heating of the porous Ti metal specimen after the acid treatment
altered the samples to exhibit osteoinduction.

In the present study, osteoinduction of acid and heat treated
porous Ti metal specimens in dog muscle was examined, and
compared with the results from specimens subjected to only acid
or heat treatments and with untreated specimens. We also
compared the results of osteoinduction on acid and heat treated
porous Timetal specimens that underwent a NaOH pretreatment.
The osteoinduction results were related to the surface charge,
degree of apatite-formation in SBF, and the morphological
characteristics of the Ti metal specimens.

These studies develop a fundamental understanding of osteoin-
duction processes in porous Ti metal. The findings also have
relevance to the clinical applications of such materials as load-
bearing bone substitute materials.

Materials and Methods

Sample Preparation

Ti metal powder with 45-um mesh size was obtained from
Osaka Yakin Kogyou Co., Japan. Ammonium hydrogen carbon-
ate was obtained from Kishida Chemical Co., Japan and passed
through 1400- ‘and 500-um meshes before use. These powders
were mixed, uniaxially pressed at 100 MPa and then sintered at
1400°C for 2 h in an argon atmosphere, to obtain a porous Ti
metal body. Full details for preparation of the porous body have
been described elsewhere [16-18]. Cylindrical specimens 6 mm in
diameter and 15 mm in length were cut from the sintered porous
body. These were washed with acetone, 2-propanol and ultrapure
water for 30 min each using an ultrasonic cleaner, and then dried
overnight in an oven at 40°C.

Six cylindrical specimens were used directly without further
treatment, two for material characterization (one specimen for
structural analysis and another for observation of inner surface)
and the remaining four specimens were used in animal experi-
ments, as described in the following sections.

Another six cylindrical specimens were heat treated by heating
to 600°C at a rate of 5°C min™', kept at 600°C for 1 h, and then
allowed to cool naturally to room temperature in an iron-
chromium furnace.

Twelve cylindrical specimens were subjected to a mixed acid
treatment by soaking in 20 mL of 1:1(w/w) mixture of 66.3%
H,SO, (w/w) solution (Kanto Chemical Co., Inc) and 10.6% HCI
(w/w) solution (Kanto Chemical Co., Inc.) at 70°C for 30 min in
an oil bath shaken at 120 strokes min™". They were gently washed
with ultrapure water and dried overnight in an oven at 40°C.

Six of the 12 mixed acid-treated specimens were subsequently
subjected to the same heat treatment as described above.

Another 12 cylindrical specimens were first subjected to NaOH
treatment, by soaking in 5 mL of 5.0 M NaOH solution at 60°C
for 24 h. These were then subjected to an acid treatment by
soaking in either 0.5 mM (six specimens) or 50 mM HCI solution
(six specimens) at 40°C for 24 h, and then finally subjected to the
same heat treatment as described above.

The specimens that were fabricated and their treatments are
summarized in Table 1.

Analysis of Structure of the Specimens

The total porosity and distribution of interconnected pores of
the porous Ti metal specimens prepared by the methods described
above were measured by Hg vapor penetration in an evacuated
porosimeter (Autopore 9420, Micrometrics, USA).

The morphology of pores and texture of the inner surfaces of
the pores of the porous Ti metal were imaged at a fracture surface
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using a scanning electron microscope (SEM; S-4700, Hitachi Ltd.,
Japan).

The crystalline phases formed on the pore wall of the porous Ti
metal specimens were determined by examining surfaces of Ti
metal plates subjected to the same treatments as those for the
porous Ti metals by thin-film X-ray diffraction (TF-XRD; RINT-
2500, Rigaku Co., Japan). One plate for each treatment group was
used this analysis.

Wettability Test

Ti metal plates 10x10x1 mm® in size were subjected to the
same treatments as those for the porous Ti metal specimens.
Contact angles of pure water on the Ti metals plates were
measured by a droplet method according to a modified JIS R3257
testing method. A drop of pure water (4 ul) was gently dropped
onto the metal plates and the contact angles with the sample
surfaces were measured by a half angle method. This test was
repeated five times on each sample.

Zeta Potential Measurements

Ti metal plates 13x33x1 mm® in size were subjected to the
same treatments as those for the porous Ti metal specimens. The
plates were earthed on one side to allow for leakage of any stray
charge and placed in the glass cell of a zeta potential and particle
size analyzer (model ELS-Z1, Otsuka Electronics Co., Japan). The
zeta potentials were measured under an applied voltage of 40 V in
10 mM NaCl solution. Hydroxypropyl cellulose-coated polysty-
rene latex particles 500 nm in size were used as monitoring
particles. Five specimens were measured for each sample, and the
mean value (* standard deviation: SD) was determined and is
shown in Table 1.

Examination of Apatite-forming Ability in SBF

Cylindrical specimens of the porous Ti metals subjected to the
various treatments given in Table 1 were broken and soaked in
30 mL of a simulated body fluid (SBF) having ion concentrations
close to those of human blood plasma (Na®=142.0, K*=5.0,
Mg? =1.5, Ca*" = 2.5, CI"= 147.8, HCO3™ =4.2, HPO,* = 1.0,
and SO =0.5 mM) [19,20] at 36.5°C. The SBF was prepared
by  dissolving reagent-grade NaCl, NaHCO,; KCl,
KoHPO, 3 HoO, MgCly.6 HoO, CaCly, and Nay,SO, (Nacalai
Tesque Inc., Japan). After 1 day, the specimens were removed
from the SBF solution, gently washed with ultrapure water and
dried in an oven at 40°C. Formation of apatite on their surfaces
was examined by SEM and TF-XRD analysis.

Animal Experiments )

The cylindrical specimens of the porous Ti metals specimens
subjected to the various treatments (Table 1) were used in the
following animal experiments. These experiments were carried out
in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto University,
Japan (Permit Number: Med Kyo 10286). All surgery was
performed at Graduate School of Medicine, Kyoto University.
All efforts were made to minimize suffering.

The specimens were sterilized with ethylene oxide gas and
implanted into the dorsal muscles of four beagle dogs (weight, 10~
11 kg) for periods of 6 or 12 months. The owner of the dogs
(Graduate School of Medicine, Kyoto University) gave permission
for the animals to be used in this study. The animals were
anesthetized by intramuscular administration of ketamine hydro-
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Table 1. Treatments, structure and properties of porous Ti metal specimens.
Surface Phase Contact angle  Zeta potential Apatite
Sample name Treatment texture besides Ti (degree) (mV) formation Osteoinduction
Un No Smooth No 724 (£2.2) =0 No No
Ht Heat Smooth Rutile 66.4 (£1.7) =21 (3.1 No No
Ac Mixed acid Micro rough Titanium hydride 712 (£3.0) S No No
Ac-Ht Mixed acid+heat ~ Micro rough Rutile 58.8 (£2.3) +8.0 (£2.0) High High
Na-0.5H-Ht NaOH, 0.5 mHCl  Nano rough Anatase+Rutile 27.6 (£3.8) +3.4 (+2.3) Moderate Moderate
and heat
Na-50H-Ht NaOH, 50 mHClI  Nano rough Anatase+Rutile 11.2 (=1.8) +8.4 (+1.8) High High
and heat
doi:10.1371/journal.pone.0088366.t001
chloride (50 mg/kg), followed by diazepam (5 mg) and atropine Statistics

sulfate (0.5 mg) without endotracheal intubation. Just before the
operation, a dose of 10 mg/kg of pentobarbital sodium was
injected intravenously. The operations were performed under
standard sterile conditions. After incising the skin and fascia,
muscle pouches were carefully made in the dorsal muscle to limit
any bleeding. Each specimen was implanted in a separate pouch,
while maintaining sufficient distance (more than 6 cm) between
each specimen to prevent inter-specimen contact. Each pouch was
marked with 3-0 nylon to facilitate extraction. Each dog was
implanted with 12 samples (two for each treatment group) and six
samples were harvested (one from each treatment group) at 6
months. The remaining six samples were retrieved at 12 months.
At 6 and 12 months after implantation, the animals were
anesthetized by the same method used at implantation and each
specimen site was retrieved.

Histological Examination

Following extraction, the specimen sites were removed and
prepared for histological examination. The specimens were fixed
in 10% phosphate-buffered formalin (pH 7.25) for 7 days, and
dehydrated in serial concentrations of ethanol (70%, 80%, 90%,
99%, 100%, and 100% v/v) for 3 days in each. The specimens
were then embedded in polyester resin. Thick sections (250 pm)
were cut with a band saw (BS-3000CP, EXACT cutting system,
Norderstedt, Germany) perpendicular to the axis of the implant,
and ground to a thickness of 40-50 um using a grinding-sliding
machine (Microgrinding MG-4000, EXACT). Each section was
then stained with Stevenel’s blue and Van Gieson’s picrofuchsin.
Microscopic analysis was performed on histological slides using
transmitted light microscopy (Nikon Model Eclipse 80i) combined
with a digital camera (Nikon Model DS-5M-L1).

Histomorphometric Examination

New bone growth rate (%), which was defined as the percentage
of bone area in the pore area available for bone ingrowth, was
obtained on each section by using Adobe Photoshop CS 5 (Adobe
System Inc., San Jose, CA, USA) and Image] software (National
Institute of Health, Bethesda, MA, USA). The pore area available
for bone ingrowth was calculated by subtracting the area of
titanium metal from the total area of the specimen. Two sections
were cut and examined for each sample. Each section was cut
3 mm from the end of the sample leaving a distance of 9 mm
between the two sections.
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All data herein are expressed as mean * standard deviation
(SD). They were statistically analyzed using one-way analysis of
variance (ANOVA) followed by post-hoc testing (Tukey—Kramer
multiple comparison test). For statistical analysis, JMP 9 software
(SAS Institute, Cary, NC, USA) was used. Differences at p<<0.05
were considered statistically significant.

Results

Structure of Porous Ti Metal

SEM images of the fracture surfaces of the various porous Ti
metal specimens are shown in Fig. 1. All the samples examined
contain interconnected pores 100 to 200 um in size, which had
irregular surfaces composed of sintered small particles.

SEM images of the inner wall of the pores from various
specimens are shown in Fig. 2. It can be seen from Fig. 2 that the
specimen subjected to only the heat treatment (Table 1, Ht) has
smooth pore walls. The specimens subjected to the acid and then
heat treatment (Table 1, Ac-Ht) presented with pore walls that had
micrometer-scale roughness. The specimens that were pretreated
with NaOH before acid and heat treatment (Table 1, Na-0.5H-Ht
and Na-50H-Ht) showed pore walls with nanometer-scale
roughness. The differences in surface texture of the various
specimens are summarized in Table 1.

The volumes of the pores in the porous Ti metal specimens are
shown in Fig. 3 (a), (b) and (c), determined from Hg penetration
porosimetry measurements and as a function of pore diameter. All
the specimens examined had micro-scale pores ranging from 70 to
200 pm in diameter, giving a total porosity of 59%, irrespective of
the treatments (Fig. 3 (a)).

The porosity measurements also show that the specimens
subjected to the mixed acid and heat treatment (Table 1, Ac-Ht )
also featured pores ranging from 1 to 10 um in diameter (Fig. 3 (b))
in addition to the larger ~100 pm-pores present in all specimens.
The base, acid and heat treated specimens (Table 1, Na-0.5H-Ht
and Na-50H-Ht) also showed pores ranging from 0.05 to 0.5 um
in diameter, in addition to the larger ~100 pm-pores (Fig. 3 (c)).
The TF-XRD patterns of the various Ti metal plate samples are
shown in Fig. 4. The untreated sample (Table 1, Un) showed only
a titanium metal phase. Heat treated samples (Table 1, Ht) showed
a rutile phase of titanium oxide on its surface and titanium hydride
was found after the mixed acid treatment (Table 1, Ac-Ht). The
titanium hydride likely transformed into the rutile during the heat
treatment. An anatase phase of titanium dioxide was detected with
rutile for samples treated by NaOH, acid and heat treatments
(Table 1, Na-0.5H-Ht and Na-50H-Ht). The crystalline phases
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Figure 1. SEM imagesof fractured surfaces of the porous Ti metal specimens subjected to the various treatments described in
Table 1. Un: Untreated, Ht: heat treated, Ac: Mixed acid treated, Ac-Ht: Mixed acid and heat treated, Na-0.5H-Ht: NaOH: NaOH, 0.5 mM HCl and heat

treated, Na-50H-Ht: NaOH, 50 mM HCl and heat treated.
doi:10.1371/journal.pone.0088366.g001

assigned to the TF-XRD patterns measured for each of the
specimens are summarized in Table 1.

Contact Angle
Coontact angles of pure water on the specimens are summarized
in Table 1.

Zeta Potential

Zeta potentials measured for the specimens are summarized in
Table 1. The specimens that were only heat or acid treated
(Table 1, Ht and Ac) showed almost zero or weak negative zeta
potentials. The specimens subjected to acid and heat treatments
(Table 1, Ac-Ht), and those that were pretreated with NaOH
(Table 1, Na-0.5H-Ht and Na-50H-Ht) showed large positive zeta
potentials.

Apatite Formation

SEM images of the surface of the porous Ti metals are shown in
Fig. 5. The specimens were fractured and soaked in SBF for 1 day.
It can be seen from Fig. 5 that apatite formed on the surface of the
specimens subjected to mixed acid and heat treatments (Table I,
Ac-Ht) and NaOH, acid and heat treatments (Table 1, Na-0.5H-
Ht and Na-50H-Ht), but not on untreated (Table 1, Un) and only
heat or acid treated specimens (Table 1, Ht and Ac). The degree of
apatite formation on each specimen is also summarized in Table 1.

Histological Findings

All the dogs examined tolerated the surgical procedure well.
They showed neither infection at the surgical site, dislocation of
the implants, nor adverse reaction to the foreign body such as
inflammation around the implants.

Optical micrographs of non-decalcified histological sections of
the porous Timetal specimens are shown in Fig. 6 (a) and (b), after
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Figure 2. SEM images of inner walls of the pores of the porous Ti metal specimens subjected to the various treatments described in
Table 1. Un: Untreated, Ht: heat treated, Ac: Mixed acid treated, Ac-Ht: Mixed acid and heat treated, Na-0.5H-Ht: NaOH: NaOH, 0. 5mM HCl and heat

treated, Na-50H-Ht: NaOH, 50 mM HCI and heat treated.
doi:10.1371/journal.pone.0088366.g002
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Figure 3. Distribution of pore diameters on a full scale (a) and expansions (b), (c) for the porous Ti metals subjected to various
treatments given in Table 1, as measured by Hg penetration porosimetry, where the x-axis is pore diameter, and the y-axis is log
differential volume of Hg that penetrated into the pores of the sample per unit weight. Un: Untreated, Ht: heat treated, Ac: Mixed acid
treated, Ac-Ht: Mixed acid and heat treated, Na-0.5H-Ht: NaOH: NaOH, 0.5 mM HCI and heat treated, Na-50H-Ht: NaOH, 50 mM HCl and heat treated.

doi:10.1371/journal.pone.0088366.g003

implantation in the back muscles of beagle dogs for 6 and 12
months, respectively. High magnification optical microscope
images of the non-decalcified histological sections are shown in
Fig. 7.

The figures show that the porous Ti metals subjected to the
mixed acid and heat treatments (Table 1, Ac-Ht), and to NaOH,
0.5 mM HCI or 50 mM HCI and heat treatments (Table 1, Na-
0.5H-Ht and Na-50H-Ht) formed a large amount of bone
containing osteocytes in the central part of their porous structures
at 6 months after implantation. The bone growth spread to the
periphery of the porous structures 12 months after the implanta-
tion (Fig. 6(b)). Marrow-like tissue and cuboidal osteoblast-like cells
were also observed around the new bone, and osteoclast-like
multinucleated cells were observed on the new bone (Fig. 7).

Conversely, the untreated specimens (Table 1, Un) and those
subjected to only heat or only acid treatments (Table 1, Ht and Ac)
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showed no bone formation even 12 months after the implantation.
Fibrous connective tissue and newly formed blood vessels were
observed in the pore regions of the non-osteoinductive samples
(Fig. 7).

New Bone Growth Rate

New bone growth rates of the porous Ti metal specimens are
shown in Fig. 8. Bone formation was observed on three out of the
six specimen types as shown in Fig. 8.

The porous Timetal specimens treated by mixed acid and heat
treatments (Table 1, Ac-Ht), or NaOH and concentrated acid
treatment (Table 1, Na-50H-Ht) induced bone formation most
actively. Samples that were NaOH, dilute acid and heat treated
(Table 1, Na-0.5H-Ht) also induced bone formation, however the
degree of bone formation was lower than that seen for the
specimens treated by concentrated HCL
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Figure 4. TF-XRD diffraction patterns of the surfaces of the
porous Ti metal specimens subjected to various treatments
described in Table 1, Un: Untreated, Ht: heat treated, Ac: Mixed
acid treated, Ac-Ht: Mixed acid and heat treated, Na-0.5H-Ht:
NaOH: NaOH, 0.5 mM HCI and heat treated, Na-50H-Ht: NaOH,
50 mM HCI and heat treated. Ti: Titanium, TH: Titanium hydride, R:
Rutile, A: Anatase.

doi:10.1371/journal.pone.0088366.g004

A qualitative description of the ectopic bone formation or
osteoinduction is included in Table 1.

Discussion

All the Ti metals examined in the present study have the same
porous structure with a porosity of 59% with interconnected 70—
200 pm-pores (Fig. 3 (a)).

Osteoinduction on Acid and Heat Treated Porous Ti

However, the surface texture and crystalline phases on the pore
walls of the sample varied depending on the treatment used (Fig. 2
and 4).

The porous Ti metal specimens subjected to acid and heat
treatments or specimens that were subjected to NaOH pretreat-
ment followed by acid and heat treatments exhibited osteoinduc-
tion.

These osteoinductive specimens featured different surface
textures and crystalline phases. Acid and heat treated specimens
(Table 1, Ac-Ht) showed micrometer-scale roughness and rutile
surfaces on the pore wall, while NaOH pretreated specimens
(Table 1, Na-0.5H-Ht and Na-50H-Ht) featured nanometer-scale
roughness with both anatase as well as the rutile on their pore walls
(Fig. 2 and 4). Our results indicate that osteoinduction on porous
Ti metal is not affected by a specific surface texture or specific
crystalline phases present on the pore walls.

Among the three types of osteoinductive specimens, the contact
angles of the NaOH pretreated specimens (Na-0.5H-Ht and Na-
50H-Ht) were 11.2 (£1.8) and 27.6 (#3.8), respectively, while that
of the Ac-Ht specimen was 58.8 (£2.3). The amount of bone
formation was greatest in the Ac-Ht specimen, although its surface
wettability was similar to the non-osteoinductive specimens (Un,
Ht and Ac) (Table 1). There was therefore no clear correlation
between surface wettability and the amount of osteoinduction.

The osteoinductive specimens described above all had positive
zeta potentials and also showed high apatite-forming abilities in
SBF, whereas all other non-osteoinductive porous Ti metals
examined in the present study had almost zero zeta potential and
no apatite-forming abilities in SBF, as shown in Table 1. This
indicates that positive zeta potential and high apatite-forming
ability in the porous Ti metals are determining factors for
osteoinduction. For calcium phosphate based osteoinductive
materials it has been speculated that ectopic bone formation was
induced by an apatite layer formed on their surfaces in the living
body [21-24]. Osteoinduction of our porous Ti metal specimens is
also assumed to occur through the formation of an apatite layer
in vivo. The high apatite-forming ability of our osteoinductive
specimens in SBF indicates that an apatite layer could be formed
on these porous Ti metal specimens in vivo.

The high apatite-forming abilities in SBF of our osteoinductive
specimens might be attributed to their high positive zeta potentials.

Figure 5. SEM images of fracture surfaces of various porous Ti metal specimens (Table 1) that were broken and soaked in SBF for 1
day. Un: Untreated, Ht: heat treated, Ac: Mixed acid treated, Ac-Ht: Mixed acid and heat treated, Na-0.5H-Ht: NaOH: NaOH, 0.5 mM HCl and heat

treated, Na-50H-Ht: NaOH, 50 mM HCl and heat treated.
doi:10.1371/journal.pone.0088366.g005
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Figure 6. Optical microscope images of non-decalcified histological sections of porous Ti metals subjected to various treatments
given in Table 1, after implantation in dog back muscle for 6 (a) and 12 (b) months. Scale bar: T mm. Un: Untreated, Ht: heat treated, Ac:
Mixed acid treated, Ac-Ht: Mixed acid and heat treated, Na-0.5H-Ht: NaOH: NaOH, 0.5 mM HCl and heat treated, Na-50H-Ht: NaOH, 50 mM HCl and

heat treated.
doi:10.1371/journal.pone.0088366.9006

It has been shown that positively charged Ti oxide on the metal
surface are important to the mechanism of apatite formation in
SBF, as these preferentially adsorb negatively charged phosphate
ions, and then positively charged calcium ions to form apatite on
the metal surface, as already discussed in more detail elsewhere
[10]. The effectiveness of the osteoinduction in the treated
specimens correlated strongly with high positive zeta potential,
as shown in Table 1. The treatments which induced high surface
charge in the specimens, showed more active apatite formation
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and also induced ectopic bone formation more actively when
implanted in dog muscles.

Zeta potential can also affect cell attachment and proliferation
of osteoblasts. There are a number of papers reporting enhanced
cell attachment and proliferation of osteoblast-like cells [25] and
increased protein adsorption, which is necessary for cell attach-
ment [26] on the Ti metal surfaces that have a positive zeta
potential. This previous research suggests the positive charge on
the specimens used in the present study may also contribute to
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Figure 7. High magnification optical microscope images of non-decalcified histological sections given in Fig. 6. Scale bar: 50 um.
Asterisk: marrow-like formation. White arrow: cuboidal osteoblast-like cells. Black arrow: osteoclast-like multinucleated cells. Arrow head: osteocyte.
Un: Untreated, Ht: heat treated, Ac: Mixed acid treated, Ac-Ht: Mixed acid and heat treated, Na-0.5H-Ht: NaOH: NaOH, 0.5 mM HCl and heat treated,
Na-50H-Ht: NaOH, 50 mM HCl and heat treated.

doi:10.1371/journal.pone.0088366.g007
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Figure 8. New bone growth rate on porous Ti metal specimens subjected to various treatments described in Table 1, evaluated 6
and 12 months after implantation. *: p<<0.05 vs. Un, Ht, Ac and Na-0.5H-Ht. #: p<0.05 vs. Un, Ht and Ac. Un: Untreated, Ht: heat treated, Ac:
Mixed acid treated, Ac-Ht: Mixed acid and heat treated, Na-0.5H-Ht: NaOH: NaOH, 0.5 mM HCl and heat treated, Na-50H-Ht: NaOH, 50 mM HCl and
heat treated.

doi:10.1371/journal.pone.0088366.g008
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enhanced osteoblast attachment and proliferation, consequently
promoting bone formation in the porous area.

The nanostructure on the surface of the specimens is considered
to have some effect on cell-implant interaction and tissue
formation [27,28]. Some studies have reported that human bone
marrow mesenchymal stem cells differentiated in vitro into
osteogenic lineage without any osteogenic supplements, exploiting
predetermined nanostructures and geometries [29-31]. In the
present study, the independent contribution of nanostructure to
osteoinduction cannot be fully evaluated owing to the lack of a
specimen with nanometer scale roughness, with no surface charge
or apatite forming ability in vitro. Whereas the Na-0.5H-Ht and
Na-50H-Ht specimens have similar nanometer-scale surface
structures, Na-50H-Ht features a higher zeta potential than Na-
0.5H-Ht. The amount of apatite formation on the surface was also
higher for Na-50H-Ht than Na-0.5H-Ht. Similarly, the amount of
induced bone was significantly higher in Na-50H-Ht than in Na-
0.5H-Ht at 6 and 12 months. Although the nanostructure may
have some contribution to the osteoinduction observed in these
experiments, the comparison of Na-0.5H-Ht and Na-50H-Ht
implies that surface charge is a determining factor for osteoinduc-
tion.

Based on these results, the following hypothesis can be given
regarding the mechanism underlying the osteoinduction observed
in this study. Positively charged Ti oxide on the metal surface
forms an apatite layer on the surface, by first adsorbing negatively
charged phosphate ions, and then positively charged calcium ions,
as previously confirmed in vitro [10]. The formed apatite layer
could then act as a physicochemical trigger for stem cells to
differentiate into the osteogenic lineage.

Our finding that bone formation on porous Ti metal specimens
can be enhanced through consecutive NaOH, HCI and heat
treatments (Table 1, Na-0.5H-Ht and Na-50H-Ht) compared with
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only mixed acid and heat treatments (Table 1, Ht and Ac) which
may also be of interest for the optimization of such materials for
future clinical use.

Conclusions

Porous Ti metal specimens with 59% connective 70-200 pm-
pores exhibited osteoinduction in dog muscle when subjected to
mixed-acid and heat treatments. The treatments produced pore
surfaces with micrometer-scale roughness and rutile crystal phase.
The untreated specimens did not exhibit any osteoinduction.
Those that were heat treated had smooth pore wall surfaces with a
rutile phase, and those subjected to a mixed-acid treatment had
micrometer-scale surface roughness and pore walls composed of
titanium hydride also did not exhibit any osteoinduction. The
specimens subjected to consecutive NaOH, HCl and heat
treatments, showed osteoinduction when implanted into the dog
muscle. The osteoinduction results did not show any dependence
on the surface characteristics of the specimens and could not be
attributed to a specific surface texture of a specific crystalline phase
on the pore walls.

However, 2ll the osteoinductive porous Ti metals showed high
positive zeta potentials and high apatite-forming ability in SBF.
These results strongly suggest that ectopic bone formation is
related to high positive surface charge and occurred via apatite
formation on the metal surfaces in vivo.

Author Contributions

Conceived and designed the experiments: T. Kawai T. Kokubo TN M.
Takemoto SF. Performed the experiments: T. Kawai M. Tanaka DKP.
Analyzed the data: T. Kawai T. Kokubo SY. Contributed reagents/
materials/analysis tools: KD TM HA SM. Wrote the paper: T. Kawai.

13. Kim HM, Miyaji F, Kokubo T, Nishiguchi S, Nakamura T (1999) Graded
surface structure of bioactive titanium prepared by chemical treatment. J Biomed
Mater Res 45: 100-107.

14. Nishio K, Neo M, Akiyama H, Nishiguchi S, Kim HM, et al. (2000) The effect
of alkali- and heat-treated titanium and apatite-formed titanium on osteoblastic
differentiation of bone marrow cells. ] Biomed Mater Res 52: 652-661.

15. Yamaguchi S, Takadama H, Matsushita T, Nakamura T, Kokubo T (2009)
Cross-sectional analysis of the surface ceramic layer developed on Ti metal by
NaOH-heat treatment and soaking in SBF. Journal of the Ceramic Society of
Japan 117: 1126-1130.

16. Kawai T, Takemoto M, Fujibayashi S, Akiyama H, Yamaguchi S, et al. (2013)
Osteoconduction of porous Ti metal enhanced by acid and heat treatments.
J Mater Sci Mater Med 24: 1707-1715.

17. Wen CE, Mabuchi M, Yamada Y, Shimojima K, Chino Y, et al. (2001)
Processing of biocompatible porous Ti and Mg. Scripta Materialia 45: 1147-
1153.

18. Otsuki B, Takemoto M, Fujibayashi S, Neo M, Kokubo T, et al. (2006) Pore
throat size and connectivity determine bone and tissue ingrowth into porous
implants: three-dimensional micro-CT based structural analyses of porous
bioactive titanium implants. Biomaterials 27: 5892-5900.

19. Kokubo T, Kushitani H, Sakka S, Kitsugi T, Yamamuro T (1990) Solutions able
to reproduce in vivo surface-structure changes in bioactive glass-ceramic A-W.
J Biomed Mater Res 24: 721-734.

20. Kokubo T, Takadama H (2006) How useful is SBF in predicting in vivo bone
bioactivity? Biomaterials 27: 2907-2915.

21. Habibovic P, Yuan H, van der Valk CM, Meijjer G, van Blitterswijk CA, et al.
(2005) 3D microenvironment as essential element for osteoinducton by
biomaterials. Biomaterials 26: 3565-3575.

22, Yuan H, Kurashina K, de Bruijn JD, Li Y, de Groot K, et al. (1999) A
preliminary study on osteoinduction of two kinds of calcium phosphate ceramics.
Biomaterials 20: 1799-1806.

23. Winter GD, Simpson BJ (1969) Heterotopic bone formed in a synthetic sponge
in the skin of young pigs. Nature 223: 88-90.

24. Yang Z], Yuan H, Zou P, Tong W, Qu S, et al. (1997) Osteogenic responses to
extraskeletally implanted synthetic porous calcium phosphate ceramics: an early
stage histomorphological study in dogs. J Mater Sci Mater Med. United States.
697-701.

February 2014 | Volume 9 | Issue 2 | 88366



. Nebe B, Finke B, Luthen F, Bergemann C, Schroder K, et al. (2007) Improved

initial osteoblast functions on amino-functionalized titanium surfaces, Biomol
Eng 24: 447-454.

. Cai K, Frant M, Bossert J, Hildebrand G, Licfeith K, et al. (2006) Surface

functionalized titanium thin films: zeta-potential, protein adsorption and cell
proliferation. Colloids Surf B Biointerfaces 50: 1-8.

. Tran N, Webster TJ (2009) Nanotechnology for bone materials. Wiley

Interdiscip Rev Nanomed Nanobiotechnol 1: 336-351.

. Dalby MJ, McCloy D, Robertson M, Wilkinson CD, Orefflo RO (2006

Osteoprogenitor response to defined topographies with nanoscale depths,
Biomaterials 27: 1306-1315.

PLOS ONE | www.plosone.org

10

Osteoinduction on Acid and Heat Treated Porous Ti

. Dalby MJ, Gadegaard N, Tare R, Andar A, Richle MO, et al. (2007) The

control of human mesenchymal cell differentiation using nanoscale symmetry
and disorder, Nat Mater 6: 9971003,

. Oh 8, Brammer K8, Li YS, Teng D, Engler AJ, et al. (2009) Stem cell fate

dictated solely by altered nanotube dimension. Proc Natl Acad Sci U S A 106:
21530-2135,

. Parekh SH, Chatterjee K, Lin-Gibson 8, Moore NM, Cicerone MT, etal. (2011)

Modulus-driven differentiation of marrow stromal cells in 3D scaffolds that is
independent of myosin-based cytoskeletal tension. Biomaterials 32: 2256-2264.

February 2014 | Volume 9 | Issue 2 | 88366



The Journal of Arthroplasty 29 (2014) 2319-2323

journal homepage: www.arthroplastyjournal.org

Contents lists available at ScienceDirect

The Journal of Arthroplasty

Internal Rotation of Femoral Component Affects Functional Activities

@ CrossMark

After TKA—Survey With The 2011 Knee Society Score
Shinya Kawahara, MD, PhD, Ken Okazaki, MD, PhD, Shuichi Matsuda, MD, PhD, Hiroyuki Nakahara, MD,

Shigetoshi Okamoto, MD, Yukihide Iwamoto, MD, PhD

Department of Orthopaedic Surgery, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 19 August 2013
Accepted 23 November 2013

Keywords:

total knee arthroplasty (TKA)

The 2011 Knee Society Knee Scoring
System (KSS)

internal rotation of the femoral component

functional activities

satisfaction

The 2011 Knee Society Knee Scoring System (KSS) was developed as a new patient-derived outcome measure
to better characterize satisfaction, expectations, and physical activities after total knee arthroplasty. The
rotational alignment of the femoral and tibial components was assessed with computed tomography in 75
patients (92 knees), and its effect on the scores of the KSS was evaluated. Internal rotation of the femoral
component relative to the surgical epicondylar axis significantly decreased the score of functional activities
and slightly decreased the score of satisfaction. Femoral component malrotation did not affect the scores of
symptoms and expectations. Tibial component malrotation did not affect any of the scores of the 2011 KSS.
Surgeons should avoid internal rotation of the femoral component to preserve functional activities.

© 2014 Elsevier Inc. All rights reserved.

Total knee arthroplasty (TKA) is considered to be a very successful
treatment for the reduction in pain and physical impairment in
patients with end stage osteoarthritis [1-3]. Unfortunately, a
proportion of patients after TKA continue to complain about
persistent or recurrent pain and express dissatisfaction [4-7]. The
1989 Knee Society Clinical Rating System [8], Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) [9], the Oxford
12-item knee questionnaire (Oxford 12) [10], the McMaster Toronto
Arthritis Patient Preference Disability (MACTAR) [11], the Short-Form
36 (SF-36) [12,13] and the Knee Injury and Osteoarthritis Outcome
Score (KOOS) [14,15] have been used as postoperative evaluations of
TKA. However, some requirements essential for recent postoperative
evaluations are partially missing in these scoring systems. First,
patient satisfaction has been recognized as a major index of
postoperative quality of life [14,16]. Second, patient-derived evalua-
tions have become increasingly important because physician-based
scores are poorly related to patient-derived evaluations [17,18], and
so perhaps patient-derived evaluations should be given more
emphasis. Third, expectations by younger and more active patients
undergoing TKA about postoperative activities are higher, and their
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activities are more diverse [19]. Consequently, there had been no gold
standard scoring system to evaluate postoperative outcome after TKA
which fulfills all of these requirements.

In 2012 The Knee Society developed a new scoring system to better
characterize the satisfaction, expectations, and physical activities of
patients who underwent TKA (The 2011 Knee Society Knee Scoring
System; KSS) [20,21]. This scoring system includes perspectives of
both the surgeon (the objective score) and the patient (the subjective
score). Many preoperative and postoperative factors could affect
satisfaction and function after TKA. Particularly, many surgeons have
considerable interest in whether factors dependent on surgical
techniques, such.as alignment of each component and soft tissue
balancing, would affect satisfaction and function after TKA. Matsuda
et al evaluated The 2011 KSS in 375 patients (500 knees) after TKA
and investigated relationships between each category of The 2011 KSS
and some preoperative factors (including age, body mass index (BMI)
and primary diagnosis) and some postoperative factors (including
coronal alignment and range of motion, ROM) [22]. In their study,
varus alignment after TKA negatively correlated with patient
satisfaction and expectations.

Malrotation of the femoral or tibial components has been reported
to produce patellofemoral (PF) problems [23-27], flexion instability
[26], ultra-high molecular weight polyethylene or post wear [27-29],
stiffness [30], and abnormal gait patterns [31]. However, there is no
literature on the effect of rotational alignment of the femoral or tibial
components on patient subjective symptoms, satisfaction or func-
tional activities in daily life.



