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A histomorphometric comparison of the
muscular tissue reaction to stainless steel, pure
titanium and titanium alloy implant materials

M. THERIN, A. MEUNIER, P. CHRISTEL
Laboratoire de Recherches Orthopédiques, 10 Avenue de Verdun, F 75010 Paris, France

The in vivo tissue reaction to titanium and titanium-based alloys using quantitative histo-
morphometry was investigated. According to the guidelines for biomaterials testing suggested
by ISO, 2 mm x 6 mm cylindrical specimens of chemically pure (CP) Ti, TiO,, electrolytically
coated Ti, Ti6AI4V, TiO,-coated Ti6AI4V, TiN physical vapour deposition-coated Ti6AI4V and
TibAlI2.5Fe were implanted in the paravertebral muscles of rats, for 1-52 weeks, 316L stainless
steel being used as a control implant material. After PMMA embedding, electrochemical dis-
solution of the implants, microtome sectioning and Masson’s trichrome staining, the tissue
reaction was assayed using a semi-automatic method based on the digitization of both the
encapsulating membrane contours and the different cell types located within it. All materials
induced a close tissue reaction. There was no statistical difference between the tested mater-
ials regarding the time-evolution of the inflammatory cells. However, when comparing CP Ti
with 316L, a significant difference was found in the fibrocyte kinetics: in the short term, fibro-
cyte densities were lower for 316L, while beyond 12 weeks, they exhibited higher values than
CP Ti. To a lesser extent, a similar observation was made when comparing CP Ti with
TibAl2.5Fe. No statistical difference was found in the comparison of CP Ti with Ti6AI4V. The

membrane thickness was identical for all tested materials and appeared not to be time-

dependent.

1. Introduction

For over twenty years, titanium and particularly its
aluminium-vanadium alloy, have been extensively
used in dentistry, implantology and orthopaedic sur-
gery. Owing to a higher corrosion resistance, as well
enhanced fatigue strength, these alloys have been con-
sidered as an interesting alternative to previously used
stainless steel and cobalt—chromium alloys. However,
in the long term, the presence of vanadium in this alloy
may be a cause for concern. Although vanadium in
Ti6Al4V alloy is very stable and the amount of ion-
release found in the normal situation is always lower
than the toxic level [1], intrinsic vanadium toxicity is
well known and can be potentiated when an implant is
fractured or submitted to fretting [2].

In order to avoid this potential risk, several solu-
tions have been proposed: either cover the alloy with a
TiO, or TiN layer to minimize ion release, or use
vanadium-free alloys (Ti5Al2.5Fe and Ti6Al7Nb, for
example).

The literature survey shows that the assay of the
biological properties of these materials using quantit-
ative histomorphometry is fragmentary. Thus, the
purpose of this study was to compare the tissue
reaction to pure titanium (CP Ti) and some of its
alloys by using a quantitative histomorphometric
method in order to rank these materials according to
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their composition or surface treatment [6-10]. The
statistical analysis of the distribution parameters of
the different cell types involved in the tissue response,
arising from histomorphometry, permits a quantitat-
ive comparison of the materials [11].

2. Materials and methods

2.1. Implants

Cylinders (2 mm o.d. and 6 mm long) having a surface
roughness as good as possible for such small implants
(0.1-0.2 pm Ra) were used. Scanning electron micro-
graphs of the implants are shown in Fig. 1. In this
experiment, four materials were compared: 316L,
CP Ti, Ti6Al4V, Ti5Al2.5Fe.

Two different coating procedures were also tested:
one on CP Ti (TiO, coating) and two on Ti6Al4V
(T10, and TiN coatings). The TiO, coating (thickness
0.2 um) was obtained by electrolytical anodization
and the TiN coating (thickness 1 pum) by physical
vapour deposition (PVD). The characteristics of the
implant materials are listed in Table I. The implants
were ultrasonically cleaned, individually packed in
double-sterile packaging (Sterilsop Soplamed), and
sterilized in an autoclave at 133°C. CP Ti was used as
the control material.
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Figure 1 Scanning electron micrographs showing a close surface appearance of the implants used in this study. (a) Ti, (b) 316L, (c) Ti6Al4V,

(d) TiO,-coated Ti6Al4V.

TABLE I Characteristics of the materials used in the current study

Material Source Standard Manufacturing proc. Roughness (um Ra)
CPTi Cezus (Pechiney) ISO 5832/11 cast 0.1-0.2
316L SS Ugine NF S 90-401 wrought 0.1-0.2
Ti6Al4V Cezus (Pechiney) ISO 5832/3 wrought 0.1-0.2
TiSAl2.5Fe Krupp — wrought 0.1-0.2
Ti-TiO, Cezus (Pechiney) 1SO 5832/11 cast + anodiz. 0.1-0.2
Ti6Al4V-TiO, Cezus (Pechiney) 1SO 5832/3 wrought + anodiz. 0.1-0.2
Ti6Al4V-TiN Cezus (Pechiney) ISO 5832/3 wrought + PVD 0.1-0.2

2.2. Animals and surgical procedure
Non-inbred Sprague-Dawley rats, weighing 250-350 g
at surgery, were used. The surgery was performed
under general anaesthesia in semisterile conditions. The
fur was clipped and the skin scrubbed with polyvidone
iodine solution. A 1 cm skin incision was made on the
spinous process line. No direct surgical approach was
performed in order to limit the influence of the non-
specific surgical trauma. One sterile implant was pu-
shed through a 2.4 mm id. trocard driven from the
incision into the paravertebral muscles of the lumbar
area, on each side of the spine, each animal receiving
two different implant materials. The skin incision was
closed with stainless steel staples.

The animals were sacrificed after 1, 2, 4, 12, 26 and
52 weeks post-implantation. The number of implants
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finally available per material for each group sacrificed
is listed in Table I1.

2.3. Implant and tissue processing

The procedure was conducted according to a method
previously described [12]. After sacrifice, the implant
and surrounding muscles were removed en bloc, fixed
in formalin, dehydrated in ethanol and embedded in
polymethylmethacrylate. Electrodissolution was used
in order to remove delicately the metallic part of the
implant while keeping intact the actual tissue-implant
interface. Sections 5 um long were cut on a Polycut
microtome, perpendicular to the implant axis, at 2 mm
from the tip of the implant, to avoid the influence of
the sharp edges on the tissue reaction. Histological



TABLE II Number of specimens available for the histomorphometric analysis per material, and time of observation

No. of specimens

Material 1 week 2 weeks 4 weeks 12 weeks 26 weeks 52 weeks
Ti 8 7 8 6 7 3
316L 7 6 7 4 4 0
Ti6Al4V 4 5 7 6 7 2
Ti5Al12.5Fe 5 4 6 5 6 5
Ti-TiO, 3 6 8 7 6 3
Ti6Al4V-TiO, 5 5 6 7 9 2
Ti6Al4V-TiN 4 6 8 6 3 6

sections were routinely stained with Masson’s tri-
chrome (Fig. 2).

2.4. Computer-assisted-cell-counting
The sections were observed at a x 400 magnification
with an Olympus BHT microscope, equipped with a
drawing tube. The image of the histological section
was digitized via the diode-cursor of a graphic-tablet,
driven by an IBM-AT compatible micro-computer.
For each optical field, the observer digitized the mem-
brane contours and then, separately, the nuclei of the
following cells: fibrocytes, macrophages, polymorpho-
nuclear cells (PMN), round mononuclear cells
(lymphocytes, plasma cells, mast cells), multinucleated
giant cells, and unidentified cells. The procedure was
repeated routinely at least on seven separate optical
fields of the membrane. For each digitized section, the
maximum, minimum, and average membrane thick-
ness, as well as the distribution parameters of each cell
type, (when in sufficient numbers), were computed
with an in-house software (DIGICELL). Means and
standard deviations for each parameter were calcu-
lated to allow a statistical analysis.

The parameters thus computed were divided into
four groups:

1. a group of distance parameters including mem-
brane thickness and various location of quantile for
different cell types;

2. a group of linear densities taking into account
the number of cells found per millimetre of digitized
membrane;

3. a group of surface densities including cell densit-
ies at various quantiles;

4. finally, a group of parameters describing the
theoretical cell distribution. It has been shown pre-
viously [12] that the cell maximum is not located at
the material-tissue interface and the cells are not
randomly distributed. Among various possible theor-
etical distributions, the Weibull model has been found
to exhibit the best fit with the observed cell distribu-
tion [13, 14].

This model can be described by three parameters, i,
» and o. A is a shape parameter which represents the
asymmetry of the curve, ¢ is a scale parameter and n
corresponds to a location parameter which relates to
the distance between the origin of the cell distribution
and the material-tissue interface. In all cases of the

current study, u was found to be smaller than 3 pm
and subsequently considered equal to 0 um. The stat-
istical analysis was performed by using the Student
t-test.

3. Results
The first observation which was a common character
to all materials, was the very specific non-Gaussian
pattern exhibited by the cell distribution. The cell
distribution in the encapsulated membrane from the
implant-tissue interface to the normal muscular tissue
exhibited an asymmetric bell-shape curve (Fig. 3),
already described [11, 12] for other biomaterials. The
number of cells increased from the interface to rapidly
reach the maximum and then decreased at a much
lower rate. The maximum location of macrophages
was closer to the implant-tissue interface when com-
pared to the fibrocytes. While the fibrocytes covered
almost the entire membrane surface, the macrophages
appeared located only in an area close to the interface.
The density of the cells decreased with time, and at 52
weeks, only less than 50% of the initial amount was
still present (Fig. 4). The percentage of unidentified
cells is not time dependent and always around 5%.
In order to compare all the materials for all the
implantation times, the different histomorphometric
parameters previously described were used. For the
materials investigated in this study, there was no

Figure 2 Photomicrograph of a typical area surrounding a TiN-
coated Ti6Al4V implant taken at the magnification used for the cell
counting procedure (Masson’s Trichrome, x 240).
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Figure 3 Cell distribution for (O) fibrocytes and (M) macrophages
in the membrane encapsulating a CP Ti specimen, 1 week after
implantation. Each class interval corresponds to a 5 pm membrane
layer. The cell distribution follows a non-Gaussian pattern the best-
fit of which can be modelled by the Weibull model.

statistical significant difference in the membrane
thickness when comparing all materials for all im-
plantation times. The membrane thickness was not a
time-dependent parameter (Fig. 5); its value was al-
ways in the 40-60 um range for all materials with no
significant difference. Accordingly, the membrane
thickness was not taken into account to assay differ-
ences in the local biocompatibility.

Regardless of the implant material, PMNs were
found at low concentrations and were not noted
beyond 2 weecks post-implantation. The most repres-
entative data of the calculated parameters for the
other cell types are listed in Tables IH-VIIL

)

Fibrocyte distribution
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Figure 4 Overall time evolution of fibrocyte distributions in the
encapsulating membrane (10 pm class intervals). Fibrocyte numbers
decrease in amplitude and distance from the tissue-implant inter-
face with time.

3.1. CP Ti-Ti6AI4V comparison

In this experiment, no differences were observed be-
tween the twenty computed parameters, at any time of
implantation. CP Ti and Ti6Al4V induced an identical
tissue reaction in the rat muscles.

3.2. CP Ti-316L comparison (Fig. 6)
The statistical analysis exhibited the following data:

linear density of fibrocytes:

p <0.02 at 1 week (Ti > 316L)
p=007 at 2 weeks  (Ti > 316L)
p <005 at 26 weeks (Ti < 316L)

TABLE 111 Fibrocyte linear densities {mean & s.D.} at each period of observation for all implanted materials

Fibrocyte linear density (cells mm ™'y

Material 1 week 2 weeks 4 weeks 12 weeks 26 weeks 52 weeks
Ti 330 4+ 50 354 4+ 91 229 + 69 213 4+ 56 156 + 50 81438
316L 260 + 89 237490 217 + 46 180 + 27 230 + 59 |
Ti6A14V 344 + 173 306 + 136 266 + 88 155 + 28 163 + 44 ]
TiSAl2.5F¢e 285 + 51 351 + 130 332 4 142 178 + 34 142 + 41 184 + 57
Ti-TiO, 182 + 35 279 + 94 254 + 110 174 + 60 198 + 44 144 + 12
Ti6AI4V-TiO, 257 + 63 320 + 109 226 + 101 193+ 78 126 + 24 |
Ti6Al4V-TIN 293 + 90 311479 295 + 65 186 + 82 124 + 24 169 4 38

(M) Not available

TABLE IV Macrophages linear densities (mean + s.D) for all implanted materials. When data are in insufficient number for statistical
analysis, minimum and maximum values are presented in parentheses

Macrophage linear density (cells mm™!)

Material 1 week 2 weeks 4 weeks 12 weeks 26 weeks 52 weeks
Ti 28 + 35 39 (0-176) 3 (020 5(0-28) 0 0
316L 54 + 46 35(0-53) 0 0 0 a
Ti6Al4V 68 + 52 10 (0-31) 1(0-10) 0 0 »
TiSAl12.5Fe 12420 16 (0-39) 12 (049) 2 (0-12) 1(0-5) 0
Ti-TiO, 17 +29 24 (0-73) 3 {0-16) 0 0 0
Ti6Al4V-TiO, 27+ 10 20 {0-65) 12 (0-27) 5{0-20) 0 ]
Ti6Al4V-TIN 22+ 11 25 (3-71) 6 (0-22) 0 0 0

() Not available
4



TABLE V Median distance of fibrocytes from interface (mean + s.p} for all implanted materials at each time of observation

Median distance from interface (um)

Material 1 week 2 weeks 4 weeks 12 weeks 26 weeks 52 weeks
Ti 26+ 7 28 + 13 2+6 35+6 28 + 12 26+ 9
316L 33412 25+ 8 23+7 24+ 10 26+9 ]
Ti6Al4V 34+ 12 2747 23+ 5 27+ 10 334+ 6 | ]
Ti5Al12.5Fe 2045 25+ 6 30+12 26 + 15 32411 2145
Ti-TiO, 18+ 8 26+ 8 30+10 2345 2847 26+ 6
Ti6Al4V-TiO, 21+ 6 26+ 14 19+ 6 28+ 8 23+ 6 | ]
Ti6Al4V-TiN 32413 30+ 8 2643 30+ 14 194 5 2949

(H) Not available

TABLE VI Membrane surface densities of fibrocytes (mean + s.p) for all implanted materials at each time of observation

Fibrocyte membrane surface density (10° cells mm ™)

Material 1 week 2 weeks 4 weeks 12 weeks 26 weeks 52 weeks
Ti 629 + 1.35 6.38 + 1.08 526 £ 094 324 + 046 342+ 089 1.75 + 0.36
316L 3.90 + 096 4.61 + 0.88 494 4+ 1.15 4.64 +1.94 5.28 + 2.07 ]
Ti6Al4V 5.93 4+ 2.30 5.48 + 1.61 5.55 + 1.60 375+ 1.15 2.93 4+ 0.83 [ |
Ti5Al2.5Fe 6.61 + 0.42 6.36 + 2.28 5.73 + 246 402+ 1.50 2.56 + 0.67 4.58 + 1.56
Ti~TiO, 498 4 1.83 590 + 1.36 403+ 096 3.89 + 1.31 3.74 +0.77 310 4+ 113
Ti6Al4V-TiO, 570 +1.22 593 + 1.53 501 +£1.93 3.55 4+ 1.63 2.82 +0.51 n
Ti6AI4V-TIN 414 + 1.88 5.05 + 1.55 529 +0.75 350+ 125 3.05 £ 067 31.56 + 0.86

TABLE VII 2, theoretical parameter (see text) for fibrocyte distribution, for all materials at each time of observation

A

Material 1 week 2 weeks 4 weeks 12 weeks 26 weeks 52 weeks
Ti 1.67 + 0.35 192 4+ 0.63 1.77 £ 0.19 1.74 + 0.50 2.02 +0.51 1.90 4+ 0.25
316L 1.64 + 0.39 1.93 4 0.50 1.73 £ 0.31 1.83 £ 0.14 1.76 + 0.13 ]
Ti6Al4V 2.09 4 0.15 1.98 4 0.18 1.78 + 0.34 203 +£024 1.76 + 0.23 [ ]
Ti5Al2.5Fe 1.96 +0.27 1.73 + 0.16 1.73 £ 0.25 1.82 +0.34 1934034 173 +0.14
Ti-TiO, 1.79 + 0.34 1.90 4 0.40 1.67 +0.26 1.89 + 0.31 1.81 £0.20 1.62 + 0.20
Ti6A14V-TiO, 1.72 4+ 0.18 1.54 +0.29 1.53 +0.37 1.76 + 0.27 1.71 £ 0.34 n
Ti6Al4V-TiN 1.82 4+ 040 1.76 + 0.37 1.69 £ 0.12 1.94 +0.27 1.69 + 0.26 1.89 4+ 0.49

(M) Not available

TABLE VIII o, theoretical parameter (see text) for fibrocyte distribution, for all materials at each time of observation

o

Material 1 week 2 weeks 4 weeks 12 weels 26 weeks 52 weeks
Ti 344 +9.1 36.6 + 136 257+ 64 412+ 58 30.6 + 125 289 + 76
316L 41 + 133 30.5 490 265+ 7.1 252 4110 278 + 76 ]
Ti6Al4V 40.2 + 14.1 324482 290+ 69 30.2 + 10.1 351 +£56 =
Ti5AI2.5Fe 249 + 37 312448 357 £ 149 295+ 156 364 +99 24.5 + 40
Ti-TiO, 2124179 315499 37.8 4 15.7 273 +52 327+179 301 + 11.2
Ti6Al4V-TiO, 26.8 + 8.0 332+ 145 264 + 5.1 339 +£58 274458 n
Ti6Al4V-TIN 37.8 +18.2 377 + 142 325+46 339 + 139 245+ 74 314+ 89

(M) Not available.

average surface density of fibrocytes:

p <001 at 1 week {Ti > 316L)
p < 0.01 at 2 weeks (Ti > 316L)
p = 0.06 at 26 weeks {Ti < 316L)

p < 0.01 at 12 weeks + 26 weeks (Ti < 316L)

median surface density of fibrocytes:

p <001 at 1 week (Ti > 316L)
p < 0.03 at 2 weeks (Ti > 316L)

There was a significant difference in the fibrocyte
behaviour between stainless steel and pure titanium.
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Figure 5 Time evolution of the encapsulating membrane thickness
for all merged materials. The dotted line joins the means for each
time of observation.

While the membrane surrounding CP Ti implants
demonstrated a significant decrease in fibrocyte dens-
ities with time, the 316L membrane remained un-
changed and even increased slightly over the long
term. The linear correlation between implantation
time and fibrocyte density was highly significant
{(p < 001 and r = 0.75) for CP Ti, but not for 316L
(r = 0.1). However, there was no significant difference
on the inflammatory cells’ parameters; these cells were
no longer observed for each material after 2 weeks.

3.3. CP Ti-TibAlI2.5Fe comparison
Significant differences appeared for the following
parameters:

linear density of fibrocytes:

p < 0.02 at 52 weeks (Ti < TiFe)
average surface density of fibrocytes:

p < 0.03 at 12 weeks (Ti < TiFe)
p < 0.02 at 52 weeks (Ti < TiFe)

In the long term, there were significantly more
fibrocytes in the encapsulating membrane surround-
ing Ti5AI2.5Fe implants than those made of CP Ti.
Moreover, the onset of the fibrocyte density decrease
bégan earlier around CP Ti implants.

As for the previous comparison, there was no stat-
istical significant difference noted for the parameters
of the inflammatory cells.

3.4. CP Ti-Ti(TiO,) comparison (Fig. 7)
The statistical analysis exhibited the following data:

linear density of fibrocytes:

p < 0.01 at 1 week
p <001 at 1 week + 2 weeks (Ti(TiO,) < Ti)
p < 0.01 at 52 weeks (Ti(TiQ,) > Ti)
p = 0.06 at 26 weeks + 52 weeks (Ti(TiOy) > Ti)

average surface density of fibrocytes:
p < 0.02 at 4 weeks (Ti(TiO;) < T1)

p < 001 at 1 week + 2 weeks + 4 weeks
(Ti(TiO,) < Ti)

(Ti(TiO,) < Ti)
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Figure 6 Membrane surface density for fibrocytes: comparison
between CP Ti and 316L, means and standard deviations. (%)
Significant differences, at p < 0.05, existing between the two mater-
ials, at 1, 2, and 26 weeks.

-1)

(cells mm

Fibrocyte linear density

Figure 7 Time evolution of fibrocyte linear density within the
encapsulating membrane: comparison between CP Ti and TiO,-
coated Ti {(same remarks as Fig. 6).

median surface density of fibrocytes:

p < 0.04 at 4 week (Ti(TiO,) < Ti)
polymorphonuclear cells linear density:

p < 0.05 at 1 week + 2 weeks (Ti(TiO,) < Ti)

TiQ,-coated Ti induced some differences in the
tissue response. There were significantly more fibro-
cytes as well as polymorphonuclear cells around the
CP Tiimplants in the early period post-implantation.
However, this trend appeared to reverse after 1 year.
The cell densities around CP Ti implants significantly
decreased after 4 weeks, whereas such a decrease was
not observed in the membranes surrounding TiO,-
coated Ti implants.

3.5. TiBAI4V-Ti6AI4V (TiO,) comparison
TiO,-coated Ti6Al4V did not induce differences in the
tissue response. Thus, statistically there was no differ-
ence although the theoretical parameters indicated
that fibrocytes were closer to the interface with TiO,-
coated implant.

3.6. TiBAI4V-TIi6AI4V (TiN) comparison
No difference in the twenty computed parameters, at
any time of implantation, was found.



4. Discussion

Although the implant materials investigated in the
current study are mainly aimed toward implantation
in bone, the evaluation was carried out in muscle in
accordance with the guidelines for biomaterials testing
suggested by ISO. Soft tissues are more sensitive to
differences in implanted materials than bone. Further-
more, orthopaedic devices are rarely exclusively in
contact with bone tissue.

The cellular distribution in the encapsulated mem-
brane exhibited several histomorphometric features
which were identical for all the materials. Beyond 4
weeks, neither inflammatory nor giant cells were
found in significant numbers. These data confirm the
tissue tolerance of these materials which have, except
for Ti5A12.5Fe, been used in the clinical setting. For all
the materials, the membrane thickness was not a time-
dependent parameter. Other investigators [4] have
attempted to use this as a criterion for biocompatibil-
ity; however, for the materials currently investigated,
no statistically significant difference in the membrane
thickness was noted when comparing all materials
over our range of post-implantation periods. It ap-
pears that membrane thickness is insufficiently sens-
itive to be applied in the comparison of the close tissue
reaction surrounding well-tolerated implant materials.
It cannot be considered as representative of the overall
tissue response. However, all the materials induced a
close tissue reaction which was quantitatively ana-
lysed by histomorphometry. The notable differences in
cellular response are:

(i) in comparison to CP Ti, 316L induced the fol-
lowing fibrocyte response within the encapsulating
membrane: in the short term, it induced a low amount
of fibrocytes which did not decrease later on, contrary
to titanium-based alloys;

(i) a similar trend was found for Ti5Al2.5Fe, al-
though, for this material, the decrease in fibrocytes
amount was slower than for CP Tj;

(iii) in the short term, TiO,-coated Ti induced a
lower tissue reaction than CP Ti.

The similarities as well as the differences in the close
tissue reaction could be attributed to several factors:
surface energetics and chemistry, corrosion products,
and surface roughness. The surface roughness of the
implants investigated here were uniform. Roughness
indexes given by the manufacturer were similar and
the scanning electron micrographs (Fig. 1) did not
show differences. Nevertheless, scarce defects could
explain some data scatter which disturbed the
statistical analysis. Considering the size of the im-
plants, it appeared difficult to overcome this problem
completely.

There are many reports of the surface chemistry and
electrochemical properties of the materials used in this
study in the literature [1, 15]. Pure titanium is natu-
rally coated with an oxide layer (pure TiO, [16]) 5 nm
thick which forms spontaneously over the metal sur-
face exposed to the atmosphere. This passivated layer
has a very high polarization resistance. Because it is
not electron conductive, it limits the corrosion of the
metal surface. Impurities (mainly Cl and F) are found

at, or near to the metal-oxide interface but are as
stable as TiO,. These foreign elements appear during
the surface preparation process. In the current experi-
ment, the TiO, layer deposited by electrolytical ano-
dization on CP Ti and Ti6Al4V implants was 0.2 um
thick. This procedure leads to the formation of a clear
limit between the metal substratum and the oxide
layer with an increase in content of impurities (Cl, F
and P), and pure metal disappearing from the surface
[17]. In aqueous solution, as well as under physiolo-
gical conditions, the titanium oxide layer transforms
into Ti(OH), which is uncharged, stable and at satu-
ration in normal tissues [ 2]. Consequently, titanium in
vivo releases only a small quantity of soluble products.
In a biological situation, due to the amphoteric prop-
erties of Ti(OH),, amino acids which are also ampho-
teric can have a strong reversible bond to the
material’s surface [ 18]. The electrochemical behaviour
of titanium may explain the excellent tolerance of this
material and the histomorphometric data obtained in
this study.

For the titanium alloys investigated here, Ti6AI4V
and CP Ti induced identical reactions, whereas
TiSAI2.5Fe induced a small, yet significantly higher
fibrogenesis than CP Ti in the long term. Although
intrinsic vanadium toxicity is well known, vanadium
in Ti6Al4V has not been demonstrated to be respon-
sible for implant toxicity. This can be explained by the
high polarization resistance of the Ti6Al4V oxide
layer which is similar to that observed with CP Ti in
the physiological situation [19]. Accordingly, the
amount of vanadium ion release, in the absence of
implant failure or fretting, is nearly negligible. The
results presented by Gold et al. [20], supported this
hypothesis by showing that vanadium was not detect-
able in the oxide layer before implantation or in the
organic layer after implantation. Vanadium anions
have a high solubility and would be dissolved in the
first electrolytical bath during material preparation.
Simpson [19] has shown that Ti5A12.5Fe oxide layer
has isolating properties lower than CP Ti in saline
solution. Moreover, Zitter and Plenk [21] have dis-
cussed the possibility that a flow of electrons in the
oxide may disturb the normal ion movement in the
surrounding tissue by a redox reaction and therefore
modify the tissue response. Although iron corrosion
products (principally Fe(OH);) are uncharged, inert,
and sparse, Zitter and Plenk’s hypothesis could sup-
port the current results.

The 316L stainless steel behaviour could be ex-
plained by the same hypothesis as that applied for
Ti5Al12.5Fe. The polarization resistance of stainless
steel is lower than CP Ti, so the redox reaction could
disturb the fibrocyte kinetics.

5. Conclusion

When comparing CP Ti, TiO,-coated Ti, Ti6Al4V,
TiO,-coated Ti6Al4V, TiN-coated Ti6Al4V,
Ti5Al12.5Fe, and 316L stainless steel, it appeared that
all materials induced a close tissue reaction. There was
no statistical difference between the tested materials
regarding the time-evolution of the inflammatory cells
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which disappeared after 4 weeks’ implantation. The
membrane thickness was identical for all tested mater-
ials and appeared not to be time-dependent. However,
quantitative histomorphometry allowed the differen-
ces in fibrocyte kinetics between the materials im-
planted to be distinguished. Thus, while pure titanium
demonstrated a significant decrease in fibrocyte dens-
ities with time, densities for 316L, and to a lesser
extent TiSAI2.5Fe, remained unchanged. In the short
term, surface treatments modified the tissue response
only for anodized CP Ti for which the tissue reaction
is lower than CP Ti. Considering biocompatibility
parameters, when the implants are not damaged, sur-
face treatments or vanadium substitution with iron do
not decrease the tissue response when compared to
Ti6Al4V.
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