.01) implants
showed significant decrease as compared to the corresponding
implants in the control group (Fig 2). It was also noted that

Table 1 Serum chemistries of vitamin D-deprived rats housed in total

darkness and in untreated controls

25D (ng/ml) 1,25D (pg/ml) Ca (mg/dl) P (mg/dl)

Untreated controls
(n = 5)

19.1 ± 9.7 52.4 ± 10.4 11.7 ± 1.1 7.1 ± 1.1

Vitamin D deprived
(n = 10)

1.9 ± 0.6∗ 56.2 ± 23.9 11.2 ± 0.7 6.7 ± 1.7

∗p < 0.01.
25D = 25-hydroxycholecalciferol; 1,25D = 1,25-dihydroxycholecal-
ciferol; Ca = Calcium; P = Phosphorus.

the difference between the push-in values of DAE implants
and DCD implants became indistinguishable in the vitamin
D-insufficient group (Table 2, Fig 2).

Histomorphometric assessment
of osseointegration

Histological comparison between bone tissues surrounding the
implant in the vitamin D-insufficient and the control groups
showed no observable differences in the bone marrow and tra-
becular bone; however, the coronal portion of the implant lo-
cated in the transcortical bone of vitamin D-insufficient rats
suggested unusual soft tissue interface to the implant surface,
which was not readily observed in the corresponding site of
the control rats (Fig 3). The BIC ratio within the transcortical
bone region of DAE implants (n = 4) and DCD implants (n =
4) in the control group were 69.06 ± 11.79% and 70.31 ±
6.95%, respectively. In the vitamin D-insufficient group, the
BIC ratio significantly decreased to 45.89 ± 13.49% (n = 4;
p < 0.05) and 38.13 ± 5.25% (n = 4; p < 0.01), respectively
(Fig 3).

Table 2 Implant push-in values in the control group and the vitamin

D-insufficient group

Vitamin D-insufficient
Control group group

DAE Ti6Al4V
implants

24.99 ± 7.92 N (n = 7) 15.94 ± 8.20 N∗ (n = 7)

DCD Ti6Al4V
implants

37.48 ± 17.58 N (n = 7) 15.63 ± 3.96 N∗∗ (n = 7)

∗p < 0.05 against controls; ∗∗p < 0.01 against controls.
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Figure 2 (A) Implant push-in values of the control (Cont) and vitamin
D-insufficient (Vit D(–)) groups for DAE implants (n = 7 in each group)
∗p < 0.05; (B) Implant push-in values of DCD implants (n = 7 in each
group) ∗∗p < 0.01.

SEM analysis of the implant surface after
push-in test

SEM analysis of the implant surface was performed after push-
in testing. In the control group, the DAE and DCD implant
surfaces show a fracture line between the interface of the new
bone and old bone formation. It appeared that calcified tissue
tended to remain attached to the DCD implant surface, although
quantitative evaluation was not made (data not shown). In the
vitamin D-insufficient group, the DAE and DCD implant sur-
face tended to show fracture between the implant and calcified

Figure 3 (A) Nondecalcified histology of DAE and DCD implants at
the transcortical bone region. The control group showed close bone-
to-implant adhesion, whereas the vitamin D-insufficient group (VitD(–))
showed soft tissue interface (arrowheads). (B) Bone-to-implant contact
ratio (BIC) of DAE and DCD implants in control and Vit D(–) groups (n =
4 in each group). ∗p < 0.05; ∗∗p < 0.01.

Figure 4 Back-scattered SEM images of DAE and DCD implants re-
covered after push-in test. The mineralized tissue (arrows) appeared to
remain in large areas on the implant surface in the control group (Cont),
whereas the remnant mineralized tissue in the vitamin D-insufficient
group (Vit D(–)) appeared to be fragmented.

tissue resulting in exposed implant surface. SEM evaluation
further showed that the implant was denuded between the im-
plant body and the cortical bone at the transcortical bone area.
The backscatter image of this region revealed a thin layer of
remnant tissues that appeared to contain mineral components.
The backscatter images of the remnant calcified tissues in the
control group were spread over large areas on the implant,
whereas those of the vitamin D-insufficient group appeared to
be interrupted, resulting in a cluster of small tissue remnants
(Fig 4).

Discussion
This study reports the unexpectedly profound negative ef-
fect of vitamin D insufficiency on bone and implant integra-
tion. The major source for vitamin D in humans is sunlight
exposure to the skin. As the modern lifestyle has migrated
away from agricultural pursuits to more urban and sunlight-
deprived environments, ultraviolet B radiation (UVB)-driven
cutaneous vitamin D synthesis has plummeted. In so doing,
prevalence rates for vitamin D insufficiency in European,13

North American,14 and Australian15 populations, especially in
those countries where dietary vitamin D supplementation is not
routinely practiced, now approach alarmingly high levels dur-
ing the winter months. Therefore, our patient population may
possibly experience a certain level of vitamin D insufficiency.

Vitamin D from skin and diet is metabolized in the liver to
25D, whose serum level is currently used to assess a patient’s
vitamin D status. It is generally accepted that a patient with less
than 20 ng/ml of 25D is considered vitamin D insufficient.16

The control rat group in this study showed the serum 25D
at 19.1 ± 9.7 ng/ml, which was decreased in the experimental
group to 1.9 ± 0.6 ng/ml (Table 1). Therefore, our experimental
group may represent severely insufficient vitamin D.

In the kidney, 25D is further activated by the enzyme, 25D-
1α-hydroxylase (CYP27B1) and becomes the active form,
1,25D. Without 1,25D, dietary calcium absorption is decreased
to the 10% to 15% level at the intestine.17 Serum calcium home-
ostasis is achieved by the oversecretion of parathyroid hormone
or secondary hyperparathyroidism. Our vitamin D-insufficient
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rat group did not develop hypocalcaemia (Table 1), which may
be due to the induced secondary hyperparathyroidism.

Deficiency of calcium and vitamin D results in malformation
of skeletal tissues and bone remodeling,18-20 causing rickets in
children and osteomalacia in adults. The increased parathyroid
hormone also induces osteoclastogenesis and increases bone re-
sorption.21 A number of clinical reports further indicate the high
prevalence of vitamin D insufficiency among elderly patients
with bone fracture.22,23 Vitamin D supplementation has been
investigated for prevention of bone fracture. A meta-analysis
of such clinical studies indicated that 700 to 800 IU of vitamin
D supplementation per day reduced the relative risk of nonver-
tebral fracture by 23%.16 We have postulated, therefore, that
vitamin D insufficiency could similarly decrease bone remod-
eling activities around dental implants and potentially prolong
the healing time for osseointegration to take place. In our study,
vitamin D insufficiency appeared to cause a negative effect on
the host response to the titanium implants as depicted by biome-
chanical (Fig 2) and histomorphometric (Fig 3) assessments.

It has been well established that roughened surface topogra-
phy at submicron levels, such as a DAE-treated implant, posi-
tively induces osseointegration, which was replicated in the rat
model.11 In this rat model, we previously investigated the sys-
temic effect of ovariectomy on implant osseointegration.12 The
ovariectomy group has shown decreased osseointegration mea-
sured by the implant push-in test, bone histomorphometry, and
expression of bone-related genes; however, the negative effect
of ovariectomy was only limited to the early osseointegration
establishment during the initial 2-week period of healing, and
the functional bone-implant integration appeared to be estab-
lished by week 4.12 In this study, the negative effect of vitamin
D insufficiency was demonstrated at week 2; however, the long-
term effect of vitamin D remains unknown.

Recently, we developed a nano-scale surface modification
on titanium implants through discrete crystalline deposition
(DCD) of hydroxyapatite nanoparticles,24 which has been
shown to increase bone-to-implant bonding.24,25 The outcome
of the implant push-in test in the control group (Fig 2) was
consistent with previous data. In the vitamin D-insufficient
group, the significant loss of osseointegration was experienced
in both DAE and DCD implants. The decreased push-in values
were equivalent to those of smooth surface (turned) implants.11

Therefore, the advantage of roughened surface topography at
submicron as well as nano-scale levels may be regulated by
biological mechanisms involving vitamin D.

The increased bone bonding to DCD implant may be facili-
tated, in part, by the increased nano-scale integration of cement
line, which juxtaposes the implant surface.24,25 Cement line or
reversal line is a layer of collagen-poor but highly mineralized
tissue26 deposited directly on the bone surfaces resorbed by
osteoclasts during bone remodeling. In histological specimens,
the cement line appears as narrow seams less than 5 μm wide
following the outline of osteoclastic lacunae. Paget’s disease
is often associated with prolific cement lines with abnormal
appearances,27 whereas rickets decreases or even eliminates
cement lines.28 Boyce et al reported that bone biopsy speci-
mens from vitamin D deficiency-related osteomalacia patients
were associated with thicker osteoid seams adjacent to cement
line than the corresponding lesion of aluminum-induced os-

teomalacia patients.29 The implant-associated cement line has
been shown to contain osteopontin, osteonectin, osteocalcin,
and proteoglycans/glycosaminoglycan.30,31 Because vitamin D
increases the osteoblastic expression of osteopontin and osteo-
calcin32 as well as chondroitin sulfate glycosaminoglycans,33

the decreased osseointegration in the vitamin D-insufficient rats
may in part be due to the decreased synthesis of these cement
line molecular components. Thus, the establishment of osseoin-
tegration during early dates may require vitamin D-dependent
regulatory mechanisms.

Conclusion
To our knowledge, this is the first report on the effect of vitamin
D insufficiency on implant osseointegration. Our data indicate
vitamin D insufficiency significantly impaired the establish-
ment of Ti6Al4V implant osseointegration in vivo, an unex-
pectedly profound effect. The outcome of Ti-based endosseous
implants may be confounded by the increasing prevalence of
vitamin D insufficiency in our patient population.
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