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The exact mechanisms controlling the development and progression of osteoarthritis have not yet
been clarified. Our aim was to investigate new pathomechanisms, with an emphasis on novel molecular
targets that might regulate human chondrocytes in osteoarthritis. As a model for studying cell survival
and metabolism, C-28/12 and T/C-28a4 human chondrocytes were grown in complete medium, in dex-
tran-coated charcoal treated medium and in serum-free medium. Healthy and osteoarthritic human
cartilage samples were obtained from discarded surgical material. Cell survival, PTEN, AKT, Beclinl,
AMBRA, AMPK and glucose/triglyceride metabolism were evaluated by immunoblotting and spectro-
photometric assays. Starvation and steroids depletion decreased cell survival concomitantly with PTEN
elevation, repression of the PI3K/AKT signaling axis and autophagy activation. These experimental
conditions promoted the accumulation of glucose, decreased levels of GOPDH and resulted in differen-
tial expression of OXPHOS complexes. Furthermore, they induced the expression of AMPK, reduced
triglyceride levels and increased lipase activity, which was accompanied by a change in chondrocytes
toward a fibroblast-like morphology. In osteoarthritic human cartilage, increased PTEN, AMPK and
autophagy reflected the chondrocyte responses observed during starvation and steroids depletion. In
conclusion, we defined the metabolic phenotype of human chondrocytes, in which both starvation and
steroids depletion induce the activation of PTEN, AMPK and autophagy signaling, concomitant with
metabolic reprogramming. Our data may aid in the development of novel in vitro models for the discov-
ery and design of drugs or nutraceuticals capable of ameliorating the course of osteoarthritis.

Osteoarthritis (OA) is a major cause of morbidity the aging of the world’s population (1). Although
and disability and the burden of this disease has been important advances have been made in understanding
steadily gaining importance in recent decades with the pathophysiological processes of OA, the exact
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mechanisms that could be targeted to control the
development and progression of this disease have
yet to be determined. Because it is difficult to reverse
the process once cartilage is eroded, there is great
interest in strategies that prevent damage at early
stages or maintain homeostasis.

Apoptotic chondrocytes have been detected during
endochondral ossification (2), in hyaline cartilage
during aging (3), in rheumatoid arthritis (4) and in
OA (5). In OA, increased chondrocyte apoptosis
has been correlated with the severity of cartilage
damage (6). Various lines of evidence suggest that
apoptosis is the main type of death in chondrocytes
and that serum starvation of these cells induces
apoptosis (7). Phosphatidylinositol-3 kinase (PI3K)
and its downstream target serine-threonine kinase
(AKT) are classic cell survival signals that have an
important role in regulating bone development (8).
The PI3K/AKT pathway is also related to autophagy,
a physiological process involved in the degradation
and turnover of cytoplasmic organelles. It has
recently been claimed that autophagy is a protective
mechanism in normal cartilage and that its aging-
related loss is linked to cell death and OA (9). A
key negative regulator of the PI3K/AKT pathway is
the tumor suppressor gene phosphatase and tensin
homolog deleted on chromosome ten (PTEN) (10).
However, the role that PTEN plays in cartilage
degeneration during OA has not been completely
elucidated. The survival pathways that function in
the regulation of cellular metabolism have received
intense study.

Studies suggest that in osteoarthritic cartilage
damage occurs simultaneously with metabolic
dysfunction and nutrient imbalance (11, 12). Several
proteins involved in lipid metabolism are significantly
downregulated in osteoarthritic ~chondrocytes,
suggesting that impaired lipid metabolism may be
a critical factor in OA (13). Recently, a novel area
of cartilage nutraceutical research investigated
glucose metabolism and signaling pathways as
suitable targets for modulation of the behavior and
biosynthetic activity of articular chondrocytes (14).
However, detailed molecular studies evaluating the
metabolic profile of chondrocytes are limited.

Cell lines such as C-28/12 and T/C-28a4 have
been generated as a reproducible source of human
chondrocytes (15) and are commonly used as
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models for studying cartilage breakdown and
repair and for evaluating chondrocyte function.
In the present study, we decided to use these cell
lines to develop a model to examine the metabolic
phenotype of human chondrocytes to better define
the molecular mechanisms governing their viability
and metabolism. To accomplish this, the cell lines
were grown in complete medium (MC) and then
transferred to medium containing serum treated
with dextran-coated charcoal (DCC), to strip
steroids from serum, or to serum-free (-S) medium.
The action of steroids on cartilage is hardly being
elucidated and the clinical impact of these hormones
in articular cartilage is completely unclear to date.
To determine whether our findings reflected clinical
outcomes, human healthy and OA cartilage samples
were also examined.

MATERIALS AND METHODS

Chemicals

Acrylamide bisacrylamide (A2917) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Monoclonal
mouse antibodies (Abs) against human Beclinl (Cell Sig-
naling technology, Milan, Italy, #3738), activating mole-
cule in Beclinl-regulated autophagy (AMBRA) (N-18),
b-actin (AC-15), PTEN and AMP-activated protein ki-
nase (AMPK) and polyclonal rabbit Abs to AKT (H-136)
(Santa Cruz Biotechnology, Milan, Italy) were used in this
study. Type II collagen was probed with polyclonal anti-
bodies raised against amino acids 873-1072 of Collagen
al Type II of human origin, which map near the C-termi-
nus (Santa Cruz Biotechnology, Milan, Italy).

Cell cultures

Immortalized C-28/12 and T/C-28a4 human
chondrocytes were evaluated in the current study,
which are widely used to study chondrocyte growth and
differentiation (16). The cells were plated and grown for
12, 24, or 48 h in complete medium (MC) consisting
of DMEM/F12 with or without phenol red (Sigma,
Milan, Italy) plus 10% fetal bovine serum (FBS, Atlanta
Biologicals, Milan, Italy), 1% penicillin/streptomycin
(Cellgro, Milan, Italy) and 200 mM glutamine (Thermo
Scientific, Hyclone, Milan, Italy) at 37°C in a humidified
cell culture incubator with 5% carbon dioxide. Other sets
of experiments included cells grown in MC and then
starved for 12, 24, or 48 h in medium containing serum
treated with dextran-coated charcoal (DCC) to strip the
steroids from the serum or in serum-free medium (-S).
Monolayer-cultured chondrocytes between passages 1
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and 7 were used.

Human tissues

Human articular cartilage was obtained with
institutional review board approval from the discarded
surgical material of patients who underwent surgery for
total joint replacement in the Department of Orthopedics
of the Magna Graecia University of Catanzaro, Italy.

Approval was obtained by the local ethics committee
and the patients had given their informed consent to
the project prior to their operation. In total, 14 donors
suffering from OA were recruited between January 2010
and January 2012 (6 women and 8 men, with a mean age
0f 67.948.1 years and a body mass index of 28.3+2.5). The
diagnoses were based on established clinical, biochemical
and radiological criteria (17, 18).

Specifically, 7 of the 14 individuals had knee OA and
cartilage was taken from femoral condyles and the tibial
plateau. The remaining donors (i.e., 7 patients) suffered
from hip OA and the cartilage was harvested from whole
femoral heads. Radiological classification of each OA
joint was carried out according to the Kellgren-Lawrence
(19) scales by two independent radiologists. Cohen’s
kappa coefficients for inter-observer and intra-observer
reliability in scoring were 0.80 and 0.84, respectively. A
consensus decision on the scores was reached in a final
common readout. A II/IV grade OA was noted in 11
patients and a I/II grade OA was noted in 3 patients.

Patients with secondary OA or those who had previously
received intra-articular injections of corticosteroids,
hyaluronic acid, or non-steroidal anti-inflammatory drugs
were excluded from the study. Two patients without OA
or other diseases that could potentially alter the articular
cartilage served as controls. Specimens were excised from
the superficial and deep layers of the articular cartilage
using disposable scalpel blades, avoiding the calcified
layer and the subchondral bone. Approximately 0.5 cm? of
cartilage was dissected from all of the specimens from the
patients. After the cartilage was removed from the joint, it
was extensively washed with an isotonic saline solution
to remove residual blood or synovial fluid. The samples
were immediately immersed in liquid nitrogen and stored
at -80°C until analysis.

Cell survival analysis

Cells (3x10*cells/mL) were plated in 24-well plates and
grown in the different experimental conditions. The MTT
assay was performed as follows: one hundred microliters
of 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium
(MTT) (2 mg/mL) (Sigma Aldrich, Milan, Italy) was
added to each well and the plates were incubated for 2 h
at 37°C, followed by medium removal and solubilization
in 500 mL DMSO. The absorbance was measured with

(S) 3

an Ultrospec 2100 Prospectrophotometer (Amersham-
Biosciences, Milan, Italy) at a wavelength of 570 nm. The
results are expressed as a percentage of the controls, as
determined by standardizing the cells in MC to 100%.

Immunoblotting

Western blotting was performed as previously
described (20). Frozen human articular cartilage samples
were ground with a mortar and pestle under liquid
nitrogen, added to RIPA buffer (PBS, 1% NP-40, 0.5%
sodium deoxycholate and 0.1% sodium dodecyl sulfate
with a protease inhibitor cocktail) and homogenized on ice
with an Ultra-Turrax T25 homogenizer (Janke & Kunkel,
Staufen i. Br., Germany). After centrifugation for 30 min
at 16,000xg, the supernatant was transferred to Eppendorf
tubes. The concentration of protein was determined using
a protein assay kit (Bio-Rad, Milan, Italy, 500-0006) at
595 nm.

Glucose assay

The glucose assay used the glucose oxidase-peroxide
reaction. Glucose was oxidized to d-gluconolactone
with the concomitant reduction of the flavin adenine
dinucleotide (FAD)-dependent enzyme glucose oxidase.
The reduced form of glucose oxidase was regenerated
to its oxidized form by molecular oxygen to produce
hydrogen peroxide. Finally, with horseradish peroxidase
as a catalyst, hydrogen peroxide was reacted with
3.5-dichloro-2-hydroxybenzenesulfonic acid and
4-aminoantipyrine to generate a pink dye with an optimal
absorption at 514 nm.

GO6PDH activity assay

The conversion of NADP' to NADPH, catalyzed by
G6PDH was measured by the increase in absorbance at
340 nm, as previously described (21, 22).

Triglyceride assay

Triglyceride levels were measured in cell lysates in
duplicate using a glycerol-3-phosphate oxidase (GPO)
and peroxidase (POD) enzymatic colorimetric method
according to the manufacturer’s instructions, as previously
described (23, 24). The data are presented as mg/10° cells.

Lipase activity assay

Lipase activity was evaluated by the method
of Panteghini et al. (25), which is based on the use
of 1.2-o-dilauryl-rac-glycero-3-glutaric acid-(6’-
methylresorufin) ester (DGGR) as the substrate, as
previously described (22).

Statistical analysis
Statistical analysis was performed using an ANOVA



4(S)

C-1812
B
120 & BT
= DCC
-5
- B,D -
! ol
= g g :
z i 3 —t
] T, o ) ¥
£ 3 __'___,_i,.;——_ 1
1]
il 12 kL al b

O.GALASSO ET AL.

TC-2had
[+
120
»
& 30 -
=
l;. 80 i 3
- _—
= anf "
]
-] 12 b i3 h

Fig. 1. Time-course analysis of viability in C-28/12 (A) and T/C-28a4 (B) chondrocyte cell lines. The cells were cultured in
complete medium (MC). After three passages, one set of experimental cells included cells grown in MC and the other sets
of cells were starved in medium with serum treated with dextran-coated treated charcoal (DCC) or in serum-free medium
(-S). All three experimental conditions were analyzed at 12, 24 and 48 hours (h). The squares in the graphs represent the

mean + SEM of six independent experiments performed in triplicate. ®: MC:;

versus MC cells.

followed by Newman-Keuls testing to determine
differences in the means. p<0.05 was considered
statistically significant. All statistical analyses were
performed using SPSS software (v. 17).

RESULTS

Starvation decreases cell survival in chondrocytic
cell lines, C-28/12 and T/C-28a4

The C-28/12 and T/C-28a4 cells were exposed
to MC, DCC or -S medium and cell survival was
evaluated by the trypan blue exclusion assay. As
shown in Fig. 1, in both cell lines, viability decreased
significantly in DCC and -S medium compared
with the cells in MC. The survival of the -S cells
was lower compared with those incubated in DCC
medium. Additionally, it appeared that the survival
of T/C-28a4 cells was higher than that of the C-28/
12 cells in MC.

PTEN elevation and autophagy were induced in
C-28/12 and T/C-28a4 cells upon starvation

PTEN is expressed in chondrocytes (26) and a
tight relation between PTEN and autophagy has
been reported (27). We therefore examined PTEN
and AKT by immunoblot analysis in C-28/12 and
T/C-28a4 cells incubated in MC, DCC, or -S medi-

M. pcc; L: -s; *:P<0.05; **:P<0.02

um. PTEN was increased in cells cultured in DCC
or -S medium but not in a time-dependent fashion.
Consistently, AKT expression was almost complete-
ly abolished in the DCC and -S incubation media.
The results were similar for both cell lines (Fig. 2A).

In other differentiated cell types, starvation
induces autophagy. In our study, Beclinl and
AMBRA, important autophagy markers, increased
under the DCC and -S experimental conditions (Fig.
2B). Collectively, these data suggest that nutrient
depletion induces autophagy in human chondrocytes
in a manner similar to that in various differentiated
cells.

Starvation affects glucose metabolism in C-28/12
and T/C-28a4 cells

In the cellular model we used, the metabolic
phenotype has never been investigated. We first
analyzed glucose utilization in these cells by
evaluating glucose content and G6PDH activity.
Starvation induced the accumulation of glucose
in both cell types, although higher levels were
observed in the T/C-28a4 cells (approximately 87%
in the T/C-28a4 cells and approximately 48% in the
C-28/12 cells) (Fig. 3A, B). Chondrocyte starvation
resulted in a strong and significant reduction in
GO6PDH activity, the first enzyme of the pentose
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phosphate pathway (PPP) (Fig. 3C, D), which
matched the increased glucose content observed in
the cells cultured in DCC or -S medium.

Starvation alters the bioenergetic profile of C-28/12
and T/C-28a4 cells

Normal cells primarily employ mitochondrial

oxidative phosphorylation to generate the energy
needed for cellular processes. However, in different
settings cells may display aberrant bioenergetic
phenotypes that range from highly glycolytic
to partial or enhanced mitochondrial oxidative
phosphorylation
we investigated the effect of starvation on the
bioenergetic balance in the cell lines by analyzing

(OXPHOS). In this regard
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Fig. 2. Starvation induces PTEN elevation and autophagy in C-28/12 and T/C-28a4 cells. A): Western blot analysis
showing PTEN and AKT at 12, 24 and 48 hours in C-28/12 (panel al), T/C-28a4 (panel a2), cells grown in MC, DCC, or
-S medium; B): Western blot analysis showing Beclinl and AMBRA at 12, 24 and 48 hin C-28/12 (panel bl) and T/C-28a4
(panel b2) cells cultured under the experimental conditions mentioned above. B-actin was used as a loading control. The
autoradiographs show the results of one representative experiment and the numbers on the top of the blots are the means
of three independent experiments in which band intensities were evaluated in terms of arbitrary units of optical density
and expressed as fold over control (MC), which was assumed to be 1. *P<0.02 and **P<0.01: versus MC-treated cells
at each time considered.

the expression of OXPHOS components and AMPK.
As shown in Fig. 4A, in C-28/12 cells, starvation
increased the levels of complex 11 (CII) and complex
V (CV) of the respiratory chain at 24 h, whereas the
amount of complex I (CI) was reduced. Expression
of CII and CV was reduced after 48 h of starvation.
The T/C-28a4 cells did not show a similar response
pattern, although a reduction in CI was noted at 48
hours (Fig. 4B). Interestingly, in both cell lines, the
near absence of complex IV (CIV) was observed. In
addition, after longer exposure than that presented in
Fig. 4A and B, weak bands at 16 kDa were obtained.

AMPK is a crucial regulator of energy
metabolism at the cellular level (28, 29) and its
activity is closely linked to ATP production. Our
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Fig. 3. Starvation influences glucose metabolism in human chondrocytes cell lines. A, B): Glucose content was evaluated
in C-28/12 (A) and T/C-28a4 (B) cells at 12, 24 and 48 h and in MC, DCC, or -S medium. The results are presented as
the percentages of glucose content with respect to the 12-hour time point; C, D): G6PDH activity in C-28/12 (C) and
T/C-28a4 (D) cells at 12, 24 and 48 h and in MC, DCC, or -S medium. The columns represent the mean = SEM of six
independent experiments. *P<0.05, **P=0.02, ***P<(.01 and °P<0.001 versus MC-treated cells at 12 h.

data showed that AMPK is greatly increased upon
starvation, which is consistent with both the absence
of CIV and the reduction in CI observed in the two
cell lines (Fig. 4C, D). Together, these data suggest
that slow or delayed bioenergetic metabolism exists
in chondrocyte cell lines, particularly upon steroids
deprivation or starvation.

Starvation promotes the reduction of lipids in C-28/
12 and T/C-28a4 cells

To provide an almost complete view of the
metabolic phenotype of human chondrocytes we

evaluated triglyceride content and lipase activity. As
shown in Fig. 5A and B, the DCC or -S cells exhibited
reduced triglyceride levels compared with the cells
incubated in MC, showing a slight time-dependent
decrease in the T/C-28a4 cells. These results are in
agreement with the increased time-dependent lipase
activity observed in both cell lines (Fig. 5C, D).
However, the lipase activity of the cells incubated
in MC decreased in a time-dependent manner. Thus,
our data indicate that steroids or nutrient depletion
produces an altered metabolic phenotype in the
C-28/12 and T/C-28a4 cell lines.
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and T/C-28a4 cells. A, B): Immunoblot analysis of the

OXPHOS components; C, D): Quantitative representation after densitometry of the OXPHOS components; the columns
are mean of three independent experiments in which band intensities were evaluated in terms of arbitrary units of optical
density and expressed as a % with respect to the control (MC at 24 h), which was assumed to be 100 %. *P=0.05,
#P<0.05 and *P<0.01 versus MC-treated cells at 24 h. E, F): AMPK in C-28/12 and T/C-28a4 cells, respectively. The
experimental conditions are indicated in the figure. B-actin was used as a loading control. The autoradiographs show the
results of one representative experiment repeated at least three times. The numbers on the top of the blots are the means
of three independent experiments in which band intensities were evaluated in terms of arbitrary units of optical density
and expressed as fold over control (MC), which was assumed to be 1. *P<0.05 and **P<0.01 versus MC cells at each

time considered.

Nutrient or steroids depletion induces a switch
from the chondrocyte morphological phenotype to a
fibroblast-like phenotype

As both PTEN and AMPK regulate cell
metabolism, function and differentiation, the

increased amounts of PTEN and AMPK upon
cell starvation may be related to the change in the
morpho-functional phenotype of C-28/12 and T/C-
28a4 cells incubated in DCC or -S medium. In fact,
in both experimental conditions, induced marked
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and ***P<0.02 versus MC at 12 h.
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Fig. 6. Starvation changes morphological features in the C-28/12 cell line. Morphological features of C-28/12 cells at 12,

24 and 48 h under different experimental conditions (original magnification: x 100). Each panel shows the result of one
representative experiment repeated at least three times.
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Fig. 7. Starvation changes morphological features in the T/C-28a4 cell line. Morphological features of T/C-28a4 cells at
12, 24 and 48 h under different experimental conditions (original magnification: x 100). Each panel shows the results of
one representative experiment repeated at least three times.
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Fig. 8. PTEN, Beclinl, AMPK and type II collagen profiles in cartilage samples from healthy and osteoarthritic patients.
A): Immunoblot analysis of collagen II (Coll 2) in C-28/12 and T/C-28a4 cells in MC, DCC, or -S medium at 24 h. B-actin
was used as a loading control, B): Immunoblot analysis of collagen II in cartilage samples from healthy (C) and OA
patients; C): Immunoblot analysis of PTEN, Beclinl and AMPK in cartilage tissues from healthy (C) and OA patients.
B-actin was used as a loading control. The autoradiographs show the results of one representative experiment and the
numbers on the top of the blot are means of three independent experiments in which band intensities were evaluated in
terms of arbitrary units of optical density and expressed as fold over control (C), which was assumed to be 1; *P<0.05,
*¥*P<0.02 and ***P<0.01 versus C.
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changes in cell morphology, with the appearance of
elongation or stretching, whereas the cells cultured
in MC appeared polygonal. The effects were more
evident in the C-28/12 cells (Fig. 6) compared to the
T/C-28a4 cells (Fig. 7).

PTEN, Beclinl, AMPK and collagen Il expression
profiles in cartilage samples from patients with
osteoarthritis (OA)

In OA, the stability of collagen fibrils is
compromised, with extensive proteolytic breakdown
of type II collagen, one of the major components of
the extracellular matrix of articular cartilage, leading
to cartilage erosion and joint deterioration.

Therefore, we analyzed collagen II expression
by immunoblotting in chondrocytes cultured in the
different media and we found that it was increased by
starvation in both chondrocyte cell lines (Fig. 8A).
Consistently, an increase in the expression of this
cartilage degradation biomarker (30) was observed
in patients with III/IV and I/II grade OA (Fig. 8B).

Based on the consistent evidence regarding PTEN,
AMPK and autophagy and on the fact that there is
metabolic impairment during nutrient depletion in
the human chondrocyte cell lines, healthy and OA
human cartilage samples were examined. As shown
in Fig. 8C, PTEN, Beclinl and AMPK expression
was increased in the cartilage from OA patients
compared with healthy donors. Specifically, these
factors were more highly expressed in the III/IV
grade OA samples than in the I/II grade OA samples.

DISCUSSION

The aim of our study was to underline novel
molecular targets in human chondrocytes that could
regulate their survival and metabolic phenotype.
Previous studies investigated hormonal influences
on human articular cartilage metabolism providing
variable results due to the uncontrolled sources of
cartilage and insufficient numbers of cells obtained
from random procedures. To gain further insights
into a possible involvement of steroids in cartilage
metabolism as well as to evidence their metabolic
phenotype, we evaluated glucose and lipid
metabolism, by using the immortalized chondrocyte
cell lines, C-28/12 and T/C-28a4 (16), cultured in
MC, DCC and -S.
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PTEN is the primary negative regulator of the
PI3K/AKT pathway, a classical survival signaling
pathway in cells. A role for PTEN in influencing
osteoclast survival and differentiation has been
reported (8). The results of our analysis of PTEN and
AKT expression in two human chondrocyte cell lines
cultured under starvation conditions were similar to
those reported in the literature for other differentiated
cells: the increase in PTEN was concomitant with
a decrease in AKT expression. PTEN/PI3K/AKT
signaling is also related to autophagy and it has been
suggested that autophagy is an intermediate step in
the chondrocyte life cycle (31).

Furthermore, it has been reported that
chondrocyte starvation does not increase the number
of autophagosomes as is commonly observed in
other cell lines and the authors suggested that in this
cell type, autophagy is a constitutive rather than an
adaptive pathway (31). Autophagy in chondrocyte
cells is a new topic, for which knowledge is only
beginning to be accumulated. The detection of LC3
and Beclinl has been the mainstay for autophagy
detection. However, LC3 expression levels
can vary markedly between different cell types and
in response to different stresses and there is also
concern that over-expression of tagged versions
of LC3 to facilitate the detection of autophagy
interferes with the process itself. Technically,
western blotting for LC3-I and LC3-II is not easy
to obtain because successful blotting for LC3-I and
—II requires particular skill (32). Beclinl may be
a more generally robust approach to determining
the importance of autophagy in an experimental
system because it has a central role in the regulation
of the autophagy process. It forms a complex with
other autophagins such as Ambral, which binds to
Beclinl, enhancing autophagosome formation (33).

Our data showed that Beclinl and AMBRA levels
increased during both types of starvation. It appears
that the autophagic response serves to maintain
the viability of cells because even if their number
diminished with respect to those treated with MC,
they continued to survive. The changes in the markers
of survival and autophagy were not time dependent,
however, the starved cells continued to survive and
proliferate, most likely due to an adaptation to the
environmental conditions.

It has been reported that chondrocyte activation
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of autophagy causes increased catabolic signals
and decreased anabolic signals (12). OA is also
characterized by the progressive degradation and loss
of articular cartilage due to unbalanced metabolic
activities in chondrocytes (14). A difference in
chondrocyte metabolism might be presumed when
the cells have to adapt to the absence of growth
factors. Typically, in cellular metabolism, glucose
is metabolized via glycolysis into pyruvate, which
then enters the tricarboxylic acid (TCA) cycle and
is oxidized to produce ATP. In the absence of serum,
metabolic deregulation may switch from glycolysis
to mitochondrial respiration or vv and the conditions
that trigger this switch need to be defined. Our results
showed that C-28/12 and T/C-28a4 cells have adapted
to possess lower oxidative phosphorylation activity
and consume less oxygen.

In other words, they switch to glycolytic
metabolism, acquiring some features of the Warburg
effect (WE). It has been reported that mouse
chondrocytes are highly glycolytic cells and require a
regular supply of glucose for optimal ATP production
(34, 35). Even modest changes in the concentrations
of glucose in the extracellular microenvironment of
chondrocytes could impair IGF-I-mediated anabolic
activity and thus promote a variety of joint pathologies
(36). Therefore, steady physiological levels of
glucose are critical for chondrocyte viability. We
observed that the cellular concentrations of glucose
increased upon starvation in both cell lines indicating
that glucose utilization was reduced. This concept
is supported by our observation that the activity of
G6PDH, a key enzyme of the PPP that together with
glycolysis represents the main pathway of glucose
utilization, significantly declined in the starved cells.
To our knowledge no notable observations about this
enzyme have been reported in chondrocytes.

The metabolic results are consistent with PTEN
elevation, accompanied by the repression of PI3K/
AKT signaling and agree with arecent study reporting
that cells that overexpress PTEN show reduced PI3K
activity and impaired glucose metabolism (37).

Nutritional ~ supplements,  vitamins  and
nutraceuticals may be of benefit in the treatment of
OA (38) and it is feasible that improved nutritional
support of chondrocytes will prevent and alleviate
OA. Therefore any data identifying the effects of
nutrition on chondrocyte physiology will have an
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important impact on the prevention and treatment
of a range of pathological conditions of articular
cartilage.

In addition, a decline in G6PDH activity indicates
a decline in ATP production. Because chondrocyte
matrix synthesis is modulated by the balance between
ATP generation and consumption, the mechanisms
by which chondrocytes generate energy is a topic
of interest. In this regard, articular chondrocytes are
specialized for survival in an avascular environment
and rely on long diffusion pathways to obtain O2 for
oxidative phosphorylation.

Consistent with this specialization, cultured
articular chondrocytes have a particularly active rate
of anaerobic glycolysis (14). In fact, it was reported
that OXPHOS may account for up to one-fourth of
total steady-state ATP production within articular
cartilage (39). In OXPHOS, electron transport is
coupled with four enzyme complexes (CI-CIV) that
are located in the mitochondrial inner membrane,
with the exception of CII and ATP is synthesized at
complex V (ATP synthase). Our data showed that
C-28/12 and T/C-28a4 cells weakly express CIV,
indicating that OXPHOS works less efficiently
in these cells than in cells that possess all five
complexes, which supports the glycolytic phenotype
reported for chondrocytes.

It is known that AMPK stimulates energy
production from glucose and fatty acids during
stress (40). There are emerging studies indicating
that the function of AMPK is not restricted to the
maintenance of energy metabolism during increased
energy consumption but can also coordinate
several housekeeping mechanisms, e.g., the
autophagocytosis of damaged structures (41). In this
manner, AMPK allows cells to adjust to changes
in cellular energy demand and it was reported that
AMPK is related to chondrocyte autophagy in mice
(42). It has been shown that functional AMPK
is required for starvation-mediated autophagy in
growth plate chondrocytes (43).

From our study, AMPK content increased in
both C-28/12 and T/C-28a4 cells, particularly in
the S-cultured cells, in which the expression of
autophagic markers increased. The bioenergetic and
biosynthetic requirements of cells are balanced by
regulation of the flux of pathways that metabolize
lipids other than glucose. Interestingly, in our study,
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starvation induced a reduction in lipid content that
was consistent with the observed increases in lipase
activity and autophagy.

It is known that culturing chondrocytic cells in
a monolayer leads to a process of dedifferentiation,
whereby the cells acquire fibroblastic morphology,
loosing their chondrocytic properties. From our
observations, C-28/I12 and T/C-28a4 cells change
their morphological phenotype, both in DCC and
-S medium at 48 hours and continue to survive,
further suggesting that they undergo metabolic
reprogramming. Accordingly, glucose deprivation
sensed by AMPK initiates different responses in
oncogene-transformed fibroblasts, which die of
apoptosis, whereas normal fibroblasts cease growth
and division but do not die (44).

The effects of PTEN loss have been measured
primarily in cancer cell lines that harbor numerous
mutations and have lost their epithelial phenotype
(45). Recent studies have reported that PTEN
ablation in the cartilage of developing mice produces
defects in growth plate organization and increased
chondrocyte differentiation (46). Other investigators
have shown that deleting PTEN in mature osteoblasts
results in increased bone mass that accumulates
throughout the animal’s life span (47). Recently,
it has been shown that PTEN elevation triggers
systemic metabolic reprogramming (37). Taken
together, the data from our experimental conditions
of starvation showed that AMPK and PTEN elevation
might favor the switch to a different metabolic
and morphological phenotype. Parallel analyses
of starved cells and OA cartilage tissues showed
enhanced type Il collagen degradation, as reported
in the literature (30). Recently, elevated expression
of PTEN (48) and Beclinl (33) has been reported in
OA chondrocytes. Our data from OA cartilage tissue
samples revealed that increased PTEN, AMPK and
autophagy, accompanied by metabolic dysfunction,
are associated with augmentation of type II collagen
degradation, supporting the hypothesis that the
absence of certain nutrient(s) in cultured cells may
resemble OA conditions.

Since diet or hormonal milieu are possible
contributing factors to the pathogenesis of OA, future
progress in treating degenerative joint disorders will
be highly dependent on a better understanding of the
unique nutritional requirements of chondrocytes. In

O.GALASSO ET AL.

this regard, clearer understanding of chondrocyte
metabolic pathways may reveal the underlying
metabolic disturbances that are directly responsible
for cartilage degradation in OA and other
arthropathies.

In this paper we report a novel aspect of
chondrocyte biology through which PTEN and
AMPK elevation induces the early reduction of
chondrocyte survival through autophagy and induces
metabolic reprogramming that in turn may influence
the morphological phenotype of chondrocytes.

This knowledge may lead to new approaches and
novel therapies to prevent and treat degenerative joint
disease, enhancing approaches for the discovery and
design of drugs or nutrients capable of modifying the
course of these diseases.
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ENDOTHELIAL PROGENITOR CELL ADHESION, GROWTH AND
CHARACTERIZATION ON TRABECULAR TITANIUM AND TRABECULAR TITANIUM
COATED WITH COLLAGEN OR DECELLULARIZED ECM
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Adequate blood supply is essential for prosthesis osteointegration and bone healing as it supplies
oxygen, nutrition and progenitor cells. The bone healing process and vascularization depend upon the
endothelial cells, which speed up implant osteointegration. Endothelial Progenitor Cells (EPC) are a
population of stem cells that can reproduce, migrate and acquire mature endothelial phenotype. Their
recruitment occurs in the tissue lesion to enhance neovascularization. Trabecular Titanium™ (TT™) is
a new biomaterial with very interesting biomechanical characteristics and fast osteointegration. This
study has investigated adhesion, proliferation and characteristics of EPC on three types of biomaterial:
unmodified trabecular titanium, trabecular titanium coated with the ECM deposited by human
mesenchymal stem cells isolated from subcutaneous adipose tissue and decellularized and trabecular
titanium coated with type I collagen (control scaffold). MTT assay showed similar percentages of EPCs
seeded on the different kinds of scaffold: 67% on TT, 70% on decellularized scaffolds and 82% on
collagen-coated scaffolds. There were no statistically significant differences between the three groups. We
therefore conclude that TT™ allows EPC adhesion and proliferation and, consequently, by permitting

vascularization, it favours prosthesis osteointegration.

The biocompatibility of a prosthesis is essential
when replacing a joint, but this factor alone is not
enough to ensure long-term follow-up success. The
design of the implant must allow for immediate
stable fixation and osteointegration of the implant
for later stability. The surface of the material plays
a central role in the osteointegration process, as the
bone needs to grow into the implant and give durable
fixation. The interface between the prosthesis and the
bone influences implant survival. In fact, in the past,
this was one of the main causes of failure. Previously,

cementation was the most common type of fixation
in knee and hip arthroplasty, but the risk of cement
debris and consequent loosening of the implant led
to the development of new uncemented designs. In
the last two decades, the uncemented prosthesis has
grown in popularity, especially for young and high
demand patients, increasing interest in the bone-
prosthesis interface in terms of biomolecular studies
and material design development. In hip arthroplasty,
many studies report the success of uncemented
stem and good results, especially in young patients
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(1). No such success has been reported in literature
concerning knee arthroplasty (2, 3) and cementation
remains the most popular type of fixation. There
are more fixation problems with revision surgery as
there are often bone defects that, if not treated, can
compromise the success of the surgery.

The surgeon, therefore, needs an implant
that can ensure immediate stability and durable
osteointegration. Titanium and titanium alloys are
commonly used in orthopedics and dental surgery due
to their mechanical strength, chemical stability and
biocompatibility. Trabecular titanium™ is a porous
material like spongy bone, with high interconnectivity
between the pores: this characteristic can induce in
vitro osteogenic differentiation of human adipose-
derived stem cells without osteogenic factors (4).

Adequate blood supply is essential for
osteointegration and the bone healing process as it
supplies oxygen, nutrition and progenitor cells.

The bone healing process and vascularization
depend upon the endothelial cells, which speed up
implant osteointegration (5). The interaction between
the titanium implant surface and tissues influences
implant survival in dental surgery (6). Inadequate
vascular supply is often associated with reduced
bone formation (7).

The first host tissue response to the implant
is an inflammatory reaction. This is activated by
surgical trauma and influenced by the presence of
the implant: clot formation at the bone-prosthesis
interface supports the subsequent healing process.
Inflammation induces platelet activation, the
migration and activation of inflammatory cells,
vascularization, mesenchymal cell and osteoblast
adhesion and protein synthesis. Endothelial cells
express adhesion molecules depending on the
material used (8). PECAM-1 adhesion molecules
establish homophilic binding between neighboring
endothelial cells and between themselves and the
cytoscheleton (9).

Endothelial progenitor cells in type I collagen
injected in vivo in immune-deficient mice can
induce blood vessel formation (10). Furthermore,
the collagen/heparin coating on the titanium surface
increases EPC adhesion and the cells are smaller
than those that adhere to an uncoated titanium
surface: cell size and shape is inversely correlated
with cell proliferation and migration speed (11).
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The endothelial cells in co-cultures adhere to
extracellular matrix proteins produced by osteoblasts
(12), including type I collagen.

EPCs are a population of stem cells, which can
reproduce, migrate and acquire mature endothelial
phenotype; their recruitment occurs in the tissue
lesion to enhance neovascularization (13). This type
of cell can be isolated from peripheral blood: after
12-15 days in culture they grow to form a colony
of cells with a typical cobblestone appearance, they
have high proliferative ability and they develop
capillary-like structures (14, 15). EPCs can favor
neovascularization in the presence of hypossic
stimuli, i.e. they facilitate the de novo formation
of blood vessels (16, 17, 18), which is different to
angiogenesis where new vessels are formed from
previous vessels by migration and proliferation of
endothelial cells (19).

The aim of this study is to evaluate the ability of
EPCs to adhere to and proliferate on the trabecular
titanium surface, acquiring mature endothelial
cell characteristics and their ability to interact
with neighboring cells, expressing typical contact
proteins like VE-cadherin and PECAM. We have
also modified the titanium surface by covering it
with type 1 collagen and de-cellularized extracellular
matrix produced by osteoblasts. We have evaluated
adhesion, proliferation, characterization and the
interaction between EPCs and neighboring scattered
cells. We selected type 1 collagen as its clinical use is
FDA approved and we chose osteoblast extracellular
matrix as its composition is the most similar to the
natural one even when obtained by in vitro synthesis.
The de-cellularized matrix produced by cellular
secretion is a laboratory biomimetic surface with the
same complexity as natural extracellular matrix.

MATERIAL AND METHODS

Cells

Human adipose derived stem cells (hASCs) were
isolated from subcutaneous adipose tissue obtained from
healthy donors during hip replacement surgery after
informed consent (4).

The Ethic Committee of the Fondazione IRCCS
Policlinico San Matteo of Pavia approved the study and
informed consent from all subjects was obtained. Blood
samples were obtained from healthy human volunteers
or patients with fracture admitted to the Emergency
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Department of the hospital. EPCs were isolated according
to Dragoni et al (20). The endothelial lineage of the
ECFCs was confirmed by FACS (fluorescent activated
cell sorting), via the assessment of capillary-like networks
in an “in vitro” Matrigel™ assay and by immunostaining
with anti-CD31, anti-VWEF, anti-VEGFr.

In Vitro Tube Formation Assay

Early passage (P2-P3) ECFCs were detached by
trypsinization and resuspended in endothelial medium.
Cells were plated at 2x10* per well in Matrigel™ (BD
Biosciences) coated 96-well plates and incubated at
37°C with 5% CO,. Capillary network formation was
progressively assessed from 1 to 4 h after seeding. Each
EPC population was assessed for tube formation before
being used for experiments.

Scaffolds

TT™ collagen coated scaffolds were seeded with
hASC, cultured and differentiated as previously reported
(4). Briefly, the hASC were seeded onto the scaffold and
allowed to penetrate the structure for 2 hours before the
growth medium was added. After 7 days, the osteogenic
medium was added to induce osteogenic differentiation.
Fourteen days after differentiation, the constructs were
washed with phosphate buffered saline (PBS). Freeze-
thaw cycling plus NH,OH aqueous solution and DNase
treatment was used for the decellularization. The freeze-
thaw cycles (21) were repeated 6 times. The constructs
were then immersed in an aqueous solution of 25 mM
ammonia for 30 min on a slow-moving shaker. After the
ammonia treatment, the constructs were washed 6 times
with Milli-Q water and then treated with 70U/ml DNase
I solution (Applichem) at 37°C for 90 min on a slow-
moving shaker. After decellularization, the construct was
thoroughly washed and then left to dry for 24 h.

TT™ collagen coated scaffolds were immersed in a
50 microgram/ml solution of Type I Collagen (Sigma-
Aldrich) for 2 hours at room temperature. The scaffolds
were then washed with Milli-Q water and left to dry.

Characterization of the ECM-coated scaffolds was
performed using scanning electron microscope (SEM) and
immunofluorescence staining. The scaffolds were coated
with a thin evaporated layer of gold and observed using
a Zeiss scanning electron microscope (SEM), mod. EVO
MA10 (Carl Zeiss, Oberkochen, Germany). To evaluate
the removal of cellular components, the constructs were
stained with Hoechst (Sigma-Aldrich) for cell nuclei. The
presence of type I collagen of ECM after decellularization
was evaluated by immunofluorescence staining.

Immunofiuorescence
For the immunofluorescence study EPCs seeded

(S) 17

and grown on coverslips and the constructs were fixed
with 3% paraformaldehyde for 30 min. All the samples
were washed twice in PBS, blocked for 30 min with
1% BSA/0.02% Tween 20 and rinsed with PBS. They
were then incubated with anti-type I collagen primary
antibodies (Prestige Antibodies, Sigma-Aldrich, St. Louis,
MO), anti-CD31 and anti-VE-cadherin (Santa-Cruz),
anti-VWF and anti-VEGFr (Abcam), with a dilution equal
to 1:100 in PAT (PBS containing 1% (w/v) bovine serum
albumin and 0.02% (v/v) Tween 20 overnight at 4°C.
Negative controls were incubated overnight at 4°C with
PAT instead of the primary antibody. After three washes
with PBS, all the samples were incubated for 30 min
with Alexa 488 goat anti-rabbit IgG or Rhodamine Red-
X-AffiniPure anti-mouse IgG (Li Starfish S.r.L) with a
dilution equal to 1:1000 in PAT. At the end of incubation,
the constructs were washed with PBS and then stained
with DAPI (Sigma-Aldrich) to target cellular nuclei.
The constructs were examined with a Nikon Eclipse 80i
microscope (Nikon, Japan) equipped with digital image
capture.

MTT assay

To evaluate the mitochondrial activity of the seeded
cells on TT™ scaffolds during the culture period, a
3-(4, S-dimethylthiazole-2-yl)-2.5-diphenyltetrazolium
bromide (MTT) assay (Sigma-Aldrich) was performed on
days 0,7, 14and 21. The culture medium was replaced with
a 0.5 mg/ml solution of MTT in phosphate buffered saline
(137 mM NacCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM
KH2PO4, pH7.4) and the cell/scaffold constructs were
incubated for 4 h in a humidified atmosphere of 95% air
with 5% CO, at 37°C. Viable cells are able to reduce MTT
into formazan crystals. After removing the MTT solution,
1 mL of isopropanol-HCI 0.1% was added to solubilize
the formazan and the well plate containing the cultured
3D scaffold was agitated for 20 min on a shaker. Aliquots
of 500 ml were sampled and the related absorbance values
were measured at 570 nm. An appropriate standard curve
was made for each experiment.

Molecular biology tests

RNA extraction and retrotranscription. RNA was
extracted from cells with TRI reagent® RNA isolation
Reagent(Sigma-Aldrich, Italy)toevaluate gene expression.
After 21 days of culture, cells/scaffold constructs were
washed with PBS and then put in a B-mercaptoethanol and
lysis buffer, frozen in liquid nitrogen and stored at -80°C
until extraction. RNA extraction included the addition of
DNase to increase the extraction purity. The total RNA
extracted was then reverse transcribed into cDNA, with the
M-MLV Transcriptase (Promega). Reverse transcription
was performed according to Laforenza et al (22). RNA
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of control cells was extracted from EPCs before they
were seeded on TT scaffolds (control). The expression
of von Willebrand factor (VWF) and endothelial NOS
(e-NOS), which are indicators of EPC maturation (23),
was evaluated by quantitative real-time (qPCR).

Quantitative real-time RT-PCR was performed
in triplicate using 1 ml cDNA (obtained as indicated
above) and specific primers for VWF (Hs VWF 1 SG
QuantiTect Primer Assay QTO00051975, Qiagen) and
e-NOS (Hs_NOS1 1 SG Quantitect Primer Assay QT
00043372, Qiagen). The QuantiFast-SYBR Green PCR
Kit (Qiagen SpA, Milan, Italy) was used according to
the manufacturer’s instructions and qPCR was performed
using Rotor Gene 6000 (Corbett). The conditions were
as follows: initial denaturation at 95°C for 5 min; 40
cycles of denaturation at 95°C for 30 s; annealing at
58°C for 30 s and elongation at 72°C for 40 s. Melting
curves were generated to detect the melting temperatures
of specific products immediately after the PCR run. The
qPCR reactions were normalized against the expression
of the housekeeping gene beta-2-microglobulin (B2M)
(Hs_B2M 1 SG, QuantiTect Primer Assay QT00088935,
Qiagen). Relative mRNA levels were referred to the EPC
(control) before seeding on scaffold (AACt). Fold change
values were expressed as 224,

RESULTS

Characterization of EPC isolated from peripheral
blood

Cells isolated from  peripheral  blood
mononucleated by density gradient centrifugation
over Histopaque formed primary colonies after 10-
15 days in complete endothelial growth medium
(EGM-2MYV, Lonza) with the typical cobblestone
morphology (Fig. 1B). These cells were trypsinized
at third passage and flow cytometry analysis was
performed to evaluate the expression of surface
markers. They expressed the typical endothelial
progenitor markers and were negative for
mesenchymal stem cell markers (Fig. 1A). EPCs
cultured for 4 h in multiwells coated with Matrigel
demonstrated a change in morphology, connecting
to each other to form tube-like structures (Fig. 1C).
Immunofluorescence experiments demonstrated
that the cells trypsinized at the third passage were
positively stained by antibody anti-VWF and anti-
VEGFr (Fig. 1D, E).
Scaffolds

hASCs seeded on TT™ scaffold secreted an
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Fig. 1. Characterization of EPC isolated from peripheral
blood. A): Percentage of markers in EPC at passage 3
stage, mediaxS.E.M. of three different preparations;
B): cobblestone-like morphology of EPC cultured in
monolayer in EGM-2MV medium, magnification, 10x;
C): tube formation on Matrigel™ after 4 h from seeding,
magnification: 4x; D, E): immunofluorescence staining
(green) of VWF(D) and VEGFr (E) of EPC in monolayer
culture in EGM-2MV. Cell nuclei are stained with DAPI
(blue). Images are representative pictures of wells
seeded in triplicate using cells from 3 different donors.
Magnification 20x.

abundant matrix containing type I collagen that
surrounded many cells proliferated on the scaffolds
(Fig. 2A and B, arrowheads). The decellularization
method used was able to remove the cells without
damaging the matrix: the immunofluorescence
image shows the presence of type I collagen (Fig.
2C); the presence of the matrix on the scaffold after
decellularization was shown by SEM analysis. (Fig.
2D, arrows).

Proliferation and characteristics of EPC on
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Fig. 2. Characterization of decellularized ECM-coated scaffold. A, B): Images of Trabecular Titanium scaffold seeded
with hASC and coated with the original ECM; (C, D): Images of Trabecular Titanium scaffold seeded with hASC and
coated with the decellularized ECM; A, C): Immunostaining for type I collagen (green) shows that the decellularization
procedure removes cells preserving the matrix. Nuclei are stained with Hoechst (blue), magnification 20x; D): Analysis
with SEM confirms the absence of cells after decellularization with the presence of abundant ECM (arrows); B): Many
cells are evident (arrowheads).
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Fig. 3. A): MTT assay on EPC seeded and grown on different scaffolds for 3 weeks. Each bar represents the mean £ SEM
of four different preparations. * p<0.05 vs 7, 14 and 21 days (one-way ANOVA method followed by Bonferoni test; B):
VWEF and eNOS transcript expression in EPC grown on different scaffolds after 21 days from seeding. mRNA levels were
measured by real-time RT-PCR relative to the beta-2-microglobulin internal standard (see Materials and Methods) and
the values obtained were reported as DDCT (fold change) versus control EPC. Bars represent the mean = S.E.M. of four
different experiments, each from different RNA extracts.
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Fig. 4. Immunostaining for VE-cadherin and VWF of EPC grown on trabecular titanium scaffold (TT), TT coated with
decellularized extracellular matrix (Decell) and TT coated with type I collagen (Coll). Arrows show the presence of
tubular structures. VE-cadherin is located at junctions between endothelial cells. VWF is localized in the cytoplasm of

the cells. Magnifications: 4x and 20x.

scaffolds — MTT test showed similar percentages of
EPCs seeded on the different kinds of scaffold: 67%
on TT, 70% on decellularized scaffolds and 82% on
collagen-coated scaffolds. There were no statistically
significant differences between the three groups. The
time course of the EPC number on the scaffolds
was similar: the cells proliferated throughout the
experiment, being 2-3 times higher after 3 weeks of
culture. For each kind of scaffold the number of cells
at time 0 was statistically different to that of cells at
14 and 21 days of culture (Fig. 3A). The EPCs grown
of the different scaffolds maintained the mRNA
expression of VWF and eNOS, specific markers of
endothelial cells expressed as fold change over EPC
before seeding (Fig. 3B, control EPC).

Confocal microscope images confirm that the
cells are positive for specific markers of endothelial
cells VE cadherin and VWF. At low magnification
(4X), it is possible to see tubular-like structures (Fig.
4, white arrows). At higher magnification (20X), the
contacts between the cells are shown (high positivity
for VE Cadherin) and appear as roundish structures.

Marking by anti-VWF shows that the
cells are high positive for von-Willebrand factor, a
specific protein secreted by mature endothelial cells:
the marking is like lots of little spots in the cellular
cytoplasm (Fig. 4).

SEM analysis

All the cells/scaffold constructs showed many
cells positioned to form tubular-like structures
(Fig. 5, arrows). Higher magnification showed
(arrowheads) the cells connecting with one another
(insert in Fig. 5, TT).

DISCUSSION

Orthopedics has seen an increased number of
joint replacements in the last decades and their
indications, especially for the hip and knee, have
widened. Consequently, the number of revision cases
has also increased and the new goal, in recent years,
has been to develop new materials and designs to
improve implant survival and patient outcome, both
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Fig. 5. Scansion electron microscopy of trabecular titanium scaffold (TT), TT coated with decellularized extracellular
matrix (Decell) and TT coated with type I collagen (Coll) seeded with EPC and cultured with EGM-2MYV for 28 days.
Capillary-like tubular structures are shown on each scaffold (arrows). Higher magnification shows cells connecting to

each other.

in old and young patients. The market has tried to
develop new metal or metallic alloy or prosthesis
surfaces permitting excellent fixation to bone without
needing cementation to reduce the risk of wear and
particle debris.

Cemented acetabular revision, for example, has
been associated with high risk of loosening (24). In
the last decade, the introduction of trabecular metal
(TM™), (the benchmark of porous material based
on tantalum deposition on a carbonate skeleton) in
difficult primary and revision surgery has resulted
in excellent osteointegration and biological fixation
with increased depth of bone ingrowth and improved
initial stability (24, 25). It also gave better results
in terms of survivorship (26, 27) and subsequently
initiated the development of further new materials.

These results triggered further research into
improved fixation methods and new metal structures,
especially for use in cases with major bone loss
(difficult primary revision surgery).

TT™ is a new biomaterial with a regular three-
dimensional structure characterized by high open
porosity that simulates trabecular bone (28). TT™
facilitates primary stability of the implant during
surgery and secondary stability following bone
ingrowth. Various studies have reported TT™ to have
very good biomechanical characteristics (28) and fast
osteointegration (4). The literature presents a study
(29) involving 81 acetabular revisions performed
using three types of acetabular TT™ cups and
hemispherical module and augments. Steno et al. at
a mean follow-up of 38 months, reported immediate
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stability, bone healing, osteointegration of TT™
acetabular cup and absence of radiological signs of
loosening in all but 4 cases: there was subsidence of
the acetabular cup in 3 cases (that stabilized at six
months) and the implant was unstable and required
revision in 1 case. The Authors therefore concluded
that TT™ cups facilitate reliable and reproducible
biological fixation in acetabular revision surgery.

Another study (30) reports that another type of
TT custom-made implant is useful in the case of
acetabular revisions with a Paprosky type 3 defect;
Baauw et al. compared planned and post-operative
position and orientation of the custom-made
implants in 16 patients by CT-scan. The results were
encouraging.

Cementless implant survival depends on rapid
vascularization, which allows engraftment and
subsequently osteointegration. Many different
cells are important for the bone healing process:
endothelial progenitor cells, endothelial cells,
osteoblasts and stem cells. Effective vascularization
is essential to repair as it supplies oxygen, nutrients,
cytochines and growth factors. Ideal biomaterial is
cytocompatible, it interacts with surrounding tissues,
gives chemical stability and mechanical strength and
allows cellular adhesion and proliferation. In the
field of cardiovascular tissue engineering, there has
recently been increased interest in metal surfaces,
which attract stem cells, particularly endothelial
progenitor cells (31).

The aim of this study was to investigate
adhesion, proliferation and characteristics of
endothelial progenitor cells (EPC) on three kinds
of biomaterials: unmodified trabecular titanium,
trabecular titanium coated with the ECM deposited
by human mesenchymal stem cells isolated from
subcutaneous adipose tissue and decellularized
and trabecular titanium coated with type I collagen
(control scaffold). This latter scaffold was chosen
as the characteristics of EPC growth on this type of
matrix is well-known. The method used to isolate
EPCs from peripheral blood involves the seeding of
mononuclear cells obtained via gradient centrifuge
on collagen-coated plates. The performance of
trabecular titanium in clinical practice is well known.
In vitro, it induces osteogenic mesenchymal stem
cell differentiation even without osteogenic factors
(4). The TT™ scaffold was coated with a natural
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matrix of mesenchymal stem cells to see if this
could improve the material’s performance in terms
of vascularisation. The extracellular matrix was
decellularized so it could be used at a later stage as
well as in vivo. The decellularization method chosen
meant the scaffold was still coated with a matrix rich
in type I collagen, an essential component of the
extracellular matrix (Fig. 2).

Scanning microscope confirmed the presence of
the matrix and the absence of cells. No cells were seen
even with high magnification, whilst numerous on
the control scaffold coated with a non-decellularized
matrix (Fig. 2B, D). After seeding on the collagenated
plates, the EPCs displayed cobblestone morphology
with cell-to-cell connections and expressed the two
proteins characteristic of mature endothelial cells
(von Willebrand factor and VEGFr). EPCs grown
on the titanium structures maintained endothelial
phenotype characteristics: they were still positive for
von Willebrand factor after 3 weeks (Figure 4), which
is in line with the results of Breithaupt-Faloppa and
coworkers, had with umbilical cord endothelial cells
which, however, were not positive for VE-caderina
(32). As far as we are aware, this is the first time
that cell interaction, shown by anti-VE-caderina
antibody marking, has been demonstrated on a
porous three-dimensional titanium structure (Fig. 4).
The formation of a confluent layer of EPCs positive
for CD31 was shown with in vivo experiments on
pig following the seeding of cells expanded in vitro
on a tubular titanium device (33).

The EPCs also grew and remained positive for
CD31 on trabecular titanium scaffolds (data not
shown). Scanning microscope images also appear to
confirm that EPCs grown for 21 days on coated and
uncoated trabecular titanium scaffolds connect to
form three-dimensional tube-like structures within
the matrix. In some areas, high magnification shows
the sprouting of the cells delimiting a central cavity
(Fig. 5, TT). This is similar to EPCs seeded on
Matrigel, observed with contrast phase microscope
(Fig. 1C). The propensity of EPCs to adhere to and
proliferate on differently treated titanium surfaces
(various chemicals to promote adhesion and improve
performance) has been reported by other authors:
EPCs grown on SLA titanium surfaces (sand-blasted,
large-grit, acid-etched, i.e. more hydrophilic),
express more VEGF than the other types of titanium
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surfaces used (34). Real-time QT-PCR experiments
confirmed that EPCs’ expression of VWF mRNA
and eNOS was similar to that of control cells before
seeding on the scaffolds and there was no difference
between the surfaces (Fig. 3B).

We can conclude that the immediate primary
stability of the TT™ implants is a result of the metal’s
mechanical properties and the secondary stability is a
consequence of osteointegration. The formation ofnew
vessels is essential for bone healing and remodeling,
so our study in vitro shows that TT™ allows EPC
adhesion and proliferation. We can therefore state that
vessel formation and bone integration are linked and
that TT™ is a suitable surface for this interaction and
consequently favors the osteointegration in cases of
difficult surgery with severe bone loss.
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Nonunions account for 5-10% on the total number of fractures. Biophysical stimulation is a non-
surgical, conservative, frequently used therapy in nonunions and a greater efficacy has been demonstrated
for pulsed electromagnetic fields (PEMF). The mechanisms of action of PEMF at cellular and molecular
levels are still under debate and no dose-response study is available. Moreover, the vast majority of in
vitro studies were conducted on healthy cells. The primary aim of the research was to investigate the
capacity of PEMF with different exposure times to stimulate the osteogenic process in cells from the
callus of a nonunion patient. Another important objective was the characterization of nonunion cells in
terms of clonogenicity, cluster of differentiation expression and the tri-lineage differentiation capacity.
Overall, the results indicated the presence of osteochondroprogenitor cells in the callus of a nonunion,
with an impairment in the osteogenic differentiation process. PEMF may enhance cell viability, the
formation of osteoid matrix and accelerate the process of osteogenic differentiation. BMIP-4 production,
TIMPI and TIMP? expression were influenced, as well as VEGFA, whose early upregulation may account
for a possible improvement in both the osteogenic and vasculogenic processes. In conclusion, even with
some discussed limitations, these preliminary data showed the presence of a multipotent progenitor
population and suggested some hints of the effect of PEMF on nonunion cells.

The consolidation of a fracture occurs through
two general mechanisms: primary bone healing that
derives from mechanical stabilization of fractures and
secondary bone healing that is prevalently biological

and promote vascular proliferation.

After the formation of a soft callus, vascular
ingrowth together with both endochondral and
intramembranous ossification leads to the formation

through the formation of the callus. Secondary
healing begins with an inflammatory phase in which
mediators are released by the injured bone during
bleeding and haematoma formation. They include
Platelet-derived growth factor (PDGF), interleukin-6
(IL-6), IL-1 and prostaglandin E, (PGE,), which
recruit macrophages and mesenchymal stem cells

of a hard callus. The last phase of fracture healing
consists of remodeling, when the initial woven
bone is reabsorbed and lamellar bone is deposited
(1-3). The process of fracture healing depends on
a wide range of surgery-, fracture- and patient-
related factors. The percentage of delayed unions,
i.e. fractures whose recovery is slower than it should

Key words: nonunion tissue, pulsed electromagnetic fields (PEMF),
multipotent progenitor cells; biophysical stimulation
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be, is comprised between 3% and 12% (4-6), while
nonunions, i.e. fractures whose healing is absent
and union cannot occur without further intervention,
account for 5-10% on the total number of fractures
(7,8). FDA has recently suggested that any fracture,
failing to heal at more than 6 months after trauma,
should be considered nonunions.

The microenvironment plays a major role in
the biology of the fracture nonunion, as indicated
by Frost in 1989 (9). The unbalance of several
growth factors could play a major contribution in
the biological development of nonunions, especially
those related to angiogenesis and bone anabolic
processes. Zimmermann et al. (10) reported a
decrease in the systemic levels of Transforming
growth factor beta 1 (TGF-B1) in delayed union
patients and the lack of expression of both Bone
morphogenetic protein 2 (BMP-2) and BMP-4. The
same author in 2012 (11) performed a deep analysis
of gene expression in fracture callus samples and
found the upregulation of 8 out 226 genes involved in
osteo- and chondrogenesis, including 7SC22, which
is a component of the TGF-f signaling pathway. In
the nonunion tissue Fajardo and coworkers found
higher levels of BMP-4, Drm/Gremlin, follistatin
and Noggin and a reduction of BMP-7 in comparison
to the healing bone (12).

Other systemic alterations of growth factors
include a decrease in serum levels of basic Fibroblast
Growth Factor (bFGF) and PDGF-AB (13) and lower
serum concentrations of components of the Growth
Hormone (GH)/Insulin-like Growth Factor 1 (IGF-
1) axis (14) in atrophic nonunions. Surprisingly, no
significant differences were detected in Vascular
Endothelial Growth Factor (VEGF) serum levels of
impaired and normal fracture healing patients (15).
Mathieu et al, instead, found a decrease of Stem Cell
Factor (SCF), PDGF-BB, Matrix Metalloproteinase
2 (MMP-2) and IGF-1 in the serum of nonunion
patients, while leptin and IL-6 were increased (16).

Also MMPs and their inhibitors (Tissue Inhibitors
of Metalloproteinases, TIMP) play an important role
in bone repair and remodeling. MMP-7 and MMP-
12 were significantly upregulated in hypertrophic
nonunion tissue (17). Both MMPs were also
responsible for BMP-2 degradation. The levels of
circulating MMPs were measured in union and
atrophic nonunion patients, observing an increase in
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proMMP-1 and MMP-8 and a decrease in TIMP-1
concentration (18). However, from these literature
data, any biological marker or panel of markers that
could be related to the onset of nonunions, could not
be identified.

The costs associated with nonunions are extremely
high (accounting in the USA for $23.000-58.000)
because they comprise initial surgery with grafting,
frequent clinical and radiographic assessments,
affecting patients’ quality of life and indirect costs
related to missed working days (2, 19). The treatment
of nonunions include non-surgical approaches,
surgical interventions or a combinations of both and
treatment strategies are highly personalized (20).
Primarily, the strategy should restore alignment,
insure appropriate stability, enhance fracture biology
and eradicate infections, if any. Moreover, autologous
iliac crest transplants, demineralized allogeneic bone
matrix, bone morphogenetic proteins, such as BMP-7
(approved from the Food and Drug Administration in
2001), growth factors, suchasplateletrich plasma, bone
marrow aspirate and biophysical stimulation could be
adopted in order to improve biological stimulation (21-
23). For example, biophysical stimulation is a non-
surgical conservative and frequently used therapy in
nonunions. A greater efficacy has been demonstrated
for pulsed electromagnetic fields (PEMF), then for
shock waves and ultrasounds (24, 25). PEMF showed
good clinical results in the treatment of delayed unions
and nonunions (8, 26-40).

Some meta-analyses are also available on this
subject. Hannemann in 2014 showed how results from
trials with substantial methodological quality indicated
that PEMF decreases healing time (41). Mollon in
2008 found no significant effect of stimulation for
nonunions (42). Griffin in 2011 concluded that the
available evidence was inconclusive and insufficient
to inform current practice (43). Moreover, in 2013,
Behrens and colleagues found that clinical studies on
PEMF for the treatment of nonunions were primarily
studies of level IV (case series, retrospective studies
without control group) (44). All these studies
however indicate how it is difficult to determine the
effectiveness of PEMF stimulation with the lack of
adequately powered randomized controlled trials and
the high levels of heterogeneity in methodology and
utilized devices among studies.

As far as the in vitro studies on the effect of PEMF
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is concerned, the mechanisms of action at cellular and
molecular levels are still under debate. The group of
Vincenzi found that PEMF improved the osteogenesis
process by acting directly on osteoblasts (45, 46).
Other authors demonstrated that PEMF stimulate the
production of growth factors belonging the TGF-/
BMPs superfamily that could be responsible of the
improvement in the osteogenetic process (47-49).
Recently, it was reported that PEMF could also
modulate osteogenic differentiation of bone marrow
and amniotic membrane derived-mesenchymal stem
cells (50-53).

However, all these studies dealt with healthy
bone-derived cells. Only one study in vitro analyzed
the effects and mechanism of action of PEMF on cells
isolated from seven nonunion patients (54). Guerkov
and colleagues found that PEMF did not influence
cell proliferation, alkaline phosphatase, collagen,
PGE, and osteocalcin deposition; on the contrary
PEMF significantly enhanced the production of
TGF-B1.

Finally, a great variability in the PEMF parameters,
exposure times and length of duration was observed
across both in vitro and clinical studies, varying from
0.1 to 20 G of electric field amplitude, from 3 to 20
h per day for a treatment duration ranging from 3 to
7 months (40).

Thus, the primary aim of the present research was
to investigate the capacity of PEMF (with different
exposure times: 4h, 8h and 16h/die) to stimulate the
osteogenetic and vascular processes on human cells
harvested from the callus of a nonunion patient.
Cell morphology, proliferation, gene expression and
protein analysis were performed at 7, 14 and 21 days
of PEMF stimulation. The secondary aim was the
assessment of the intrinsic characteristics of the cells
isolated from the nonunion in terms of clonogenicity,
cluster of differentiation expression and the tri-
lineage differentiation  capacity (adipogenic,
chondrogenic and osteogenic), since only the group
of Boyan indicated the presence of multipotent cells
within canine and human nonunions (55,56).

MATERIALS AND METHODS

Patient and sample harvesting

A research protocol was designed for the submission
to the Local Ethic Committee. Inclusion criteria were:
patients aged between 18 and 50 years with a scheduled
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surgical treatment of reduction and stabilization of long
bone nonunion (over 6 months after fracture) and able
to give informed consent. Exclusion criteria were the
presence of infective or neoplastic diseases, positive
serology for HIV-HBV-HCV and pregnancy. Tissue from
a hypertrophic nonunion was obtained after the signature
of informed consent. During surgery, nonunion bone
mocks were submitted to debridement: specimens of such
tissues were aseptically harvested and placed in saline
solution.

Cell isolation

Tissue samples were processed for cell isolation.
Briefly, pieces were finely minced using a sterile scalpel,
washed with Phosphate Buffered Saline (PBS) and
cultured in 25 cm?2 flasks in growth medium, containing
Dulbecco’s Modified Eagles Medium (DMEM, Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10%
Fetal Bovine Serum (FBS, Lonza, Verviers, Belgium),
100U/ml penicillin, 100ug/ml streptomycin (Gibco,
Life Technologies, Carlsbad, CA, USA) and 5 pg/ml
plasmocin (Invivogen, San Diego, CA, USA). Medium
was replaced every two days until outgrowth cells reached
confluence. Cells were then expanded to passage 2, when
all experiments were performed.

Evaluation of cell immunophenotype by flow cytometry
Cells were detached and counted in a Neubauer
chamber with Trypan Blue exclusion. A total amount of
5x10° cells were used for antibody labeling. For each
antigen, 10° cells were labeled with 5pul of the following
antibodies: Fluorescein Isothiocyanate (FITC) anti-human
CD73 (eBioscience, San Diego, CA, USA), FITC anti-
human CD90 (Biolegend, San Diego, CA, USA), FITC
anti-human CD105 (Biolegend), FITC anti-human CD45
(Biolegend) and FITC mouse IgGl, x Isotype Control
(Biolegend). The cells were analyzed with FACSCanto 11
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)
equipped with FACSDiva software (Becton Dickinson).

Colony Forming Unit — Fibroblast (CFU-F) assay

Two hundred cells were seeded in 25 cm? flasks in
growth medium. After 14 days, cells were fixed with 10%
neutral buffered formalin and stained with 0.1% Toluidin
Blue. Colonies were then observed and counted in light
microscopy and the percentage of colonies formed upon
the initial number of cells were calculated.

Induction of tri-lineage differentiation

Cells were induced to tri-lineage differentiation in
order to assess their plasticity.

Osteogenic differentiation: 2x10* cells were seeded
in 6-well plates in growth medium. After 24 h, medium
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was replaced with an osteogenic medium (DIFF), i.e
growth medium with the addition of 50 pg/ml ascorbate
2-phosphate, 7 mM B-glycerophosphate and 10"M
dexamethasone (Sigma-Aldrich). Medium was then
replaced every two days. Between 2 and 3 weeks of
culture, some cells detached and structured themselves
in a three-dimensional fashion: those masses at 21 days
were then paraffin-embedded and stained with Stevenel’s
Blue and Picrofuchsin in order to evaluate the presence
of an osteoid matrix. Analysis of the expression of
osteogenic genes (RUNX2, COLIAI, ALPL, SOX9,
BGLAP, SPPI and housekeeping genes) was performed
in quantitative reverse transcription PCR (RT-qPCR), as
described in a following section. Results were compared
to undifferentiated cells grown in the same conditions but
in growth medium (CRL).

Adipogenic differentiation: 2x10* cells were seeded
in 6-well plates in growth medium. After 24 h, medium
was replaced with an adipogenic medium, i.e. growth
medium with the addition of 10 pg/ml insulin, 500 M
isobutylmethylxanthine, 100 uM indomethacin, 1 uM
dexamethasone. Medium was then replaced every two
days. After 21 days, cultures were stained with Oil Red
O to evaluate the presence of intracellular accumulation
of lipids.

Chondrogenic differentiation: 2.5x10° cells were
centrifuged at 160g for 10 min in a 1.5 ml tube in order
to form high-density micromasses. After three days,
medium was replaced with a chondrogenic medium:
Chondrogenic Basal Medium with supplements (Insulin-
transferrin-sodium selenite, dexamethasone, ascorbate,
sodium pyruvate, proline, GA-1000, L-glutamine) and
10 ng/ml TGF-B3 (Lonza). Medium was then replaced
twice a week. After 28 days micromasses were paraffin-
embedded and stained with Hematoxylin-Eosin and with
Alcian Blue to evaluate the formation of a cartilaginous
matrix.

Osteogenic differentiation and PEMF stimulation

Cells were seeded at a density of 1.5x10* cells in
12-well plates for simultaneous induction of osteogenic
differentiation and stimulation with PEMF. PEMF were
delivered by a pulse generator (IGEA, Carpi, Italy) of
weak intensity and low frequency (2.3 mT, 75Hz, 1.3 ms
pulse duration): coils were applied perpendicularly to the
multiwell plates and the selected exposure times were 4,
8 and 16 h per day.

The experimental groups were set as following:

- Differentiated control, i.e. cells grown in
osteogenic medium (DIFF);

- Osteogenic medium + stimulation with PEMF,
4h/die (PEMF4);

- Osteogenic medium + stimulation with PEMF,
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8h/die (PEMFS);

- Osteogenic medium + stimulation with PEMF,
16h/die (PEMF16).

At 7 and 14 days cells were tested for viability and
proliferation, calcium deposition, immunoenzymatic
assays (ELISA) and gene expression analyses. Between
2 and 3 weeks of culture, cells detached and structured
themselves in a three-dimensional fashion: in this case
only a histologic evaluation of masses could be performed
at 21 days. Cells at TO (before the beginning of stimulation)
were used as a basal control for gene expression.

Cell viability

Cell viability was assessed by Alamar Blue assay.
Briefly, cells were incubated with a solution of medium
containing 10% of Alamar Blue reagent (AbD Serotec,
Oxford, UK) for 3h30’ at 37°C. Afterwards, the optical
density of the supernatants was measured at 570 and
625 nm. The percentage of Alamar Blue reduction was
calculated with the following formula:

[4,,-(A4,,xR)]x100

Where A, is the absorbance at 570 nm minus the
media blank and A, is the absorbance at 625 nm minus
the media blank. R is a correction factor calculated as the
ratio between the difference of the absorbance of Alamar
Blue in media minus the absorbance of media only at the
lower wavelength and the one at the higher wavelength.

Immunoenzymatic assays (ELISA)

At each time point, supernatants were centrifuged,
aliquoted in 1.5 ml tubes and stored at -20°C until use.

Enzyme-linked immunosorbent assay (ELISA) Kkits
were purchased from Boster Biological Technology
(Pleasanton, CA, USA) and the concentration of the
following secreted factors were measured following
manufacturer’s instruction: TGF-1, MMP-1, MMP-7,
MMP-8, MMP-12, TIMP-1, TIMP-2, BMP-2, BMP-
4 and BMP-7. Data were normalized to the total RNA
content and expressed as pg protein/ng total RNA.

Analysis of gene expression

Total RNA was extracted using the PureLink RNA Mini
Kit (Life Technologies, Carlsbad, CA, USA) and reverse
transcribed with the Superscript Vilo cDNA synthesis
kit (Life Technologies), following the manufacturers’
instructions. Complementary DNA (cDNA) was diluted
to the final concentration of 5 ng/ul. Gene expression
was evaluated by qPCR, using the SYBR green PCR
kit (Qiagen, Hilden, Germany) in a Light Cycler 2.0
Instrument (Roche Diagnostics). Ten nanograms of each
sample were tested in duplicate for the expression of
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GAPDH, ACTB, PGK1, RUNX2, COL1AI, ALPL, BGLAP,
SPPI1, SOXY9, VEGFA, TGFBI, BMP2, BMP4, BMP?7,
MMPI1, MMP7, MMPS, MMP12, TIMPI and TIMP2.
Primer details are reported in Table I. The mean threshold
cycle was used for the calculation of relative expression
using the 244 method, using the Ct geometric mean of
GAPDH, ACTB and PGK]1 as reference for calculation of
ACt and using the control at TO as the calibrator.

Analysis of formation of an osteoid matrix

After 21 days, cells that appeared as three dimensional
structures were fixed in 10% neutral buffered formalin
solution, extensively rinsed in distilled water, dehydrated
in graded alcohol solutions (70%, 95% and 100%), cleared
in xylene e finally paraffin embedded. Sections (5+1pm)
were cut by a semi-automated microtome (Microm
H340E, Germany) and stained with Stevenel’s Blue and
Picrofuchsin in order to evaluate the presence of osteoid
matrix.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism software (v.6.0). Unpaired t-tests were performed
to compare means between undifferentiated (CRL) and
differentiated (DIFF) samples. To evaluate the differences
among treatments (DIFF, PEMF4, PEMFS, PEMF16),
one-way ANOVA tests followed by Holm-Sidak multiple
comparisons were used. P-value was set at 0.05.

RESULTS

Characterization of nonunion cells

At the second passage, nonunion cells were
characterized in order to evaluate the presence of
a progenitor population. Flow cytometry analysis
showed that the cells were negative for CD45 and
almost 100% positive for CD73, CD90 and CD105
(Fig. 1).

The clonogenic ability of nonunion cells was
tested with the CFU-F assay. After 14 days of culture,
29 colonies were counted, thus the percentage of
colony forming units on the number of seeded cells
was 14.5%. (Fig. 2A).

In order to assess plasticity, nonunion cells were
stimulated towards osteogenic, chondrogenic and
adipogenic differentiation. The results showed that
the cells were partially addressed towards a osteogenic
lineage: at 21 days the cells moderately stained with
Alizarin Red dye (Fig. 2B-C). The cells stimulated
towards a chondrogenic differentiation showed a
diffuse staining with Alcian Blue, demonstrating the
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Fig. 1. Flow cytometry characterization of nonunion cells
immunophenotype.

formation of a cartilaginous matrix composed by
glycosaminoglycans (Fig. 2D-E). Conversely, the
cells did not show signs of adipogenic differentiation
by Oil Red O staining (Fig. 2F-G).

The process of osteogenic differentiation was
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CLONALTY ASSAY AND TRRINEAGE DOFFERENTIATIIN OF NONUNION CELLS
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Fig. 2. Clonality assay (A) and tri-lineage differentiation (B-G) of human cells harvested from the nonunion. A): Cells at
the second passage were seeded in basal medium and, after 14 days of culture, stained with Toluidine Blue to stain and
count the Colony Forming Units. Magnification 4X. Bar = 500um; B-C): Cells at the second passage were cultured in
osteogenic differentiation medium for 21 days. Images by light optic microscope were captured on unstained (B) or after
staining with Alizarin Red to identify mineralization foci (C). Magnification 4X. Bar = 500 um; D-E): Cells at the second
passage were seeded in a micromass culture condition and in chondrogenic differentiation medium for 28 days. Sections
of micromasses were stained with Harris Haematoxilin-Eosin Y (D) and with Alcian Blue (E) to evaluate morphology and
glycosaminoglycan deposition, respectively. Magnification 20X. Bar = 100 um; F-G): Cells at the second passage were
cultured in adipogenic medium for 21 days. Images by light optic microscope were captured on unstained (F) or after
staining with Oil Red to identify lipid vacuoli (G). Magnification 20X. Bar = 100 um.

examined more in depth by comparing the gene
expression analysis of nonunion cells cultured in
osteogenic medium (DIFF) or in basal medium as
control (CRL). The results showed that RUNX2
expression increased significantly (p<-0.01) in
osteogenic medium in comparison with CRL after
3 weeks from induction (Fig. 3A). COLIAI was
downregulated at 2 weeks (p<0.05); its expression
increased again at 3 weeks, consistently with the
expression of RUNX2, although without reaching a
statistical significance (Fig. 3B). ALPL was strongly
upregulated at all time points (p<0.01 at 1 and 2
weeks and p<0.001 at 3 weeks) (Fig. 3C). Finally,
the expression of two late osteogenic markers,
BGLAP (osteocalcin) and SPPI (osteopontin) was
not evaluable in any sample (data not shown).

The expression of SOX9 was also evaluated
(Fig. 3D). The analysis showed a slight decrease in

osteogenic medium in comparison with CRL during
differentiation at 1 week (p<0.05).

Effect of PEMF on cell proliferation

The treatment with PEMF for 4h/day or 16h/day
improved cell viability at 1 week, as illustrated by the
increase in the percentage of Alamar Blue reduction
of 16.36% (p<0.01) and 23.91% (p<0.0001),
respectively (Fig. 4) in comparison with DIFF.

Effect of PEMF on osteogenic differentiation of
nonunion cells

At time points after 2 weeks, the cells started to
detach as the result of a hyperconfluent state. In this
context, the tridimensional structures that formed
were paraffin-embedded and stained with Stevenel’s
Blue and Picrofuchsin in order to evaluate the
presence of an osteoid matrix. The results showed
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Fig. 3. Expression levels of osteogenic markers and SOX9 during differentiation. (A): RUNX2; (B): COLIAI; (C): ALPL;
(D): SOX9. CRL: undifferentiated cells; DIFF: cells undergoing osteogenic differentiation. *: p<0.05; **: p<0.01; ***:

p<0.001.
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Fig. 4. Cell viability analysis with Alamar Blue assay. **: p<0.01; ****: p<(0.0001.

osteoid formation which increased proportionally
to PEMF exposure, being more evident in PEMF16
(Fig. 5). In all samples, however, the staining was
not very strong, indicating that cells did not reach
late stages of differentiation.

Gene expression analysis indicated that RUNX2
levels increased significantly over DIFF at 1 weeks
in PEMF8 and PEMF16 (p<0.05, Fig. 6A). The
expression of COLIAI was upregulated at 2 weeks

in the same treated samples (p<0.01 and p<0.05,
respectively; Fig. 6B). The expression of ALPL
showed no differences among treatments (Fig. 6C).
The expression of late osteogenic markers BGLAP
and SPPI was still unassessable. The expression of
SOXY decreased when cells were treated with PEMF
in comparison with DIFF, regardless of the exposure
(PEMF4, p<0.05; PEMFS and 16, p<0.01; Fig. 6D).
Effect of PEMF on the expression of growth factors
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The results failed to point out significant
differences between treatments for BMP-2, BMP-7
and TGF-B1 (data not shown). VEGFA, assayed in
RT-qPCR, showed a significant increase in PEMF16,
in comparison with DIFF, at 1 week (p<0.05, Fig.
7A).

Noteworthy, BMP-4 protein levels showed a
peak in PEMF8 at 1 week (87.244 pg BMP-4/ng
total RNA) (Fig. 7B).

Effect of PEMF on the expression of matrix
metalloproteinases (MMPs) and their inhibitors
(TIMPs)

The expression of MMP-1, MMP-7, MMP-§
and MMP-12 did not differ significantly between
treatments.

. _ o . The levels of MMP inhibitors, T/MPI and
Fig. 5. Histological images of cells that after 21 day in— prarpy - showed slight variations at the levels of
culture formed 3D structures. Newly deposited osteoid . . .

. . . . . gene expression. In particular, 7/MP1 expression
matrix stains green. A): Cells grown in osteogenic medium; . .
B): Cells grown in osteogenic medium and stimulated w.as lncréased mn PEMF4 at two weeks (p<0.05,
with PEMF 4h/die; C): Cells grown in osteogenic medium Fig. 7C) in comparison with DIFF, whereas TIMP?2
and stimulated with PEMF 8h/die; D): Cells grown in levels were downregulated in PEMF8 and PEMF16
osteogenic medium and stimulated with PEMF 16h/  at 2 weeks (p<0.05, Fig. 7D). No differences were
die. Magnification 10X. Stevenel Blue and Picrofuchsin found in TIMPs protein levels.
staining.
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Fig. 6. Expression levels of osteogenic markers and SOX9 during differentiation and PEMF stimulation. A): RUNX2; B):
COLIAI (C) ALPL, (D) SOX9; *: p<0.05; **: p<0.01.
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Fig. 7. Significative results on growth factors and TIMPs expression after stimulation with PEMF. A): VEGFA, gene
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Table 1. Primers used for gene expression analysis.

Gene Primer Forward (5°—3”) Primer Reverse (5°—3”) Annealing Notes

GAPDH TGGTATCGTGGAAGGACTCA GCAGGGATGATGTTCTGGA 56°C

ACTB CCTTGCACATGCCGGAG ACAGAGCCTCGCCTTTG 60°C PrimeTime qPCR primers, IDT
PGK1 CTAACAAGCTGACGCTGGA GACAGCAGCCTTAATCCTCTG 60°C PrimeTime qPCR primers, IDT
RUNX2 CTTCACAAATCCTCCCCAAGT AGGCGGTCAGAGAACAAAC 60°C PrimeTime qPCR primers, IDT
COLIAI QuantiTect Primer Assay Hs COL1A1 1 _SG 55°C Qiagen

ALPL QuantiTect Primer Assay (Qiagen) Hs ALPL 1 SG 55°C Qiagen

BGLAP ACACTCCTCGCCCTATTG | GATGTGGTCAGCCAACTC 55°C

SPP1 QuantiTect Primer Assay Hs SPP1 1 SG 55°C Qiagen

SOX9 GAGCAGACGCACATCTC | CCTGGGATTGCCCCGA 60°C

VEGFA QuantiTect Primer Assay Hs VEGFA 6 _SG 55°C Qiagen

TGFBI GTTCAGGTACCGCTTCTCG CCGACTACTACGCCAAGGA 60°C PrimeTime qPCR primers, IDT
BMP2 TTTGACCAGAGTTTTTCCATG GAAGCAGCAACGCTAGAAGA 60°C PrimeTime qPCR primers, IDT
BMP4 GAGCCTTTCCAGCAAGTTTG CCATCAGCATTCGGTTACCA 60°C PrimeTime qPCR primers, IDT
BMP7 CAGCCTGCAAGATAGCCATT ATCAAACCGGAACTCTCGATG 60°C PrimeTime qPCR primers, IDT
MMPI1 GACAGAGATGAAGTCCGGTTT | GCCAAAGGAGCTGTAGATGTC 60°C PrimeTime qPCR primers, IDT
MMP7 GATGAGGATGAACGCTGGA GAATGTCCCATACCCAAAGAATG | 60°C PrimeTime qPCR primers, IDT
MMPS§ GCTTCCATTTCTGCTCTTACTC | GCCATTCTTCCTTGTAGACTGA 60°C PrimeTime qPCR primers, IDT
MMPI2 CTCTCTGCTGATGACATACGTG | CAAAACTCAAATTGGGGTCACAG | 60°C PrimeTime qPCR primers, IDT
TIMP1 CCGACCTCGTCATCAG GTTGTGGGACCTGTGGAA 60°C PrimeTime qPCR primers, IDT
TIMP2 GACGTTGGAGGAAAGAAGGA | TGTGGTTCAGGCTCTTCTTC 60°C PrimeTime qPCR primers, IDT
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DISCUSSION

Although PEMF are beneficial and already used
in the treatment of nonunions, the exact mechanism
of action on cells and tissues in normal healing and
nonunion is still unclear. This could be explained
by two main reasons. The first is the lack of studies
in vitro on cells and tissues isolated from the
pathological sites, combined with the paucity of
data on dose-response effects. Moreover, it is still
difficult to understand the myriad of biological
alterations implied and which ones have a primary
role in the development of a nonunion. This study
presents some preliminary results and it is a part of
a larger project that aims to fill some of these gaps.

One of'the purposes was to isolate and characterize
cells from the callus of nonunion patients. The cells
were isolated without enzymatic digestion of the
tissue in order to preserve the native characteristics
of cells and microenvironment as far as possible.

The cultures at passage two were heterogeneous,
with some differences in cell morphology
(dimension and shape) observed at light microscopy.
Interestingly, the cells were homogeneous in the
expression of typical mesenchymal markers such
as CD73, CD90 and CD105 and were negative for
CD45, indicating at least a common mesenchymal
origin.

In those cultures, a stem/progenitor population
was accounting for at least the 14.5%, as indicated
from the results of CFU-F assay. In addition, cells
were induced to classic trilineage differentiation.
While the cells could not tri-lineage into adipocytes,
the results showed that nonunion cells were able
to differentiate towards a chondrogenic and an
osteogenic lineage, at least in part. Accordingly,
the analysis of gene expression during osteogenic
differentiation showed that there was a late
activation of RUNX2, the master transcription factor
regulating the expression of downstream markers
of osteogenesis and a simultaneous downregulation
of SOXY. The expression of COLIA1, encoding for
the chain a1 of collagen type I, also increased at late
time points. These results seem to point out that the
differentiation process is delayed in cells directly
derived from pathological callus, starting at three
weeks. At this time, normal human mesenchymal
stem cells in the same culture conditions usually
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show the expression of such genes before and at three
weeks of culture they already show late osteogenetic
differentiation and mineralization. Thus, in our
study, nonunion cells showed an impairment in their
differentiation ability. This should not be surprising
considering the pathological tissue of origin.

Overall, these preliminary data indicate the
presence of a multipotent population in the callus
of a nonunion, probably osteochondroprogenitor
cells. To the authors’ knowledge there are no studies,
except that of the group of Boyan (55) demonstrating
the presence of stem/progenitor cells in the site of a
nonunion. The paper by Mathieu et al. (16) reported
a reduced pool and proliferation capacity of bone
marrow mesenchymal stem cells, however isolated
from the iliac crest and not from the callus.

Afterwards, the main question to be addressed
was to evaluate the effect of PEMF on nonunion
cells, in terms of viability, differentiation and
expression of some of the factors that were reported
to be altered in nonunions (10, 12, 15, 17, 18, 54).
Moreover, an initial evaluation of a dose-response
curve with PEMF was performed, by utilizing
different exposure times per day (4, 8§ and 16 h)
with a PEMF generator commercially available and
with the same parameters (2.3 mT, 75Hz, 1.3 ms
pulse duration) as those already utilized in clinics to
enhance bone repair and fracture healing (57).

The results showed that PEMF may enhance
cell viability, induce a higher formation of osteoid
matrix, as indicated from histology and accelerate
the process of osteogenic differentiation, as
indicated from gene expression analysis of RUNX2
and COL1A41. Moreover, we observed an early and
higher expression of BMP-4 in cells treated with
PEMF for 8h/day, an upregulation of TIMPI in
PEMF 4h/day and a downregulation of 7IMP2 in
cells exposed for 4 and 8h/day. VEGFA upregulation,
observed in PEMF16h/day at 1 week, may account
for a possible improvement in both the osteogenic
and vasculogenic processes.

Data available from literature indicate that
PEMF can stimulate osteogenesis in several cell
types, including human bone marrow and adipose
tissue derived-mesenchymal stem cells (58), human
alveolar bone-derived mesenchymal stem cells
(59), amniotic epithelial cells (53) and SaOS-2
cell line (60). However, all these studied dealt with
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healthy cells. Only Guerkov (54) studied the effect
of PEMF on cells derived from nonunion tissues.
The authors observed no differences in cell number,
proliferation, alkaline phosphatase activity and
osteocalcin, collagen and PGE, production. They
observed a higher production of TGF-1 in PEMF-
treated cultures. However, in that study, cells were
stimulated 8h/day for 4 days, so it is very difficult to
compare our results.

The main limitation of the present study is that
it reports some preliminary results of experiments
conducted on samples derived from a single patient
and not having cells from a normal healing tissue,
as a control. While interesting to address the future
research, it is clear that it is not sufficient to draw
definitive conclusions. Moreover, regarding PEMF
exposure, not only the exposure times/day could
be varied, but also other parameters, such as the
intensity and frequency of the electromagnetic fields.

Another limitation was that evaluations were
mostly limited at 2 weeks of culture. Indeed,
between 2 and 3 weeks, cells detached and formed
three-dimensional structures. Thus, only histologic
analyses were performed because other evaluations
would be compromised by this alteration in cultures.
If PEMF stimulate cell viability and proliferation, a
solution may be represented by reducing initial cell
density. Similarly, a review focusing on the use of
low level laser therapy (LLLT), known to stimulate
the proliferation of several cell types, suggests that
cultures should be 20% confluent at the time of
exposure to obtain the maximum yield from LLLT
(61). This suggestion should be translated to the use
of PEMF.

Despite those drawbacks, this study is to our
knowledge one the first to report the presence of a
progenitor population, accordingly to the minimal
criteria (62), in the site of a nonunion and to deeply
investigate their osteogenic commitment in a human
subject. The isolation technique employed, which
does not comprise a step of enzymatic digestion, on
one hand results in a more heterogeneous culture,
but it better preserves the characteristics of cells
and microenvironment of the native tissue. Another
strong point was studying the effect of three different
exposure times of PEMF on cells derived from a
pathological site, for a three-week time span.

In conclusion, even with the limitations above
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discussed, these findings suggest the presence of a
multipotent progenitor cell population in the fracture
callus of nonunion patients. These cells, if exposed
to PEMF, increase viability, osteogenic commitment
and bone matrix deposition. Moreover, from these
preliminary data, that have to be confirmed by
broad investigations on many other patients, it
seems that the response is dose-dependent with
longer exposures/day inducing better effects both
on anabolic properties of cells and on growth factor
patterns. Furthermore, if those findings will be
confirmed, it may open the possibility of testing
PEMF on other diseases characterized by uneventful
bone healing, such as peri-implant osteolysis.
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CELLULAR MECHANISMS OF BONE REGENERATION: ROLE OF WNT-1 IN BONE-
MUSCLE INTERACTION DURING PHYSICAL ACTIVITY

G. COLAIANNI, C. CUSCITO, T. MONGELLI, P. PIGNATARO, R. TAMMA,
A. ORANGER, S. COLUCCI AND M. GRANO

Department of Basic Medical Science, Neuroscience and Sense Organs. Section of Human Anatomy
and Histology, University of Bari, 70124 Bari, Italy

Whntl is one of the several glycoproteins activating Wnt signaling, critical for normal skeletal
development and bone homeostasis. Wntl was previously believed to solely regulate central nervous
system development, in particular in midbrain and cerebellum. However, remarkable findings have
recently shown that several patients affected by severe form of Osteogenesis Imperfecta (OI) display
a Wntl mutation thereby revealing a possible role of Wntl in bone metabolism. Here, we show that
recombinant Wntl (r-Wntl) strongly increases differentiation of bone marrow stromal cells into
mature osteoblasts, as demonstrated by the enhanced number of cells positively stained for alkaline
phosphatase, one of the osteoblastic marker genes, whose mRINA levels are also significantly up-regulated.
Furthermore, other osteogenic master genes such as Collagen I and Osteopontin are also enhanced when
bone marrow precursors were differentiated toward osteoblastic phenotype in the presence of r-Wntl.
Intriguingly, by in vivo and in vitro findings, we report that in the bone marrow of mice subjected to
physical activity there is a high endogenous Wntl synthesis compared to mice kept in resting conditions.
Moreover, conditioned medium collected from ex vivo myoblasts, harvested from exercised mice, up-
regulates Wntl expression in osteoblast cell cultures obtained from control mice. Overall our findings
support the role of Wntl in regulating bone metabolism and suggest that this molecule could be one of
the mediators through which physical activity may exert beneficial effect on bone.

Growing evidences indicate that Wnt signaling is
a key regulator of bone homeostasis and crucial for
skeletal development (1). At present, in both humans
and mice, researchers have identified 19 different
Wnt proteins which are specific to certain cells and
tissues. Wnt proteins activate intracellular signals
by binding to transmembrane receptor proteins,
belonging to Frizzled family, and co-receptors,
including low density lipoprotein receptor-related
protein (LRP) 5 as well as LRP6, Ror2, and Ryk.
At least three different Wnt intracellular signals

are known: the Wnt/B-catenin pathway (also called
canonical Wnt pathway), the non-canonical Wnt
pathway, and the Wnt-calcium pathway (1). Among
these, the canonical signal is the most studied in
bone for its critical role in skeletal development
and homeostasis in physiological and pathological
conditions. Among all Wnt proteins, Wnt10b has
the most crucial effect in bone formation in adult
skeleton (2). Interestingly Wnt1 mutations have been
linked to skeletal disorders in autosomal dominant
early-onset osteoporosis and a recessive form of
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osteogenesis imperfecta (OI) (3-6).

Ol is a genetic disorder characterized by severe bone
fragility coupled in most cases with low bone mass and
other symptoms including dentinogenesis imperfecta,
short stature, blue sclerae and hearing loss in adulthood.
The most common Ol cases are dependent on defective
synthesis of type I collagen, the most abundant protein
of bone matrix. The genetic defect is caused by inherited
mutations in Colllal and Collla2, genes encoding the
two a chains of collagen type I (7). Additionally, it has
been reported that recessively inherited forms of OI
may be caused by mutations of genes involved in type I
collagen processing (8-14).

Very recently, a genetic study has proved that
patients carrying Wntl homozygous truncation
mutation are affected by a severe recessive form of
Ol, characterized by osteopenia, numerous fractures,
short stature and deformities in long bones (5). The
same work also studied patients with autosomal
dominant osteoporosis, caused by heterozygous
missense mutation in Wntl, which displayed low
bone mineral density but low propensity to vertebral
and peripheral fractures, suggesting that the loss
of Wntl synthesis could have a major impact on
bone metabolism (5). Despite these human genetic
evidences, there are few in vitro functional studies on
the role of Wntl in osteoblast differentiation. Here
we show that recombinant Wntl (r-Wntl) strongly
increases differentiation of bone marrow stromal cells
into mature osteoblasts, as confirmed by enhanced
number of cells positive for Alkaline phosphatase,
the marker gene of osteoblast. We also prove that the
bone anabolic effect of -Wntl is mainly mediated
through the up-regulation of Collagen I (Coll I) and
Osteopontin (Opn) mRNA. In addition, our data show
that endogenous Wntl synthesis in bone marrow is up-
regulated by physical activity in vivo, and conditioned
medium (CM) collected from myoblasts harvested
from exercised mice up-regulates Wntl expression
in osteoblast cell cultures. This work confirms that,
among Wnt ligands, Wntl is another key molecule
crucial in regulating bone metabolism and mediating
the anabolic effect of physical activity on bone.

MATERIALS AND METHODS

Materials
Antibody anti-Wntl was from Abcam; Antibody

G. COLAIANNI ET AL.

anti-fActin was from Santa Cruz. Ascorbic acid,
B-Glicerophosphate and Alkaline Phosphatase (ALP)
staining kit were from Sigma Aldrich. Primers for

gqPCR are: ALP/S-aaacccagacacaagcattcc, ALP/AS-
tccaccagcaagaagaagee;  Coll  I/S-ggcetectgetectcttag;
Coll I/AS-acagtccagttcttcattgce; OPN/S

cgecgaccaaggaaaactca; OPN/AS  tgcttctgagatgggtcagg;
GAPDH/S acaccagtagactccacgaca, GAPDH/AS
acggcaaattcaacggcacag.

Exercise protocol

Two month-old C57BL/6 male mice were subjected to
5 weeks of normal activity (Control) or free wheel running
activity (Exercise). The control mice were isolated each
mouse in one cage, in order to avoid their tendency to fight
with cage mates, preventing any exercise-mimetic activity.
For exercise mice, endurance exercise was measured
using in-cage voluntary running wheels, with electronic
monitoring (VitalView) where time spent for running was
measured. All mice were housed individually. Mice were
weighed once a week during the experimental procedure.
Animals were euthanized by cervical dislocation and their
tissues were surgically excised.

Contact radiography

The right tibia was harvested and X-rayed by using
contact radiography (Vista Scan Combi Durr Dental AG,
Bietigheim-Bissingen). Scans were obtained by using a
setting of 60 kV, 8 mA and 2.5 sec exposure time. The
developed X-rays were scanned into a personal computer
for image analysis. No direct measures were performed
on the images.

Primary cell cultures

Primary Myoblasts were obtained from digestion of
vastus lateralis specimens with a solution of Trypsin,
Collagenase and CaCl,, as described previously
(15). Cells were then cultured until multinucleated,
spontaneously contracting myotubes were formed. After
3 days, the conditioned media (CM) were collected.
Bone marrow stromal cells, obtained by flushing bone
marrow of 2-month old C57BL/6 mice, were cultured to
induce osteoblast differentiation with a-MEM/10% FCS
supplemented with 50 mg/ml ascorbic acid and 102 M
B-glycerophosphate with or without CM from primary
myoblast. Osteoblast were then subjected to mRNA and
protein analysis.

RT-PCR

qPCR was carried out after RNA extraction using spin
columns (RNasy, Qiagen) according to the manufacturer’s
instruction. By using SuperScript First-Strand Synthesis
System kit (Invitrogen), the resulting cDNA (20 ng) was
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subjected to quantitative PCR and, thereafter, to ITAQ
SYBR Green Supermix with ROX kit (Bio-Rad) on
an iCycler iQ5 Cromo4 (BioRad). Each transcript was
assayed 3 times, and cDNA was normalized to murine
Gapdh and quantitative measures were obtained using the
AAC, method. Analyses were performed using unpaired
Student’s #-tests (Excel) for significant differences at
p<0.05.

Immunofiuorescence

Five nm thick bone sections were subjected to
immunofluorescence staining, being incubated with
primary antibody against Wntl (Abcam). Fluorescent-
labeled goat anti-rabbit secondary antibody (Alexa-555
and Alexa-488, respectively; Invitrogen) were used for
detection.

Western blot

Protein amounts from all samples were assessed using
the BCA-kit (Biorad) followed by protein concentration
normalization before all western blot experiments.
30 mg of cell proteins were subjected to SDS—PAGE.
Subsequently proteins were transferred to nitrocellulose
membranes (Hybond, Amersham). The blots were probed
using primary antibodies, described in Materials section,
and IRDye-labeled secondary antibodies (680/800CW)
(LI-COR Biosciences). For immuno-detection, the
Odyssey infrared imaging system was utilized (LI-
COR Corp., Lincoln, NE). All data were normalized to
background and loading controls.

RESULTS

Effects of r-Wntl on osteoblast differentiation
marker genes

We tested the effect of r-Wntl on osteoblast
differentiation in vitro using undifferentiated bone
marrow stromal cells, cultured in the presence
of ascorbic acid and -glycerophosphate, treated
with or without r-Wntl during a 3-weeks period
of differentiation in culture. As shown in Fig. 1A,
after 1 week of differentiation r-Wntl led to a 7.5-
fold increase in the number of ALP positive colonies
(p<0.001) at the dose of 10 ng/ml compared to control
medium. In agreement with this, gene expression
studies demonstrated that the treatment with r-Wntl
(10 ng/ml) induced up-regulation of Alp mRNA
at all 3-points of culture time course (Fig. 1B),
with the greatest fold change increase after 1 week
of osteoblast differentiation (+2.6 fold increase;
p<0.001). Interestingly the expression of type Coll
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I, the most abundant protein in bone matrix, was
strongly up-regulated by r-Wnt1 treatment at 1-week
of osteoblast differentiation (+3.4 fold increase;
p<0.001), as well as at 2-weeks of differentiation
when Coll I expression still remained three times
higher than untreated cells (p<0.01). r-Wntl
treatment also increase the expression of Opn, a
late stage marker of osteoblast differentiation. As
expected Opn up-regulation was markedly evident
at 3 weeks of differentiation when r-Wntl led to a
3-fold enhancement of its synthesis (p<0.001).

Physical exercise increases Wntl expression in bone
marrow

Young male mice subjected to 5 weeks of free
wheel running activity (Exercise) were monitored
to ensure their physical performance. As showed in
Fig. 2A, mice ran on average of 2,200 meters per
day, while maintaining a maximum peak of 3.300
meters/day during the second week and a minimum
peak of 1.700 meters/day during the fourth week.
Radiographic analysis of tibia showed a generalized
increase in radio-density of tibia of exercise mice
compared with the control group (Fig. 2B), thus
confirming the well know effect of physical activity
on bone mineral density of long bone (16-17).
Noteworthy, exercised mice displayed a notable
increase in marrow Wntl mRNA expression that
was 2.5 times higher than control mice (p<0.01).
In addition, we also showed that exercised mice
displayed higher percentage of Wntl immune-
stained bone marrow cells than those of control
mice, demonstrating that its synthesis is upregulated
by physical activity (Fig. 2D).

Conditioned medium from myoblasts of exercised
mice increases Wntl expression in osteoblasts

We confirmed the effect of our exercise regimen
on muscle tissue. As expected, exercised mice
displayed 45% increase (p<0.01) in vastus lateralis
weight/body weight compared with mice kept under
resting conditions (Fig. 3A).

We cultured muscle cells after vastus lateralis
digestion to recapitulate in vitro release of muscle-
derived molecules following physical exercise. The
conditioned medium (CM) collected from these
myoblasts was used to evaluate its ability in regulating
expression of Wntl during osteoblast differentiation.
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Fig. 1. Effects of r-Wntl on osteoblast differentiation marker genes. Bone marrow stromal cells were grown in osteoblast
differentiation medium in the presence of recombinant Wntl (r-Wntl, 10 ng/ml). The percentage of alkaline phospha-
tase-positive colonies (10 days) (A) were calculated vs untreated cultures. Representative wells are shown. Osteoblast
marker genes Alp (B), Coll I (C) and Opn (D) were evaluated (qPCR) following culture with r-Wntl (for the times indicat-
ed). ***: p<0.001; **: p <0.01; *: p <0.05. Statistics: Unpaired Student s t-test. Data are presented as mean £ SEM.
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Our result showed that the CM from exercised
myoblasts increases 2.5-fold Wntl mRNA expression
(Fig. 3B). This result was also confirmed by analysing
Whntl protein expression, which resulted 1.5-fold higher
in osteoblast treated with myoblasts from exercised
mice than those from control mice (Fig. 3C).

DISCUSSION

The work presented here supports the idea that
Wntl plays a central role in regulating osteoblast
differentiation and suggests that Wntl synthesis in
bone may be amplified by physical exercise.

The link between Wntl and skeleton is only
recently emerged through human genetic studies
which identified that the human skeletal diseases of
osteogenesis imperfecta is associated with mutations
in Wntl (3-6). Thus far very few in vitro studies have
suggested a Wntl direct action on osteoblasts. Among
these, the study of Keupp et al (4), who created a
Wntl protein model by mimicking Wnt1 mutation in
Ol, revealed that this altered Wntl protein failed to
activate canonical LRP5-mediated WNT-regulated
[-catenin signaling (4).

Furthermore, other authors proved that Wntl
overexpression in human mesenchymal stem cells
induces osteogenic differentiation in neighboring
non-Wntl-expressing wild type cells (18). Moreover,
Wntl expression was found in brain, femur, spleen
and bone marrow, with the highest expression

in cells of B-cell lineage. Interestingly, by using
lineage tracing experiments, authors found Wntl
expression in a subset of osteocytes (5). Although
animal models are generally required to improve
the understanding of a molecule function, in vivo
studies on Wntl knock out mice are not available,
since these mice die in the neonatal period due to
no midbrain and no cerebellum development (19).
However, the only model currently existing to
study the bone phenotype in the presence of Wntl
dysfunction is represented by the Swaying mouse
(Wnt1s¥s), which carries a single nucleotide deletion
in the third exon of Wntl (20-21). Wntl*¥*¥ mice
displayed spontaneous fractures and its osteopenic
bone phenotype is caused by decreased osteoblast
activity (21).

Data presented here give a contribution in
the understanding of Wntl effects on osteoblast
differentiation. In particular, we demonstrated that
r-Wntl markedly increases differentiation of bone
marrow stromal cells into mature osteoblasts, as
confirmed by enhancement of the expression of
Alkaline phosphatase, one of the marker gene of
osteoblasts. Furthermore, the osteogenic ability
of Wntl is also dependent on the up-regulation
of mRNA levels of Collagen I, the most abundant
bone matrix protein. Our data support the idea that
Collagen I is one of the main target gene activated
by Wntl. Therefore, admittedly speculative, it is
possible that a close association between collagen
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I synthesis and Wntl expression could exist, given
that the dysfunction of both molecules has been
proven to be the cause of Collagenous Types and
Non-Collagenous Types of OI, respectively (3-7).
In agreement with our findings, researchers who
investigated the functional role of the canonical Wnt
pathway in fibrosis, found that Wnt-1 stimulated the
transcriptional activity of Collagenla2 in human
dermal fibroblasts. Of note, in supernatants of
fibroblasts stimulated with Wnt-1, a dose-dependent
increase in collagen production was also found (22).

In our study we also show that Osteopontin
mRNA levels are increased by r-Wnt when bone
marrow precursors were differentiated into mature
osteoblasts, supporting the involvement of Wntl in
the bone anabolic response. Consistently, several
studies showed increased Osteopontin expression
in response to mechanical stimulation of bone cells
in vitro (23-24) and, therefore, it has been defined a
mechanically responsive gene (25).

Other experimental evidences demonstrated that
Osteopontin might be responsible for bone loss in
absence of loading, since Osteopontin null mice
were resistant to unloading-induced bone loss (26).
In line with the importance of loading and physical
activity for bone, our in vivo and in vitro data on
Wntl expression could be extremely relevant.
Intriguingly, we found higher level of Wntl in bone
marrow of mice subjected to physical activity, whose
increase could be mediated via a not yet identified
muscle-secreted factor, since osteoblast treated
with myoblast-CM from exercised mice showed
an increased synthesis of Wntl, at both mRNA
and protein levels. Very recently, several lines of
evidence established that skeletal muscle is an
endocrine organ producing and releasing myokines,
which might be effectors of the positive outcome
on the body triggered by physical activity (27). Our
findings support the novel concept that muscle and
bone not only communicate via osteocyte-dependent
mechanical loading, but also that muscle can secrete
factor(s) that can act in a paracrine fashion to support
bone accrual and maintenance. The identity of the
muscle-released factor which is able to increase
Wntl synthesis after physical activity still remains
unknown but future investigations on this topic could
reveal new insights in the bone-muscle connection.

In conclusion, our findings highlight Wntl as one

G. COLAIANNI ET AL.

of the key molecule involved in the regulation of
bone formation and as one of mediators of beneficial
effect on bone triggered by physical activity.
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Skeletal muscle injuries are common causes of severe long-term pain and physical disability,
accounting for up to 55% of all sports injuries. The phases of the healing processes after direct or
indirect muscle injury are complex but clearly defined and include well-coordinated steps: degeneration,
inflammation, regeneration, and fibrosis. Despite this frequent occurrence and the presence of a body
of data on the pathophysiology of muscle injuries, none of the current treatment strategies have shown
to be really effective in strictly controlled trials. Platelet-rich plasma (PRP) is a promising alternative
approach based on the ability of autologous growth factors (GFs) to accelerate tissue healing, improve
muscular regeneration, increase neovascularization and reduce fibrosis. The present study is focused on
the use of different concentrations of PRP as a source of GFs. Unilateral muscle lesions were created on
the longissimus dorsi muscle of Wistar rats. Twenty-four h after surgical trauma, the lesion was filled
with an intramuscular injection of PRP at 2 different concentrations. A group of rats were left untreated
(controls). Animals were sacrificed at 3, 15 and 60 days from surgery. Histological, immunohistochemical
and histomorphometric analyses were performed to evaluate muscle regeneration, neovascularization,
fibrosis and inflammation. The PRP-treated muscles showed better muscle regeneration, more
neovascularization and a slight reduction of fibrosis compared with the control muscles in a dose
dependent manner. However, further studies also assessing pain and functional recovery are scheduled.

Skeletal muscle injuries, mainly contusions and
strains, are common causes of severe long-term pain
and physical disability. They account for up to 55%
of all sports injuries and for 31% of all damages in
¢lite football (soccer) players. Ninety-two percent
of the lesions occurring in football (soccer) players
affects the four major muscle groups of the lower

limbs: hamstrings 37%, adductors 23%, quadriceps
19% and calf muscles 13%. As many as 96% of all
muscle injuries in football (soccer) occur in non-
contact situations and 16% of these are re-injuries
and they are associated with a longer absence from
competition (1, 2).

Muscle injury is a challenging problem in
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traumatology, as injured muscles heal very slowly
and often with incomplete functional recovery
hence the critical importance of a correct evaluation,
diagnosis and therapy of these disorders. Indeed, the
variety of criteria that available makes it difficult to
develop a single classification of muscle injuries.
Their severity is defined by the amount of muscle
tissue involved and by the extent and the location
of the effusion. Different classification systems are
published in literature (3, 4, 5) but there is little
consistency between studies and daily practice (6, 7).
In sport, muscle lesion treatment is aimed to re-
enable the athlete to train and compete as soon as
possible and without complications. Muscle injuries
of lesser severity usually benefit from nonsurgical
treatment such as PRICE (Protection, Rest, Ice,
Compression and Elevation), non-steroidal anti-
inflammatory drugs (NSAIDs), early mobilization,
physical therapy (active and passive modalities) and
functional rehabilitation protocols. As an alternative,
the surgical re-approximation of muscle tears is a
possibility. All these therapeutic approaches seem
inadequate in extensive muscle lesions and/or in
sportsmen with higher functional demand (8).
Phases of the healing processes after direct or
indirect muscle injury are well defined: the initial
degenerative/necrotic phase is mostly characterized
by the formation of hematoma; the subsequent
inflammatory/cell response and the repair/fibrosis
phases are strictly interrelated and time-dependent.
Local swelling and hematoma formation occur
rapidly after injury, with clot formation and
associated platelet degranulation, which leads
to the local release of growth factors (GFs) and
cytokines that in turn determine the neutrophils and
macrophages chemotactic migration in the lesion
site. Subsequently, myogenic precursor cells (i.e.
satellite cells) undergo activation and proliferation,
also facilitated by GFs release (9). Once activated,
satellite cells that are located between the basal
lamina and the plasma membrane of each myofiber
proliferate and differentiate into multinucleated
myotubes and even myofibers. Many of these cells
are able to fuse with existing necrotic myofibers and
may prevent the complete muscle fiber degeneration.
In most cases, the healing process results in the
formation of a muscle characterized by an area of
fibrotic scar tissue (differing in size depending on the
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extension of the primary lesion) with an inadequate
replenish of its functional capacity. In fact, the
regenerative capacity of a muscle lesion varies
widely and depends on the severity of the trauma
(10). The chance of a complete restitutio ad integrum
is proportional to the lesion extent and dependent on
pathophysiological processes that characterize the
early post-injury phase (i.e. 0-72 hours after lesion).

The role of GFs in the process of satellite cell
activation and muscle regeneration is of outmost
importance. Barriers to complete muscle recovery
following injury are scarring and fibrosis, thus
regulation of fibrosis is one of the goals of PRP
therapy in the management of muscle lesions (8).

Platelet-rich plasma (PRP) is an autologous
concentration of human platelets to supra-physiologic
levels that function as a natural reservoir for GFs,
including platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), transforming
growth factor-beta 1 (TGF-B1), vascular endothelial
growth factor (VEGF), basic fibroblast growth
factor (bFGF), hepatocyte growth factor (HGF)
and insulin-like growth factorl (IGF-1) (11). Most
of these growth factors have shown the capacity to
stimulate myogenesis both in vitro and in vivo (12).

Eventhough PRPiscommonly usedin orthopaedic
practice to enhance healing in sports-related skeletal
muscle, tendon, and ligament injuries (10, 13), its
use is mainly based on limited experimental data;
no meta-analysis studies or randomized controlled
trials have been conducted to afford their safe and
effective use in muscle lesions (13, 14). The few in
vivo studies have shown that GFs are able to improve
muscle regeneration and increase the muscle strength
after a trauma.

Experimental studies on animal models showed
that IGF-1, bFGF and nerve growth factor (NGF)
are potent stimulators of myoblast proliferation and
fusion (15).

Due to the short half-life and rapid clearance of
GFs, injured muscles need to be treated with high
concentrations of these molecules. The present
study is therefore focused on the use of different
concentrations of PRP in an experimental animal
model.

The principal aim of the present experimental in
vivo study is a morphological and morphometrical
evaluation of the PRP effects on full thickness
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muscle lesions in an animal model to verify a
relationship between concentrations of GFs and
muscle regeneration and fibrosis.

MATERIALS AND METHODS

Thirty-six male Wistar rats (340+60 g/BW;
PLT=4.5+0.3*10%/mmc) were used (Experimental Animal
Models for Aging Units Research Department, LN.R.C.A./
LR.R.C.S., Ancona, Italy). The rats were inbred, therefore
they are considered genetically identical. The policies
and procedures of their use and maintenance were in
accordance with those detailed by the directive n. 86/609/
CEE regarding animal care and experimental usage.

PRP Preparation

Briefly, blood necessary for PRP preparation was
obtained by intracardiac puncture from 9 rats using a
10 mL syringe containing citrate phosphonate dextrose
(CPD) in ratio 5:1. Two different concentrations of
platelets were achieved. In the first group (A) blood
was centrifuged at 3000 rpm for 6 min (ThermoFisher
SCIENTIFIC SL16/16R 2010, radius=14 cm), plasma
was removed and the platelet-rich fraction was used for
a second centrifugation at 5000 rpm for 10 min (Heraeus
SEPATECH GmbH LABOFUGE A, radius=12 cm).
The pellet from the second centrifugation was diluted
with plasma until the platelet concentration became
1,200x10° platelets/mmec. In the second group (B) blood
was centrifuged at 2400 rpm for 6 min (ThermoFisher
SCIENTIFIC SL16/16R 2010, radius=14 cm), plasma
was removed and the platelet-rich fraction was used for

Table 1. Histological qualitative score.
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a second centrifugation at 5000 rpm for 10 min (Heraeus
SEPATECH GmbH LABOFUGE A, radius=12 cm).
The pellet from the second centrifugation was saved and
diluted with supernatant until the platelet concentration
became 1.700x10° platelets/mmc.

Collected PRP was stored at -80°C until use. The
syngeneic nature of the inbred rats allowed us to consider
the blood of one animal autologous to blood from another
animal.

Surgical Procedure and Sample Preparation

Animals were anesthetized with ketamine (40 mg/
Kg) and xylazine (5 mg/kg) intramuscular puncture and
placed prone on a warm pad (38.5°C). A sterile airway
was maintained throughout the procedure. Unilateral
cutaneous incisions (3 cm in length) were performed
in the paravertebral region, then, using a standard
pincer technique, muscular tear lesions (0.7x0.3 cm)
were executed on the longissimus dorsi muscle (Fig.
1) as performed in a previous experimental study (16).
This location was chosen since the presence of the
supraspinatus ligament and fascia allow to carry out the
wounds and prevents rats from interfering (i.e. biting or
scratching) with the surgical treatment. In all cases muscle
was left unsutured, the fascia and skin were closed with
a standard approach with a non-absorbable suture wire in
order to identify the repair site at the time of necropsy.
Animals were maintained with a normal diet and no
forced exercise was induced.

PRP intramuscular injection in the lesion sites were
performed 24 h after the surgical trauma: 9 rats received
the lowest PRP concentration (group A), 9 rats received
the highest PRP concentration (group B) and 9 rats were

SCORE | Vascularization Muscle regeneration Inflammation Fibrosis
no evidence of [ no new muscular tissue [ more than 50% of | more than 50% of the
0 neovascularization the field occupied by | section displaying
inflammatory cells fibrotic aspect
less than 25% of the|less than 25% of the |25%-50% of the field |25%-50% of section
1 microscopic field covered | microscopic section filled | occupied by inflammatory | displaying fibrotic
with new vessels with new muscular tissue | cells features
lesion with 25%-50% | lesion with 25%-50% | less than 25% of the [less than 25% of the
) of the field covered with | of the section filled with | microscopic field | microscopic  section
new vessels new muscular tissue occupied by inflammatory | displaying fibrotic
cells aspect
repair site with more than | repair site with more than | no evidence of | no evidence of fibrosis
3 50% of the field covered | 50% of the section filled | inflammation
with new vessels. with new muscular tissue
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Fig. 1. Male Wistar rat: unilateral cutaneous incision (3 cm in length) was performed in the paravertebral region (a); a
muscular tear lesion (0.7 x 0.3 cm) was executed on the longissimus dorsi muscle using a standard pincer technique (b).

left untreated and used as controls (CTRL).

Three animals per group were sacrificed each time
at an interval of 3, 15 and 60 days from surgery. The
experimental sites were dissected and collected samples
were fixed in 4% formaldehyde embedded in paraffin,
sectioned (5 pm) and stained with haematoxylin-
eosin, Van Gieson’s trichrome stains and Sirius-Red for
histological assessment.

Histological evaluation

Sections were evaluated by 2 different observers in a
blinded manner. Each examiner considered three fields for
every section (5 slices for lesion). Both longitudinal and
transverse sections were observed at 10x magnification
evaluating muscle regeneration, neovascularization,
inflammation and fibrosis by means of a qualitative score
summarised in Table I (16-18).

Histomorphometric evaluation

Computerized morphometric analysis was performed
with use of the Leica QSOOMC Image Analysis System
Software (Leica Leitz DMRBE, Cambridge, England)
as previously described (7). Analysed field was briefly
selected and acquired on the screen. The camera images
were then digitized and modified in a binary way to make
them suitable for measurement.

Similar to histological analysis the measured
parameters were muscle regeneration, neovascularization,
inflammation and fibrosis. All morphometric steps,
except for the selection of the first microscopic field
were computerized. After standard filtration procedures

for background smoothing, the system identified the
regenerating muscle fibres and the other parameters based
on a threshold value set by the operator showing them in
colour on the screen. Editing facilities for the correction
of automatic identification were used. Zoom-in allowed a
closer inspection of the samples.

On the basis of a calibration factor determined by
a suitable procedure in the setup menu, the system
calculates the fraction area (Aa%) filled by the selected
parameters (muscle regeneration, neovascularization,
inflammatory cells and fibrosis) on the whole field. Five
fields were studied for each section. Data are expressed as
mean+Standard Deviation (SD). The different parameters
were evaluated each time selecting the area of interest.

Immunohistochemical analysis

Polysine® slides (Menzel-Glédser, Braunschweig,
Germany) were used for immunohistochemical analysis.
Dewaxing, rehydration and antigen unmasking were
performed with EnVision™ FLEX Target retrieval
Solution High pH (Dako, Carpinteria, CA, USA) by PT
Module (Lab Vision Corporation, CA, USA) according
to manufacturer’s instruction. Endogenous peroxidase
activity was quenched by incubating the sections in 3%
H202 for 10 min at Room Temperature (RT).

Sections were then incubated with the monoclonal
antibodies anti-MyoD (5.8A) and anti-Myogenin
(5FD) (both Santa Cruz Biotechnology, CA, USA)
diluted 1.150 in Antibody Diluent with Background
Reducing Components (Dako) for 1 h at RT in a
humidified atmosphere. Reaction was displayed by
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Table I1. Histological score analysis.

3 days 15 day 60days

Group A | Group B | CTRL Group A | Group B | CTRL Group A | Group B | CTRL
Neovascularization | 2.5+0.6 |2.7+0.3 |2.44+0.5 |2.1+0.6 |[2.3+0.3 |[2.0+0.5 |1.8+0.4 |1.7+0.6 | 1.8+0.7
Muscle regeneration | 2.0£0.5 |2.2+0.4 |1.5£0.5 |2.7£0.3 |2.8£0.2 |2.3£0.4 |1.5£0.2 |1.6+0.7 | 1.4+0.3
Fibrosis 1.5£0.6 | 1.4+0.6 |1.7+£0.5 |1.6+0.3 |1.5£0.5 |1.4+04 |1.4+0.6 |1.2+0.2 |1.7£0.4
Inflammation 2.2+0.5 |2.5+0.6 |2.0+0.4 |1.6+0.3 |1.7+0.5 |1.5+0.8 |1.5+0.2 | 1.5+0.7 | 1.6+0.6
Score analysis is explained in Material and Methods

LSAB®Plus System-HRP DAB+ kit (Dako) according
to the manufacturer’s instructions. Sections were
counterstained, dehydrated, clarified and mounted with
Mayer haematoxylin (Bio-Optica SpA, Milano, Italy).
Negative control was represented by primary antibody
untreated sections. Reaction was examined with a light
microscope (Nikon Eclipse 600).

Statistical Analysis
Statistical analysis of histomorphometric data was

performed with Wilcoxon non parametric test. The level
of statistical significance was established at p<0.05.

RESULTS

Gross examination did not show differences
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between PRP treated or untreated muscle lesions.
Histological score evaluation (Table II) evidenced
that muscular regeneration was greater in PRP
treated samples in comparison with controls at the
earlier time points (i.e. 3 and 15 days), whilst it was
comparable at 60 days after surgery.

Comparison of the two PRP treated groups
by histomorphometric analysis (Fig. 2) showed
that in the animals treated with PRP at a higher
concentration of growth factors (group B), muscular
regeneration was higher both at 3 at (A: 55+8% vs
B:75+6%; p<0.05) and 15 days after surgery (A:
80+8% vs B: 90+6%; p<0.05), while no differences
were detected 60 days after surgery (A: 52+8% vs B:
56x6%; p<0.05).
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Fig. 2. Histograms of the histomorphometric analysis performed at 3, 15 and 60 days after surgery and evaluating muscle
regeneration (a); neovascularization (b); inflammation (c); fibrosis (d). Data are expressed as the fraction area (Aa%)
occupied by the selected parameters; mean valuetstandard deviation are reported. *: p<0.05 vs CTRL; §: p<0.05 Group

B vs Group A.
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Fig. 3. Immunoistochemical detection of MyoD at 3 days
after surgery. MyoD- positive cells (—) located inside the
basal lamina of myofibers were detected in Group A (a)
and Group B (b) treated samples. No staining was present
in untreated control samples (c). Scale bar 100um.

This observations was corroborated by
immunohistochemical analyses performed at 3 days
after surgery. In PRP treated lesions, the higher
Myogenin positivity and MyoD immune-staining
were directly proportional to the concentration of
GFs (Fig. 3).

Data on muscle regeneration go hand in hand with
those of neovascularization (Fig. 2b). This feature
was greater in PRP treated samples in comparison
with controls at the earlier time points of 3 and 15
days, but it was comparable 60 days after surgery.
Also in this case the use of a higher concentration of
GFs significantly affect neovascularization at 3 and
15 days after surgery, but it seems ineffective after
60 days.

As far as inflammation is concerned, no
differences were detected between all the groups
throughout the follow-up, even though a significant

Fig. 4. Histological sections of longissimus dorsi muscle
of Wistar rats treated with lowest PRP concentration (a);
highest PRP concentration (b); untreated (c); at 60 days
after surgery. Sirius red stain. Scale bar 100um.

reduction of inflammatory cells was observed at 60
days from surgery (Fig. 2¢)

At last a reduction in fibrosis was observed at
15 days after surgery, with no significant among the
groups (Fig. 2d), even though faint differences in
Sirius Red staining were detected at 60 days after

surgery (Fig. 4).
DISCUSSION

Despite the frequency of skeletal muscle injuries
and the availability of a body of data on their
pathophysiology, none of the treatments adopted to
date have been shown to be really effective in strictly
controlled trials (8, 20).

One possible explanation for this apparently
paradoxical situation is the broad heterogeneity
of skeletal muscle injuries and in consequence
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variability in severity. Furthermore, most existing
muscle injury treatments are based on limited
experimental data and/or were only empirically
tested.

The aims of a proper muscle injury treatment
are 1): limit the consequences of the damage on
tissues involved in the trauma; 2): prevent future
impairments; 3): ensure a rapid return to competitive
activity to athletes while respecting compulsory
biological healing time. These three points are strictly
connected and conditioned to treatment(s) performed
within the first 24-48 h from trauma. Growth factor
activities occur at this time, creating an environment
for muscle regeneration, neovascularization,
inflammation and fibrosis.

Hammond et al. showed the capacity of PRP
to promote and accelerate myogenesis in an
experimental study investigating the biomechanical
and biochemical effects in rat muscle injuries (21).

In a previous experimental study of muscle
injury in a rat model, the effects of a platelet-
rich fibrin matrix (PRFM) in the regeneration of
damaged muscle tissue were histologically and
immunohistochemically  evaluated (16). This
morphological study showed that the use of PRFM
could improve muscle regeneration and long-term
vascularization, suggesting that autologous PRFM
may be a suitable and useful tool in the clinical
treatment of muscle injuries (16).

A side effect of the use of PRP and/or related
products (e.g. PRFM) may be the occurrence of
fibrosis. Visser et al. demonstrated that PRFM in
vitro contains significantly higher concentrations of
TGF-B1 compared with whole blood concentrate
of similar volume (22). TGF-B1 has the ability to
significantly increase connective cell proliferation
over time, thus generating fibrotic tissue. Indeed, in an
in vivo study, no increase in fibrotic tissue formation
was observed during PRFM treatment in comparison
with controls, suggesting that the amount of TGF-3
released in vivo by PRFM might not be sufficient for
this occurrence (16).

In this respect, Huard et al. recently performed an
additional experimental study combining PRP and
losartan, a drug commonly used to treat hypertension.
This mixture improved skeletal muscle healing by
enhancing angiogenesis and follistatin expression
and reducing the expression of phosphorylated Smad
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2/3 and fibrosis development. The latter aspect was
related to the reduction of TGF-B1 expression by
losartan and suggested that its use improves the
effect of PRP therapy on muscle healing after a
contusion injury (23-25). More recently, Kelc et al.
suggesting that PRP could not only prevent fibrosis
but could also stimulate muscle commitment,
especially when combined with a TGF-f inhibitor
(26) reported a similar in vitro approach. Only a
few randomized controlled clinical trials have been
published, but none of them has ever compared
different concentrations of growth factors (20).

In the present experiment on a Wistar rat model,
we performed unilateral muscular lesion by a
standard pincer technique through an open surgical
approach in the paravertebral region. In agreement
with previous experiences, this anatomical site
was chosen since the supraspinatus ligament,
the interspinatus ligament and fascia allow to
circumscribe the wounds and moreover prevent
rats from interfering (i.e. biting or scratching)
with surgical treatment (16). We considered this
surgical approach a suitable procedure to obtain a
well-defined muscle tear rather than subjecting the
muscle to a direct contusion or eccentric and tetanic
contractions as performed in other experimental
models (8, 16, 27).

With the proposed procedure it was possible to
obtain a muscle injury without causing ischemic
necrosis or thermal damages (16). Moreover, this
approach allowed better localisation of the lesion
in comparison to other animal model obtaining a
reliable histological assessment (16).

In order to simulate a clinical approach closely,
we injected two different concentration of PRP
intramuscularly 24 h after the surgical trauma
and we evaluated by means of histological and
immunohistochemical analyses, the dose-dependent
effects. Our histological results confirmed the
ability of PRP in muscle healing and showed that
the increase in PRP concentrations (i.e. GFs)
in damaged muscle tissue fastens the process of
tissue regeneration as well as neovascularization
(16, 21, 23). Immunohistochemical data further
strengthened this hypothesis detecting MyoD- and
myogenin-positive cells, located both inside the
basal lamina of the fiber and in the interstitial spaces
in the muscle sacrificed at three days and in a dose-
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dependent manner. It is well known that MyoD and
myogenin play a key regulatory role in the processes
of plasticity, adaptation and regeneration in adult
muscle (24). At last, no significant side effects related
to a higher dose of GFs were detected.

In conclusion, the present study confirmed previous
data about the usefulness of PRP in the treatment of
muscle injury and demonstrated that this process is
dependent on the concentration of administered GFs.
Even though these experimental results are lacking
in data on pain and functional recovery, they open
a clinical debate on the appropriate dose of PRP for
sportsmen muscle lesion treatment.
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HISTOLOGICAL FEATURES OF PSEUDOTUMOR AFTER SMALL HEAD DIAMETER
METAL-ON-METAL TOTAL HIP ARTHROPLASTY

F. D’ANGELO, A. TESTA, T. BINDA and P. CHERUBINO

Division of Orthopedics and Traumatology, Department of Biotechnologies and Life Sciences,
University of Insubria, Varese, Italy

The pathologic aspects of periprosthetic tissues in failed second-generation metal-on-metal (MoM)
resurfacing hip arthroplasties have been widely described in terms of necrosis and inflammation. To our
knowledge little data are reported on the association of this lesion with the use of small head diameter
(<32 mm). In this study we present a small series of pseudo-tumor in small head metal-on-metal total
hip arthroplasty focusing our attention on the histologic aspects of the harvested pathologic tissue. The
histological examination of our cases showed a presence of lymphocytic infiltrate suggesting a delayed
hypersensitivity reaction to metal of type IV (ALVAL) but different to each other in terms of the prevalence
of the cellular component. If macrophages are predominant, the pathogenetic mechanism seems to be
the reaction against metallic particle. On the other hand, if granulocytes are predominant, it is possible
to consider a hypersensitivity reaction. Our observation suggests that the evidence of Pseudotumor in
case of small-head metal-on-metal arthroplasty should be considered with the same properties of big-

head and therefore these patients should be followed scrupulously.

Second generation metal-on-metal (MoM)
hip resurfacing is a recent development in hip
arthroplasty. Although early clinical results of second
generation MoM hip replacement were encouraging
(1, 2, 3, 4, 5), a number of complications have been
reported including the formation of inflammatory
pseudotumors (6, 7, 8, 9, 10, 11, 12).

Hart et al. (2012) defined Pseudotumor as “sterile,
inflammatory lesions within the periprosthetic
tissues and have been variously termed masses,
cysts, bursae, collections, or aseptic lymphocyte-
dominated vasculitis-associated lesions (ALVAL)”
(13).

The MoM bearing surface is made from high-
carbon, cobalt-chromium-molybdenum alloy. This
MoM combination produces less volumetric wear
but results in the release of a much larger number

of very small (nanometer-sized) particles compared
to metal-polyethylene arthroplasties. Analysis of
failed first-generation and second-generation MoM
resurfacing arthroplasties has led to the identification
of a number of histological changes arising from
the deposition of these tiny metal particles in peri-
implant tissues (14, 15, 16, 17). These include a
pronounced macrophage response to wear particles,
a perivascular lymphocytic infiltrate, and tissue
necrosis. The necrotic and inflammatory changes
seen in peri-implant tissues in response to cobalt-
chromium (Co-Cr) metal wear debris are thought
to be due to either cytotoxicity or to a delayed
hypersensitivity reaction (16, 18, 19).

Thus, metal ion measurement becomes a valuable
additional tool for diagnosis and patient follow-up.
De Pasquale et al. demonstrated that the measurement
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of the Co and Cr ions both in whole blood and in
serum can be considered a standard test for screening
and monitoring patients with MoM since it is strictly
correlated with the release of wear particles and
corrosion products at the local level (20).

Several authors have reported data on the
prevalence of these masses, in both symptomatic and
asymptomatic patients after either large-diameter
femoral head THA or hip resurfacing arthroplasty,
with a large variability of rate (13, 21, 22, 23). Kwon
et al. reported a prevalence of 4% in asymptomatic
patients undergoing hip resurfacing arthroplasty
(23).

To our knowledge few data are reported on the
association of this lesion with the use of small head
diameter. Gruber FW et al. reported a case report
about 2 patients presenting with an extraperitoneal,
intrapelvic cystic lesion of the groin due to reaction
to metal debris without signs of osteolysis in the plain
X-ray or magnetic resonance imaging (MRI) and
without typical clinical signs of aseptic component
loosening. In both of the described cases, the head
diameter was 28 mm (24).

In this study, we have examined the extent of
necrosis and inflammation in peri-implant soft
tissues, harvested in a series of revised second-
generation MoM hip implants with small head, in
order to determine the nature and significance of
these changes and if they are similar to what happens
in >32mm head MoM implants.

MATERIALS AND METHODS

At the author’s institution 3 cases of Pseudotumor
were revised in 2 patients with small-head (28 mm) metal
on metal bearing heads (Metasul bearing total hip®,
Zimmer, Warsaw, IN).

The patients were 2 females, with an average age
of 63 years (Range 43-73). In all cases the prosthesis
was implanted for osteoarthritis due to congenital hip
dysplasia. All patients had bilateral THA and one patient
has a bilateral Pseudotumor. The average time between
primary and revision surgery was 16.2 years (Range 9-19).

The natural history was different in the two patients.
The first patient (case n. 1) was referred to our attention for
a sudden pain after a minimal trauma in hyperextension of
the right hip.

The second patient (case n. 2 and 3) was referred to us
after the onset of right iliac vein DVT and the observance
of an intrapelvic bilateral mass by gadolinium CT.
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The diagnosis of Psuedotumor was suspected at the
X-rays (AP pelvis, AP and LAT of the affected side),
which showed the classical “bubble sign” together with a
metal-on-metal coupling.

In order to confirm the suspicion, the dosage of cobalt-
chromium ions serum was made (mean C =1.57 ug/L
Co=2,27ug/L; Range C =1-2.4 pg/L; Range Co=0.6-4
ug/L), baseline MRI.

All patients underwent fine needle aspiration under
ultrasound guidance with no microorganism growth.

During the revision surgery, performed by the same
surgeon (FD) through a posterolateral approach, tissue
samples were harvested, fixed in Formaldehyde and
prepared for light microscopy observation. All samples
were embedded in paraffin wax, sectioned, and stained
with Haematoxylin and Eosin and Von Kossa.

RESULTS

The histologic examination showed variability
in the amount and distribution of metal residues, the
number, type and arrangement of inflammatory cells
and the amount of necrotic tissue.

Fig. 1. Light Microscopy showing the presence of a thin
pseudo-capsule, made of connective tissue with cross-
linked fibers (10X, E-E staining).

Fig. 2. New angiogenesis is well represented in the
connective layer (25X, E-E staining).
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Fig. 3. Light Microscopy showing aggregates of
macrophages and histiocytes with cytoplasmatic metallic
inclusion. Also in the extracellular matrix it is possible to
observe metallosis. (Case n. 1, X10, E-E staining).

Fig. 4. Light Microscopy showing the predominance of
granulocytes and lymphocytes. No evidence of metallosis
even in the matrix. (Case n. 2, X25, E-E staining).

A common aspect are marginal extensive
networks of fibrin where it is possible to observe the
migration of fibroblasts in order to create a primitive
connective tissue with cross-linked fibres, such a
pseudocapsule (Fig. 1). This area is also characterised
by the presence of endothelial cells, as evidence of
new angiogenesis (Fig. 2).

The cellular component is internally disposed.
A general consideration macrophages and
lymphocytes were present in all cases, but those
with large infiltrates of macrophages presented fewer
lymphocyte aggregates as opposed to those that prove
dense clusters of lymphocytes, often arranged in the
inner layers of the mass. More specifically, in case
1 the prevalent cellular component is represented
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Fig. 5. Polarized Light Microscopy did not reveal any
birefringent particles, such as Polyethylene ones (X10,
E-E staining).

by macrophages and histiocytes with cytoplasmatic
metallic inclusion (Fig. 3), while in both cases 2
and 3 the dominant aspect is the predominance of
granulocytes and lymphocytes which is evidence of
acute inflammation. In these specimens metallosis
was not observed (Fig. 4).

None of the cases reported polarised light

microscopy  birefringence particles such as
polyethylene (Fig. 5).
DISCUSSION

Pseudotumor has been defined in such a broad
sense that it has made it difficult for clinicians to
thoroughly study it. If the term were more clearly
defined with parameters, studies could be done with
more focused results. Since it was firstly described,
several authors reported different prevalence in
metal on metal hip arthroplasty.

A decade ago, a large percentage of hip
replacements performed in the United States on
virtually all resurfacing arthroplasties used metal-
on-metal bearing surfaces. Today however, there
has been a major decline in the use of MoM bearings
(25, 26). High wear and high concentration of metal
debris is related to large-head dimension, in fact,
only few reports are present with small-head as in
our case.

Although some studies have implied that the wear
of the metal is a factor in the failure of some MoM
implants, several studies have demonstrated that
pseudotumors and other types of complications can
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occur even in the absence of high wear (12, 27, 28).

Panditetal. (12)described 17 cases suggesting that
these periprosthetic masses could be a hypersensitive
response to a moderate release of particles, as later
confirmed by several authors (29, 30).

It’s known that the formation of periprosthetic
masses is connected to several contributing factors
but in these cases described no risk factors are
present except for the female sex and the preoperative
diagnosis.

The histological examination of our cases showed
a presence of lymphocytic infiltrate suggesting a
delayed hypersensitivity reaction to the metal of type
IV (ALVAL) but conceptually they were different.
In case 1 there is a predominance of macrophages
embedding metallic particles, thus indicating
a response dictated mainly by the excessive
production of debris and probably exacerbated by
the trauma that decreases the “threshold of accepted
debris” (31). Therefore it can be suggested that a
combination of necrosis induced by macrophages
and hypersensitivity reaction lymphocyte-mediated
with a balance, in this case, towards the macrophage

response.
This  variability  reflects the  different
immunological susceptibility between different

patients (27). In confirmation of this theory, the
patient has a same implant in contralateral side and
there is no sign of failure.

In this case we speculate that necrosis
indicates that cytotoxicity is an adjunctive factor.
Ultrastructural studies have shown that metal
particles phagocytosed by macrophages are
transported to lysosomes. High concentrations of
metal ions are released in these structures, resulting
in apoptosis and cell death with subsequent release
of the phagocytized metal (32). The morphology
of the necrotic and viable macrophage granulomas
seen in pseudotumors and in some cases of MoM
component loosening, would be in keeping with this
cytotoxic effect causing a vicious circle in which
metal wear particle generation leads to macrophage
recruitment, particle phagocytosis, apoptosis and
cell death with resultant release of metal particles,
leading to further macrophage recruitment and
repetition of this process.

The situation is different for cases n. 2 and n. 3.
In the histological of both masses, we can observe
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infiltration of lymphocytes and granulocytes while
macrophages and plasma are rare, reflecting an
acute inflammatory reaction probably due to local
response to the prosthetic components.

This analysis seems to support hypersensitivity
because eosinophils are typically associated with
allergies, are involved in tissue homeostasis, in
modulation of Th2 immune response and in the
adaptive secreting cytokines and immunoregulatory
factors (33, 34). In fact the patient also developed
a pseudotumor in contralateral hip (unlike case 1)
although obvious component malpositions are not
obsereved. The hypersensitivity response to metals
is probably variable but in occurrence it could
be a major contributory factor to the necrosis and
inflammation associated with component loosening
and pseudotumor formation.

The CT carried out 18 months later shows
reduction of the masses in the abdomen and the
patient reported complete resolution of symptoms.
The only data in contrast with this theory is the
corrosion at the taper, which could explain the
high values of Cr-Co detected preoperatively (Cr
C0=2.40=4.00). Therefore, also in this case, it may
propose a combination of type IV hypersensitivity
reaction and necrosis induced by excessive debris,
with a preponderance of the former.

CONCLUSION

Total hip arthroplasty is a successful procedure
that provides relief from pain and significant
improvement in life quality. Despite considerable
progress in surgical technique and plant design,
some patients develop adverse reactions to metal
debris (ARMD), which may result in the formation
of pseudotumor and periprosthetic masses
characterized by a high local aggressiveness. The use
of small-head implant such as Metasul can achieve
high clinical-functional results and good long-term
survival but are not free from risks.

Our study shows that these lesions could be
associated to these implants and that the pathogenesis
is multifactorial and not simply associated to wear.
The immunoreactivity of each patient plays an
important role in the outcome although to which
level is not yet known.

Further studies are still necessary in regards to the
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materials used, the actual incidence of the disease, its
etiology and diagnosis in order to avoid dangerous
complications during surgery.

10.
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RELEASE OF GENTAMICIN FROM CEMENT SPACERS IN TWO-STAGE
PROCEDURES FOR HIP AND KNEE PROSTHETIC INFECTION: AN
IN VIVO PHARMACOKINETIC STUDY WITH CLINICAL FOLLOW-UP

G. BALATO!, T. ASCIONE 2, D. ROSA!, P. PAGLIANO?, G. SOLARINO?,
B. MORETTI? and M. MARICONDA'

!Department of Orthopaedic Surgery, School of Medicine, Federico Il University, Naples, Italy;
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Eighteen patients undergoing two-stage exchange arthroplasty for infected total hip or knee
arthroplasty using gentamicin-loaded bone cement spacers (80g bone cement, 2 g gentamicin and 2
g clindamycin) were studied. The concentration of gentamicin eluted from the spacers was assessed
on samples of blood, urine, and drainage fluid that were collected from each patient at set intervals
during the 48 hours following the first-stage surgery. The hip and knee cement spacers showed similar
curve of release over the first postoperative hours (early peak followed by slow release), but the mean
gentamicin concentration in the drainage fluid was higher in patients with hip spacers compared to
patients with knee spacers (30.61 = 19.47 mg/L vs. 17.43 + 13,63 mg/L, p<0.05). In patients with hip
spacers, the mean, maximum, and minimum concentration of gentamicin was higher with respect to the
minimum inhibitory concentration (MIC) break point for Staphylococcus spp, Pseudomonas Aeruginosa
and Enterobacteriaceae throughout the first postoperative 48 h. Conversely, in 25% of patients with a
knee spacer a drug concentration below the MIC break point for Gram negative bacteria was found in
the drainage fluid after 12 h. Gentamicin levels in the blood samples were negligible over the entire time
interval and were steadily well below the renal toxicity reference. The highest urinary concentration of
gentamicin was observed between 4 and 9 h postoperatively. Subsequently, it gradually declined until 48
h. Clinically, the rate of cure was 100% at a mean follow-up of 113 weeks (range 90-182). Gentamicin-
loaded cement spacers offer the advantage of achieving early high concentrations of the antibiotic
directly at the site of infection but especially in the knee a systemic antibiotic therapy must be given as a
complement to the spacer implantation to eradicate periprosthetic joint infection (PJI).

Periprosthetic joint infection (PJI) is a rare yet 4). Two-stage revision surgery with antibiotic-loaded
devastating complication after total joint replacement. spacer implantation represents the standard of care for
The overall prevalence of PJI ranges between 0.5% and patients who develop chronic infection at the site of
3%, but the risk for infection is higher for total knee a total joint replacement (5-8). The pharmacokinetic
arthroplasty (TKA) than total hip artroplasty (THA) (1- properties of antibiotic-loaded bone-cement spacers
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implanted during first-stage surgery have been
thoroughly investigated in vitro, but there is a paucity
of in vivo data on the antibiotic release from these
devices (9-13). Some studies suggested that the elution
of antibiotics from cement spacers could help to set
the ideal moment for the explantation of cement and
the prosthetic reimplantation (12-14). Nevertheless,
differences in methods and experimental conditions
have complicated the attempts to draw definite
conclusions from the available studies. Moreover, a
number of questions including effective concentration
and the inhibitory ability of the antibiotic released
at the site of implantation of the cement spacer,
as well as the duration of prophylactic effect, still
remains unanswered. The aims of this study were: 1)
to determine the concentration of gentamicin eluted
from antibiotic-loaded cement spacers in samples of
blood, urine, and drainage fluid of patients who had
undergone the first surgical stage of two-stage revision
procedures for PJI; 2) to assess the local effective
inhibitory activity of the antibiotic released from the
spacers; 3) to evaluate the clinical outcome of PJI in
these patients.

MATERIALS AND METHODS

Patients
All patients who were referred to our institution for

Table 1. Characteristics of patients.
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suspected PJI between January 2012 and November
2013 were considered for this study. Only patients with
a diagnosis of delayed PJI sustained by gentamicin
susceptible bacteria undergoing two-stage revision surgery
with implantation of a gentamicin-loaded cement spacer
were included. The exclusion criteria were: 1) acute PJI;
2) infection sustained by gentamicin resistant bacteria; 3)
severe life-threatening comorbidities that contraindicated
surgery; 4) simultaneous intake of gentamicin; 5) known
or suspected allergy to aminoglycosides; 6) follow-
up of less than one year. The research was conducted
in accordance with the Declaration of Helsinki and the
national and institutional ethical research standards.
All patients gave their informed consent prior to being
included in the study. PJI was diagnosed according to the
criteria of the Musculoskeletal Infection Society (15). A
total of 18 patients with PJI fulfilled the inclusion and
exclusion criteria (Table I). As shown in Table I, most
infecting microorganisms were Gram positive. The
microbiological diagnosis was obtained preoperatively
through cultures for aerobic and anaerobic bacteria on
synovial fluid in 13/18 patients (72%) or sinus tract in
5/18 patients (28%).

Surgical technique

All patients underwent two-stage revision of their
infected arthroplasty. At the time of the first surgical
stage, removal of the primary implant and bone cement
along with thorough debridement of all infected tissue and
bone was carried out. Subsequently, a molded antibiotic-

Patients N=18
Age, years
Mean £ SD 65+11.5
Range 51-77
Gender
Male 6 (34%)
Female 12 (67%)
Type of prosthesis
THA 10 (56%)
TKA 8 (44%)
Bacterial cultures
MSSA 3 (16,7%)
MRSA 5(27,8%)
CoNS Staphylococcus 5(27,8%)
Pseudomonas aeruginosa 2 (11%)
Enterobacteriaceae 3 (16.7%)

SD: Standard deviation;, THA: Total Hip Arthroplasty;, TKA: Total Knee Arthroplasty; MSSA: Methicillin-sensible-
Staphylococcus aureus;, MRSA: Methicillin-resistant- Staphylococcus aureus; CoNS: Coagulase negative
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loaded cement spacer (80g bone cement, 2 g gentamicin,
and 2 g clindamycin) (Refobacin[] Revision Biomet) was
inserted in the knee and hip joint cavity. A subfascial
drain was finally left in the joint and kept in place for
48 h postoperatively. Before surgery, IV vancomycin
(Vancocin, 1g, twice daily) was administered to each
patient. After surgery, all patients were given parenteral
antibiotics according to the pathogen identification. The
mean interval between first and second surgical stage was
11+0.83 weeks (range 10-12). The second surgical stage
was performed after clinical and laboratory findings had
normalized. Antibiotic therapy was discontinued at least
two weeks before surgery.

Antibiotic determination

Specimens of blood, urine, and drainage fluid were
sequentially collected at set intervals for 48 h after
following the first-stage surgery. Postoperatively, drainage
fluid samples were collected at 1, 2, 3, 4, 6,9, 12, 15, 18,
21, 24, 30, 36, 42 and 48 h, venous blood samples at 1, 2,
3,4, 24 and 48 h and urine samples at 1, 2, 2, 3,6, 9, 12,
24 and 48 h.

At the time of prosthetic reimplantation, a sample of
synovial fluid was also obtained to evaluate the presence and
concentration of gentamicin. In each patient, a fluorescence
polarization immunoassay (Abbot, Wiesbaden, Germany)
was used to determine the concentration of gentamicin in
the samples of drainage fluid, peripheral blood and urine.
The lowest measurable concentration of gentamicin in
these fluids was 0.22 mg/L. Concentrations beyond the
upper limit were diluted in sterile water and multiplied by
the dilution coefficients to calculate the final concentration.
Maximum drug concentrations (Cmax) were calculated
from the concentration-time curve for gentamicin release
in the joint cavity. The local antibiotic concentration
was compared to the minimum inhibitory concentration
(MIC) (EUCAST) break point for Staphylococcus spp,
Pseudomonas Aeruginosa and Enterobacteriaceae (16).
The area under the curve for the antibiotic concentratiom
from 0 to 48 h (AUC_,.) was calculated with the linear
trapezoid rule. For each patient three pharmacokinetic
(PK)/pharmacodynamics (PD) parameters, including
the ratio of Cmax to the MIC, the duration of sufficient
antibiotic release (T.,,.) (h), and the ratio of AUC_
to the MIC were calculated to assess differences in
the antibacterial inhibitory activity between hip and
knee spacers. Blood concentrations of gentamicin were
compared to the renal toxic concentration (2 mg /L).

Follow-up

C reactive protein (CRP), erythrocyte sedimentation
rate (ESR) and a full blood count were assessed every 4
days during the 2-week period of intravenous antibiotic
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treatment. Subsequently, routine laboratory data
including full blood count, ESR, CRP, liver enzymes,
blood urea, creatinine, and a radiographic examination
(anteroposterior and lateral views) of the joint were
obtained every month thereafter. Cure was defined by
the normalization of clinical, laboratory and radiologic
findings at least one year after the discontinuation of
antibiotic treatment.

Statistical analysis

Continuous variables were expressed as mean +
standard deviation (SD). An unpaired Student t test
was used to assess differences between two means.
Significance was set at p<0.05. SPSS software (SPSS
Inc., Chicago, Illinois, USA) was used for the database
and statistics.

RESULTS

Curves of antibiotic release in the drainage fluid
showed a transient initial peak followed by slow
release (Fig. 1). Both hip and knee PMMA spacers
showed a similar release pattern, but the mean
gentamicin concentration at the first postoperative
hour was higher in those patients with hip spacers
compared to the patients with knee spacers
(30.61£19.47 mg/L vs 17.43+13,63 mg/L, p<0.05).

The maximum drug concentration was reached
in the first hour after surgery, being 53.9 mg/L and
44,1 mg/L, respectively, for hip and knee spacers
(p<0.05). The minimum concentration was detected
48 h postoperatively, with a mean value of 14.6 mg/L
and 8.7 mg/L for knee and hip spacers, respectively
(p=NS). The mean concentration of antibiotics
released from the spacers at all time intervals is
reported in Table I1.

The mean, maximum and minimum concentration
of gentamicin was steadily higher in comparison
with the MIC break point for Staphylococcus spp,
Pseudomonas Aeruginosa and Enterobacteriaceae
throughout the first 48 postoperative h in patients
with hip spacers (Fig. 2). Conversely, the minimum
drug concentration fell below the MIC break point
for Gram-negative bacteria in the knee drainage fluid
between 12 and 30 h in 25% of patients, and between
36 and 48 h in 50% of patients (Fig. 3). The results
of the three PK/PD parameters are showed in Table
1.

Hip spacers showed significantly greater and
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Fig. 1. Mean gentamicin concentration (mg/L) in the hip and knee drainage fluid.

Table I1. Mean concentration of gentamicin (mg/L) released from the spacers at all time intervals.

Time Hip spacer Knee spacer p-value
1 hour 53.9 44.1 0.216
2 hour 46.8 31.6 0.196
3 hour 39.3 28.7 0.569
4 hour 35.6 18.4 0.010
6 hour 34.7 18.6 0.009
9 hour 35.1 20.9 0.913
12 hour 35.0 16.0 0.038
15 hour 329 12.8 0.019
18 hour 31.4 11.4 0.014
21 hour 28.8 11.2 0.020
24 hour 23.0 10.5 0.025
30 hour 18.5 9.9 0.057
36 hour 14.9 8.8 0.056
42 hour 14.3 9.8 0.08
48 hour 14.6 8.7 0.180

more prolonged antibacterial activity as compared to
knee spacers. No dosable antibiotic in the synovial
fluid of any patients was detected at the time of
the implantation of revision arthroplasty. Serum
gentamicin levels were negligible over the entire
time interval. They were steadily well below the

renal toxicity reference (Fig. 4). The highest urinary
excretion of gentamicin was observed between 4
and 9 h postoperatively. Subsequently, it gradually
declined until 48 h (Fig. 5). Clinically, the rate of cure
was 100% at a mean follow-up of 113 weeks (range
90-182). No cases of renal side effects throughout
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Fig 2. Comparison of mean, maximum, and minimum gentamicin concentration (mg/L) in the drainage fluid to the MIC
break-point for Staphylococcus spp, Pseudomonas Aeruginosa, and Enterobacteriaceae in patients with hip spacer.
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Fig. 3. Comparison of mean, maximum, and minimum gentamicin concentration (mg/L) in the drainage fluid to the MIC
break-point for Staphylococcus spp, Pseudomonas Aeruginosa, and Enterobacteriaceae in patients with knee spacer.

Table I11. Pharmacokinetic and pharmacodynamic parameters (mean + standard deviation).

AUC/MIC AUC/MIC Cmax/MIC Cmax/MIC T >MIC T >MIC
Staphylococcus spp.  Gram negative  Staphylococcus Gram negative Staphylococcus spp. Gram negative
bacteria spp. bacteria (hours) bacteria (hours)
Hip spacer 1171,5 £536,7 292,86 + 134,2 53,5+26,3 13,34 £6,5 48 48
Knee spacer 6184 +381,7 154 £95,4 47,2 49,8 11,74 £2.5 48 33,7 17,2
p value <0,05 <0,05 ns ns ns <0,05

AUC: area under
the curve; MIC:
minimum inhibitory
concentration; C_ :

max
maximum drug
concentration;, T:
time.
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Fig. 4. Mean serum gentamicin concentration (mg/L) in patients with hip and knee spacers and renal toxicity reference.
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the entire follow-up interval were diagnosed.
DISCUSSION

Two-stage revision arthroplasty is a well
established method for the care of patients with
chronic PJI (5-8). In the current study, this procedure,
in combination with thorough debridement and the
systemic administration of selective antibiotics, was
proven highly effective in eradicating the infection
after TKA or THA. In two-stage revision procedures,
antibiotic-loaded cement spacers are used during
the interim period to maintain joint cavity thereby
facilitating the reimplantation. Their use is also
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intended to deliver antibiotics locally contributing
to the cure of the infection. Since their introduction
by Buchholz and Engelbrecht (17), antibiotic-
impregnated bone cements have been widely used
as a delivery vehicle for the local administration
of antibiotics in infected joints as they can release
higher concentrations of antibiotics compared to the
systemic administration of these drugs (11).

The selection of the antibiotic in the cement
spacer is crucial to increase the chance of eradicating
the PJI, especially in the setting of biofilm formation.
However, despite the widespread use of antibiotic-
loaded cement, a number of questions about their
antibacterial activity in vivo still remains to be
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addressed.

Indeed, the therapeutic level and the actual
inhibitory activity of antibiotic at the site of
implantation in the early post-operative period as
well as the duration of antimicrobial effect are still
matter of debate. This in vivo study showed that the
release of gentamicin from knee and hip spacers is
characterized by a transient early peak followed by
slow release. Although the hip and knee spacers have
similar pattern of antibiotic release over the first 48
postoperative h, the mean gentamicin concentration
is higher in patients with hip spacer than in patients
with knee spacer.

Since the bactericidal activity of aminoglycosides
is concentration-dependent (20), this is a crucial
result in relation to the clinical outcome of two-stage
knee revisions. The different local concentration of
gentamicin released from the hip and knee spacers
can be likely ascribed to different surface area and
the bone/device contact area (12). Indeed, previous in
vivo studies reported positive correlation between the
surface area of vancomycin-loaded spacers and their
elution characteristics (21, 22) thereby suggesting
that increasing the surface-to-volume ratio may
enhance the antibiotic release.

We also found that the concentration of
gentamicin in the hip joint fluid is higher than the
MIC breakpoint of the Gram positive and Gram-
negative bacteria under examination. By contrast,
in the knee joint fluid, sub-inhibitory concentrations
of gentamicin against Pseudomonas aeruginosa
and Enterobacteriaceae were detected nine hours
after surgery. The formation and maturation of
biofilm on orthopaedic implants occurs in the early
postoperative hours (23), and the lack of an effective
concentration of antibiotic in the knee joint cavity
may represent a disadvantage for treating PJls.
Indeed, bacteria may survive on antibiotic-loaded
cement and even develop antibiotic resistance when
exposed to prolonged sub-inhibitory concentration
of antibiotics (24-27).

The survival of bacteria on cement spacers,
irrespective of the fact that they may have been
preoperatively susceptible to the antibiotics included
in the spacer may eventually result in a clinical
reinfection or a deep postoperative infection (26).
However, one previous in vitro study suggested
that different bone cements seem to have a different
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“window-of-effectiveness” with regard to the
reduction in biofilm formation that did not relate
with the gentamicin-release kinetics (28).

As far as the duration of the effect is concerned,
some studies demonstrated that the antibiotic
effectiveness of cement spacers could last from
several days to several months after surgery (30-
33). For instance, an in vivo prospective study
reported that in most patients effective antibiotic
levels are maintained for at least 4 months following
implantation, particularly when a minimum 3.6 g
of tobramycin is added to a 40 g package of bone
cement (11). In the present study, both knee and
hip spacers failed to show a long time antibiotic
elution, as evidenced by the absence of dosable
gentamicin in joint cavities at the time of revision
surgery. Nevertheless, we obtained a 100% infection
eradication rate. This result emphasizes the
importance of a thorough debridement at the time
of the first surgical stage and supports the prolonged
administration of systemic antibiotics between
the two surgical stages. Regarding the tolerability
and safety of antibiotic-loaded cement spacers,
the treatment was well tolerated in all patients in
this series and no serious adverse reactions were
observed.

This result is in keeping with previous studies
stating the safety of antibiotic-impregnated e bone
cements (34-43). In fact, low rates (0-10%) of renal
damage have been reported after spacer implantation
(19).

Our study has two main shortcomings. First, it
suffers from a lack of comparison of results obtained
in patients treated with antibiotic-loaded cement
spacers and controls (i.e. patients treated without
spacer or with pharmacologically inactive cement
spacers). A study design like this prevented us to
draw definite conclusions on the therapeutic role
of locally delivered vs systemically administered
antibiotics. However, it would have been unethical
to deny the use of systemic antibiotics in one of the
experimental groups.

Nevertheless, this study clearly demonstrates
that a bactericide concentration of gentamicin
delivered by the spacers is still found in the hip joint
48 h after implantation whereas concerns about the
concentration of antibiotic in the knee joint cavity
exist. This result emphasizes the importance of
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systemic antibiotics, given as a complement to the
spacer implantation. The second shortcoming is the
limited number of patients enrolled. Conversely, the
main strenght of the present study is its assessment
of the in vivo postoperative elution of gentamicin in
the light of clinical results.

In conclusion, gentamicin-loaded cement hip
spacers offer the advantage of achieving early high
concentrations of the antibiotic directly at the site
of infection with negligible systemic absorption
and adverse effects. Locally released gentamicin
may contribute to the cure, but the simultaneous
and prolonged systemic administration of specific
antibiotics is mandatory for the management of PJIs,
particularly after TKA.
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PATHOLOGIC AND IMPENDING FRACTURES: BIOLOGICAL
AND CLINICAL ASPECTS
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Bone metastases from carcinomas are epidemiologically rising because of the increased survival rate
of oncologic patients, related to several factors such as improvement of primary and secondary screening,
advancement of medical research and technology and the better understanding of mechanisms underlying
bone metastases origination from primary tumor. Skeletal Related Events (SREs) can seriously affect
quality of life in patients with metastatic disease. These events include the necessity of radiotherapy or
bone surgery, malignant hypercalcemia, pathologic fractures and spinal cord compression. Among the
SREs, pathologic fractures are the most disabling events and represent an emergency in these delicate
patients. A pathologic fracture is defined as a fracture that occurs at the level of a pre-existing bone
lesion (that is often a tumor), spontaneously or as the result of low-energy trauma (1). The pre-existence
of the metastatic lesion in the bone, its evaluation and the assessment of progression can make these
complications predictable and preventable. Pathologic fractures imply several severe consequences,
including patient immobilization (in the case of fractures involving the lower limbs), loss of autonomy,
anaemia, need of blood transfusion, discontinuation of medical therapies or radiotherapy and protracted
hospitalization. Secondary effects of prolonged immobilization and loss of autonomy further lengthen
this list of complications in patients who are already significantly limited in their activities. In the present
paper, the authors present a review on the main aspects involved in bone metastastic disease: biology,
quality of life, economic impact and survival.

Biology of bone metastasis: the metastatic niche mineralized bone matrix and many cell types:

The “metastatic niche” is a microenvironment osteoblasts, osteoclasts, osteocytes, mesenchymal
described as a combination of cancer cells, bone stem/stromal cells (MSCs), endothelia, immune
marrow cells, bone matrix and signalling molecules. cells and hematopoietic stem cells (HSPCs). All
The bone microenvironment is comprised of  bone stromal cells with production of trophic factors,
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cytokines and chemokines promotes homing,
adhesion and hibernation or proliferation of bone
metastatic cells. These cells, originated from the
bone marrow, have recently attracted attention of
researchers because they are genetically stable hence
representing a new target in cancer treatment (2).

Disseminated tumor cells colonise areas with red
bone marrow because they need active hematopoietic
process for nutrition and growth. Only a very small
rate of tumor cells escape from the primary tumors,
disseminating and homing to the secondary organs.
One essential pathway governing cell homing is the
CXCL12-CXC-chemokine receptor 4 (CXCR4)
axis. CXCLI12 is produced by MSCs, endothelial
cells and osteoblasts. After homing the metastatic
cells, survived at immune cells, adhered to the stroma
with multiple adhesion molecules. Integrin avp3
promotes their adherence to stroma components
such as osteopontin, fibronectin, vitronectin,
and thrombospondin. Cancer cells also express
a4P1 integrin to engage to intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) expressed by stromal and
vascular cells (3). After adhesion metastatic cancer
cells disturb the balanced activity of osteoclasts and
osteoblasts and move the equilibrium to bone lysis
or bone growth. The osteolytic bone metastasis of
breast cancer has been frequently cited as the classic
example of “seed and soil” interactions between
tumor and stroma.

The foundation of this model proposed by
Stephen Paget in Lancet suggested that cancer
cells scatter throughout the body as pre-metastatic
“seeds” which grow best when they encounter a
specific fertile “soil”. “Soil” is represented by bone
in the case of breast tumors (4). This model has been
expanded in the molecular era to the “vicious cycle”
model (5) in which bone enhances tumor activity
and in turn stimulates the bone environment to be
more fertile for tumor cells implantation. Crosstalk
between tumor cells and the microenvironment acts
as a vicious cycle of both tumor growth and bone
remodeling.

Growth factors secreted by bone cells induce
tumor cell production of tumor necrosis factor
alpha (TNF-a), IL11, VCAM-1, MMPI1, Jagged 1
and parathyroid hormone-related protein (PTHrP),
fibroblast growth factor (FGF), bone morphogenetic
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proteins (BMPs) and IGFs, which either directly
stimulate the osteoclast maturation or indirectly
promote  osteoclast  differentiation  through
stimulating the osteoblasts to produce IL-6 and
RANKL that stimulate osteoblast and osteoclast
proliferation and maturation, leading to a net
increase in osteoclast-mediated bone destruction or
disorganized new bone formation. The reabsorption
of bone matrix leads to the release of immobilized
growth factors that stimulate tumor growth [TGF-$3
and insulin-like growth factor-1 (IGF1)].

The mutual stimulation between tumor and
bone represents the rate-limiting step for tumor
growth and contributes to chemotherapy resistance
at the metastatic site. In osteoblastic lesions from
prostate or hormone-dependent breast cancers, WNT
signalling originating from tumor cells is essential
to direct osteoblast differentiation by activating
Runt-related transcription factor 2 (RUNX2) (2-3).
Metastatic relapse can arise years after primary tumor
removal since metastatic cells can remain dormant
and resistant to conventional therapies (cancer stem
cells) because the bone contains a unique hypoxic
microenvironment replete with anti-apoptotic and
survival signals, important for quiescent HSCs. A
recent study with breast cancer models indicated
that dormant cancer cells preferentially reside in
the bone vascular niche, where the tumor cells keep
quiescent through their adhesion to endothelial-
derived thrombospondin-1 (6).

Exploration of the bone metastatic niche
at structural, cellular and molecular levels is
extremely useful to design novel therapies that
treat incurable bone complications associated with
cancer progression. These therapies will need to
specifically target the mechanisms underlying
tumor dormancy, metastatic relapse and therapeutic
resistance. A better understanding of the bone
metastatic niche will also be instructional in order
to develop early interventions before the formation
of macrometastasis as well as specific treatments for
different stages of the bone metastasis.

Fracture risk estimation

Harrington and Mirels (7, 8) published the first
studies on evaluation and diagnosis of impending
fractures in the 80’s. Harrington established the
criteria to estimate the risk of an imminent fracture
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while Mirels developed the first scoring system for
decision-making about preventive surgery. However,
over the years these criteria and scoring systems have
been criticized for the lack of an external statistical
validation and poor specificity in fracture risk
estimation, often leading to an overstatement and
therefore to an inadequate risk benefit assessment of
surgical treatment.

In a recent paper, our study group have analysed
the strengths and weaknesses of current methods
for the diagnosis and indications to treatment of
impending fractures (9) (Fig.1).

The use of software based CT images and more
sophisticated models such as the finite elements
analysis has greatly increased the accuracy of the
fracture risk assessment. Tatar et al. (10) conducted
a retrospective study using a virtual simulator based
on CT images for the assessment of risk factors for
impending fractures after radiation therapy in 47
patients treated for bone metastases. The parameters
analysed were type of metastases (defined or
shaded margins), appearance of metastases
(normal, osteolytic, osteoblastic, mixed, and
infiltrating), dimensional parameters (longitudinal,
transverse axis, circumference), cortical thickness
and extension of craniocaudal lysis. The results
showed increased sensitivity and specificity for the
thresholds of 45 mm for craniocaudal extension and
30% for circumferential involvement. However,
the multivariate analysis revealed that only a

circumferential involvement greater 30% was
predictive of fracture.
Nowadays, the use of more sophisticated

analytical models such as finite element has
offered the best results in predicting fracture risk.
Using a finite element model based on CT images
Goodheart et al. (11) reproduced the forces acting
on a metastatic bone during daily activities (axial
load, stairs climbing and walking) and compared the
results with the Mirels score. The results showed a
superior predictive power of finite elements analysis,
especially for loads acting during walking.

The main limitations of these sophisticated tools
are the difficulties in their clinical application and the
poor diffusion among the interdisciplinary figures
involved in the management of these complex
patients.

Not all osteolytic or pathologic lesions deserve
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a surgical treatment. The treatment of impeding
fracture aims to prevent major complications for
patients; it is therefore paramount to evaluate risks
connected to the surgical treatment that must be
significantly lower than expected benefits.

It is very difficult to assess the impact that surgery
alone has on survival in this patient population. Few
studies analysed the risk connected to the surgical
treatment of bilateral pathologic fractures.

Moon et al. (12) evaluated the risk of death
from pulmonary impairment and comorbidity in
16 patients treated with intramedullary nailing
(with and without reaming) for bilateral pathologic
fractures or impending fractures. Furthermore, they
separately evaluated the group of patients treated
with bilateral intramedullary nailing for impeding
fractures to assess whether their risk was greater.
This hypothesis derived from a previous study
conducted by Kerr et al. (13) which showed an
increase number of intraoperative deaths in patients
treated for impending fractures (two deaths out
of three patients), and therefore recommended a
deferred nailing. However, the only survivor of these
three patients did not receive a deferred nailing. The
small number of patients treated for impending
fractures led to an overstatement of the mortality rate
in this subgroup of patients. The results of the study
by Moon et al. (12) reported a death rate similar to
the one of patients treated with single nailing, which
ranges from 0% to 17%. Considering only patients
who died intraoperatively for pulmonary embolism,
mortality rate was 6% (one patient); this was similar
to the rates reported for patients undergoing nailing
for single impending or pathologic fracture, which
ranges from 5% to 10%.

Economic impact of pathologic fractures

Hechmati G. et al. (14) conducted a multicentre
prospective observational study involving Italy,
Germany, Spain and the UK, to assess the costs
weighting on social and health resources due to
the SREs in patients with bone metastases from
solid tumors and multiple myeloma. These costs
were grouped into three classes: radiotherapy and
interventional procedures, time of hospitalization,
outpatient visits. The 66% of the total was related
to radiation treatments and only 7% and 10%
respectively to surgery for spinal cord compression
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Fig. 1. T1 weighted sagittal MRI of the distal tibia showing
an impending fracture by a metastatic lesion of a thyroid
carcinoma.

and surgical procedures on the bone. The two latter
however, involved a prolonged hospitalization time
that represented the greatest cost in the management
of these patients.

The authors therefore concluded that the effort
to prevent or delay the occurrence of complications
requiring prolonged hospitalization and long-term
care is paramount in reducing social costs and
healthcare resources consumption.

The concept of “impending fracture” and
preventive treatment of fractures seems well aligned
to this recommendations. However, it is fundamental
to consider and include a careful evaluation
of complications and risks relating to surgical
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procedures.

The accuracy of this evaluation, that reflects the
decision criteria for the treatment of “impending
fracture”, and the choice of the best surgical
treatment to minimise short and long-term risks
for the patients are still unclear and often based on
individual opinions.

Pathologic fractures and survival

The intervention of the orthopaedic surgeon on
bone metastases always aims to improve the quality
of life of patients (i.e. analgesic or palliative care).
More recently, evidence suggests that new treatment
strategies may also improve the survival.

Literature lacks consistent reports correlating the
pathologic fractures to survival. No study correlates
the treatment of “impending fracture” with increased
survival. However, many studies report pathologic
fractures as a negative prognostic factor for survival.
Furthermore, there are indirect evidences that the
treatment of “impending fractures” can have a
positive correlation with survival. In a famous study
by the Scandinavian Sarcoma Group, Hansen et al.
(15) showed that a haemoglobin level lower than 7
g/dl is a negative prognostic factor for survival. The
event of a pathologic fracture (in particular of large
segments like the femur) can cause significant blood
loss leading to haemoglobin level remarkably lower
than 7 g/dl. The multivariate analysis showed that
the presence of a complete pathologic fracture was a
negative prognostic factor.

The blood loss consequent to a pathologic fracture
implies the need for allogeneic blood transfusions.
Janssen et al. (16) studied the correlation between
the need of blood transfusions and survival in
patients with pathologic fractures of the long bones
from carcinoma metastases. Their retrospective
study included 789 patients treated surgically in
two centres. The results did not show a reduction
in survival related to perioperative transfusions,
however, the authors hypothesized that these results
could affected by a numerical insufficiency of the
sample. However, they observed a dose-dependent
effect of transfusions, with patients who received
more transfusions showing lower survival than those
receiving less. The risk of death increased by 7% per
unit of transfused blood.

Sugiura et al. (17) reported the results of a study
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conducted on 1157 patients including 118 with bone
metastases from lung cancer. In 70% of these patients
survival was lower that one year, but in 6% of the
cases it reached two years. Among the prognostic
factors related to the bone the presence of solitary
metastases, the absence of appendicular metastases
and the absence of pathologic fractures positively
correlated with survival.

Among the recent studies assessing survival, the
one by Forsberg et al. (18) better discriminates the
correlation between survival time and pathologic
fractures. Through a Bayesian analysis of variables
the study took into account two survival models with
3 and 12 months set as the end-points to opt for a
lower-invasive treatment (intramedullary nailing
or other simple osteosynthesis for patients with
3-12 months of life expectancy), or high invasivity
(resection and prosthetic implant for patients with
more than 12 months of life expectancy). The results
showed that the variable “presence of pathologic
fracture” was related in first degree in the three
months model and in second degree in the 12 months
model. This suggests that the presence of a pathologic
fracture affects more significantly the survival of
patients with worse prognosis (<12 months of life
expectancy) and has a lower influence on those with
better prognosis (>12 months of life expectancy).
We have recently published the external validation
of this method comparing three international patient
population (19).

CONCLUSIONS

Pathologic fractures are dramatic events with
a serious impact on the quality of life and survival
of patients with bone metastases. Furthermore,
pathologic fractures have relevant economic
implications in the management of health resources.
Given the predictability of these events, high accuracy
in staging, diagnosis and treatment of impending
fracture is recommended. Patients selection and
choice of treatment considering expectancy of life,
risks and expected benefits are both paramount.
Referral centres should be in charge of diagnosis
and treatment of the primary tumor; the treatment
of bone metastases and pathologic fractures should
not be delegated to other centres. For this reason,
some European guidelines like those from the
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British Orthopaedic Association (www.boa.ac.uk)
recommend to include an expert in metastatic bone
disease in trauma teams.
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ASSESSING BONE MINERAL DENSITY IN ITALIAN ADULT CYSTIC FIBROSIS
PATIENTS: A CROSS SECTIONAL STUDY
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The purpose of this study was to assess bone mineral density in a cystic fibrosis (CF) outpatient clinic
population and to investigate the relationship between BMD and forced expiratory volume in one second
(FEV1), DEXA T-scores and 25-hidroxivitamin D (25-OHD) serum levels. We examined a consecutive
series of 44 CF patients. Bone mass density was measured by dual-photon X-ray absorptiometry of
lumbar spine and femur (total and neck) and lung function was performed in all patients. Medication
data were obtained from medical records. A correlation analysis was performed to determine the
relationship between BMD and forced expiratory volume in one second (FEV1), DEXA T-scores and
25-hidroxivitamin D (25-OHD) serum levels. In the results, age showed a significant inverse correlation
indicating that as the age increases, bone density decreases and we concluded that most CF patients have
low BMD and that there is a positive correlation with lung function and an inverse correlation with age.

Cystic fibrosis (CF) pathogenesis has been better
investigated and understood during the last decades;
increased life expectancy of patients favoured
development of associated complications such as
diabetes mellitus, pancreatic and liver disease, low
bone mineral density and risk of fragility fractures
(1, 2). Bone fractures can cause pain, decrease
respiratory status and are a contraindication for lung
transplantation in these patients (3, 4).

Cross-sectional studies in adults (age range
from 16-60 years) with CF demonstrated that 6 to
68% had Z-scores <-2.0 (5-11) with an increased
prevalence of osteopenia and osteoporosis in CF
patients compared with the general population (12).

Bone disease in CF patients probably appears or
worsens around puberty and continues deteriorating

during adulthood with a variety of risk factors (13).

The etiology of osteoporosis in CF remains
unknown, although factors such as corticosteroid
use, vitamin D malabsorption, hypogonadism,
inflammation, malnutrition and physical inactivity
are thought to be involved (14-16). Puberty is a
critical period for bone mineralization and requires
special care so that optimum peak bone mass can
be obtained. Thus, BMD gains are decreased even
in young children with mild CF, suggesting the role
of other pathophysiological mechanisms such as the
negative impact of cystic fibrosis transmembrane
conductance regulator (CFTR) protein dysfunction
on bone formation (17).

Therefore effective strategic measures are
necessary to optimize bone health, such as BMD
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monitoring by bone densitometry (DXA) and
preventive care from infancy through adolescence
(18).

The purpose of this study was to assess bone
mineral density in a cystic fibrosis outpatient clinic
population and to investigate the relationship
between BMD and forced expiratory volume in one
second (FEV1), T-Scores and 25-hidroxivitamin D
(25-OHD) serum levels.

MATERIAL AND METHODS

In this cross-sectional study, the samples consisted
of patients with clinical diagnosis of CF genetically
confirmed and followed at the CF clinic of the Policlinico
of Bari.

Patients were aged between 20 and 44 years, had
a clinically stable disecase and cognitive capacity to
perform all procedures. Patients who failed to perform
the lung function test or who were receiving systemic
corticosteroids for more than 15 consecutive days were
excluded.

The Research Ethics Committee of Policlinico di Bari
initiated the research protocol only after approval and an
informed consent form was read and signed by patients
and/or guardians.

Firstly, data were collected regarding patient
identification (name, medical record number, age and
gender), weight, and height. Selected patients underwent
pulmonary function test (spirometry), DXA examination
and Serum 25(OH) vitamin D (25-OHD) levels were
measured by chemiluminiscence as routine outpatient
care. Additional data were obtained from the outpatient
clinic files which are regularly updated.

Pulmonary function test

Assessment of pulmonary function was performed by
spirometry using a “FUKUDA MOD. ST 250” spirometer.
The evaluated spirometric parameters included forced
vital capacity (FVC), forced expiratory volume in one
second (FEV1), Tiffeneau index (FEV1/FVC) and forced
expiratory flow 25% and 75% of FVC (FEF 25%-75%).

Calibration was performed before each testing session
according to the manufacturer’s instructions. In order to
perform the spirometric test, patients should not have
had exacerbation of respiratory symptoms nor have used
short-acting bronchodilator 4 h before the test or long-
acting bronchodilator 12 h before the test. A resting period
of 5 to 10 min was required before each test.

After instructions and training, patients were asked to
start the exam. The spirometric test was described in detail
to each patient, with emphasis on maximum inspiration
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followed by a maximal fast expiration, following the
criteria established by the American Thoracic Society
(ATS) (19). All spirometric tests were performed
individually, in upright position, with the use of a nose
clip.

Bone densitometry

DXA for the assessment of bone mineral content
was performed by dual-energy X-ray absorptiometry
in a Hologic Discovery Wi DXA scanner. All tests
were performed with the same unit at our Orthopaedic
Department. Bone density was measured at the lumbar
spine (LS) (L1-L4) as well as the femoral neck (FN) and
was expressed as the number of grams of bone mineral per
square centimetre of bone. The data were also expressed
as a Z-score and a T-score. A T-score is the number of
standard deviations (SDs) below the mean score for
young adult control subjects, while the Z-scores reflects
the number of SDs below the mean of age-matched
control subjects.

Osteopaenia is defined according to the World Health
Organization as being present if the T-score is between
-1.0 and -2.5 and osteoporosis is defined as a T-score that
is <-2.5 (20). Z-score is an important value to consider in
patients affected by CF. When results are -2 or lower, it
may suggest that something other than aging is causing
abnormal bone loss.

Serum

Blood was drawn for biochemistry measurements 25-
OHD which is the most accurate measure of the amount
of vitamin D in the body.

Statistical analysis

Patients’ details was collected in a chart and then
summarized in a pro database file and analysed. In order
to have continuous data, means, standard deviations
(SD) and medians were calculated. Pearson correlation
coefficients were checked to determine the relationship
between BMD and forced expiratory volume in one sec
(FEV1), T-Scores and 25-hidroxivitamin D (25-OHD)
serum levels. Student’s s-test was used for statistical
analysis. For all tests a p-value <0.005 was considered
statistically significant.

RESULTS

Forty-four patients with CF were included, with
a mean age of 30.4+£6.0 years (range 20-44); 24
(54.55%) were males. The sample characterization
are shown in Table I. The Z (-0.1+1.8) and T score
(-1.141+1.8) distributions show that average values



Table 1. Patients Characteristics.
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Variables

Age (Years) 30.4+6.0
Gender

Male 24 (54.55%)
Female 20 (45.45%)
BMI 23.12+2.6
FEV1(%) 67.98+10.66
BMD (g/cm2) 0.791+0.273
Z-score -0.1+1.8
T-score -1.141£1.8
25-OH-Vit.D 12.75+4.14
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are below normal range (Fig. 1, 2).

Lung function assessment showed that 86% of
patients (38) had FEV1 below 80% and within this
group, four patients had a FEV1 under 50%. The
mean serum 25-OHD concentration (12.57ng/ml)
was at the low end of the normal range (10 to 60 ng/
ml) (21); 8 of 44 patients (18%) had very low (<10
ng/ml) levels.

Age showed a significant inverse correlation
(r=—0.84, p=0.004), indicating that as the age
increased bone density decreased (Fig. 3, 4).

When analysed individually FEV1 was
positively associated with BMD at the LS and the
FN as demonstrated by the Correlation Coefficient
(r=0.881; p=0.0041) (Fig. 5). When correlating
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FEV1 data and t-score values obtained in the DXA
test, a moderate correlation coefficient was observed
(r=0.643, p=0.003) (Fig. 6). No positive correlation
was found between 25-OHD and Femoral T-score
(Fig.7). In patients with mild mutation, the values
were similar to those with severe mutation. However,
it cannot be excluded that this result was due to the

small size of the sample. Finally, we found normal

values of BMD and T-Score in 5 patients who have

constantly practiced sport during the pubertal period.
DISCUSSION

In the present study, CF outpatients had bone



Journal of Biological Regulators & Homeostatic Agents (S) 83

.
4
a
! $h 2%
i ¥ -
El ! e
1 * e
cad ____ﬂ'"
E 1 e
i 4 *e R e R
3 °v % P e o
T A WU “H W
v
s : ; " 5 .‘.
My EHEY A'tA ALY v ek LS EIEY A H Y .= I Mgk

FEWL

Fig. 5. Correlation between BMD and FEV1 (r=0.881; p=0.0041).

eVl

F T s B
] CET |
C

i [TRETIN (EaTH

RLTH EEH =i Y Aax n LN BN A
T-ECORE

Fig. 6. Correlation between FEV1 and T-score (r=0.643; p=0.003).

‘-l- * Ao ’
L . #..
.‘ .
E “ ‘:-h.l_ _______——
: I T ¢ .
3 o __-—-—%*
a & F t‘ * EE ;
> s % _ 8 :
%
‘ n
Rds S -1 i A ni i i £l

I-5L0HE

Fig. 7. Correlation between 25-OH and t-score (r=0.15; p=0.005



84 (S)

mass below the expected range when considering
both t and z score at lumbar spine and femur. In
addition, they presented a positive correlation
with lung function and an inverse correlation with
chronological age.

Previous studies reported normal BMD values and
attributed these findings mainly to the preservation
of nutritional status and low pulmonary impairment.
However, several studies (11, 21, 22) reported BMD
deficiency in children and linked this decrease to
nutritional impairment, number of hospitalizations,
worse lung function, gonadal dysfunction and
treatment with steroids.

Moreover, these contrasting results appear to be
related to the lack of uniformity in study population.
However decreased bone mass in adults appears
more present and to have increased due to rise in
patient survival rate (12, 23) .

Lung function as evaluated throughout FEV1
generally showed a positive correlation with BMD
values expressed with both t and z scores; this
explains why worse the lung function, the lower the
BMD indices.

These results are in agreement with several
authors who demonstrated FEV1 as a robust marker
of lung disease severity, establishing a direct
association with bone mass at all ages (18, 23).

Pulmonary damage due to tissue inflammation
post colonisation leads to increased in cytokines,
which precedes lung function impairment. These
cytokines stimulate bone resorption which may be
a contributing factor in the association between
disease severity and BMD (18, 24).

Of the nutritional factors associated with bone
mass, the most important are vitamin D, calcium
ingestion, and BMI (4). Although 25-OHD was
below 30ng/mL, no correlation was found between
femoral T score and 25-OHD levels, according to
previous studies (25).

This contributes to the issue concerning the
pathogenesis of low BMD in these patients, which
is still not completely understood. As mentioned,
calcium and vitamin D malabsorption, malnutrition,
low BMI, delayed puberty, hypogonadism and
glucocorticoid intake contribute to low BMD.
However, recent studies in bone cells of CF patients
show the loss of CFTR activity that may result in
an increased inflammation-driven bone resorption
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(through both the reduced OPG and increased
PGE2 release). This might contribute to the low
bone mineral density found in young children with
CF, independent of their nutritional status and the
severity of lung disease (26).

Donadio et al. (13) showed an inverse correlation
with age at diagnosis, showing that the older the age
at which the diagnosis is made, the lower the bone
density values, which demonstrates the importance
of neonatal screening and of early diagnosis that
would enable the rapid inclusion of these patients in
referral centers for disease treatment and monitoring.
Regular exercise and physical activity are important
for patients with cystic fibrosis (CF). Research
demonstrated the benefits of aerobic, anaerobic and
strength exercise training programs for health and
quality of life in CF patients; this promotes mucus
clearance, preventing lung recurrent infection and
reducing chronic inflammation citokines production,
which are associated with bone resorption. This
also promotes better glicemic control in patients
with pancreatic insufficiency and bone peak mass
achieving.

The present study demonstrates that most CF
patients have low BMD and that there is a positive
correlation with lung function and an inverse
correlation with age. The limitation of our study
is the small sample size. Additionally, important
variables such as age at diagnosis and comorbidities
were not evaluated.

Longitudinal and cross sectional studies on
larger sample size are necessary to obtain further
information and to promote comprehension of
factors that may influence the evolution of bone
health to prevent and improve quality of life of
patients with CF.
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VITAMIN D DEFICIENCY IN ADULTS:
SEARCHING FOR THE PROPER LOADING DOSE
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Vitamin D is the main hormone regulating calcium phosphate homeostasis and mineral bone
metabolism. Vitamin D deficiency is indeed extremely frequent in musculoskeletal diseases. Recent
studies have shown that the treatment of osteoporosis needs to have an optimal vitamin D and calcium
supplementation for its efficacy(7). Actually no agreement exists on the estabilished dose of vitamin D to
administer in deficency states. We conducted a prospective study to develop a practical cholecalciferol
loading dose regimen that would enable rapid correction of vitamin D deficiency. Sixty post-menopausal
age woman were enrolled secondary to a fragility fracture (hip, vertebral, wrist) and screened for
25-hydroxyvitamin D (25(OH)D), calcium, and PTH at baseline (T0), after one month (T1), two months
(T2), three months (T3) and six months (T4). Secondary to initial blood values of vitamin D patients
were divided into 2 groups; the first group (group A, n=30) included patients with 25(OH)D values
between 10-30 ng/ml and the second group (group B, n=30) with values under 10 ng/ml. Each group
was then divided in 3 subgroups secondary to the randomized administered dose of 25(OH)D. By this,
patients can alternatively receive 25000 UI two times monthly, 100000 UI monhtly, 10000 UI (25 drops)
weekly. The highest values of mean increase of 25(OH)D were observed in patients treated with 100000
UL Patients treated with 10000 UI weekly did never achieve the target value. Additionally, as vitamin
levels increased, pain intensity decreased. Vitamin D supplementation of 100000 UI monthly seems to
be adequate to ensure that serum 25(OH)D values reach the threshold level; by this, it will confer the
expected effects without risks of toxicity.

Vitamin D is the main hormone regulating
calcium phosphate homeostasis and mineral
bone metabolism. The discovery that a variety of
tissues can express vitamin D receptor (VDR) has
opened new ways of research related to vitamin D
biological effects and molecular pathways (1-3).
There is evidence that vitamin D is implicated in
the regulation of both immune and cardiovascular

systems, oncogenesis (4) and cognitive functions (5).

Vitamin D deficiency is indeed extremely frequent
in musculoskeletal diseases. The clinical observation
that patients with rickets and osteomalacia displayed
proximal myopathy suggested a direct link between
hypovitaminosis D and muscle function (6).

Recent evidence has confirmed that vitamin
D may modulate muscle growth. Consequently
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the effect of vitamin D on skeletal muscles and its
clinical implications, especially frailty and the risk
of fall, are important to know. Vitamin D levels are
based upon correspondence levels of parathyroid
hormone (PTH). Low vitamin D levels starts a
feedback mechanism which stimulates PTH to rise.

Recent studies have shown that the treatment of
osteoporosis with bisphosphonates needs to have an
optimal vitamin D and calcium supplementation for
their efficacy (7).

The aim of this study was to develop a practical
cholecalciferol loading dose regimen that would
enable rapid correction of vitamin D deficiency. We
evaluated the relationship beetween low circulating
levels of 25(OH)D and chronological age, VAS
score, secretion of parathyroid hormone (PTH).

MATERIAL AND METHODS

Partecipants

Sixty post-menopausal-age woman (mean age 53-
90 years) who had been admitted to our Orthopedics
Departement at the Policlinico Bari after a fragility fracture
(hip, vertebral, wrist) between July 2009 and December
2011, were enrolled. During the hospitalization, they were
tested for vitamin D deficiency. Patients with unstable
thyroid disorders, hypoparathyroidism and primary
hyperparathyroidism, evidence of malabsorption, and
renal insufficiency (glomerular filtration rate<60ml/min)
and those who used medication interfering with vitamin
D metabolism were excluded. All patients gave their
informed consent.

For the analysis of serum 25(OH)D, creatinine,
calcium, phosphate, albumin and PTH, blood samples
were collected at baseline (T0), after one month (T1),
two months (T2), three months (T3) and six months of
treatment (T4).

Serum 25(OH)D concentrations were measured by
RIA (DiaSorin, Stillwater, MN, USA). Serum intact PTH
was measured by chemiluminescent enzyme-labeled
immunometric assay (Immulite 2500, Siemens, Los
Angeles, CA, USA).

According to initial blood values of vitamin D,
patients were divided into 2 groups. The first group (group
A, n=30) included patients with 25(OH)D values between
10-30 ng/ml and the second group (group B, n=30) with
values under 10 ng/ml.

Each group was then divided in 3 subgroups following
the randomized administered dose of vitamin D. Patients
can alternatively receive 25000 UI two times monthly,
100000 UT monhtly, 10000 UI (25 drops) weekly.
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The solubilized cholecalciferol is a watery mixture
made of cholecalciferol concentrate in oil, citric
acid monohydrate, star anise oil, potassium sorbates,
polysorbatum 80 (polyoxyethylene sorbitan mono-oleate),
sugar syrup and purified water. Cholecalciferol is a fat-
soluble vitamin that is solubilized by polysorbatum 80, an
interface-active substance that causes micelle formation.
After oral administration, the solubilisate changes into a
very fine emulsion with better bioavailability than oily
formulations. All patients also received a daily calcium
dose of 1000 mg. VAS evaluation was performed at TO
and when the 25(OH)D threshold values were rated.

Statistical analysis

Results are expressed as mean values£S.D. Data that
did not follow a normal distribution were log-transformed.
Responses to treatment within groups were analyzed
by paired, two-sided #-tests. Between-group differences
were tested by ANOVA and unpaired t-tests. To enable
calculation procedures, 25(OH)D levels below the assay’s
detection limit were given a value of 2 ng/ml. Multivariate
regression analysis was used to identify the variables that
might predict the cholecalciferol loading dose. Variables
included for this analysis were season, sex, age, height,
body weight, body mass index (BMI), cholecalciferol
dose in IU and in IU/kg body weight, and baseline serum
25(OH)D. To obtain a simple model that would be easy
to use in daily practice, only those variables explaining
more than 5% of the total variance were considered to be
clinically relevant, and variables explaining <5% of the
variance were removed. A P value <0.05 was considered
to be statistically significant.

RESULTS

The mean age of group A patients was 64.27
years with a mean value of 19.08 ng/ml of 25(OH)
D at t0. Group B patients had a mean age of 76.26
years with a mean value of 6.35 ng/ml of 25(OH) D.
The mean value of 25(OH)D was of 13.02 ng/ml.

The laboratory results at baseline and at each time
of the study, are summarized in Table I (insufficiency
vit D group A) and Table II (deficiency vit D group
B). In group A, 9 patients achieved threshold within
1 month; 8 patients had been treated with a dose of
100000 UI monthly; 1 patient with 25000 UI two
times a month. All 30 patients of group A achieved
threshold values within 3 months.

In group B, no patients achieved threshold rate
within the first month. All patients treated with
100000 UI achieved the target values within 6
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months. Patients treated with 10000 UI weekly never
achieved the target value. Hypercalcemia, defined
as a serum calcium level >2.55nmol/l, was not
observed.

The highest values of mean increase of 25(OH)
D (18.04 ng/ml)were observed in Group A patients
when treated with 100000 UI at one month. Even in
the Group B patients, the highest values of increase
(30 ng/ml) were achieved when treated with 100000
Ul monthly at a mean of three months (Table III-IV).

When these values were compared, the mean rise
in serum 25(OH)D in group B was greater than that
in group A (P<0.05).

A statistically significant decrease in serum PTH

Table 1. Group A Vitamin D levels at each time of the study
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was observed only at T4 of the study (5.5£5.3—
4.0£2.8, P<0.01), and complete suppression of
serum PTH did not occur.

Statistical analysis showed positive correlation
between chronological age and 25(OH)D (Table V).

Lower levels of 25(OH)D at TO were associated
with higher pain intensity at VAS score. As vitamin
levels increase, pain intensity decreases (Table VI
a-c).

No statistical significance was observed when
correlating vitamin D levels with both PTH and
Calcium levels at TO. On the other hand PTH values
showed a minimal correlation with Calcium levels at
TO (Table VII).

Eviamh OTO
Hvizmn DT
Ovtamin T2
Hytzmin O3
Wviamh COT4
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Increase in Vitamin D levels for each group A patients at different times since threshold was achieved.

Table I1. Group B Vitamin D levels at each time of the study
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Increase in Vitamin D levels for each patient in group B at different times since threshold was achieved.
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Table II1. Vitamin D levels at TO and T4.
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Group A patients receiving full doses of Vit D (100000/month) showed the highest values of increase.
Table IV. Vitamin D increase in group B patients.
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Group B patients receiving full doses of Vitamin D (100000/month) showed the highest values of increase.

Table V. age and vitamin D correlation at TO R=0.4.
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Correlation was observed among chronological age and 25-OHD3at T0.
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Table V1. a): T0 and VASI correlation p<0.0001.
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Table VII. PTH and Calcium correlation at T0
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Calcium levels showed correlation with PTH levels at T0.

DISCUSSION

This study formulated a loading dose guideline
for rapid correction of vitamin D deficiency using
solubilized cholecalciferol. The calculation of the
dose required to normalize serum 25(OH)D is based
on the degree of vitamin D deficiency. It appears to be
a safe procedure. In this study, no toxic effects were
observed, hypercalcemia did not develop, vitamin D
levels never reached the danger range and complete
suppression of PTH levels was not observed.

The sampling was well distributed over all
seasons including summer, which further supports
the safety of the proposed regimen. The study
included post-menopausal woman, lean and obese,
with a variety of underlying diagnoses such as those
commonly fracture of our orthopaedics department.
Once the target level is reached, a maintenance dose
will be required to sustain the serum 25(OH)D level
around 30ng/ml.

Until today, vitamin D supplementation studies
were mainly limited to elderly people, particularly
those who lived in nursing homes where the
prevalence of vitamin D deficiency is 75% or higher.
Some studies evaluated the efficacy of high doses at
monthly or 3-month intervals, but most studies have
used the officially recommended cholecalciferol
dose of 600—-8001U/day, or equivalents (8-12).

Most studies used predefined fixed doses,
irrespective of the degree of vitamin D deficiency
and body weight and assessed the efficacy of the
regimen after 4-6 months or longer. These studies
were not designed to establish the requirements for
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a loading dose. A dose of 800IU/day may help to
improve vitamin D status in the long run, but it is not
the optimal approach to achieve a rapid correction of
severe vitamin D deficiency (12).

According to our calculations, a patient with a
serum 25(OH)D level <10 ng/ml will need a total
loading dose of 100000IU and the patients with
vitamin D deficiency need a total dose of 100000 UI
to normalize the 25(OH)D levels.

Discussions on vitamin D requirements and
daily allowances are not new. Over the years, the
recommended daily dose for adults has gradually
increased from 200 to 800IU and recently, doses
of 1000 and even 20001U/day or higher have been
proposed (13, 14).

Vitamin D supplementation must be sufficient
to ensure that serum 25(OH)D values reach the
threshold level, otherwise it will not confer the
desired benefit. Studies investigating the anti-
fracture efficacy of different dosing regimens of
vitamin D have shown that 400 IU per day was not
sufficient to have an effect on fracture rate (15). Oral
doses of N700-800 IU taken daily or 100,000 IU
taken quarterly both showed a positive anti-fracture
effect, whereas an intramuscular dose of 300,000 IU
annually showed inconsistent efficacy (15, 16). This
suggests that supplementation is most effective in
osteoporotic patients if given orally either daily or
quarterly, and if given daily, should be in excess of
700-800 IU daily (17).

Vitamin D toxicity is often feared, but usually
is unfounded. All published cases of vitamin D
toxicity involved intakes of more than 400001U/day
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for a prolonged period of time, with serum 25(OH)
D levels exceeding >100ng/ml. To achieve these
levels, daily doses of 15000IU or more for many
months are needed. The lowest cumulative dose of
cholecalciferol leading to toxic 25(OH)D levels was
36000001U given in 3 weeks (13). The loading doses
that we have proposed are 10-20 times less.

In the present study, the best way to treat vitamin
D deficiency was to give cholecalciferol in doses of
100001U/months with calcium supplementation.

Current evidence suggests that the role of calcium
and vitamin D play in fracture prevention is not
attributable to calcium alone (18, 19) and a meta-
analysis of data from 9 randomized clinical trials,
including a total of 53.260 patients found that where
the effects of supplementation with vitamin D alone
were explored (in a total of 9038 patients), this was
not sufficient to significantly reduce the risk of hip
fracture in postmenopausal women (20). However
the same study found that combined supplementation
with vitamin D and calcium reduced the risk of hip
fracture by 25% (95% CI: 4-42) and the risk of non-
vertebral fracture by 23% (95% CI: 1-40) compared
to supplementation with vitamin D alone. The meta-
analysis estimated the number needed to treat (NNT)
an adverse outcome to be 276 (95% CI: 165-843)
for hip fractures and 72 (95% CI: 35-834) for non-
vertebral fractures (20).

Published estimates of the level of circulation
25(OH)D required to maintain normal levels of
PTH range between 30 and 100 nmol/l (21). Low
circulating levels of 25(OH)D increase secretion of
parathyroid hormone (PTH) which in turn, induces
bone loss in the elderly through increased bone
resorption (22-24).

After vitamin D supplementation, we observed
a significant reduction in pain intensity measured
by VAS. After 6 months of vitamin D therapy, we
detected a significant reduction in pain intensity. This
suggests that vitamin D might improve the symptoms
of this condition.

CONCLUSIONS

Supplementation with calcium and vitamin D
can be justified in terms of both efficacy and health
economics in women at increased risk of osteoporotic
fracture, including those who have not yet sustained

(S) 93

a fracture.

Women can be considered to be at increased
risk of fracture if they are over 65 years of age,
or if osteopenic and/or with proven calcium and/
or vitamin D insufficiency when they are younger.
Evidence suggests that for the greatest reduction
in fracture risk, women at increased risk should be
given both calcium and vitamin D supplements,
in the order of 1000 mg calcium in alternate days
(depending on baseline status) and 100000 IU
vitamin D monthly. Patient adherence is essential
for efficacy. Combining vitamin D and calcium into
one supplement is recommended for all women at
increased risk of fracture, including those also taking
other anti-osteoporostic treatments.

Vitamin D  supplementation  significantly
increased the 25(OH)D levels and caused a significant
reduction in pain intensity in post-menopausal
woman. This finding could suggest that vitamin D
therapy may reduce pain intensity. A reduction in
pain can lead to an improved quality of life. Further
studies should address this topic.

REFERENCES

1. Marx SJ, Liberman UA, Eil C. Calciferols: actions
and deficiencies in action. Vitamins & Hormones
1983; 40:235-308.

2. Costa EM, Blau HM, Feldman D.
1.25-Dihydroxyvitamin D3 receptors and hormonal
responses in cloned human skeletal muscle cells.
Endocrinology 1986; 119(5):2214-20.

3. Valtueila J, Gracia-Marco L, Huybrechts I, et al.
Cardiorespiratory fitness in males, and upper limbs
muscular strength in females, are positively related
with 25-hydroxyvitamin D plasma concentrations
in European adolescents: the HELENA Study. QIM
2013; 106(9):809-21.

4. Holick MF. Sunlight and vitamin D for bone health
and prevention of autoimmune diseases, cancers,
and cardiovascular disease. Am J Clin Nutr 2004;
80(6):1678S-88S.

5. Annweiler C, Allali G, Allain P, Bridenbaugh S,
Schott AM, Kressig RW, Beauchet O. Vitamin D and
cognitive performance in adults: a systematic review.
Europ J Neurol 2009; 16(10)1083-9.

6. Yoshikawa S, Nakamura T, Tanabe H, Imamura T.



94 (S)

10.

11.

12.

13.

14.

15.

16.

Osteomalacic myopathy. Endocrin Jap 1979; 26:65-
72.

Adami S, Giannini S, Bianchi G, Sinigaglia L, Di
Munno O, Fiore CE, Minisola S, Rossini M. Vitamin
D status and response to treatment in postmenopausal
osteoporosis. Osteoporosis Int 2009; 20:239-44.
Chel V, Wijnhoven HA, Smit JH, Ooms M, Lips P.
Efficacy of different doses and time intervals of oral
vitamin D supplementation with or without calcium
in elderly nursing home residents. Osteoporos Int
2008; 19(5):663-71.

Ish-Shalom S, Segal E, Salganik T, Raz B, Bromberg
IL, Vieth R. Comparison of daily, weekly and
monthly vitamin D3 in ethanol dosing protocols for
two months in elderly hip fracture patients. J Clin
Endocrinol Metab 2008; 93(9):3430-5.

Bacon CJ, Gamble GD, Horne AM, Scott MA, Reid
IR. High dose oral vitamin D3 supplementation in
the elderly. Osteoporos Int 2009; 20(8):1407-15.
Von Restorff C, Bischoff-Ferrari HA, Theiler R.
High dose oral vitamin D3 supplementation in
rheumatology patients with severe vitamin D3
deficiency. Bone 2009; 45(4):747-9.

Hoeck HC, Li B, Qvist
25-hydroxyvitamin D3 to oral treatment with vitamin

P. Changes in

D3 in postmenopausal females with osteoporosis.
Osteoporos Int 2009; 20:1329-35.
Vieth R. Vitamin D
25-hydroxyvitamin D concentrations, and safety. Am
J Clin Nutr 1999; 69(5):842-56.

Aloia JF, Patel M, DiMaano R, Li M, Talwar SA,
Mikhail M, Pollack S, Yeh JK. Vitamin D intake
to attain desired serum 25-hydroxyvitamin D
concentration. Am J Clin Nutr 2008; 87(6):1952-8.
Bischoff-Ferrari HA, Willett WC, Wong IJB,
Giovannucci E, Dietrich T, Dawson-Hughes B.

supplementation,

Fracture prevention with vitamin D supplementation.
JAMA 2005; 293:2257-64.

Heikinheimo RJ, Inkovaara JA, Harju EJ, et al.
Annual injection of vitamin D and fractures of aged

17.

18.

19.

20.

21.

22.

23.

24,

G. VICENTI ET AL.

bones. Calcif Tissue Int 1992; 51(2):105-10.
Bischoff-Ferrari HA. How to select the doses of
vitamin D in the management of osteoporosis.
Osteoporos Int 2007; 18(4):401-7.
Prince RL, Devine A, Dhaliwal SS, Dick IM. Effects
of calcium supplementation on clinical fracture and
bone structure: results of a 5-year, double-blind,
placebo-controlled trial in elderly women. Arch
Intern Med 2006; 166:869-75.
Shea B, Wells G, Cranney A, et al. Meta-analysis
of calcium supplementation for the prevention of
postmenopausal osteoporosis. Endocr Rev 2002;
23:552-9.
Boonen S1, Lips P, Bouillon R, Bischoff-Ferrari HA,
Vanderschueren D, Haentjens P. Need for additional
calcium to reduce the risk of hip fracture with vitamin
D supplementation: evidence from a comparative
meta-analysis of randomized controlled trials. J Clin
Endocrinol Metab 2007; 92:1415-23.
Dawson-Hughes B, Heaney RP, Holick MF, Lips P,
Meunier PJ, Vieth R. Estimates of optimal vitamin D
status. Osteoporos Int 2005; 16:713-6.
Boonen S, Lips P, Bouillon R, Bischoff-Ferrari HA,
Vanderschueren D, Haentjens P. Need for additional
calcium to reduce the risk of hip fracture with vitamin
D supplementation: evidence from a comparative
meta-analysis of randomized controlled trials. J Clin
Endocrinol Metab 2007; 92:1415-23.
Chapuy MC, Pamphile R, Paris E, Kempf C,
Schlichting M, Arnaud S, Garnero P, Meunier PJ.
Combined calcium and vitamin D3 supplementation in
elderly women: confirmation of reversal of secondary
hyperparathyroidism and hip fracture risk: the Decalyos
1I study. Osteoporos Int 2002; 13:257-64.
Sahota O, Mundey MK, San P, Godber IM, Lawson
N, Hosking DJ. The relationship between vitamin D
and parathyroid hormone: calcium homeostasis, bone
turnover, and bone mineral density in postmenopausal
women with established osteoporosis. Bone 2004;
35:312-9.



JOURNAL OF BIOLOGICAL REGULATORS & HOMEOSTATIC AGENTS Vol. 29, no. 4 (S1), 95-102 (2015)

OPTIMAL IMPROVEMENT IN FUNCTION AFTER TOTAL HIP AND KNEE
REPLACEMENT: HOW DEEP DO YOU KNOW YOUR PATIENT’S MIND?

M. F. DE CARO!, G. VICENTI?, A. ABATE?, G. PICCA?, V. LEONCINI', M. LOMUSCIO',
A. CASALINO? G. SOLARINO?*AND B. MORETTI?
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of Orthopedics and Traumatology, Monsignor Raffaele Dimiccoli Hospital, Barletta, Italy

Osteoarthritis (OA) of the hip and knee causes pain and loss of joint mobility, leading to limitations
in physical function. When conservative treatment fails total hip and knee replacement is a cost-effective
surgical option. Patients have high expectations regarding functional outcome after these procedures. If
such expectations are not met, they may still be dissatisfied with the outcome of a technically successful
procedure. Recently, numerous studies reported that psychological factors can influence the outcome of
total knee replacement (tkr) and total hip artrhoplasty with total hip replacement (thr). We conducted
a prospective study on a consecutive sample of 280 patients affected by hip or knee OA who underwent
total joint replacement. At patients’ admission, Harris Hip Score (HHS) and Knee Society Score (KSS)
were used to assess pain and function. Furthermore, SF-36, Mini-Mental Status Examination (MMSE),
Symptom Checklist-90-R (SCL-90-R), Coping Orientation to Problems Experienced (BRIEF-COPE)
and the Amsterdam Preoperative Anxiety and Information Scale (APAIS) were administered. Patients
had clinical and radio graphical follow up at 1,3 and 6 months post-operatively. The HHS and KSS values
before surgery showed a linear correlation with both SCL-90-R and MMSE. None of the investigated
variables influenced post-operative HHS and KSS scores; however, the improvement of functional scores
resulted conditioned by SCL-90-R values, VAS score, schooling and MMSE. Psychological factors and
mental status in primary total hip and knee replacement can affect outcome and patient satisfaction.
Strategies focused on identification and facing of these conditions must be considered to improve outcome
of total replacement.

When conservative treatment fails to reduce
knee or hip pain and functional activity, total knee
replacement and total hip replacement are considered
cost-effective surgical options for patients affected
by end stage osteoarthritis (1223 patients who were
enrolled for hip or knee replacement surgery were
asked to fill in the 15D health-related quality of life.

Additionally, the number of these surgical

procedures is constantly rising due to the increase in
average life expectancy. TKR and THR are actually
one of the most performed surgeries worldwide The
aims of these procedures are pain and disability
resolution to improve quality of life.

However some patients experience moderate to
severe level of persistent post-operative pain after
surgery, despite an evidence of both clinical and
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radiological abnormalities (5-7). Additionally there
is often a disparity between patient and surgeon
perception of outcome. Moreover, surgeons ignore
patient perception of residual dissatisfaction because
their evaluation is strictly based on objective results.

This lack of concordance is the results of an initial
misunderstanding between surgeon and patients,
secondary to the lack of active dialogue, clear
comprehension of patient expectations, and univocal
decision-making process before surgical procedure.
Empathic approach on behalf of the surgeon should
improve patient selection before surgery and provide
a pre-operative clinical and welfare terrain necessary
to obtain satisfactory outcomes according to the
patient.

Psychological factors such as mental health,
patient expectation, anxiety and depression influence
outcome of replacement surgery (8). Numerous
studies have reported that psychological factors can
influence the outcome of total knee arthroplasty.
Furthermore, pre-surgical mental status and level
of catastrophizing have been reported as the most
important predictors of pain after THR and TKR.

Patients suffering from chronic medical illnesses,
like those affected by end stage OA, show an high
prevalence of psychological symptoms which
influence their motivation, energy, their ability to
cope with the illness and the amount of adherence to
rehabilitative protocols (13).

During the last several years a number of studies
have reported that patients with psychological
symptoms have a worse outcome after TKR or
THR (8). Vissers, et al. showed that patients with a
preoperative lower mental health score were more
often dissatisfied with results after TKR (14).

In the present study, patients scheduled for THR
and TKR were assessed between 1 to 3 months
before surgery and then again after 6 months post-
surgery. We examined the prevalence of anxiety and
depressive symptoms in patients with end stage OA
and then we investigated the relationship between
the psychological symptoms and surgical outcome.

MATERIALS AND METHODS

This was a prospective study conducted at the
University Hospital, Policlinico Bari between April
2011 and November 2014. A consecutive sample of 280
patients with hip or knee OA were enrolled in the study.
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Ethical approval was granted and all patients provided
their written informed consent to participate in the study.
Inclusion criteria were patients aged between 45 and 75,
being able to understand written information (informed
consent) and free from any psychiatric or neurologic
pathology. Patients who had more than 2 comorbidities as
well as patients who had undergone surgery for fractures
or previous implant failure were excluded from the study.
Patients were invited to take part to the study when
they came to the hospital for routine pre-operative exams,
1 to 3 months before surgery. If a patient was considered
eligible and signed the consent, an orthopedic resident
not involved in the surgery performed a clinical objective
evaluation. A psychologist then conducted an interview.

Pain and Function

The Harris Hip Score (HHS) and Knee Society Score
(KSS) were used to assess pain and function. HHS was
developed for the assessment of the results of hip surgery
and is intended to evaluate various hip disabilities and
methods of treatment in an adult population. The domains
covered are pain, function, absence of deformity, and
range of motion. It consists of 10 items with a maximum
score of 100 points (best possible outcome).

The Knee Society Score is reported as two scores,
Knee Score and Function Score. The Knee Score consists
of points given for pain, range of motion and stability.
The Function Score consists of points given for the ability
to walk on level surfaces and the ability to ascend and
descend stairs. The maximum of 100 points is obtained
by a well-aligned knee with no pain (knee score) and by a
person who can walk an unlimited distance and go up and
down stairs (function score).

Socio-Dermographic:
It included questions on age, schooling, residence,
marital status, professional status, household and parity.

MMSE:

The Mini-Mental Status Examination offers a quick
and simple way to quantify cognitive function and screen
for cognitive loss. It tests individual orientation, attention,
calculation, recall, language and motor skills. Each
section of the test involves a related series of questions
or commands. The individual receives one point for each
correct answer. The maximum score is 30 points. A score
below 20 usually indicates cognitive impairment.

SCL-90:

The Symptom Checklist-90-R (SCL-90-R) is a
relatively brief self-report psychometric instrument
(questionnaire) published by the Clinical Assessment
division of the Pearson Assessment & Information group.
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It is designed to evaluate a broad range of psychological
problems and symptoms of psychopathology. It is also
used in measuring the progress and outcome of psychiatric
and psychological treatments or for research purposes. It
consists of 90 items and takes 12-15 minutes to administer,
yielding nine scores along primary symptom dimensions
and three scores among global distress indices.

The primary symptom dimensions that are assessed
are somatization, obsessive-compulsive, interpersonal
sensitivity, depression, anxiety, hostility, phobic anxiety,
paranoid ideation, psychoticism, and a category of
“additional items” which helps clinicians assess other
aspect of the client’s symptoms.

BRIEF-COPE: The Coping Orientation to Problems
Experienced is a multi-dimensional scale designed to
assess how people respond to stress. The COPE has been
validated in a variety of populations displaying variations
in factor structure. The Brief COPE (Carver, 1997) is a
self-report questionnaire used to assess a number of
different coping behaviors and thoughts a person may have
in response to a specific situation. It contains 14 subscales,
but we analyzed only two of those: use of social support
and religion.

APAIS: In 1996 the Dutch group of Moerman
developed the Amsterdam Preoperative Anxiety and
Information Scale APAIS 15320 patients were asked to
assess their anxiety and information requirement on a six-
item questionnaire, the Amsterdam Preoperative Anxiety
and Information Scale (APAIS. This questionnaire consists
of six items rated on a five point Likert scale with the end
poles “not at all” (1) and “extremely” (5). It represents two
scales, anxiety and need-for-information.

SF-36: SF-36 is a set of generic, coherent, and easily
administered quality-of-life measures. These measures
rely upon patient self-reporting and now widely utilized
by managed care organizations and by Medicare for
routine monitoring and assessment of care outcomes in
adult patients. It contains 36 questions, which measure
functional health and well-being from the patient’s point
of view. It is a practical, reliable and valid measure of
physical and mental health and can be used as alternative
to disease-specific health surveys, which focus on a
particular condition or disease.

Procedure: Patients who were scheduled for a THR
or TKR at our hospital were invited to participate in the
research and were informed about the aim of the research.
Psychological evaluation was taken before surgery, while
pre- and post-operatively clinical and radiographic exams
were carried out at 1, 3 and 6 months. Informed consent
was obtained. The Research Ethic Board of our Centre
approved the research. Participants were evaluated and
interviewed at the time of their pre-surgical evaluation
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(between 1 and 3 months before surgery). Surgery was
performed by 4 experienced surgeons. One-hundred-and-
ninety-five patients underwent spinal anesthesia and 85
general anesthesia. They all received the same protocol
for post-operative pain management. All surgeons used
the same approach to surgery. Patients received short-
term systemic antibiotics and Low Molecular Weight
heparin to decrease the risk of deep venous thrombosis.
Negative pressure drainage was positioned and removed
24 h after surgery. Post-operative X-rays were taken and
patients were treated with the same rehabilitation protocol
for the 3 weeks following.

Statistics: The data analysis was conducted using
regression models to assess:

—  Theassociation between the Socio-Dermographic
variables, MMSE, SCL-90, BRIEF-COPE, APAIS, SF-36
and hip and knee functional scales before surgery.

—  Theassociation between the Socio-Dermographic
variables, MMSE, SCL-90, BRIEF-COPE, APAIS, SF-
36 and the improvement in hip and knee function after
surgery.

We used Statistical Package for the Social Sciences
(SPSS) version 19.0 (Chicago, IL) to perform analyses.

RESULTS

Between April 2011 and November 2014, 412
patients were eligible to participate in the study. Only
280 patients accepted and received preoperative
questionnaire. No patients were lost during follow up
(Fig. 1). Table I presents the baseline characteristics
of the study population.

Before surgery, the average value of the HHS was
36.5+1.0; the average KSS score was 49.0+1.0. After
surgery, the average value of the HHS was 82.845.2;
the average KSS score was 82.9+7.9. All patients
showed an improvement in the HHS and KSS after
surgery (Table II).

The HHS and KSS values before surgery had
a linear correlation with the sc90som (r2=0:13;
F=5:26; p=0.03), the scl90dep (12=0.12 F=4.54;
F=0.04), the mmsec (r2=0.16; F=7.7; p=0.009).

None of the investigated variables influenced
post-operative HHS and KSS scores, however, the
improvement of functional scores were conditioned
by the sc90som (coef=0:32; t=2.46; p=0.026), vas
(coef=-0.15, t=2.57, p=0.021), schooling (coef=1.8;
t=2.93; p=0.01) and MMSE (coef=1.94, t=3.28;
p=0.005). Coping strategies did not correlate to the
level of improvement after surgery.
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Fig. 1. Procedure of Selection Flowchart.

Table 1. Baseline characteristics of the study population.

N

132 pz refused 1o take part in the study

VARIABLES

Age 45-75 (Mean 64,6)

Gender 78% FEMALE

Education (schooling) 38% PRIMARY SCHOOL
41% SECONDARY SCHOOL
21% GRADUATED

SCL-90 SOM 52.6£21.9

SCL-90 DEP 50.7£20.1

SCL-90 DEP 45.7£18.0

VAS 51.5+31.0

APAIS-ANX 9.1+44.3

BRIEF-COPE-SOC 7.94£5.1

BRIEF-COPE-REL 4.4+19

SF-36 58.9+£20.3

MMSE 27.942.3

DISCUSSION OA. Perception of health in preoperative patients

A high prevalence of anxiety and depressive
symptoms were found in patients with hip and knee

(SF-36) did not correlate with psychological factors
confirmed by the SF 36 questionnaire (8).
In this study, we found that psychological
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Table I1. Pre- and post-operative HHS and KSS values.
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HARRIS HIP SCORE (HHS) 36.5+1.0

KNEE SOCIETY SCORE (KSS) 49.0+1.0

PRE-OPERATIVE

POST-OPERATIVE

82.8+£5.2

82.9+7.9

factors (som SCL-90), mental health status, VAS
and scholarity were associated with less optimal
improvement in function after total hip and knee
replacement. This confirms available evidence about
the influence of psychological factors on TKR and
THR outcomes (8). All these conditions can invalidate
successful post-operative rehabilitation program and
compromise the perception of health (16, 17). Somatic
symptom disorder is a long-term (chronic) condition
able to influence intensity and perception of pain and
functional limitation. High levels of somatization
might influence the neurophysiological process
involved in pain modulation (18). Additionally, pain
somatization can determine a prolonged period of
inactivity and compounding disability secondary to
comorbidities development (obesity, diabetes) (19).

Studies suggest that almost 50% of individuals
with post-operative pain at 6 months after TJR might
go on to develop chronic pain condition (20-22).
At this stage chronic pain could be hard to manage
successfully either through pharmacological or
psychological methods (23-25). This can contribute
to a progressive decline towards a sedentary lifestyle
and social isolation (26, 27). Additionally, the
coping ability represents a potentially modifiable
variable and could be the focus of a pre-operative
psychological intervention (28). Our study did not
support the association between coping ability and
level of improvement after surgery.

Ifindividuals that are at risk in unsatisfactory joint
replacement can be indentified before surgery takes
place, their suffering could be prevented or reduced,
avoiding chronic pain and disability. Measures could
be taken before and after surgery with dedicated

psychological tutoring and rehabilitation protocols.
Furthermore, surgery could be delayed if the state of
mental health is in a better condition.

Educating  pre-operative  patients  through
instructing and training on standard rehabilitative
exercises can be applied routinely so that even
patients with minor values of MMES and mental
disorders (depression and anxiety) can be considered
for targeted interventions. According to our study,
schooling represents a significant correlation with
improved outcome. Papakostiodu, et al. found that
level of schooling did not interfere with post-surgical
quality of life levels (29). Although no comparative
studies have yet been conducted, available data
suggest that cognitive and behavioral techniques and
their comprehension by patients might be effective
in reducing pain related fear of movement (30, 31).

Preventive psychosocial interventions for OA
patients have primarily taken the form of broad-based
educational programs. Since education programs
do not select individuals at risk, nor do they target
specific prognostic factors for pain and disabilities, it
is not surprising that they have yielded only modest
impact on surgical outcomes (32).

Depression may contribute to poor TKR outcomes
either in terms of pain, functions and quality of life
symptoms (23, 33), however Sullivan, et al. stated
that depression shouldn’t be considered a unique
contribution to problematic health outcomes after
replacement (34).

We did not find a direct correlation between
clinical outcomes and pre-operative anxiety and
depression, however these symptoms showed a
linear correlation with the post-operative entity
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of functional improvement. Most studies on post-
operative pain have been short term while longer
follow up periods might be as long as two years.
Since psychological factors are likely to have a
dynamic correlation with the changing health status
over time, longer follow-up periods might be needed
to provide reliable results.

Sepucha, et al. stated that an open discussion about
the nature of OA and surgical procedure between the
patient and the healthcare provider might improve
the outcome (35). Braddock, et al. found that an open
discussion of the informed decision-making process
happens in fewer than 15% of cases (36). Patient
communication and explanation of goals is a key
part of the decision-making process but it is often
neglected by surgeons (37).

We investigated the need for information on
behalf of the patient (APAIS-INFO) and we found
no correlation with surgical outcomes. Careful
information is standardly provided with pre-
operative meetings at our department. Groups of
6 to 7 patients and their caregivers are invited to
participate at the meetings to obtain information on
surgical procedures, goals of the treatment and the
post-operative period. We strongly believe this can
help patient awareness of treatments and improve
outcome.

Recent health care legislation reiterates the
importance in order to ensure that both the patient and
its family are informed during the medical decisional
process. Shared decision-making is associated with
improvement in clinical outcome and reduce social
burdens of surgical procedures. Patient awareness of
surgical procedures improves knowledge of goals of
treatments, reducing breakdown and dissatisfaction

(35, 38).
Correct patient selection in association with
setting  appropriated  expectations, avoiding

preventable complications and optimizing pre-
and post-operative pathways may enhance patients
outcomes (39).

The Strength of our study is in its prospective
design, the use of validated questionnaires and
their results. However, some limitations need to be
addressed. We did not divide our considerations
between patients affected by hip orknee OA, however
arecent review asserts that differences between knee
and hip patients could be explained by the relatively
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few studies that evaluated influence of psychological
factors affecting outcome after THR8. We therefore
decided to combine the results of THR and TKR.
Preoperative measurements were not taken at a fixed
time point and the length of time patients were on the
waiting list varied. Desmueles, et al. observed that
a long wait for surgery had a significantly negative
impact on pain, function and quality of life (40);
McHugh, et al. observed a worsening of pain and
function on the WOMAC scale starting from the third
month of waiting (41). The use of questionnaires at
different times before surgery might be interesting in
order to compare distinct results.

We did not evaluate the influence of comorbidities
which might determine higher post-operative
complication rates which influence post-operative
adherence to rehabilitation programs and delay
functional results. However, patients with major
comorbidities were excluded from the study at the
time of enrollment. Our mean follow up consists of 6
months. Longer follow-ups are necessary especially
for patients with chronic diseases, which might
invalidate functional replacement results after a
longer period.
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ANTIBIOTIC-LOADED REGENOSS FOR THE TREATMENT OF SEPTIC BONE
DEFECTS: IN VITRO STUDY AND PRELIMINARY CLINICAL EXPERIENCE

C.L. ROMANO', E. GALLAZZI', N. LOGOLUSO". E. DE VECCHI2, L. DRAGO?

'Department of Reconstructive Surgery of Osteo-articular Infections C.R.1.O. Unit, LR.C.C.S.
Galeazzi Orthopaedic Institute, Milano, Italy, Laboratory of Clinical Chemistry and Microbiology,
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Bone and joint infections are a difficult to treat condition, often associated with bone loss. Although
the management of septic bone defects may currently be achieved through various treatment modalities,
there is a continuous need for bone substitutes able at the same time to favour bone repair and to provide
local antibacterial protection. RegenOss, a biomimetic and resorbable bone substitute, has been previously
shown to be highly biocompatible and osteoconductive. Aims of the present study were to test the in vitro
ability of RegenOss to act as a local carrier of antibiotics and to investigate its clinical safety and efficacy
in a continuous series of patients, affected by bone loss in active or previous infection. In vitro study
was performed by adding vancomycin, levofloxacin or meropenem and assessing elution properties of
RegenOss at fixed time intervals by means of a microbiological assay. At 48 hours, 98.5% of meropenem,
94.1% of levofloxacin and 76.3% of vancomycin were recovered in the medium, while all antibiotics
were completely eluted at seven days. Clinical safety and efficacy of vancomicyn- or vancomicyn and
meropenem-loaded RegenOss had been tested in 13 consecutive patients. After the surgical procedure,
each patient underwent clinical, laboratory and radiographic evaluation at 3, 6, 12, 18 and 24 months. No
adverse events associated with the use of RegenOss were observed. Twelve patients showed no infection
recurrence and ten satisfactory bone healing at follow-up. In conclusion, this study shows the ability of
RegenOss to act as local carrier when loaded with three different antibiotics with a complete elution in one
week. The clinical use of antibiotic-loaded RegenOss appears safe in this preliminary clinical series, while
larger studies are needed to confirm the efficacy of the intra-operative combination of this biomimetic bone
substitute with various antibacterials in the treatment of septic bone defects.

Bone and joint infections (BJIs) still remain
a major complication in orthopaedic and trauma
surgery (1). Bone infection can in fact be the result
of direct bacterial penetration into the bone or the
adjacent soft tissues following surgical procedures
or after low or high-energy trauma. The presence of
implanted biomaterials or foreign bodies strongly
increase the risk of septic complications, due to the
ability of bacteria to adhere on implant surfaces and

to form protective biofilms (2-4). Less frequently, at
least in the most developed Countries, osteomyelitis
can originate from haematogenous spreading of the
microorganisms from other sites.

Virulence of the causative microorganisms and
their antibiotic sensitivity, timing of treatment,
as well as host’s risk factors, like diabetes, renal
impairment, smoking, drug or alcohol abuse, etc. (3,
5), play an important role in the clinical presentation,
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prognosis and outcomes of treatment of BJIs (1).
Staphylococcus aureus, Staphylococcus epidermidis,
Streptococcus  pyogenes, Escherichia coli and
Pseudomonas aeruginosa are among the most
commonly involved pathogens in BJIs (6-8), often
leading to a chronic inflammatory disease and to
the formation of necrotic bone (1), which generally
require large surgical resections and prolonged
antibiotic therapy.

The septic process per se, the frequent occurrence
of previous trauma or surgeries and the need for
further bone resection do often lead to various degrees
of bone loss and impaired local blood supply, which
in turn may reduce the efficacy of systemic antibiotic
treatments (9).

In this complex scenario, effective infection
control and bone defect management often need to
be combined in order to successfully treat chronic
BJIs and their sequelae.

Autologous bone graft is considered the “golden
standard” to fill bone defects and to achieve bone
repair. However, donor side morbidity, chronic pain
and infection at the harvesting site (10-12), as well
limited availability prevent its routine use. On the
other hand, synthetic bone substitutes may represent
a valid alternative in the majority of cases (10) and
new generation bone substitutes are increasingly
used not only to fill bone defects, but also to foster
bone regeneration (13). In addition, some of these
devices have shown the ability to act as local carriers
of antibiotics, thus acting at the same time as bone
void filler, osteoconductive biomaterials and local
antibacterials, minimizing the risk of systemic
side effects and of possible lack of therapeutic
concentrations in the infected area (14-16).

RegenOss, an approved medical device available
in European countries, is a resorbable, biomimetic
bone substitute, composed of equine collagen I and
Mg-hydroxyapatite (ratio: 40%-60%), with chemical,
chemico-physical and biological properties close to
those of the mineral component of human bone (17).
The patented nucleation of magnesium-substituting
calcium hydroxyapatite nanocrystals into type I
collagen fibers resembles the process occurring
during biological neo-ossification, favouring cell
attachment and proliferation and serving as a scaffold
to guide effective bone regeneration (18), thus
providing a reduction of the time to osteointegration,
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with minimal or no local side effects (11).

At variance with pre-loaded antibiotic-
scaffolds currently available for the treatment of
bone infections, that may not offer the choice of
the antibiotic to be administered locally (19), we
investigated in vitro and in the clinical setting the
ability of RegenOss to act as a carrier of different
antibiotics, chosen at the time of surgery and intra-
operatively loaded by the surgeon.

MATERIALS AND METHODS

In vitro testing

To evaluate the release of antibiotics, strips of 1 cm?
of RegenOss (Finceramica SpA, Faenza, Italy) were
immersed in 0.35 mL ofa 0.05 g/L solution of vancomycin,
levofloxacin or meropenem for 10 min and then left at
ambient air until complete drying. Then samples were
transferred in tubes containing 5 mL of sterile phosphate
buffered saline (PBS) and incubated at 37°C for one
week. At 2, 16, 24, 48, 60, 96 hours and at the end of
incubation (168 h), the eluate was refreshed with the same
volume of PBS and antibiotic concentrations assessed by
a microbiological assay using Staphylococcus aureus
ATCC 25923 as indicator organism. The test was based on
the diffusion of 200 pL aliquots of the PBS eluate from
6 mm wells into Mueller Hinton agar plates previously
seeded with S. aureus. Plates were then incubated for 24
h at 37°C and inhibition zones were accurately measured.
Calculation of antibiotic concentration at each time point
was performed against standard curve covering a range of
antibiotic concentrations from 0.01 to 6.25 mg/mL.

Samples containing antibiotics at concentrations near
the upper limit of the standard curve were re-assessed
after proper dilution in PBS. All samples were assessed in
triplicate and the arithmetic means of the three test were
used.

Clinical use of RegenOss

From November 2011 to March 2013, 13 consecutive
patients (6 men, 7 women; mean age 55 years old,
range 16-78 years) were included in this prospective,
observational, not randomized study, approved by the
local Ethical Committee. All patients gave their informed
consent to the procedures.

The patients were selected among those who attended
our clinic and had a planned surgical procedure in
which there was the need for the treatment of cavitary
or segmental bone defect in an active or previous bone
infection. The selected patients covered a broad spectrum
of pathologies, including septic non-union, chronic
osteomyelitis and peri-prosthetic joint infection. Most of
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the patients were affected by severe co-morbidities and
had previously undergone several failed surgeries (Table
D).

RegenOss was intra-operatively loaded either with
vancomycin (N=8) or a combination of vancomycin-
meropenem (N=5) (Table II). To this aim, the RegenOss
patch was immersed in a solution containing 5% of the
chosen antibiotic(s) and left in place for 10 min. In 4
patients antibiotic-loaded RegenOss had been used in
combination with autologous or homologous morcellized
bone grafts at a 50% weight-to-weight ratio. External
fixation or implants were used as needed in 10 patients
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(Table II).

Follow-up consisted in clinical, laboratory and
radiographic examination at approximately (+-20 days) 3,
6, 12, 18 and 24 months after surgery and yearly thereafter.

Recurrence of infection, defined as the presence of
clinical signs of inflammation at the surgical site and an
elevation of CRP and ESR serum levels was recorded.

Radiographic bone healing (filling of the bone gap or
defect with new bone visible at x-ray examination) and the
need for unplanned further surgery were also monitored at
follow-ups, together with any local or systemic clinical
side effect.

Table 1. Pre-operative data of patients treated with antibiotic-loaded RegenOss

Previous

Initials  Sex Age (years) Relevant co-morbidities . Diagnosis
surgeries
Acquired immunodeficiency _ . .
BM M 40 T (ATD) 2 Tibia septic non union
MS F 16 None 0 Haematogenous osteomyelitis
AG I8 51 Smoker 3 Tibia septic incomplete union
PR M 35 Smoker 3 Post-traumatic osteomyelitis of the tibia
PG F 71 Rheumatoid arthritis 5 Peri-prosthetic hip infection (2nd stage)
DBS F 52 Renal transplant 5 Peri-prosthetic hip infection (2nd stage)
PE F 78 Old age 4 Tibia septic non union
GG M 65 None 4 Peri-prosthetic hip infection (2nd stage)
Smoker, obese, pancreatic . .. .
YA M 70 . 5 Septic nonunion in ankle arthrodesis
disorder
CM M 75 None 4 Peri-prosthetic hip infection (2nd stage)
Seve.re rheurr.1at01d arthrltls, Peri-prosthetic femoral fracture in previous infection in
PT F 72 corticosteroids, soft tissue 6 .. .
revision knee prosthesis
defect
CMT F 60 Rheumatoid arthritis 3 Septic nonunion in ankle arthrodesis
SB M 35 None ) Chronic osteomyelitis of the tibia after anterio cruciate

ligament reconstruction
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Table I1. /ntra and post-operative data.
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Follow-up

Initials Treatment modality (months) Outcome
Hardware RegenOss and Infection Bone defect
BM Circular external fixator Vancomycin + Autologous bone 44 No recurrence Bone healing
MS None Vancomycin 40 No recurrence Bone healing
AG Circular external fixator Vancomycin 40 No recurrence Bone healing
PR None Vancomycin 40 No recurrence Bone healing
PG Revision total hip arthroplasty Vancomycin 40 No recurrence Bone healing
DBS  Revision total hip arthroplasty Vancomycin + Homologous bone 40 No recurrence Bone healing
PE Circular external fixator Vancomycin 38 No recurrence Bone healing
GG  Revision total hip arthroplasty ~Vancomycin + Homologous bone 34 No recurrence Bone healing
. in + A
M Circular external fixator Vancomycin + Meropenem 30 No recurrence Incompleflte
Homologous bone bone healing
CM  Revision total hip arthroplasty Vancomycin + Meropenem 26 No recurrence Bone healing
PT Osteosynthesis Vancomycin + Meropenem 26 Recurrence No bfme
healing
CMT Circular external fixator Vancomycin + Meropenem 26 No recurrence Incomp leflte
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Fig. 1. In vitro antibiotic release from RegenOss strips, tested by a microbiological assay. All antibiotics are completely
released within 7 days. Each point represents the arithmetic average of three samples.
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RESULTS

In vitro release of antibiotics

Release of antibiotics from impregnated
RegenOss was determined after 2, 16, 24, 48,
60, 96 and 168 h from loading. The antibiotics
loaded on the product were fully recovered after
one week, without significant differences between
vancomycin, levofloxacin and meropenem, although
some differences were observed in release kinetic.
Overall, vancomycin release was slower than
those of meropenem and levofloxacin. In fact, as
reported in Fig. 1, more than 60% of meropenem or
levofloxacin was recovered after 2 h of incubation,
while only 30% of vancomycin was eluted at the
same time. In line with this finding, at 48 h 98.5%
of meropenem, 94.1% of levofloxacin and 76.3% of
vancomycin were recovered in the medium.

Clinical results

At a minimum 24 months follow up (max 44,
mean 34 months), no adverse events associated with
the use of antibiotic-loaded RegenOss, either when
used alone or in combination with bone grafts, such
as local or systemic allergic reactions or rejection of
the implant, were noted.

No recurrence of infection was observed in 12/13
(92.3%) patients; satisfactory bone healing with
complete filling of the bone defect was observed in
10/13 cases (76.9%) (Fig. 2, 3), while unplanned
further surgery was needed in 2/13 patients (15.3%).

One patient (PT) affected by severe rheumatoid
arthritis with left hip prosthesis and sequelae of

Fig. 2. AG, 51 years old female, first diagnosed with a
closed, displaced, fracture of the distal third of her right
tibia and fibula shaft after an high energy trauma. Treated
with plate osteosynthesis, she developed a post-surgical
infection and incomplete union with positive cultures to
multi-resistant Staphilococcus aureus with metal exposure.
A, B): Pre-operative radiographic finding 9 months after
trauma, C): Intra-operative pictures showing the large
bone defect after debridement; D): filled with vancomycin-
loaded RegenOss; E, F): Post-operative x-ray, showing
the external circular fixator in place; G, H): Radiographic
control, two years after circular frame removal and three
years after trauma, 1, L): Complete bone and soft tissue
healing, with satisfactory ankle range of motion.
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Fig. 3. DBS, 52 years old caucasian female, peri-prosthetic infection in a cemented total hip arthroplasty, with extensive
bone loss and after several previous surgeries and a previous renal transplant. Positive cultural examination (MRSA) and
draining fistula. A): Pre-operative x-ray; B): Intra-operative picture at the time of infected implant removal and long stem
spacer application; C): Post-operative x-ray; D, E): After 75 days the patients underwent spacer removal and bone stock
reconstruction using antibiotic-loaded RegenOss and homologous morcellized bone graft to overcome large acetabular
bone defect; G): Three years after surgery, radiographic findings show bone remodelling and bone stock reconstruction
while the patient is infection free and able to walk long-distances with a cane.

several revision and plastic surgeries for peri-
prosthetic infection of her left knee, suffered a
displaced femoral fracture at the tip of the hip and
knee prostheses and that was treated with plate
osteosynthesis and antibiotic-loaded RegenOss.
However, early loosening of the synthesis, due to
poor bone stock and quality and early recurrence
of infection at the knee, finally lead to above-knee
amputation. Another patient, affected by severe
rheumatoid arthritis and several previous revision
hip surgeries, suffered a loosening of the cup
two-years after the two-stage procedure in which
antibiotic-loaded RegenOss had been applied. This
patient was successfully treated with further cup
revision. Two more patients affected by septic non-
union of the ankle after previous failed surgeries
achieved incomplete bone healing and actually
required a crutch and an orthopaedic shoe to walk, in
the absence of infection recurrence.

DISCUSSION

This is the first study reporting on the ability
of RegenOss, a collagen I and Mg-hydroxyapatite
based bone substitute to effectively release different

antibiotics in vitro. We also showed that the use of
antibiotic-loaded RegenOss, alone or in combination
with bone grafts, has not detrimental effect on bone
healing or unwanted local or systemic side effects
and may be helpful in controlling infection.

Until now autograft bone with its osteoinductive
potential has been the material of choice when bone
graft is needed, but in the presence of infection it is
considered contraindicated (12, 20).

Many different methods have been used to
treat the bone defect and the infection including
bone transport through an external fixator, surgical
debridement and bone defect filling with antibiotic-
impregnated polymethylmethacrylate or antibiotic-
loaded bone grafts or bone substitutes, but clinical
resolution still remains a challenge, while persistent
serum wound leakage using some calcium-based
bone substitutes is a rather frequent occurrence (12,
20, 21).

Biomimetic materials, like RegenOss, are defined
as materials able to promote bone formation, even
if not proven able to induce heterotopic bone (22-
27). Although shown to be highly biocompatible
and effective to promote bone healing, evidence
concerning their ability to work as local carrier of
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antibiotic was lacking. This study points out that
different antibiotics can be safely and easily loaded
at surgery to RegenOss strips or patches based on
available antibiograms and surgeon choice. Elution
profile allows achieving satisfactory local levels of
antibiotic in the first days after surgery, when the
risk of bacterial adherence and biofilm formation on
tissues and implants is maximum (2-4).

Clinical application, in this first continuous series
of challenging patients, has shown the safety of the
combination of RegenOss with vancomycin or with
vancomycin and meropenem, with rate of infection
control that, although in a very limited number of
patients, compares well with other existing methods
oflocal antibiotic delivery and even with antibacterial
bioglass (21).

Moreover, the possibility to mix this medical
device with bone grafts and its tolerability even in the
presence of implanted biomaterials may be attractive
for bone defect filling in revision surgery for failed
joint prosthesis in infection or in high-risk patients.

This study has some limitations that should
be considered before generalizing the results. In
vitro antibiotic release from RegenOss has been
investigated only for selected compounds; further
studies are needed to evaluate the elution profile
of other antibacterials and the bactericidial activity
against other difficult-to-treat microorganisms,
as for example Gram negative and multi-resistant
strains. Moreover, we have no data concerning
the ability of antibiotic-loaded RegenOss to resist
biofilm formation or regarding possible induction of
resistance.

The clinical series reported here is also limited
in number and there is no control series. Larger,
prospective comparative studies are recommended
to confirm the promising results obtained in this
preliminary study.
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OSTEOARTICULAR ALLOGRAFTS
IN PAEDIATRIC BONE TUMOR RECONSTRUCTION OF THE KNEE
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Osteoarticular allografts represent a reconstructive option after bone tumor resection around the knee
in growing children. The major advantage is the chance to preserve the growth plate of the remaining
bone, but the disadvantage is the high failure rate eventually requiring definitive prosthetic replacement
at skeletal maturity. We retrospectively reviewed 22 patients who underwent osteoarticular allograft
reconstructions of the distal femur (16) or proximal tibia (6). There were 12 females and 10 males with
an average age at surgery of 11 years (7-15). The diagnosis was osteosarcoma in 19 cases and Ewing
sarcoma in 3. All patients underwent pre- and post-operative chemotherapy. At an average follow-up
of 103 months (12-167), 18 patients (82%) were alive and 4 had died (18%). We observed 10 allograft
failures requiring prosthetic replacement, 6 in distal femur and 4 in proximal tibia reconstructions. At last
follow-up 8 allografts (36%) were still in place. Overall allograft survival was 79.6% at five and 45.8% at
ten years. In distal femur, allograft survival was 86.2% at five and 59.1% at ten years. In proximal tibia,
allograft survival was 62.5% at 5 years and 31.2% at 67 months. Average limb shortening was 3 cm (0-
5) in 8 patients with the allograft still in situ and 2 cm (0-4) in 10 patients after prosthetic replacement.
Average MSTS functional score of the whole series was 25 (83.7%). The MSTS score of patients after
revision with prosthetic replacement was 24 (80%) while patients who still had the allograft retained
had an average MSTS scores of 26.8 (89.3%). In conclusion, osteoarticular allograft reconstruction of
the knee after bone tumor resection in pediatric age can be considered a temporary solution with the aim
to limit limb length discrepancy before definitive prosthetic replacement after skeletal maturity.

In orthopaedic oncology, bridging the massive
bone defect after resection has always been an
evolving process since the concept of limb salvage
surgery was made possible in the early 1980°s (1-7).

The reconstruction is more challenging in
paediatric age group where primary malignant bone
tumours are most often encountered (8-9). The
growth plates of the distal femur and proximal tibia

determine the definitive length of the lower limbs,
and tumour resection involving the physis will
cause limb length discrepancy at skeletal maturity.
However, limb length discrepancy is only the final
hurdle if issues of the ideal construct and materials
used to bridge the massive bone gap are overcome
during the active medical and surgical period.
Reconstructive options of the knee that are
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available for limb salvage in the skeletally immature
patient have included allografts, expandable
megaprosthesis and allograft-prosthetic composites
(3,4, 10-15).

In the growing child, limb salvage procedures
that rely on endoprosthesis or bone allografts present
unique challenges. These include: a) the small size of
the paediatric skeleton with fitting concerns for the
implants. Last generation non-invasive lengthening
prostheses require extensive minimal resection
length and the magnetic gear is larger than previous
models. Osteoarticular allografts are retrieved from
adult donors and dimensional matching is difficult
or impossible in paediatric patients; b) the growth
potential of the patient and the expected final length
of the unaffected limb, with the need for correction of
the ensuing limb-length discrepancy; c) the concerns
of prosthetic stem fixation in immature bone with
the risk of periprosthetic cortical stress-shielding;
d) the need for durable reconstruction in this young
population.

Osteoarticular allograft (OA) reconstruction of
the knee offers the chance to restore a mobile joint
preserving the healthy bone stock as much as possible
and at the same time sparing one of the growth
plates of the knee. The use of OA on the knee in
growing children provides the following advantages:
the resection length can be decided on the basis of
tumour extension and no minimal resection length
is required; except for plate fixation, the medullary
canal of healthy bone remains unviolated and no
cortical stress-shielding is expected; the growth plate
opposite to the resection site remains intact resulting
in decreased final limb length discrepancy.

In literature, a high mechanical complication rate
was observed after OA reconstruction around the
knee, eventually leading to surgical revision with
implantremoval and definitive prosthetic replacement
(16-19). In paediatric patients, OA allografts of the
knee can be considered a temporary reconstructive
solution to maintain bone stock and to decrease final
limb length discrepancy, before definitive prosthetic
replacement after skeletal maturity.

We reviewed our paediatric patients treated with
a distal femur and proximal tibia osteoarticular bone
allograft replacement after resection of primary
bone sarcoma with the aim to evaluate the long-term
oncologic and functional outcome.

DA. CAMPANACCI ET AL.

In particular, we tried to answer the following
questions: 1) What was the functional outcome of the
reconstruction; 2) What was the functional outcome
and final limb length discrepancy at skeletal maturity
after definitive revision; 3) Can we consider OA of
the knee as safe biologic temporary spacer effective
in maintaining bone stock until definitive prosthetic
replacement at skeletal maturity?

MATERIALS AND METHODS

We  retrospectively  reviewed 22 paediatric
patients who underwent osteoarticular bone allograft
reconstruction after resection of distal femur or proximal
tibia bone sarcoma between 1997 and 2008. A summary
of the demographics, clinical data, complications and case
outcomes is shown in Table I.

In this study group there were 12 girls and 10 boys
with an average age at time of surgery of 11 years (7 to
15) and a mean follow-up duration of 103 months (12 to
167).

The histologic diagnosis was osteosarcoma in 19 cases
(15 distal femur, 4 proximal tibia) and Ewing sarcoma in
3 cases (1 distal femur, 2 proximal tibia). Osteoarticular
allograft reconstruction included the distal femur in
16 cases and the proximal tibia in 6 cases. All patients
underwent neoadjuvant and adjuvant chemotherapy based
on respective osteosarcoma and Ewing sarcoma national
protocol.

All the patients received perioperative antibiotics
according to the institution’s protocol. Medial or lateral
surgical approach was performed with excision of the
previous biopsy scar. An intra-articular resection was
performed in all patients. The level of bone resection
was determined preoperatively by the post neoadjuvant
chemotherapy MRI images obtained prior to surgery. A
sample from the host medullary canal at osteotomy site
was taken for frozen section before proceeding with
reconstruction. One physis of the knee was preserved in
all patients. The overall average length of bone resection
was 15.6 cm (11 to 20).

The final histopathology report of the resection
specimen revealed 20 out of 22 patients had wide
resection margins and 2 had marginal margins. However,
the 2 patients reported to have marginal resection did not
have any local recurrence and are alive and disease free at
the time of writing.

The Institution’s in-house bone bank supplied the
required non-irradiated fresh deep frozen massive
allografts. Allografts were harvested under sterile
conditions and stored frozen at -80°C. After tumour
resection, the pre-matched allografts were taken out
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Table 1. Osteoarticular allografts in 22 patients: demographics, clinical data, complications and oncological outcomes.
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of their packaging and thawed in a warm normal saline
solution mixed with Rifampicin (15). An anatomically
matched size allograft was used whenever possible. While
8 patients had good anatomical matching, 14 had oversized
allograft as bone donors were adults. The allografts were
trimmed to the proper length and soft tissue structures were
prepared for implantation. Osteosynthesis was performed
with long 4.5mm plates and screws that spanned the total
length of the allograft and extended to the femoral or tibial
diaphysis. A compression osteosysnthesis of the host-
allograft osteotomy was performed in order to achieve
a rigid fixation. The knee joint was reconstructed with
unresorbable sutures beginning with the posterior cruciate
ligament and following in order with the posterior capsule,
the anterior cruciate ligament and the lateral and medial
collateral ligaments. The objective was to obtain stability
avoiding excessive posterior stiffness with consequent
risk of extension lag.

The extensor mechanism continuity was maintained
in distal femur resections while, in proximal tibia
reconstructions, the patellar tendon of the patient was
sutured to the patellar tendon of the allograft with
unresorbable sutures, taking care to restore a correct
isometry and full flexion range of motion.

Intramedullary cement was used in 16 cases while 6
allografts were implanted without cement. In proximal
tibia resection, a medial gastrocnemius flap was used
to cover the anteromedial surface of the allograft as a
primary procedure in 4 cases and as salvage procedure
after superficial wound dehiscence in 2 cases.

Postoperatively, the operated limb was immobilized in
a splint, which was changed to a brace at drains removal
after 48 h. The brace was removed after one month
and passive and active knee motion was encouraged.
Ambulation was initiated without weight bearing of the
affected extremity and gradual progression to partial
and full weight bearing was allowed, depending on
radiographic evidence of healing. The follow up of
patients was managed in an integrated out-patient clinic
where they were seen by the surgeon, the oncologist and
physiotherapist in one setting. The patients were seen
every three months during the first two years, followed
by every four months in the third year and 6 months up to
five years from surgery, then yearly.

At the latest follow-up, a radiographic panoramic view
of the lower limbs was performed to examine limb-length
discrepancy and to assess physeal growth. Functional
outcome was assessed using MSTS scoring system.
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Postoperative complications recorded were infection, non-
union, fracture and articular degeneration. Complication
treatment and outcome were analysed.

Allograft’s survival, with allograft removal and
prosthetic replacement as end point, was assessed using
the ‘survfit’ function from the Kaplan-Meier ‘survival’
package in R, an open source application for statistical
computation (20, 21).

RESULTS

At an average follow up of 103 months (12-167),
18 patients (82%) were alive and 4 had died (18%).
Seventeen patients were continuously disease free
(77%) and one was alive with no evidence of disease.
Three patients died of disease and 1 died of another
cause (leukaemia).

The patient who was alive with no evidence of
disease presented a local recurrence 8 months after
primary surgery which was treated with surgical
excision with wide margins. After 17 months from
primary surgery, pulmonary metastasis was detected.
Open surgical metastatectomy was done followed by
chemotherapy treatment. At last follow up, after 142
months from primary surgery, this patient was alive
with no evidence of disease.

Distal femur

Sixteen patients with an average age of 11
years (8 to 15) underwent osteoarticular allograft
reconstruction of the distal femur. Four patients died

DA. CAMPANACCI ET AL.

at 1, 5, 6 and 8 years from primary surgery. Average
length of resection for distal femur reconstruction
was 16.1 cm (12 to 20). There were 2 infections in
the distal femur series, both healed after surgical
debridement. One patient developed infection after
10 months from primary allograft reconstruction.
Complete healing of the infection was observed after
surgical debridement and the complication did not
compromise the osteotomy union.

The second patient presented a post-operative
wound dehiscence after revision surgery with a
composite prosthesis (preserving the allograft) for
painful joint degeneration after 7 seven years from
primary surgery. Out of twelve surviving patients,
ten achieved primary union of the osteotomy with
fusion time ranging between 10 to 17 months (mean
13 months). One patient presented a delayed union
with resorption of the medial side of the allograft
observed at 24 months. This complication was
treated conservatively and eventually satisfactory
union was observed at follow up. One patient
developed a non-union with hardware failure at 24
months. Implant revision with screws replacement
and autologous iliac crest bone grafting was
performed. Subsequently progressive union of the
osteotomy was observed. Allograft fracture occurred
in 6 patients. The average time to fracture was 91
months (35 to 142).

All patients underwent surgical revision
with allograft removal and modular prosthesis

FIG. 2. Distal femur Osteosarcoma in an 8 years old girl. A, B): Coronal and sagittal view of pre-operative MRI
showing tumour extension through the growth plate into the epiphysis; C): Anatomical matching between distal femur
allograft and resected specimen of the distal femur.
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FIG. 3. Proximal tibia Ewing sarcoma in a 10 years old boy. A): A-P radiographic view of the tumour before neoadjuvant
chemotherapy; B): Coronal view of preoperative MRI showing epiphyseal involvement; C): Postoperative radiograph
showing osteoarticular allograft reconstruction with periarticular plate osteosynthesis.

reconstruction in 4 cases and lengthening prosthesis
in two cases. The lengthening prosthesis was used
in two patients with shortening of 6 cm in one case
and 6.5 cm in one case. A non-invasive expandable
prosthesis was used and in both patients the
lengthening process was still ongoing at time of
writing. Epiphysiodesis of the contralateral knee was
performed in 2 cases. In these two cases, the final
length discrepancy at skeletal maturity of lower limbs
was 3 cm and 4 cm respectively. At the time of the
last review of 12 surviving patients, 11 had achieved
skeletal maturity. In four patients the allograft had
been replaced by modular prosthesis and in two
patients by expandable prosthesis.

Average limb length discrepancy after modular
prosthesis revision was 2.3 cm (0 to 4) while in
patients with expandable prosthesis the lengthening
process was still ongoing at time of writing. Six
patients still had the allograft in situ and average
limb length discrepancy was 3.1cm (0 to 5).

Proximal tibia

Six patients, 4 males and 2 females with an
average age of 12 years (7 to 14), underwent
proximal tibia reconstruction. One patient was lost
at follow-up since he went back home abroad. The
average length of resection was 14.6 cm (9 to 17).
All 6 patients were alive and continuously disease

free at the last follow up. Two patients presented
a wound dehiscence with superficial infection
within 2 months from allograft implantation. Both
cases required a surgical debridement followed by
rotational flap coverage of medial gastrocnemius and
skin graft. After revision, the wound successfully
healed in both cases. One non-union of the osteotomy
was observed at 24 months which was successfully
treated with autologous bone graft augmentation. The
average time to union of the osteotomy site was 11.5
months (9 to 14). Four patients presented an allograft
fracture, two patients after 5 years and two after 6
years from primary surgery. All 4 patients underwent
surgical revision with allograft removal and modular
prosthesis reconstruction in 3 cases and lengthening
prosthesis in 1 case. The non-invasive lengthening
prosthesis was implanted in a patient who underwent
primary surgery when she was 7 years old and
eventually developed 5.5 cm shortening at 14 years
of age. The fractured allograft was replaced with
a non-invasive expandable prosthesis, which was
converted to a definitive implant after lengthening.
One patient, currently after 5 years from primary
surgery, is under evaluation for painless articular
degenerative changes. All 6 patients achieved
skeletal maturity and, at final follow-up, limb length
discrepancy ranged from 0 to 3 cm (average 2 cm
over 5 evaluable patients).
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Fifteen patients were available for MSTS
functional evaluation. The average MSTS score for
the whole series was 25.1 (83.7%). The MSTS score
of patients after revision with prosthetic replacement
was 24 (80.0%) while patients who still had the
allograft retained had an average MSTS scores of
26.8 (89.3%).

The overall allograft survival was 79.6% at 5
years and 45.8% at 10 years. Distal femur allografts
showed a longer survival than proximal tibia
allografts (86.2% vs 62.5% at 5 years and 59.1%
at 10 years vs 31.2% at 67 months respectively)
(P<0.0065) and these data are in line with results
from previous publications. Fig. 4 and 5 show the
Kaplan-Meier graphs. A comparison of results from
similar studies is shown in Table II.

DISCUSSION

The knee joint (distal femur and proximal tibia)
is the most frequent site of occurrence of primary
bone tumours in children. When there is no tumour
extension inside the joint space and an intra-articular
resection can be performed with safe surgical
margins, osteoarticular massive allograft can be used
for reconstruction. Other reconstructive solutions
in paediatric age include rotationplasty, arthrodesis,
lengthening prosthesis and allograft-prosthesis
composites. Except rotationplasty, which can be
considered a definitive solution, all techniques used
for knee joint reconstruction in growing children
represent the first step of a limb-salvage project
which will be followed by other surgical or non-
surgical corrective steps.

Last generation expandable prosthesis are very
attractive for the non-invasive electromagnetic
device allowing lengthening in outpatient setting.
However, the device dimension can be a problem
in younger children and the minimum resection
length required may lead to unnecessary loss of bone
stock. Osteoarticular allograft of the knee have the
advantage to preserve patient’s healthy bone stock
and to preserve the integrity of adjacent growth
plate in paediatric patients. Due to the high rate of
mechanical complication reported with osteoarticular
allograft reconstruction around the knee, currently
allograft-prosthesis composites or modular prosthesis
are preferred for knee reconstructions in adults.

DA. CAMPANACCI ET AL.

On the other hand, in paediatric age osteoarticular
allografts of the knee are still considered a valuable
reconstructive option. The reconstruction provide
an excellent function during the time of growth,
a limitation of limb shortening (preserving the
integrity of adjacent growth plate) and, in case of
failure, it can be definitively replaced at skeletal
maturity with a modular prosthesis. During growth,
limb length discrepancy may be furtherly limited
by contralateral epiphysiodesis, and in case of very
young children with consistent final shortening, a
lengthening prosthesis may be implanted at skeletal
maturity.

This study has limitations. One limitation is the
inclusion of both distal femur and proximal tibia in
the same series, but we decided to analyse both sites
to allow a comparison of the outcome of different
reconstructions. Another limitation is the limited
follow up (average 103 months) but all patients
except one had reached skeletal maturity at latest
control and the data allowed an evaluation of the
functional outcome and limb length discrepancy at
the end of growth.

Excellent oncologic results were achieved in the
present series of patients, all affected by high grade
primary malignant bone tumours. Local recurrence
was observed in 4.5% of cases and 77% of patients
were continuously disease free at final follow up.
The overall functional results of evaluable patients
at final follow up after skeletal maturity showed
an average MSTS score of 84%. Functional score
was higher in patients who were still having the
allograft in situ as compared to the patients who had
the allograft replaced by a prosthesis. Following
the revision with allograft replacement by an
endoprosthesis, the major functional improvement
achieved is joint stability. However, the surgical
trauma of the procedure, especially if associated to
an intraoperative limited lengthening (1-2 cm), may
lead to a decrease of range of motion if compared
to the preoperative status. Moreover, it is common
that osteoarticular allografts of the knee provide
an excellent function to the patient until a major
complication leads to a failure requiring surgical
revision.

A non-union of the osteotomy was observed in
14% of cases. Other studies have reported a non-
union rate of the allografts ranging from 9% to 20%
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Fig. 4. Overall osteoarticular allograft survival

considering prosthetic revision as end point.

(8, 12, 16, 17). Union of the allografts depends on
the host bone osteoinductive ability to repair the
gap, a process that can be substantially delayed by
chemotherapy (3). All patients in this series received
both neoadjuvant and adjuvant chemotherapy. The
fixation stability and the adequate contact between
the allograft and host bone are also affecting the rate
of union. In all patients of this series a transverse
osteotomy was performed and a compression
plate was used for fixation. One non-union healed
spontaneously with time, while in 2 cases union was
achieved after screw replacement and autologous
cancellous bone graft apposition.

Mechanical failure is a frequent complication of
massive allograftreconstructions and in osteoarticular
allografts most frequently the fracture involves
the articular surface. Progressive degenerative
changes of the joint space are usually observed
eventually leading to a subchondral collapse (18). In
literature, a fracture rate ranging from 9% to 45%
was reported in osteoarticular allografts. All 22
patients in this series had the same mode of fixation,
a long compression plate spanning the entire length
of the allograft. Intramedullary cement was used
to improve mechanical strength in 16 cases but no
correlation was found between the use of cement and
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the incidence of allograft fracture. In distal femur
reconstructions, 6 fractures of the allograft were
observed, 1 at diaphysis and 5 at articular level. The
distal femur fracture of the diaphysis occurred in one
patient at 3 years after primary allografts fixation.
Articular fractures of the distal femur occurred at
an average of 7.5 years from primary surgery. In
the proximal tibia series no diaphyseal fracture
was observed. The 4 fractures that occurred in the
proximal tibia group were all at the articular region.
The average time to the documented radiographic
collapsed of the tibia articular surface was 5.5 years.
All these patients had the allograft removed and
replaced with endoprosthesis. Another patient who
still has the proximal tibia allograft retained has
radiographic signs of articular surface degeneration
and is currently under observation. According to
other reports on osteoarticular allograft, articular
fractures and failures requiring revision were more
frequent in proximal tibia than in distal femur.
Considering that in proximal tibia replacement both
meniscus are resected and replaced with allogenic
tissue, it can be postulated that retaining the native
meniscus in distal femur replacements could delay
the degenerative process of the articular cartilage
of the allograft allowing a longer survival of the
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reconstruction.

The overall infection rate for the whole series
was 18%. However, we did not encounter any
deep infection that warranted for allograft removal
both in the distal femur and proximal tibia group.
As expected, the infection rate in the proximal
tibia (33.3%) was more than twice that of distal
femur (12.5%). All infections healed after surgical
debridement, requiring an additional rotational
flap coverage in the 2 cases of tibia reconstruction.
Other published studies have reported infection rates
between 4.5% to 20% in massive allograft surgery
(3,16, 17, 19). According to the literature and on the
basis of our results, primary medial gastrocnemius
rotational flap coverage with or without skin graft is
recommended in proximal tibia reconstructions.

At the time of writing, all but one of 18 surviving
patients had attained skeletal maturity. Six distal
femur and 4 proximal tibia patients had their
allografts replaced with mega prosthesis (expandable
prosthesis in 3 cases). Two patients were still in
the lengthening process while the remaining eight
patients had an average final limb length discrepancy
of 2 cm, ranging from 0 to 4 cm. Eight patients still
had the initial allografts construct in situ with an
average limb length discrepancy of 3 cm, ranging
from 0 to 5 cm.

In conclusion, osteoarticular massive allograft
reconstruction of the knee after bone tumour resection
in growing children was successful in providing an
excellent functional result with a limited final limb
shortening. Due to the high mechanical failure
rate of the reconstruction, this procedure has to be
considered a temporary solution until the age of
skeletal maturity when the allograft can be eventually
replaced by a definitive prosthetic implant.
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DOES TOTAL KNEE REPLACEMENT MODIFY FLEXION AXIS OF THE KNEE ON
FRONTAL AND AXTAL PLANE REGARDLESS FROM LIMB ALIGNMENT?
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The optimal reference for rotational positioning of femoral component in total knee replacement
(TKR) is debated. Navigation has been suggested for intra-op acquisition of patient’s specific kinematics
and functional flexion axis (FFA). The main purpose of the present study is to prospectively investigate
whether pre-operative FFA in patients with osteoarthritis (OA) and varus alignment changes after TKR
and whether a correlation exists between post-op FFA and pre-op alignment. A navigated TKR was
performed in 108 patients using a specific software to acquire passive joint kinematics before and after
TKR. The knee was cycled through three passive range of motions (PROM), from 0° to 120°. FFA was
computed using the mean helical axis algorithm. The angle between FFA and surgical TEA was determined
on frontal (af) and axial (¢?) plane. The pre- and post-op hip-knee-ankle angle (HKA) was determined.
Post-op FFA was different from pre-op FFA only on frontal plane. No significant difference was found on
axial plane. No correlation was found between HKA-pre and a*-pre. A significant correlation was found
between HKA-pre and a"—pre. The study concluded that TKR modifies FFA only on frontal plane. No
difference was found on axial plane. Pre-op FFA is in a more varus position respect to TEA. The position
of FFA on frontal plane is dependent on limb alignment. The present study has demonstrated TKR
modifies the position of FFA only on frontal plane. The position of FFA on axial plane is not dependent
on the amount of varus deformity and is not influenced by TKR. Level of evidence, IV, case series.

Rotational alignment of the femoral component
is fundamental to obtain a correct tibio-femoral
(TF) and patello-femoral (PF) kinematics after total
knee replacement (TKR) (1-4). Malrotation of the
femoral component reduces implant survivorship
and impairs functional results (1). Many reference
systems and anatomical landmarks have been
suggested to improve accuracy in the positioning
of components but they demonstrated to have a low

repeatability and a high intra- and inter-observer
variability (3, 5-8). Therefore, the optimal surgical
references to optimize rotational positioning of the
femoral component during a TKR are still debated.
Navigation has been suggested to improve
accuracy of implant positioning and to reduce the
number of outliers in frontal and axial alignment
(9-12). In any case, the accuracy in the acquisition
of the anatomic landmarks used to plan implant
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positioning depends on the surgeon’s experience (13-
14). Furthermore, the use of navigation in TKR has
failed to provide superior clinical results and implant
survivorship compared to conventional procedures
(15-16).

Despite these limitations, navigation has been
recently used for intra-operative acquisition of the
patient’s specific kinematics and to describe the
individual functional flexion axis (FFA) according to
different mathematical algorithms (17). Its reliability
in determining femoral component rotation in a TKR
has been demonstrated in a cadaveric model (17) but
not in vivo. Moreover, no data is reported in literature
regarding FFA modification after a TKR compared
to pre-operative condition, nor whether a correlation
exist between pre-operative limb alignment and
post-operative FFA.

The main purpose of the present study was to
prospectively investigate whether pre-operative FFA
of the knee in patients with end-stage osteoarthritis
(OA) and varus alignment changes after TKR. The
secondary purpose was to determine whether a
correlation exists between post-operative FFA and
the amount of pre-operative varus deformity.

MATERIALS AND METHODS

A unilateral cruciate-retaining (CR), mobile-bearing
(MB) TKR (Gemini-Light, Waldemar Link, Hamburg,
Germany) was performed in a series of 108 consecutive
patients with primary knee osteoarthritis (OA) and a
Kellgren/Lawrence (K/L) (18) score of at least 4 points in
the Authors’ institution between 2008 and 2010. The study
was approved by the Institutional Review Board and all
patients provided their informed consent before surgery.

Demographics and  pre-operative  radiographic
evaluation of limb alignment are resumed on Table I.

Preoperatively, all patients had weight-bearing antero-

Table 1. Demographics and pre-operative alignment.
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posterior (AP) and latero-lateral (LL) long film radiographs
(19). We assumed a hip-knee-ankle angle (HKA) greater
than 180° to be a valgus knee and a HKA less than 180°
a varus knee (20). Twelve patients with valgus alignment
were excluded from the study to avoid data dispersion
due to the non-normal distribution of limb-alignment in
patients with OA and because of kinematics abnormalities
in patients with valgus knees (21-25).

Acquisition protocol

A surgical navigation system (BLU-IGS, Orthokey,
Lewes, Delaware) (26) and a specific software (KLEE,
Orthokey, Lewes, Delaware) (27) were used to acquire
anatomical landmarks and passive joint kinematics (28).
Anatomical and kinematic data were collected by the
two Senior Authors after medial parapatellar arthrotomy
before anterior cruciate ligament (ACL) and meniscal
removal and after cementing final implant. Data were
analyzed off-line using the Matlab software (Mathworks,
Natick, MA, USA). The joint coordinate reference system
(JCS) was defined according to Cole et al. (29) and Grood
and Suntay (30). Anatomical landmarks acquired during
the procedure are shown on Fig. 1. The functional hip joint
centre (HJC) was identified through a pivoting motion, as
described by Siston et al. (31).

For the femoral anatomical reference system, the
proximal-distal (PD) axis was defined with the femoral
mechanical axis (32) i.e., the line connecting HIC and
the deepest point in the femoral notch (FN), as defined
by Bertin (33). The medial-lateral (ML) axis was defined
as the surgical transepicondylar axis (TEA) i.e., the line
connecting the medial sulcus of the medial epicondyle
(FME) and the lateral epicondyle (FLE), defined as the
most lateral prominence of the lateral femoral condyle (6-
7). The cross product between the PD- and ML-axis was
defined as the anterior-posterior (AP) axis (Fig. 1).

For the tibial anatomical reference system, the PD
axis was defined as the tibial mechanical axis i.e., the

VARIABLE VALUE
Sex (M/F) 42/66
Age* (years) 71 +4 (62-84)
Limb (right/left) 48/60
BMI* (kg/m?) e
HKA-pre* 174.7° + 3.4° (168.1°-178.2°)

M: male; F: female; BMI: body mass Index; HKA-pre: preoperative hip-knee-ankle angle; HKA-post: post-operative
hip-knee-ankle angle; *:values are expressed as meantSD with range in brackets.
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line connecting the tibial spine point (TS) and the point
equidistant between the medial (MM) and the lateral (LM)
malleoli. The AP-axis was defined as the projection of
tibial tuberosity point (TT) to the PD-axis, and the ML-
axis, as the cross product between PD-axis and ML-axis

(28) (Fig. 1).

FFA acquisition

The knee was cycled through three complete passive
range of motions (PROM), from full extension to 120° of
flexion and back to full extension, before and after implant
positioning.

For each patient, the pre-operative FFA acquisition
was performed after medial parapatellar arthrotomy,
with intact menisci and ACL, using a temporary suture
repair to reduce the patella in its anatomical position.
In all acquisitions, the movement was performed while
maintaining the femur elevated with one hand and holding
the foot in neutral position with the other hand, without
superimposing any additional load (26, 28).
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Fig. 1. Anatomical landmarks acquired and joint
coordinate reference system with femoral and tibial PD,
ML and AP axis.
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FIG. 2. a, b): The angle between FFA and surgical TEA
on frontal and axial plane before TKR implantation, c,
d): illustrates the angle between FFA and surgical TEA
after final implant positioning; The drawing illustrates
a significant modification of FFA position with respect
to TEA only on frontal plane and underlines that pre-
operative FFA is in a more varus position respect to TEA.

The FFA was computed using the mean helical axis
algorithm (34). The angle between FFA and surgical TEA
was determined on frontal (af-pre) and axial (o*-pre)
plane (Fig. 2).

Navigation was used to determine implant positioning.
Femoral component rotational positioning was determined
averaging Whiteside line and surgical TEA (4, 5) without
considering PCA. After final implant positioning and
capsular closure, post-operative FFA acquisition was
performed, repeating the same movement and FFA was
again computed. The angle between FFA and surgical
TEA was again determined on frontal (of-post) and axial
(o-post) plane (Fig. 2).

A varus position of FFA, with respect to surgical TEA
in the frontal plane, was assigned a negative value, while
a valgus alignment of FFA to TEA was assigned a positive
valgus. For axial plane, we assumed negative values to
describe a more internally rotated position of FFA with
respect to surgical TEA, while more externally rotated
position of FFA with respect to surgical TEA was assigned
positive values (Fig. 2).

Data Analysis

The Grood and Suntay algorithm (30) was used to
decompose instantaneous rotations and displacements,
in order to describe the relative motion of the tibial
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Table I1. Pre-operative and post-operative angles between FFA and TEA on frontal and axial plane and limb alignment.

VARIABLE | PRE-OP POST-OP A P COMMENT

REDUCTION OF VARUS POSITION

aF# 39°+59°  |-07°:58  [32°+11.7° |<0.0001 |RESPECT TO TEA ON FRONTAL

PLANE

NOT  SIGNIFICANT  INCREASED

aA# 0.8° + 5.6° 0.0° + 4.6° 0.8°+102° [0.0539 |INTERNAL ROTATION RESPECT TO
TEA ON AXIAL PLANE

e o REDUCTION OF VARUSALIGNMENT

HKA* 174.7° £3.4° 1179.3°£2.4° 1400 580 |<0-0001 |16 HAVE ANEUTRAL MECHANICAL
(168.1°-178.2°) | (178.9°-184.5°) ALICNMENT OF TER

Pre-op: pre-operative; Post-op: post-operative; A: variation, p. significancy; aF: angle between functional flexion axis
and surgical transepicondylar line on frontal plane; aA (TEA: trans-epicondylar axis): angle between functional flexion
axis and surgical transepicondylar line on axial plane; HKA: hip-knee-ankle angle; #: values are expressed as mean+SD;
*: values are expressed as meantSD with range in parentheses.

frame with respect to the femoral one. Knee kinematics
during PROM were described by computing the means
of instantaneous flexion—extension (FE), internal-external
(IE) and varus—valgus (VV) rotations as the cardian
decomposition in the JCS.

Starting from the instantaneous helical axes (IHA),
elaborated for each PROM using the least square approach
(35), the mean helical axis (MHA) was computed and
defined as the functional flexion axis (FFA) (34).

Statistical analysis

Descriptive statistical analysis was performed to
evaluate data distribution both on pre- and post-implant
values. Angles were described by means and standard
deviations. The paired Student’s ¢-test was performed to
investigate whether a correlation exists between af-pre
and of-post and between a*-pre and a*-post. The Pearson
correlation was used to test if a relationship exists between
of and o”, before and after implant positioning, and pre-
operative limb alignment determined with the HKA
angle. Statistical significance was set to 95% (P=0.05) for
all the tests.

RESULTS

The post-operative FFA after TKR was different
from the pre-operative FFA only on frontal plane.
No significant difference was found between pre-
operative FFA and post-operative FFA on axial plane
in a 0° to 120° PROM (Tab. II). The angle between
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Fg. 3. Chart shows no correlation between pre-operative
limb alignment and preoperative FFA on axial plane.

pre-operative FFA and surgical TEA was -3.9°+£5.9°
on frontal plane (af-pre) and 0.8°+5.6° on axial plane
(ar-pre) (Fig. 2, Table II).

No correlation was found between HKA-pre
and o*-pre (Fig. 3; Tab. III), while a significant
correlation was found between HKA-pre and of—pre
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Fig. 4. Chart showing a linear correlation between limb
alignment and pre-operative FFA on frontal plane.

(Fig. 4; Tab. III).

The value of of-post was -0.7°+5.8° and the value
of a*-post was 0°+4.6° (Table II, III). No correlation
was found between HKA-pre and af-post or o*-post
(Tab. III). Pre- and post-operative values of limb
alignment are reported on Table II.
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DISCUSSION

The optimal surgical reference to optimize
rotational positioning of the femoral component
during a TKR is still debated. Navigation has
been suggested to improve accuracy of implant
positioning and to reduce the number of outliers in
frontal and axial alignment (9-12).

Nevertheless, previous studies (17, 36) have
demonstrated poor reproducibility of navigation
when the TEA is used as a reference to set femoral
component rotation. Conversely, other reports (13,
27) have demonstrated that TEA remains the gold
standard among anatomical landmarks.

Recently, kinematically derived knee flexion
axis has been suggested as a more reproducible and
reliable reference to optimize femoral component
positioning in TKR (17, 37-39) over conventional
anatomical references. To the best of our knowledge,
no study has demonstrated a correlation between
kinematically derived FFA and conventional surgical
TEA reference in navigated TKR. Therefore, the
purpose of the present study was to investigate
whether pre-operative FFA of the knee in patients
with end-stage OA and varus alignment changes
after TKR. The secondary purpose was to determine
whether a correlation exists between pre- and post-
operative FFA and the amount of pre-operative varus
deformity.

Our study has several limitations. 1): valgus

Table III. Correlation of aF-pre, aF-post, oA-pre and a-A-post with pre-operative alignment.

VARIABLE | VALUE | HKA PRE-OP* | p COMMENT
PRE-OPERATIVE FFA POSITION ON FRONTAL
aF-pre# 3.9°45.9° 0.0445 | PLANE IS MORE VARUS RESPECT TO TEA IN
PATIENTS WITH HIGHER VARUS ALIGNMENT
o PRE-OPERATIVE FFA POSITION ON AXIAL PLANE
aA-pre# 0.8°+5.6° | 174.7°+3.4 0.9825 | NOTINFLUENCED BY AMOUNT OF VARUS
(168.1°-178.2°) DEFORMITY

aF-post 077558 0.9698 | bOST.OPERATIVE FFA POSITION ON FRONTAL
o AND AXIAL PLANE NOT INFLUENCED BY

a-A-posts 0°+4.6 0.9472 | AMOUNT OF VARUS DEFORMITY

HKA PRE-OP: pre-operative hip-knee-ankle angle (TEA: trans-epicondylar axis); p: variation, aF-pre: preoperative
angle between functional flexion axis and surgical transepicondylar line on frontal plane; aA-pre: pre-operative angle
between functional flexion axis and surgical transepicondylar line on axial plane; aF-post: post-operative angle between
functional flexion axis and surgical transepicondylar line on frontal plane; aA-post: post-operative angle between
functional flexion axis and surgical transepicondylar line on axial plane; #: values are expressed as mean + SD; *: values

are expressed as mean + SD with range in parentheses.
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patients were not included. As suggested by Akagi
et al. (40), in valgus knees a hypoplasia of the lateral
condyle exists and modifies the femoral rotation
throughout the ROM. Further investigation is going
on to have a sufficient sample size of patients with
primary OA and pre-operative valgus deformity;
2): FFA position was referred to the position of the
surgical TEA on both frontal and axial plane. No CT
scan was used to confirm surgical TEA position with
respect to anatomical and ct-TEA. The comparison
between surgical, anatomical and CT-TEA was not a
purpose of the present study. Nevertheless, surgical
TEA is widely accepted as gold standard for intra-
operative rotational positioning of the femoral
component with a non minimally-invasive approach,
with good direct visualization of the epicondyles
(7, 25, 41-45); 3): no comparison was performed
with other anatomical landmarks used for rotational
positioning of the femoral component during
TKR i.e., the posterior condylar axis (PCA), the
Whiteside’s Line (5) and the anterior trochlear line
(4, 46). Further investigation is needed to compare
FFA with different rotational landmarks for femoral
component positioning; 4): no comparison between
different prosthetic designs was performed. Using
a posterior stabilized (PS) design or a fixed bearing
implant could have lead to different results; 5):
pre-operative FFA acquisition was performed after
medial parapatellar capsulotomy. Oussedik et al.
(39) and Doro et al. (17) have already demonstrated
that FFA is not influenced by this surgical exposure.
Further investigation is needed to underline a
possible contribution of capsule on FFA of the native
knee; 6): no comparative study with an age matched
control group with normal knees was performed.
This is an intrinsic limitation of using a navigation
system requiring rigid pins fixed to the bone. Colle et
al. (37) have previously demonstrated that OA affects
knee kinematics only on frontal plane comparing
OA patients with an ACLR control group, that can
be assumed to have a kinematic similar to a normal
knee (47-49).

The present study supports these findings, since a
difference between pre- and post-operative FFA was
demonstrated only on frontal plane.

Considering three dimensional lower limb
alignment also on sagittal and axial plane could have
lead to different results. As already underlined by
Oussedik et al (39), kinematically determined FFA
could be influenced by tourniquet use and absence
of active muscle contraction in the patient under
anaesthesia. Further investigation is needed to
evaluate the contribution of active muscle contraction
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to knee kinematics.

We did not analyse different flexion ranges
separately, where the knee joint could present
different motion patterns, i.e. the “screw-home”
mechanism (50-52). Siston et al. (53) previously
found a reduced screw-home motion in TKA
patients respect to the pre-operative OA knees and
an abnormal varus-valgus rotation in early flexion
using a PS design. Further data analysis could reveal
if different flexion ranges require different finite
helical axis to describe the relative motion of the
femur and the tibial.

Ligament release was not quantified and final
FFA acquisition was performed after that ligament
balancing was considered optimal by the operating
surgeon.

Despite these limitations, to the best of our
knowledge, the present study is the first report
to demonstrate in vivo that TKR modifies FFA in
patients with end stage OA only on frontal plane,
while no difference was found between pre- and
post-operative FFA on axial plane.

The angle between pre-operative FFA and TEA
was -3.9°45.9°, underlining that pre-operative FFA is
in a more varus position respect to TEA. Moreover,
no correlation was found between HKA-pre and a*-
pre while a correlation was found between HKA-
pre and af-pre. The present study does not confirm
the findings of Asano et al. (6) who determined a
fixed functional axis corresponding to the surgical
TEA during a 0° to 90° flexion in 9 healthy knees
using a biplanar image-matching technique. Knee
OA has been defined an “extension-gap disease”
by Repicci et al. (54, 55) to underline that cartilage
and subchondral bone erosion are mainly present on
the weight-bearing surface of the medial femoral
condyle.

Post-operative FFA position on frontal plane may
be influenced by this wear pattern and by neutral
mechanical alignment of the implant. On axial plane,
the absence of wear on the posterior aspect of the
medial femoral condyle and its circular shape are not
altered by femoral component implantation. Whether
a complete restoration of a neutral mechanical
alignment is the optimal solution is a matter of debate
(56-61). Further investigation is needed to determine
whether a kinematic alignment of current prosthetic
designs (58) or different implants with asymmetrical
surfaces for the medial and lateral condyles are
viable options to improve TKR kinematics.

In conclusion, the present study has demonstrated
that the position of FFA on frontal plane is dependent
on limb alignment and that TKR modifies the
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position of FFA only on frontal plane. The position
of FFA on axial plane is not dependent on the amount
of varus deformity and is not influenced by TKR.

10.
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PAIN MANAGEMENT AFTER TOTAL KNEE ARTHROPLASTY: THE GOOD, THE BAD
AND THE UGLY

A. SPINARELLI, L. MORETTI, G. MARELLA, G. SOLARINO,
G. MACCAGNANO and B. MORETTI

Department of Neuroscience and Organs of Sense, Orthopaedic and Traumatology Unit,
University of Bari, General Hospital, Bari, Italy

Improvement in pain management after knee replacement surgery has made progress in the last years,
improving the results of this type of operation. Among these techniques, multimodal have shown the best
results. In this study we try to compare the results of a combination of intravenous analgesia (IA), oral
controlled analgesia (OCA) and periarticular injection (PAI) with our traditional protocol consisting in
intravenous analgesia and femoral nerve block (IA/FNB). One-hundred patients, undergoing primary
unilateral total knee arthroplasty between June 2014 and June 2015 were randomized into 2 groups.
Mean patient age was 69.4. The first group received the intravenous analgesia combined with continuous
femoral nerve block, while the second group received the new combined protocol. We used the same
technique with standard medial parapatellar approach for all patients and they all received pre-emptive
analgesia and postoperative pain protocols. All patients were interviewed daily postoperatively at 3 days,
at discharge and at 3 months. The 2 groups had a similar discharge period (traditional group 7.3 days,
combined group 6.9 days). In both groups, the results indicated no statistical difference in regards to rest
and continuous passive movement. Pain on ambulation was the only category that was statistically lower

in the PAI/IA/OCA group compared to traditional group.

Routine knee replacement surgery is burdened
with important postoperative pain. This pain affects
the patient emotionally and affects functional
recovery (1). Good pain control increases patient
satisfaction in the post operative period, helps
functional recovery and decreases hospitalization (2,
3, 4).

Early rehabilitation with little pain decreases
the risk of complications such as DVT, PE, urinary
retention and respiratory complications. The post-
operative analgesia in this type of surgery is usually
multimodal and includes various methods: epidural
analgesia, opioids, peripheral nerve blocks, intra-
articular and intrasynovial opioids, oral analgesics
and local anaesthetics (5, 6, 7).

Multimodal pain management is the use of
multiple agents that act at different sites on the pain
pathway (8). Over the last year, our multimodal pain
management protocol after TKA has undergone
several changes using various agents to reduce
postoperative pain, including the adoption of
pre-emptive  analgesia, intravenous analgesia,
femoral nerve block, the use of local periarticular
injections and the introduction of a comprehensive
postoperative pain protocol (9, 10).

The purpose of this study was to compare the
results of an oral combined analgesia (OCA),
intravenous analgesia (IA) and periarticular injection
(PAI) to a combination of IA and femoral nerve block
(FNB) in a prospective, randomized control trial.
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MATERIALS AND METHODS

The local Ethics Committee approved the trial and all
patients gave written informed consent. Prior to surgery,
patients were informed about the surgical anaesthetic
method they would receive and about the study and post-
operative processes and written consent was obtained.

Patients were included if they had to be operated
on for unilateral knee replacement with a diagnosis of
primary knee OA and agreed to participate in the study
and respecting the procedures. The exclusion criteria was:
American Society of Anaesthesiologists (ASA) grades
IV/V, liver dysfunction, liver disease, kidney disease,
severe heart failure, obesity (body mass index>40,
neuropathic pain, allergy to local anaesthetics.

Patients  with  deformities >15° of varus,
valgus or flexion contracture were excluded.
All operations were performed under pneumatic tourniquet
by the same surgical team, using the standard anterior
median longitudinal skin incision and medial parapatellar
approach. The same prosthesis (Nexgen® Knee System-
Posterior Stabilized; Zimmer®Warsav, Indiana, USA)
was used in all patients.

All patients received similar pre-emptive analgesia
and spinal anaesthesia with 25G needle and 10-12 mg
levobupivacaine and postoperative pain protocols.

100 patients (100 knees) undergoing primary unilateral
TKA between June 2014 and June 2015 were included in
the study. The 2 groups were demographically similar for
sex, age, body mass index and race.

A.SPINARELLI ET AL.

The study group included 42 men and 58 women with
a mean age of 69.4 years (range, 58-85 years). Patients
were randomized into 2 groups: the first group (A)
received the IA/FNB protocol, and the second group (B)
received the PAI/IA/OCA. All patients were interviewed
daily postoperatively for the first 3 days, at discharge and
at 3 months. Time for discharge criteria was recorded,
including adequate pain control without significant side
effects, stable vital signs and achievement of physical
therapy criteria. A validated postoperative numeric rating
pain scale (VAS) was used to determine the level of pain.

Data were statistically analysed using SPSS software
(v. 10.0; SPSS Inc. Chicago, IL, USA). Student’s
t-test, Mann-Whitney U-test, and y2 test were used for
comparisons. Significance was set at p<0.05.

A pre-emptive analgesic regimen consisting of 1 gr
acetaminophen, 50 mg tramadol, 8mg Dexamethasone
and lgr tranexamic acid (for bleeding) was administered
to each patient within 1 hour pre-operatively.

In post-op for A, the protocol for FNB included a
bolus of 25 cc levobupivacaine. The IA consisted of
an elastomeric pump with 40 mg morphine, 120 mg
ketorolac and 20 mg metoclopramid for 48 hours. From
the third day to discharge pain was treated on demand
with acetaminophen 1 gr.

The second group received intraoperative injections
(PAI) administered prior to cementation. The cocktail
included a combination of 150 mg levobupivacaine and
2g tranexamic acid (for bleeding). This was injected
in posteromedial structures, lateral structure patellar

Table 1. Post-operative pain and rest, continue passive motion and ambulation (VAS).

Group A

Pre-op 8.16+0.73
Rest

I 3.52+1.41
11 2.12+0.73
111 1.79+0.59
CPM

1 5.63+1.27
11 5.21£1.07
111 3.57+0.97
Ambulation

1 5.10+£1.50
11 4.87+1.26
111 4.20+1.19
3 Months 1.12+0.57

Group B p
8.43+0.32 0.26
2.21£1.26 0.111
0.96+0.92 0.293
0.44+0.87 0.94
5.21+1.32 0.19
4.74£1.19 0.112
3.60£1.12 0.58
4.70+1.89 000
3.87+1.81 000
2.91+1.03 000

1.09+0.63 0.40
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and quadriceps tendon, the periarticular synovium, the
posterior capsule, anteromedial capsule, periosteum,
iliotibial band and subcutaneous plane. It was not injected
in the posterolateral corner to prevent injury of the
peroneal nerve.

Next step consisted of the same IA like group A.
After 48 hours and until 7 days post-op, OCA consisted
of 10 mg oxycodone controlled release twice daily, 1 gr
acetaminophen twice daily and ketorolac intravenously
(only for breakthrough pain).

All patients received 4000 IU of low-molecular-
weight heparin for deep vein thrombosis prophylaxis from
12 hours post-surgery for a total of 35 days.

RESULTS

At 3-months follow-up no infections or
complications occurred and no reoperations were
necessary. No statistical difference (P<05) existed
for time of discharge between the 2 groups (IA/
FNB group 7.3 days, IA/OCA/PAI group 6.9 days).
Numeric pain rating scales were statistically lower in
the IA/OCA/PAI group on postoperative day 1-2-3
and at discharge for pain on ambulation. However,
for every other category (rest, continuous passive
motion) on postoperative day 1 and on postoperative
day 2, 3 and discharge, both groups were statistically
similar (P<05).

At 3-month follow-up, no statistical differences
existed in regards to pain on ambulation and rest
(Table I).

DISCUSSION

Post-operative pain control is an important
aspect in the field of orthopedic surgery, especially
in total knee replacement, especially in relation to
the rehabilitation phase. An acute postoperative
pain not adequately treated leads to homeostatic
alterations and cardiovascular, kidney and respiratory
complications, as well as anxiety, changes in sleep
patterns and mental disorders (11, 12). Adequate
treatment of postoperative pain contributes
significantly to the reduction of perioperative
morbidity, measured as incidence of postoperative
complications and hospital days and costs, especially
in patients at high risk (ASA III-V), that undergo
major surgery (13, 14).

The transmission of pain

impulses takes
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place through various chemical mediators and
neural structures involved in pain perception, for
this reason the pain control can be applied in a
satisfactory manner with the use of pharmacological
substances with different mechanisms of action (15,
16). Multimodal therapy is therefore based on the
synergy of different drugs and different methods of
administration, combining opioid analgesics with
non-opioid analgesics (NSAIDs, acetaminophen)
and other classes of drugs, steroids and local
anaesthetics administered neuraxial or perineural
and pre-emptive analgesia (17). Pharmacologically
we speak of enhancement synergy, where two drugs
act on different receptors in which the effect obtained
is greater than the sum of the effects of the two drugs
individually (18). This phenomenon can result in a
reduction of the dosage of the two drugs and also a
significant reduction in side effects. We know that the
simultaneous use of nonsteroidal anti-inflammatory,
COX2, acetaminophen and corticosteroids reduce
the opioid dose needed to achieve effective control
of postoperative pain.

A common option for perioperative pain control
is intravenous analgesia (intravenous pump) (20).
Several patients who experienced rebound pain
after pump removal negatively influenced our
initial experience with a 24 h intravenous pump
infusion. As a result, we extended the duration of the
intravenous pump infusion to 48 h. A combination
of intravenous pump infusion and FNB with or
without oral controlled analgesia was later used.
However, these techniques led to several side effects
including nausea, vomiting, ileus, urinary retention,
pruritus, hypotension, bradycardia, cognitive
changes and quadriceps weakness (21). As aresult, a
perioperative multimodal approach was designed to
optimize narcotic usage.

In a randomized clinical trial, Busch, et al.
demonstrated that a periarticular intraoperative
injection  containing  ropivacaine, ketorolac,
epimorphine and epinephrine decreased visual
analogue scores for pain and increased scores
for patient satisfaction after TKA (22, 23).
Furthermore, their technique reduced the use of
PCEA postoperatively. Milani, et al. suggest that
periarticular anesthetic protocol with a ropivacaine
1% 20mL additive is not superior to oral and
intravenous analgesia in patients undergoing TKA
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in post-operative pain control, operated limb edema
reduction and post-operative mobility improvement
(6). Kutzner, et al. recommended perioperative
treatment with an intra-articular catheter system
that is an easy technique and ensures a markedly
faster ambulation following TKA, compared to the
treatment with continuous FNB (24).

Our practice has evolved using a multimodal
protocol that uses pre-emptive analgesia, local
periarticular injections, and a postoperative pain
protocol to minimize the dramatic effects of pain. In
addition the use of IA/OCA/PAI avoids numerous
complications associated with FNB and minimize
the risk of postoperative falls that is very high
in patients who had FNB. The risk of peripheral
neuropaty or toxicity after FNB has been clearly
described. (25, 26).

CONCLUSION

The results of this study show that a proper
multimodal pain management with intravenous
elastomeric pumps, oral analgesics and periarticular
injection according to precise patterns could play an
important role in the immediate postoperative period
after TKA improving patient satisfaction. However
the results after three months are similar but patients
who received multimodal treatment TA/OCA/PAI
have a memory of the surgery more pleasant than the
group treated with [A/FNB.
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Over the past few decades, spine disorders have become a major health concern and the number of
spinal surgical procedures has been rising significantly. Several biotechnologies and biomaterials are
often used in spine surgery to increase the effectiveness of the treatment. In the degenerative spine,
when conservative treatment is ineffective the most recommended surgical procedure is decompression
followed by spinal fusion. Success rates of spine fusion extensively rely on bone grafts peculiar properties.
Autograft has been considered the gold standard to achieve a solid fusion but current research is focused
on the development of new biomaterials. Osteoporosis is the main cause of vertebral compression
fractures that are significantly associated with pain and disability, especially in the aging population.
Vertebral augmentation is a minimally invasive approach in which cement is injected into the vertebral
body to stabilize the fracture. New cements are being developed in the clinical scenario with reabsorbable
properties and biomechanical features more similar to the native bone. The development of disc
regeneration strategies such as nucleus pulposus restoration and annulus fibrosus repair may represent
a minimally invasive procedure towards regeneration rather than fusion. Therefore, biomaterials and
tissue engineering are fields of growing interest among both surgeons and manufacturing companies,
with a major involvement in spine surgery. This review discusses current and novel biotechnologies and

biomaterial used in spine surgery employing fusion, augmentation and regeneration.

Over the past few decades, spine disorders have
become a major health concern since the number of
surgical procedures performed to treat traumatic,
degenerative, infective, inflammatory, neoplastic
and iatrogenic diseases involving the spine has
been raising significantly (1, 2). Thus, several
biotechnologies and biomaterials are often used in
spine surgery to increase the effectiveness of these
surgical procedures.

Generally, in degenerative spine the decision to
proceed with surgery is made when conservative
treatment is ineffective in relieving back pain or
leg pain due to radiculopathy, myelopathy or spinal
stenosis. In this regard, the most recommended

surgical procedure is decompression followed by
spinal fusion. The primary aim of fusion is to obtain
a functional and structural unity between affected
spinal segments, thence leading to a significant loss
of local flexibility. Success rates of spine fusion rely
extensively on bone grafts’ peculiar properties: to
date, autograft has been considered the gold standard
to achieve a solid spinal fusion, even though donor
site morbidity remains a crucial issue that cannot
be disregarded. Current research is focused on
the development of new biomaterials that might
overcome these disadvantages, while retaining
the fundamental features needed to yield spinal
arthrodesis.
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Osteoporosis is the main cause of vertebral
compression fractures thatare significantly associated
with pain and disability, especially in the aging
population. Vertebral augmentation (vertebroplasty
or kyphoplasty) is a minimally invasive approach
in which cement is injected into the vertebral body
to stabilize the fracture. Cement is also utilized to
increase the stability of pedicular screws used for
spinal instrumentation in the osteoporotic spine.
New cements are being developed with reabsorbable
properties and biomechanical features more similar
to the native bone.

Overall, research in spine surgery is mainly
oriented towards the development of disc
regeneration strategies such as nucleus pulposus
(NP) restoration and annulus fibrosus (AF) repair.
Therefore, biomaterials and tissue engineering
are of growing interest among both surgeons and
manufacturing companies, with a major involvement
in spine surgery.

This review will discuss current and novel
biotechnologies and biomaterial used in spine surgery
employing fusion, augmentation and regeneration.

Spinal Fusion

After spinal decompression is performed,
arthrodesis is the fundamental surgical procedure
to provide stability of the spine, in furtherance of
treatment of diseases affecting primarily facet joints
and intervertebral disc (IVD).

Successful outcomes strictly depend upon
biocompatible substrates and specifically selected
approaches, according to the spinal segment to be
fused. Spinal fusion is ultimately accomplished
through the implantation of bone grafts into the
intervertebral space after discectomy (i.e. interbody
fusion), between the transversal processes or beside
facet joints (i.e. posterolateral fusion). Fusion sites
are then stabilized by specialized instrumentation,
in order to achieve a complete and long-lasting
arthrodesis.

Spinal fusion healing is a complex process that
starts with an inflammatory response triggered by
graft incorporation. Fibroblast-like cells then begin
to secrete structural proteins and soluble factors that
promote angiogenesis and synthesis of a fibrovascular
stroma. Growth factors released within the matrix
inducechemotaxisanddifferentiationofmesenchymal
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stem cells (MSCs) into chondroblasts, which lead
to cartilage formation. Vascular invasion marks the
transition from the cartilaginous intermediate to
new bone tissue through endochondral ossification,
driven by osteoblasts. Successively, necrotic tissue
and immature bone undergo resorption through the
action of osteoclasts, thus forming the new haversian
systems of mature cortical bone by a process termed
“creeping substitution”. Further bone remodeling is
characterized by cortical rim thickening, increase in
bone marrow activity and formation of secondary
spongiosa. The whole process is generally completed
in a year (3).

Pseudoarthrosis, which indicates a pathological
nonunion of spinal segments causing pain and
mechanical instability, is one of the most common
complications encountered in spine surgery (4).
Pseudoarthrosis rate subsequent to spinal fusion
ranges from 5% to 35% and is determined by different
variables, such as affected spinal segment (cervical
or lumbar), number of involved levels (single or
multiple), fusion site (interbody or posterolateral),
instrumentation utilized and patient related factors
(e.g. age, tobacco use, metabolic disorders etc.) (4).

An ideal bone graft should show three
fundamental properties: 1) osteogenesis: ability to
stimulate bone formation by osteoblasts activation;
2) osteoinduction: process by which growth factors
induce chemotaxis and differentiation of MSCs into
osteoblasts; 3) osteoconduction: process by which
bone tissue adapts to a surface and grows within its
tridimensional structure (5).

Autograft

Autologous bone graft harvested from the iliac
crest has historically been considered the gold
standard in bone grafting for spinal fusion. Indeed,
it yields a remarkable osteo-conductive matrix
constituted by type I collagen and hydroxyapatite,
which carries osteogenic cells within a growth
factors-rich environment.

As an autologous specimen, autograft does not
suffer from poor histocompatibility, rejectability
or any risk of disease transmission. Moreover,
its corticocancellous structure shows suitable
biomechanical properties to support physiological
loads in spine.

On the other hand, donor site morbidity remains
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a major concern being the most likely complication
associated with autologous bone grafting. It includes
prolonged post-operative pain, hematoma, infection,
gait, bruising, ureteral injury, peritoneal perforation,
pelvic fracture, vascular and neurological injury,
poor cosmesis, increased operative time and blood
loss (5).

Overall, a systematic review has shown an
average fusion rate of 77% subsequent to autograft
implantation (6).

Less commonly, cortical autografts have been
derived from the fibula, the clavicle, the manubrium
and the ribs, while cancellous substrates can be
obtained from Gerdy’s tubercle, the distal portion of
the radius and the distal portion of the tibia.

Local bone grafting from laminectomy and
facetectomy has also been proposed as a valid
alternative to avoid donor site complications (5).
However, certain studies have reported lower fusion
rates with local bone graft compared to autograft
due to inadequate cortical/cancellous rate and high
content of soft tissues (7).

Allograft

Allogeneic bone graft harvested from cadavers
is to date the most common alternative to autograft
in spine surgery. However, even if we exclude
autografts most notable issues related to donor site
morbidity, it suffers from significant disadvantages,
such as immunogenicity and risk of disease
transmission (especially HBV, HCV and HIV).
Donor serologic screening, attentive processing and
specialized harvesting techniques are needed to abate
these complications, albeit heterogeneity of donor
population makes allograft efficacy difficult to be
standardize.

Allograft are available in two different
preparations: mineralized (fresh-frozen or freeze-
dried) and demineralized. Fresh-frozen substrates
show high osteoconductivity and appreciable
osteoinductivity, while lack osteogenic properties
due to osteoprogenitor cells death subsequent
to processing and transplantation. Moreover,
fresh-frozen grafts are likely to maintain their
original biomechanical features. Freeze-dried
grafts are poorly osteoinductive and sufficiently
osteoconductive, whereas they are characterized by
compelling loss of initial biomechanical strength (in
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particular against bending and torsional forces) due
to lyophilisation processing. According to different
preparation procedures, freeze-dried allografts are
available in three main formulas: cortical, cancellous
and particulate. Cortical bone yields structural
and mechanical stability while it undergoes slow
revascularization and resorption; cancellous and
particulate preparations, on the other hand, lack
mechanical support but are promptly vascularized
and resorbed.

Cortical allografts have been successfully adopted
in single-level ACDF and anterior lumbar interbody
fusion (ALIF), with fusion rates comparable to those
achieved after autograft implantation (8). Cancellous
and particulate bone grafts are generally used as
autograft extenders in posterior spinal fusion, most
notably to treat thoracolumbar deformities (9).
However, allograft use has been associated with
increased pseudoarthrosis and collapse rates (10),
kyphotic deformity and delayed union if compared
to autograft, especially in multi-level approaches

(11).

Xenograft

Animal allografts use was firstly reported by
Maatz and Bauermeister (12), who obtained bone
grafts from cows, now commercially purchasable as
Kielbone and Surgibone.

Xenograft implantation is associated with
relevant issues concerning immunogenicity, low
biocompatibility and disease transmission, thus
increasing reoperation rates. However, Savolainen et
al. have showed no significant differences in fusion
rates comparing autograft with xenograft in 250
ACDF (13).

Demineralized Bone Matrix

Demineralized Bone Matrix (DBM) is an
allogeneic graft deprived of its mineral phase,
which is primarily composed of crystalline calcium
hydroxyapatite. ~Demineralization is achieved
through acid extraction processing, which lowers
the risk of disease transmission and allows retention
of type I collagen, non-collagenous proteins and
growth factors.

DBM is thus characterized by osteoinductive and
osteoconductive properties, whereas it does not yield
any mechanical supportbecause ofits amorphousness.
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Indeed, DBM is available in different formulas
such as putty, gel, flexible sheets or combined with
cortical chips. Association of substrates with carrier
materials (e.g. glycerol, calcium sulphate powder,
hyaluronic acid and gelatine) further improves DBM
handling characteristics, albeit occasionally altering
its osteoinductive capacity (14).

However, lack of standardization among
preparation methods and reliable assessment of
growth factors concentration, which both differ
widely among manufacturers, makes DBM actual
contribution to spinal fusion difficult to be evaluated.

Certain studies have compared the use of DBM
alone to DBM with autograft in posterolateral lumbar
fusion on animal models. Successful results were
reported, even if other authors have demonstrated
that DBM alone can not lead to spinal fusion, but
may be used as an autograft extender, in order to
obtain a more solid spinal arthrodesis (15). Moreover,
notable fusion rates were observed subsequent to
combination of DBM with a structural carrier, albeit
associated with higher rates of pseudoarthrosis and
graft collapse if compared to autograft in ACDF (16).

Ceramics
Bioceramics are biocompatible, nontoxic,
biodegradable, non-immunogenic and

osteoconductive materials currently used for several
applications in orthopaedic surgery.

Calcium phosphate (CaPO,) substrates are
the most commonly adopted in spine surgery.
Synthesis occurs through a thermal reaction termed
sintering, in which high temperature (approximately
1000 °C) leads to formation of a polycrystalline
structure. Different processing methods have been
engineered in order to fashion products with distinct
biomechanical, chemical and structural features. In
this regard, porosity should be designed to promote
cell infiltration, attachment and neovascularization.
The inverse correlation between pore size and
biomechanical strength must be taken into account
as well.

Calcium phosphate substrates primarily used
include synthetic B-TriCalcium Phosphate (B-TCP)
and hydroxyapatite, which may be synthetized or
coral derived. B-TCP has been extensively utilized
as a bone filler: it is highly biocompatible and
resorbable, but shows poor structural and impact
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resistance. On the contrary, hydroxyapatite-based
ceramics are characterized by higher crystallinity
degrees and, consequently, significant biomechanical
strength, while graft resorption is remarkably slow.

Most of bioceramics currently used in spine
surgery are composed of B-TCP, hydroxyapatite
and occasionally bovine type I collagen, which
can bind growth factors such as BMP-2, thus
favoring osteogenesis. Indeed, bioceramic grafts
lack osteoinductive properties and hence need to
be combined with osteogenic substrates (e.g. Bone
Marrow Aspirates — BMA) to be possibly considered
as a valid substitute for autograft.

Several studies carried on animal models have
reported adequate spinal fusion rates using ceramic
grafts combined with BMA, while bioceramics
alone did not provide any detectable evidence
of solid arthrodesis. Likewise, clinical studies
have confirmed the efficacy of ceramic substrates
associated with BMA; Epstein et al. have evaluated
the performance of a porous synthetic ceramic
(80% B-TCP and 20% bovine Type I collagen)
combined with BMA compared to local bone graft.
They showed spinal fusion rates of 96% and 85%
in single- and two-level instrumented posterolumbar
interbody fusion (PLIF), respectively (17).

Bone Morphogenetic Proteins

Bone Morphogenetic Proteins (BMPs) are
cytokines belonging to the Transforming Growth
Factor (TGF)-f superfamily that drive bone formation
through chemotaxis and differentiation of MSCs
into mature osteoblasts, thus leading to osteogenesis.
BMPs are classified into four subfamilies according
to their functions and analogies. BMP-2 and -7 have
been mostly acknowledged for inducing osteogenesis
(18).

BMPs are mainly released by osteoblasts,
chondrocytes and endothelial cells as active
dimers carrying a secretion signal prodomain at
the N-terminus and a cysteine-knot motif at the
C-terminus (19). Thereupon, BMPs bind to specific
receptors (sub classified as Type [ and Type 1) located
at the target cell surface. This interaction induces
hetero-oligomerisation of the receptor and activation
of the signaling pathway. This leads to subsequent
phosphorylation of a group of transcription factors
termed SMAD, which activate BMP-mediated gene
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expression (20).

To date, BMPs have been used in association
with osteoconductive materials to enhance bone graft
incorporation and bone neoformation; in addition,
these factors seem to counterbalance the inhibitory
effect of nicotine on osteoblasts activity. On the other
hand, using BMPs may cause potential side effects
such as heterotopic bone formation, pseudoarthrosis
and inflammation and swelling.

Moreover, isolation and purification processing
often results in unacceptable costs. Indeed, BMPs
are synthetized using recombinant DNA technology.
Urist firstly isolated BMP-2 and BMP-7, which are
the two recombinant forms currently approved by the
FDA (21). The combination of thBMP-2 with porous
hydroxyapatite based ceramics has been proven
effective while performing ACDF, as it yielded
appreciable stiffness rates in flexion, extension and
lateral bending tests, both in primates and goats (22).

BMPs expression can be induced through gene
therapy, which consists of linking the human BMP
DNA sequence to a vector (most frequently a virus)
capable of transfecting target cells that are further
expanded (23). This technique shows significant
advantages, such as cost effectiveness, no need
for autologous cells harvest or culture and simple
methods to assess transduction in vitro. Indeed, a
study conducted by Alden et al. on rats injected
with BMP-2 gene has reported endochondral bone
formation at 12 weeks after injection (24).

Platelet Rich Plasma

Platelet a-granules contain several growth factors,
such as TGF-B1, IGF-1, VEGF and PDGF, which
are all secreted into the Extracellular Matrix (ECM)
upon platelet activation. These soluble factors lead
to chemotaxis, mitogenesis and differentiation of
osteoprogenitor cells, hence acting as osteoinductive
factors (2).

Platelet concentrates may be easily derived
from Platelet Rich Plasma (PRP), which is obtained
through centrifugation of whole blood taken from the
patient before or during surgery (25). Thrombin and/
or calcium/chloride are added in order to achieve a
gelatinous consistency.

PRP have shown to induce chemotaxis and mitosis
of human MSCs in a dose-dependent manner both in
vitro and in vivo (2). Walsh et al. assessed the effect
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of PRP loaded into a resorbable hydroxyapatite
calcium carbonate graft or autograft in a sheep model
of PLIF. PRP associated with autograft yielded the
best outcomes among all the combinations (26).

However, clinical studies have concluded that
PRP osteoinductive properties are more difficult to
be evaluated in humans. Carreon et al. have recorded
a 25% pseudoarthrosis rate in patients treated with
PRP and autograft compared to a 17% rate in patients
implanted with autograft alone two years after
multiple-level spinal fusion surgery (27). Similarly,
Castro et al. have reported a 19% lower arthrodesis
rate while using PRP in intersomatic fusion surgery
(28).

Controversial results in animal and human studies
might be due to different reasons, such as prompt gel
resorption, low platelet concentration, presence of
inhibitory soluble factors and heterogeneity among
processing methods.

Bone Marrow Aspirate

Autologous BMA harvested from the iliac crest
yields a vast array of MSCs and growth factors,
thus enhancing graft incorporation and spinal fusion
healing due to its osteoinductive and osteogenic
potential.

Even representing less than 1% of the bone
marrow cells, MSCs are capable of both self-
renewing and differentiating into osteoblasts,
chondrocytes, adipocytes and myocytes. Higher
MSCs concentration can be obtained through BMA
centrifugation in the operating room; the concentrate
might be further combined with a PRP gel in order
to improve its handling characteristics and prevent
MSCs from diffusing away from the injection site.
Additionally, MSCs may be either expanded ex vivo
through cell culturing or directly embedded onto
implantable grafts using a concentrator.

Due to its amorphous nature, BMA needs to be
loaded into a solid scaffold, such as ceramic (14).
This association has prompted slightly inferior
fusion rates if compared to autograft. Moreover,
bone marrow concentrate efficacy has been assessed
in combination with a PRP gel on cortico-cancellous
allogeneic bone graft in cervical and lumbar fusion.
This composite material was implanted unilaterally
during posterolateral lumbar fusion, while the
allograft itself was placed in the contralateral side.
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Radiographic evaluation demonstrated higher bone
formation at the side treated with the composite
substrate (2).

Vertebral Augmentation

Vertebral augmentation, performed through
vertebroplasty or kyphoplasty, is a less invasive
and motion-sparing procedure used to stabilize a
fractured vertebra in order to reduce patient’s pain.
The aim is to restore mechanical properties of the
injured vertebra avoiding the fusion of different
motion segments.

Vertebroplasty is a percutaneous technique
that consists of an injection of acrylic cement via
cannulae into the vertebral body in order to harden
the vertebra and give it greater strength and stability.
Galibert et al. have used the procedure in 1987 with
satisfactory results to treat painful hemangiomas,
myelomas and metastatic lesions. Since then,
vertebroplasty has been extensively used to augment
pedicle screws for spinal instrumentation and to
fill cavities (29) resulting from tumor resection
in order to reduce the risk of fracture (30). The
satisfactory results obtained by these procedures
and the resulting pain relief experienced by the
patient, led to a widespread use of this technique
in painful osteoporotic vertebral fractures (31).
Indeed, the procedure has gained acceptance among
physicians and is being performed more frequently
as an alternative to nonoperative therapy in elderly
patients with osteoporotic compression fractures.
Several studies have demonstrated good clinical
results in terms of pain relief. Indeed, approximately
90% of patients with osteoporotic vertebral fractures
(32) and 60-70% of patients with various tumors
experienced pain relief after vertebroplasty (33).

While having excellent results on pain,
vertebroplasty does not enable fracture reduction and
it is associated with a higher rate of cement extrusion.
Kyphoplasty is performed to treat the pain caused by
an osteoporotic vertebral fracture by recovering the
vertebral body height and the sagittal plane loss. The
procedure consists of the placement of an inflatable
bone tamp into the vertebra in order to restore its
height and create a void which can be filled with
cement. The results of this technique are similar to
vertebroplasty in terms of pain control; with a 50-
90% restoration of vertebral height if patients are
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treated within three months of injury (34).

Polymethylmethacrylate (PMMA) bone cement
represents the most frequently injected material in
vertebral augmentation. It is supplied as a powder
of PMMA with an opacifier and the liquid MMA
monomer with hydroquinone and N,N-dimethyl-p-
toluidine in a brown glass vial to prevent UV light
initiating polymerisation. PMMA is not radiopaque;
therefore, radiopacifiers, usually barium suflate, are
added to the powder based on the different anatomical
district to be used on. In the spine, a much higher
opacity is needed to differentiate the cement from
the trabeculac. However, opacifiers have various
deleterious effects on mechanical properties of
PMMA such as reduction of the tensile strength and
toughness. Furthermore, granules of contrast agent
may initiate a macrophage inflammatory reaction
leading to bone reabsorption (35). Embolization
due to the initial leakage of cement into vertebral
and paravertebral veins during its injection has
also been described. Other potential complications
related to this substrate are linked to its exothermic
reaction as it cures, which may induce necrosis of
surrounding tissue. The various disadvantages of
using PMMA, which may hinder bone healing in
association to its not resorbable nature in vivo have
led physicians to consider alternative cements for
vertebral augmentation.

Several bioactive and bioresorbable cements are
currently under development and may be used for
augmentation allowing bone healing, being naturally
radiopaque and having a lower or nonexistent
exothermic reaction (36). However, their clinical
application must still be defined.

Calcium phosphate- and calcium sulfate- based
cements are biodegradable and break down in the
body at the same rate as new bone is formed. The
right formulation, relative amounts and ratio are still
being optimised as they may alter the injectability
and mechanical properties.

A Dbioactive cement made of glass-ceramic—
reinforced composite  material  (Orthocomp,
Orthovita, Malvern, PA) is biocompatible and able
to better restore bone properties showing a lower
exothermic reaction than PMMA. Another material
used in vertebroplasty is an Experimental Brushite
Cement (EBC). It is biocompatible and has a shear-
thinning behavior, which is favorable for injection.
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Disc Regeneration

Currently, the bases of treatment for damaged
IVD are based on symptomatic drugs, physical
therapy or surgery, which have limited success.
The novel knowledge in IVD pathophysiology,
regenerative medicine and tissue engineering holds
out the possibility of managing IVD degeneration by
normalizing the cell biology of the NP, augmenting
the disc space with bioactive hydrogels and stem/
progenitor cells, repairing the AF, reestablishing disc
height and preventing facet joints overload (37).

Stem cells therapy for disc regeneration

Several authors are currently examining the
possibility of using progenitor cells to overcome cell
loss within the degenerate disc creating in order to
restore the normal proteoglycan content (38). Stem
cell transplantation, with or without a hydrogel
carrier or porous scaffold, has also been extensively
investigated. MSCs from various sources have
been shown to restore damaged IVDs in small and
large animal models of disc degeneration (39-41).
Few reports on the transplantation of stem cells in
human patients have been published. Autologous
bone marrow derived MSCs were applied together
with collagen scaffolds in two patients undergoing
decompression surgery for spinal stenosis; symptoms
were improved and MRI outcome and disc stability
were satisfying after two years (42). In another study,
bone marrow MSCs were transplanted into [VDs of
ten patients affected by degeneration-related chronic
back pain. The treatment led to an improvement of
the symptoms for the patients and partial restoration
of the disc hydration (43). Despite these promising
results, there are drawbacks associated with MSC
based therapies. Cells collection, expansion, culture
and delivery procedures are invasive, challenging
in terms of logistics and therefore cost intensive.
Moreover, an extra surgery is required for cell
isolation.

Alternatively, endogenous stem cells or
progenitor cells (44) induce regeneration as an
important part of the natural healing process that
occurs as a physiological reaction to tissue injury.
This involves the recruitment of endogenous MSCs
towards the site of damage in response to chemotactic
factors released by the affected cells. Recently, the
recruitment of progenitor cells driven by injury
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has been shown in rat [VDs (45). Moreover, a disc
organ culture study demonstrated that degenerative
conditions induce the release of factors promoting
MSCs recruitment (46). Current research is focused
on the investigation on chemoattractant molecules
able to recruit MSCs towards the degenerated IVD
as well as a chemoattractant delivery system.

Nucleoplasty

Over the past few years there has been a growing
interest in research focused on the development
of in situ-forming hydrogels for NP regeneration.
An ideal hydrogel should not only provide a
microenvironment compatible for NP cell survival
and progenitor cells engraftment but it should also
promote tissue regeneration and have tolerable
viscoelastic properties to bear and transfer load
applied to the spinal segments. A large variety of
hydrogels have been developed and are being tested in
valid ex vivo and in vivo models (47-51). Hydrogels
have been functionalized with anabolic cytokines or
can be used in combination with progenitor cells as a
tissue engineering approach.

However, recent studies suggested that NP
replacement materials are extruded over time in most
of the cases when delivered through the annulus
fibrosus (52-55). With these difficulties in mind, we
have recently developed an alternative approach to
replace the NP through the endplate, named as the
transpedicular route (56-58). This new approach
has the potential to bring successful nucleoplasty
procedures in clinic.

Annulus Fibrosus repair

Novel strategies towards annular repair that
would significantly reduce re-herniation rate, IVD
degenerative changes and trigger healing processes
will drastically improve the quality of life of patients
undergoing discectomy. Moreover, NP regenerative
strategies are ineffective without a functional AF
able to withstand the physiological intradiscal
pressure. Therefore, new strategies to augment,
repair, or regenerate AF are strongly needed with the
attempt to both reduce recurrent disc herniation rate
and increase the effectiveness of NP regenerative
strategies (59).

Biodegradable  synthetic ~ polymers  and
biopolymers or their combination have been
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processed into different scaffolding and membranes
to be used in AF repair, some have already a long
history in the field of medical devices, while others
are newly emerging biomaterials (60-62).
Regenerative therapies, using biomaterials
scaffolds loaded with biological factors (e.g. stem
cells, growth factors) have been proposed as an
additional supplementation to AF self-repair thus
increasing longevity of the biological implant (63).
Despite promising preliminary results in in vitro and
in vivo studies, these technologies are still in their
infancy and no solution has yet reached the clinics.

CONCLUSIONS

In the past few years, the fields of biomaterials
and regenerative medicine have rapidly grown with
significant improvements applied in spine surgery.
As the volume of spine surgery continues to increase
biotechnologies and biomaterials are aiding surgeons
and patients in improving the success rates of spinal
procedures with minimal complications.

The necessity for spinal fusion is increasing and
major complications such as pseudoarthrosis may
impair its results. The continued development of
adjuncts to spinal fusion is not static. Several surgical
procedures have improved the effectiveness of this
technique. Bone substitutes have been developed
with the aim to enhance bone healing. However,
bone grafts still remain the best option, even if many
concerns result from their availability, properties,
safety and stockage.

Growth factors and PRP have attracted great
interest as adjuvants in spinal fusion due to their
biological actions, but opinions on their function and
results are still contradictory, except for BMP-2 and
BMP-7, which are valid alternatives in spine fusion.

However, spinal fusion compromises spine
biomechanics. This clearly stresses the importance
of biological approaches to disc repair. Utilizing
cells and tissue engineering processes may represent
a valid therapeutic approach offering, in the not
too distant future, a minimally invasive procedure
towards regeneration rather than fusion. IVD
regeneration through cell-based therapy could
regenerate or at least slow down IVD degeneration,
by implanting autologous cells such as MSCs.

Vertebral augmentation, performed through
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vertebroplasty and kyphoplasty, serve as a bridge
between prolonged nonoperative care and open
surgical procedures being a highly effective
treatment for pain control with minimal risks to
patients. However, new biocements and biomaterials
need to be developed to better integrate and mimic
biomechanical properties of the spinal segment.
Future may bring safer and more efficacious
biomaterials and biotechnologies, however, it
is crucial to have in-depth understanding of the
principles of the different categories and their
essential properties as well as their clinical
effectiveness. Surgeons need to have the information
to carefully and critically evaluate the best treatment.
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SILVER COATED PROSTHESIS IN ONCOLOGICAL LIMB SALVAGE SURGERY
REDUCE THE INFECTION RATE
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M. A. ROSA? and G. MACCAURO'
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Silver coatings, used in many surgical devices, have demonstrated good antimicrobial activity and
low toxicity. Oncological musculoskeletal surgery have a high risk of infection, so in the last decades,
silver-coated mega-prostheses have been introduced and are becoming increasingly widespread. In this
study, a retrospective analysis of 158 cases of bone tumors, primary or metastatic, treated between 2005-
2015 with wide margins resection and tumor implants reconstruction, was performed. The average age
was 59 years (range 11-78 years), the same surgeon with antibiotic prophylaxis according to a standard
protocol treated all patients. Silver-coated prostheses were implanted in 58.5% of patients and uncoated
tumor prostheses in the remaining 41.5%. Patients were re-evaluated annually and complications were
recorded, focusing analysis on infective complications. The average follow-up was 39.7 months: 23.4%
of patients died at a median time of 35.3 months after surgery; 18.4% developed complications that
required new surgery, of which 12.6% of these were due to infection. Patients treated with silver-coated
implants developed early infection in 2.2% of cases against the 10.7% of the patients treated with
standard tumor prosthesis. This difference between the two groups was statistically significant. The
percentage of late infections occurring from 6 months after surgery was similar in both groups. Silver
blood level taken in a sample of patients at different times after surgery, always showed values well below
the threshold of toxicity and no patient showed any sign of local or general toxicity secondary to silver.
Our study demonstrates that tumor silver-coated implants have a rate of early infection significantly
lower than traditional implants, while there were no differences in the rate of late infections as described
also in the literature. We recommend the use of silver—coated prosthesis as primary implants for limb
salvage surgery in primary or metastatic bone tumors, considering the absence of toxicity and the lower
rate of early infection.

Limb salvage surgery following primary or
metastatic bone tumors is the treatment of choice
in young and old patients with an acceptable life
expectancy. Literature shows good survival and
functional results with this kind of technique.

Prosthetic reconstruction achieves the best
possible level of function in patients who need a

wide resection for malignant tumor. The approach to
this treatment is more and more frequent thanks to
earlier diagnosis and to improved surgical technique
and implanted device. However, among the most
common possible severe complications to this kind
of treatment are: deep infections implant failures,
periprosthetic fractures, dislocations and tumor
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relapse (1, 2).

Oncological patients are often debilitated by
tumor itself, chemotherapy or concomitant illness
regarding other organs and the large implants
surface is predisposed to bacterial colonization.
Rate of infection in this case of treatment ranged
from 10-40% with great variability depending
on the site of replacement, the age, the resection
dimension, the primary malignant tumor involved.
Preventing periprosthetic infection is therefore of the
utmost importance considering that when there are
concomitant poor soft tissue conditions, secondary
amputation is sometimes inevitable. Many options
were proposed to prevent infections in this kind
of surgery. Systemic treatments have a significant
role and many intra and perioperative antibiotics
prophylaxis have been proposed (3, 4). It is not easy
to demonstrate a statistically significant supremacy
among antibiotic prophylaxis proposed, but is
mandatory to choose one according to the infectious
disease specialist indications.

Associated treatment like antibiotic local washing,
medicated devices or metals with antimicrobial
activity have been studied for years by many authors.
Among the metal with antimicrobial activity, silver
has garnered much interest due to its excellent
antimicrobial activity coupled with low toxicity (5).
Different medical devices exploiting the properties of
silver are now also available in orthopedics surgery.
Silver coated tumor endoprostheses was introduced
in medical practice almost 25 years ago with the
aim of treating local periprosthetic infections. In
literature we can find descriptions of severe early or
late general sign of silver toxicity following silver-
coated prosthesis implantation in animals or humans.
Only few case reports showed local sign of toxicity,
like dermal argyria (6).

Considering the above-mentioned results, silver-
coated mega-prostheses have recently been proposed
as first implant in oncological limb savage surgery in
order to prevent onset of infection. In the Orthopedic
and Traumatology Division of “A. Gemelli Hospital”
(Catholic University of the Sacred Heart, Rome) the
use of silver-coated prosthesis as first implant in this
kind of surgery began in selected case almost 15
years ago and in the last years involved more and
more patients, showing good functional and survival
results. To improve functional results and faster
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Fig. 1. Soft tissue reconstruction using Trevira
Tube® after proximal femur resection and silver-
coated implant.

recovery our surgical technique involves the use of
Trevira Tube® to guarantee soft tissue and capsular
reconstruction as described by other authors (7) (Fig.
1).

The aim of this study was to compare the risk
of infection in patients treated with silver-coated
prosthesis to patients treated with uncoated tumor
implants.

MATERIALS AND METHODS

A retrospective review was performed, analyzing all
patients affected by primary or metastatic bone tumors,
treated with wide margin resection and mega-prostheses
reconstruction by the same surgeon between 2005-2015
in the Orthopedic and Traumatology Division of “A.
Gemelli Hospital” (Catholic University of the Sacred
Heart, Rome) with a minimum of 6-month follow-up.

The overall population counted 158 patients, treated
with limb salvage surgery, 71 males and 87 females.
Patients who had previous surgery on the tumor site were
excluded. The average age was 59.3 years old (range 11-
78 years), all patients followed an antibiotic prophylaxis
according to a standard protocol. In 62 cases the disease
for which the patients had been treated was a primary
bone tumor, in the remaining 96 cases it was secondary
to a metastatic disease, among them the most common
primary tumor was breast, urogenital and thyroid cancer.
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Fig. 2. Post-operative Xray after proximal and distal femur
resection and reconstruction with silver coated modular
prosthesis (MUTARS® Implantcast Ltd, Buxtehude,
Germany).
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The primary bone tumors were osteosarcoma in 19
patients; in 17 Ewing sarcoma/primitive neuroectodermal
tumor; in 14 chondrosarcoma; in 6 malignant fibrous
histiocytoma of the bone; in 6 locally advanced stage
I giant cell tumor of the bone. Eleven patients had
pathologic fractures.

In 93 cases (58.5%) patients were implanted silver-
coated modular prostheses (MUTARS® Implantcast
Ltd, Buxtehude, Germany) (Fig. 2). Uncoated titan
modular tumor prosthesis (MUTARS ® Implantcast Ltd,
Buxtehude, Germany) were implanted in the remaining
part partients.

In the silver-coated prosthesis group, the anatomical
site of resection was proximal femur in 33 cases, distal
femur in 19 cases, total femur in 3 cases, proximal tibia
in 13 cases, proximal humerus in 18 cases, diaphysis in
1 case, pelvis in 4 cases, distal radio in 1 case and distal
tibia in 1 case. In the uncoated tumor prosthesis group
the resection site was proximal femur in 25 cases, distal
femur in 15 cases, total femur in 1 case, proximal tibia in
10 cases, proximal humerus in 10 cases, diaphysis in 3
cases and distal tibia in 1 case (Table I).
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Prox Tibia

Prox Humerus

Total Fermnur

Dist Fermur
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Proo Femur
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Table 1. Anatomical site distribution in silver-coated prosthesis group and in uncoated tumor prosthesis group.
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All patients received the same antibiotic prophylaxis
consisting in 2 mg Cefazolin administered 30 min before
surgery followed by 1 mg every 12 h in the three post-
operative days. The dimension range of the bone resection
was between 10 cm and 70 cm. All patients underwent
radio and/or chemotherapy and/or other surgeries as
per the indications of the Oncologists of “A. Gemelli
Hospital” (Catholic University of the Sacred Heart,
Rome). The average time of hospitalization was 11.7 days
(min 4 days- max 73 days).

The patients were checked at follow up, 1, 3, 6 and 12
months post-surgery and then once a year. The average
follow up was 39.7 months (range 12-114 months). Only
the data recorded in the last follow up available were
analyzed, considering that 23.4 % of patients died on
average 35.3 months post-operative (6 from primary bone
tumor and 31 from metastasis). In 18.4% of the cases,
severe complications that contemplated the necessity to
perform a second surgery for implant failure, dislocation,
tumor relapse, or infection, were registered. Among
these complications, 20 cases of deep infection were
registered. Infection was diagnosed clinically and with
laboratory values (C-reactive protein) in the presence
of pus and/or if the leukocyte count in fluid aspirated
from the periprosthetic cavity was >1,700/10,000 cm3
(8). A statistical study with a multivariate analysis was
performed on the cases of infection in order to analyze the
risk factors involved in the infection onset.

Early infection was defined as an infection that
required second surgery before 6 months from the first
surgery. When necessary, the patients underwent antibiotic
treatment based on microbiological exams, according to
expert infectious disease doctors’ indications. The overall
average time of infection was 12.4 months after surgery.

The aim of the study was to compare the rate of
infections in the group in which silver coated prostheses
were implanted versus the group in which standard titan
megaprostheses were implanted. The association of
gender, age, histology, anatomical site, resection size,
time of infection, associated therapy (radio/chemotherapy
or other surgery), second surgery for other complications
and use of Trevira Tube® were examined. Significance
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was set at p<0.05.

Close clinical surveillance was observed at each follow
up to monitor the risk of local or general silver toxicity.
Silver blood level was taken in a randomly selected sample
of 10 patients for each group, at different times after surgery
in order to prevent potential systemic risks.

RESULTS

The two groups were homogeneous in all the
characteristics considered. Of the overall population
of 158 patients, 20 cases of periprosthetic infection
were recorded, corresponding to 12.65% of all
cases. Nine cases occurred in the silver-coated
prosthesis group that showed a risk of infection of
9.7%. Eleven cases of deep infection were recorded
in the group in which uncoated titan prostheses
were implanted (16%). Overall, the different risk
level of infection between the two groups was not
statistically significant but silver-coated prostheses
showed a slightly lower risk.

The multivariate analysis showed no statistically
significant difference between the two groups for
gender, age, histology, anatomical site, resection
size, associated therapy, second surgery for other
complications and use of Trevira Tube®. A resection
bigger than 30 c¢cm, concomitant complications and
use of Trevira Tube® seem to be negative prognostic
factors but the small number of cases involved did
not allow the study to obtain a statistical significance.

The only significant differences between the
two groups were related to the onset of infection.
In the group treated with silver-coated implants, 2
cases (2.2%) underwent second surgery for infection
before 6 months after surgery, while in the other
group early infection occurred in 7 cases (10.7%).
The comparison between the two groups showed
evident statistical significance (p<0.05). Late
infection occurred in 7 patients treated with silver

Table I1. Early infection occurring before 6 months after the first surgery was significantly lower in silver-
coated prosthesis group. No difference were detected between the two groups for late infection risk.

Early infections

Silver coated

o
tumor prostheses 2(22%)

Titan uncoated

(1)
tumor prostheses 7 (10.7%)

Late infections Total
7(7,5%) 9 (9,7%)
4 (6,2%) 11 (16%)
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coated prostheses (7.5%) and in 4 patients treated
with uncoated prostheses (6.2%). No statistically
significant difference for late infection risk was
detected in the two groups (Table II).

Patients never showed local or general signs
of secondary toxicity to silver exposition at the
considered times. Wider resection and silver blood
level values taken on 10 patients in each group were
also well below the threshold of toxicity in every
sample.

DISCUSSION

Periprosthetic  infection of megaprostheses
continues to be a frequent and major complication in
orthopedic oncology. The results of our study show
that the development of prosthetic silver coatings
can significant lower early infection rates compared
to the uncoated titan tumor prostheses. Currently,
many practices limit periprosthetic infection through
modern operating rooms with laminar airflow,
systemic antibiotic treatment and routine screening
for multi-drug-resistant bacteria that become common
cause of infection. The production of an effective
inhibition are through antimicrobial silver-coated
surface may be useful to prevent the adherence of
organisms (allowing leaching of silver off the coated
surface) (9, 10), not only on the coated surface but
also for a variety of host-derived adhesins, such as
fibronectin, fibrinogen, fibrin and laminin, that exist
within the biofilm layer (11, 12). .

Many authors demonstrated that the silver coating
of a prosthesis can decrease the infection rate due to
the release of silver ions that produce an inhibition
zone and the resulting coated prostheses are more
likely infection-resistant in vivo (13, 14, 15). In this
study, the silver coating also showed a protective
role, especially in early infection but the protective
effect is no longer present in late infections. This is
likely related to wear of the silver coating, which
apparently occurs on average around 2 years after
implantation. In our experience, silver coating wear
appears evident even in visual macroscopic analysis
of different explanted prostheses. The theory is that
the silver coating loses effect by that time due to
physiological mechanical erosion although further in
vivo studies are required in order to obtain a scientific
confirmation and to establish how long silver-coated
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can be considered protective after implantation.

It remains unclear if silver coating could lead
to other types of infection (e.g., time of infection,
virulence) or to more frequent soft-tissue infections.
In literature, leukocyte scintigraphy demonstrated
increased uptake, particularly in the superficial
soft tissues. In our view, this can be explained by
active free silver ions, binding to proteins, become
inactivated (silver ions could build complexes
with serum albumin) (16). In these areas, the silver
coating is unable to develop an adjuvant effect as
demonstrated by Schierholzetal. (17). Freesilverions
may precipitate in albumin-containing environments
(e.g., hematoma), leading to concentrations that are
too low for bactericidal effects to be achieved. In our
study, rate of infection was not significantly related
to these kinds of complications or to the dimension of
the resection, probably because of the small number
considered. However, we feel that we can confirm
the theory that the surgeon must avoid hematoma
and poor muscle coverage of the prosthesis, which
results in superficial wound healing problems and
bacterial colonization; for these reasons we routinely
use from one to three wound drainages up to 2 days
after surgery.

Patients with a relatively large amount of
released silver ions show a faster decrease in
the inflammatory marker CRP, even if is unclear
whether the concentration of released silver ions in
the immediate surroundings of the prosthesis has an
influence on the clinical course.

In comparison to other metals with antimicrobial
activity (like copper, cadmium, mercury) (5, 18),
silver has shown good antimicrobial activity and low
toxicity. Silver toxicity has been reported to occur at
serum levels as low as 0.3 mg/mL and manifests as
argyria, leukopenia and alterations in renal, hepatic,
and neural tissues (19, 20). Thus, it is prudent to
incorporate silver on the surfaces of the prostheses
in adequate concentrations to reduce bacterial
adherence but not high enough to cause systemic
toxicity. In our study, no patient ever showed local
or general sign of toxicity secondary to silver ions
exposition and in literature only few case of dermal
argyria are described after this kind of surgery.

Lastly, the economic factor has to be considered.
The silver-coated megaprosthesis is admittedly
5-7% more expensive than the uncoated prosthesis
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(14). However the significant decreased period of
hospitalization and the decreased revision surgeries
rate must be taken in consideration as relevant cost
factors, as demonstrated by other authors (21, 22).

CONCLUSIONS

Our data suggest that considering the lack of sign
of toxicity and the statistically significant lower rate of
early infection, silver coated megaprosthesis are safe
and useful to improve the clinical outcome in limb
salvage surgery. Therefore, we recommend the use of
silver-coated prosthesis as primary implants in all limb
salvage surgery in primary or metastatic bone tumors.
A complete eradication of risk of infection with silver
coating is unrealistic therefore, in absence of any
statistical evidence we suggest avoiding hematoma and
wound-healing disturbances by achieving sufficient
muscle coverage of the prosthesis. In the future, more
studies are necessary to confirm these results and to
study for how long a time after implantation, silver
coating has a protective role in vivo.
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