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Abstract

Recent progress in multidisciplinary therapies for osteosarcoma promises the
ability to perform successful limb salvage surgery. Endoprosthetic reconstruc-
tion following resection of a bone tumor has a history of more than 70 years, and
modern endoprosthesis provides intraoperative flexibility to fill the bony defect
and structural stability to allow for immediate weight bearing. Although pros-
thetic reconstruction has become a standard surgical technique, there remain
many unresolved problems.
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9.1 Introduction

Osteosarcoma is an aggressive malignant neoplasm that exhibits osteoblastic dif-
ferentiation and produces malignant osteoid [1]. It is most prevalent in children and
young adults. Because of the advances in imaging, surgical techniques, and adju-
vant chemotherapy protocols, osteosarcoma patients have had a considerable
improvement in prognosis during the past 25 years [2-5]. Recent progress in
these multidisciplinary therapies had made it possible to perform successful limb
salvage surgery, which is considered to be the standard procedure for the majority
of patients with osteosarcoma involving the extremities (Fig. 9.1) [2, 6-9].

In this chapter, I review the advantages of endoprosthetic reconstruction and the
history of endoprosthesis in Europe, the USA, and Japan and point out issues and
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Fig. 9.1 Overview of the endoprosthetic reconstruction for extremity osteosarcoma. A radiogra-
phy (a) and a MR image (b) indicated the osteosarcoma of the distal femur (yellow triangle).
Osteosarcoma of the distal femur was resected with wide margin including surrounding muscles
(c) and reconstructed using distal femoral endoprosthesis (d). Postoperative radiographic finding
showed the good alignment of the reconstructed lower extremity without aseptic loosening (e)

perspectives associated with endoprosthetic reconstruction following the wide
excision of osteosarcoma located in the extremities.

9.2 Advantages of Endoprosthetic Reconstruction

There are three types of reconstruction strategies used for the massive bone defect
that is left following the resection of osteosarcoma. The first strategy is biological
reconstruction, including allogeneic bone grafting, autologous recycled bone
grafting, and vascularized bone grafting [10]. The second reconstructive strategy
is prosthetic reconstruction, and the third is reconstruction using recycled bone/
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allograft-endoprosthesis composite [11]. Biological reconstruction has a major
advantage with respect to durability, when the graft bone is implanted into the
intercalary defect of the long bone after resection of a diaphyseal bone tumor
[10]. However, because most osteosarcoma arises in the meta-diaphysis of the
long bones, the surgical indications for biological reconstruction are limited to
special cases of osteosarcoma patients [1]. Thus, prosthetic reconstruction has
become the standard surgical technique in developed countries.

Various types of prostheses have been developed and applied for the reconstruc-
tion of a bone defect after tumor resection. The current models of prostheses include
modular segments, a wrought stem, a kinetic rotating hinge around the knee,
circumferential porous coating around the endoprosthesis at the bone—prosthesis
junction, and loopholes for soft-tissue attachment [12]. The advantages of the
current modular prostheses include durability, intraoperative flexibility to fill the
bony defect, and structural stability to allow for immediate weight bearing [12—15]
(Fig. 9.1).
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9.3  History of Endoprostheses in Europe and the USA

In 1943, the first metallic endoprosthesis was implanted into the proximal femur
after resection of a giant cell tumor of bone by Austin Moore and Harold Bohlman
in the USA [16]. This first endoprosthesis was made of a cobalt—chromium (Co—Cr)
alloy. The Stanmore endoprosthesis also has a long clinical history of development
and was first implanted in 1949 [17, 18]. It was a custom-made endoprosthesis with
cemented fixation. The GUEPAR endoprosthesis (Benoit-Gerrard Company, Caen,
France) was a custom-made Co—Cr cemented tumor endoprosthesis with a single-
axis hinged knee which was used in France beginning in 1972 [19].

During the subsequent decades, many exploratory treatments were performed
using endoprostheses made from cobalt—chromium alloy [20-23] and other
materials, including stainless steel [24], polythene [25], and acrylic [26, 27] for
treating bone defects after tumor resection. Although orthopedic oncologists had
been interested in these tumor prostheses, these prostheses were only considered for
the treatment of patients who refused amputation, because of their low
reliability [28].

It was not until the late 1970s that endoprosthetic implants began to emerge as a
valuable treatment option in orthopedic oncology. The late 1970s was an epoch-
making turning point in the treatment of osteosarcoma. First, because of the
development of antineoplastic drugs, including high-dose methotrexate and
adriamycin, orthopedic oncologists began to use chemotherapy for osteosarcoma
[29]. Chemotherapy was initially performed as adjuvant therapy following the
removal of the primary tumor in order to kill the microscopic residual disease.
Currently, the standard chemotherapeutic treatment for osteosarcoma is a combina-
tion of neoadjuvant and adjuvant chemotherapy [29].

Second, new diagnostic imaging modalities had become available in the field of
musculoskeletal tumors. Although plain radiography is an essential modality in the
early diagnosis of bone tumors, it was not sufficient to visualize the intraosseous/
soft-tissue extent of bone tumors. Owing to the developments and popularization of
computed tomography (CT) [30] in the late 1970s and magnetic resonance imaging
(MRI) in the mid-1980s [31], orthopedic tumor surgeons could correctly evaluate
the bony and soft-tissue extension of tumors [13, 30, 31]. Progress in limb salvage
surgery and endoprosthetic reconstruction of bone defect was based on the
advances in imaging modalities and chemotherapy protocols.

Because the advances in imaging modalities and chemotherapy protocols
enabled the safe tumor excision in the latter 1970s, limb-sparing surgery using
endoprosthetic reconstruction was expected to become a realistic surgical proce-
dure. To provide patient-specific endoprostheses that could be modified during
surgery without the cost and delay of a custom endoprosthesis, modular systems
were developed. Prior to the development of modular systems, physicians were
unable to provide an optimal-fitting endoprosthesis during surgery. Modular
systems allowed surgeons to use components with the best size and length for
each patient (Fig. 9.2).
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Fig. 9.2 Modular prosthesis for the reconstruction of the bone defect following the resection of
extremity bone tumor. Owing to the development of modular prosthesis, physicians can provide an
optimal-fitting prosthesis during surgery. The indicated system is the Kyocera Modular Limb
Salvage system (KMLS system)

The first clinical application of a modular ceramic endoprosthesis was indicated
for a humeral bone tumor by Salzer et al. [31]. The first modular knee prosthetic
systems were developed by Kotz in 1982 and were published as the Kotz modular
femur tibia reconstruction system (KMFTR) in 1986 [32]. Although the KMFTR
showed good clinical outcomes, the KMFTR was developed into the Howmedica
Modular Resection System (HMRS) in 1988. The HMRS had several new features,
including a porous coating on the metal surface to promote extracortical bone
bridging and one side plate on the femoral stem, and in 1996, a rotating hinge
knee was added to the system [13]. Based on the clinical success of the rotating
hinge mechanism, a new Global Modular Replacement System (GMRS), which is
the next generation of both HMRS and MRS (modular replacement system), was
developed in 2002. The GMRS has a unique cementless titanium stem made of
titanium alloy with titanium plasma spray, and its proximal 3 cm is coated with
hydroxyapatite.

Modular endoprosthetic systems thereby simplified reconstructive surgical
procedures. Stanmore Implants produced the METS proximal femur replacement
system and METS distal femoral replacement system (designed as a modular
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system) in 2001 and 2002, respectively. Since 1992, the MUTARS (Modular
Universal Tumour and Revision System, Implantcast, Buxtehude, Germany) has
been used for the treatment of major bone defects of the lower and upper
extremities. The fixation is achieved with an intramedullary stem, which can be
inserted either cementless or cemented. In the cementless version, the stem is
inserted press-fit in order to achieve sufficient primary stability. The stem has a
rough surface with a pore size of 100 pm to allow the bone to grow onto the surface.
The stem has a hexagonal cross section and is made of titanium alloy (TiAl6V4) in
the cementless version and of Co—Cr—Mo alloy in the cemented version [33].

9.4  History of Endoprosthesis in Japan

In Japan, the first prosthetic reconstruction was performed by Dr. Katayama at Jikei
University School of Medicine in January 1962, for a chondrosarcoma patient using
an acrylic hinge-type knee endoprosthesis, which was manufactured at Nemoto
Shokai (Tokyo, Japan) [27, 34]. This custom-made endoprosthesis was made from
stainless steel, with the surface covered with an acrylate resin, including the
metallic hinge axis, in order to reduce the intermetallic friction (Fig. 9.3a). The
judgment whether or not bone cement should be used for the stem fixation was left
to the surgeon’s discretion. These acrylic hinge-type knee prostheses were applied
in 35 patients between 1961 and 1969 and, thereafter, were used for more than
600 patients until 1998 after modifying the implant design and the material from
stainless steel to titanium alloy (Fig. 9.3b). Although there have been no systemic
long-term follow-up studies of this endoprosthesis, Yamawaki et al. reported a
patient who retained the endoprosthesis 40 years after the initial surgery [34].

In 1984, the KMFTR was approved by the Japanese Ministry of Health, Labour
and Welfare and was widely used for the reconstruction of bone defects after
resection of a bone tumor. However, the KMFTR was designed for Caucasian
physical constitution and was sometimes too large in size [35—40] and too heavy
in weight for Asia-Pacific patients. Therefore, Kyocera Corp. (Kyoto, Japan) made
two types of prostheses. One type of Kyocera endoprosthesis is a full ceramic
custom-made endoprosthesis, the C-TKP (Fig. 9.4a), and the other is a metallic
endoprosthesis, the PHK series (Fig. 9.4b—d). The C-TKP was a unique
endoprosthesis in that the extraosseous component was made of aluminum, and
the stem component was made of sapphire. Although the C-TKP was used from
1988 to 1994, it showed a risk of stem breakage.

In 1987, the Japanese Musculoskeletal Oncology Group (JMOG) developed an
initial prosthetic system with a unique loose hinge for distal femoral bone replace-
ment, the KYOCERA Physio Hinge Total Knee System Type I (PHK I)
(KYOCERA Corp. Kyoto, Japan) (Fig. 9.4b). However, several mechanical defects
in the hinge joint of the PHK I led to the development of the PHK II (Fig. 9.4c) with
a conventional hinge joint in May 1990. Although the PHK II had good clinical
performance, new modular endoprosthesis with a rotating hinge joint, the PHK III,
was introduced in April 1997 (Fig. 9.4d) [12]. The PHK III was designed for Asian
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Fig. 9.3 The hinge-type knee prosthesis manufactured at Nemoto Shokai (Tokyo, Japan). The
first endoprosthetic reconstruction in Japan was performed in January 1962 at Jikei University
School of Medicine. The prosthesis was acrylic hinge-type knee prosthesis (a). These Jikei-type
hinge knee prostheses were used until 1998 modifying the implant design and the material from
stainless steel to titanium alloy (b)

patients, including Japanese, who have a smaller anatomical architecture of the
knee joint. PHK III was expected to have various advantages in contrast to widely
used endoprosthesis.

The PHK III has a unique semi-rotator hinge joint which allows maximal flexion
of 142° and internal/external rotation of 5° [12]. The metallic parts of the PHK III
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Fig. 9.4 Tumor endoprostheses manufactured by KYOCERA Medical Corporation. The first
prosthesis was a full ceramic custom-made prosthesis, the C-TKP (a), which was used from 1988
to 1994. After the development of Physio Hinge Total Knee System Type I (PHK I) (b) and PHK II
(c), PHK III (d) was introduced in 1997. In April 2002, the Kyocera Medical Limb Salvage system
(KMLS system) was developed by a collaboration between the JMOG and KYOCERA Medical
Corp. (e). The PHK III remains a distal femoral prosthesis with a cement fixation stem in the
product line of the KMLS system

are made of lightweight and high-strength titanium alloy with good biocompatibil-
ity and bio-stability and allow scanning by magnetic resonance imaging (MRI). As
a result, the PHK III is extremely lightweight. For example, when the PHK III was
used for an 11 cm bony defect of the distal femur, the total weight was about 660 g,
whereas reconstruction of a 12 cm bony defect using the HMRS reaches a weight of
about 1200 g. The metallic surface of the hinge shaft and the rotator, which creates
friction between high-density polyethylenes, was fabricated using surface-
hardening treatment by azote-ionic inpouring to obtain greater durability of the
hinge joint. The rotation sleeve, plate, and shaft sleeve were made of ultrahigh
molecular weight polyethylene. A multi-institutional cooperative study by the
JMOG showed that the 5-year overall prosthetic survival rates, prosthetic survival
rate without aseptic loosening, and limb preservation rate were 85 %, 90 %, and
86 %, respectively. The mean functional score according to the classification
system of the Musculoskeletal Tumor Society was 20.5 points (68 %) [12].

In April 2002, the Kyocera Modular Limb Salvage system (KMLS system) was
developed by a collaboration between the JMOG and KYOCERA Medical Corp.
(Figs. 9.4e and 9.5) [15]. The KMLS system is a modular endoprosthesis system
which was developed for the reconstruction of a defect after resection of a tumor
located at the proximal humerus, proximal femur, distal femur, proximal tibia, or
distal humerus. The distal femoral endoprosthesis of the KMLS system has the
same mechanical construction of the prosthetic component as the PHK III
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Fig. 9.5 The overview of the KMLS system. The KMLS system is a modular endoprosthesis
system which was developed for the reconstruction of a defect after resection of a tumor located at
the proximal humerus, proximal femur, distal femur, proximal tibia, or distal humerus

(Fig. 9.44d, e), but is characterized by the addition of a cementless stem component.
The PHK III remains a distal femoral endoprosthesis with a cement fixation stem in
the product line of the KMLS system. A multi-institutional cooperative study by the
JMOG showed that the 5-year overall endoprosthetic survival rate was 80.0 %, and
the 5-year limb salvage rate was 94.5 %. The mean function score according to the
scoring system of the Musculoskeletal Tumour Society was 21.8 points (72.5 %)
[15]. This modular system provided patient-specific endoprostheses that could be
modified during surgery without the cost and delay of a custom endoprosthesis
(Fig. 9.2).

Kobe Steel, Material Ltd. (Kobe, Japan) also developed a tumor endoprosthesis
made from titanium alloy, mainly in collaboration with Kyoto University. The
K-MAX Hip System H-1 (Fig. 9.6a) was applied for the reconstruction of a
proximal femoral bone defect in 1990, and the K-MAX Knee System K-2
(Fig. 9.6b) was used for the reconstruction of a distal femoral bone defect in
1994. The K-MAX Hip System H-1 was the world’s first tumor prostheses made
of titanium alloy. Although these simple prostheses promised stable clinical
outcomes, the medical material businesses of Kobe Steel, Ltd. Material and
Kyocera Corporation was integrated, and the processing technologies of for
ceramics and metals were inherited by KYOCERA Medical Corporation.
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Fig. 9.6 The K-MAX Hip System H-1(a) and the K-MAX Knee System K-2 (b). Kobe Steel,
Material Ltd. (Kobe, Japan), also developed tumor endoprostheses made from titanium alloy

9.5 Problems with the Modern Endoprostheses and Future
Perspectives

Although endoprosthetic reconstruction of a massive bone defect following tumor
resection has become a standard surgical technique, there remain many unresolved
problems which may require revision surgery. The prosthetic 5- and 10-year
survival rate for distal femoral prostheses in previous studies ranged from 57 %
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to 93 % and 0 %—88 %, respectively. The 5-year limb preservation rates were
86-96 % [14, 17, 18, 41-49]. These results mean that about 10 % of patients
required limb amputation due to an endoprosthesis-related complication. Thus,
orthopedic tumor surgeons require endoprostheses with better durability.

Breakage of the components, including the stem components and hinge mecha-
nism, sometimes lead to revision surgery (Fig. 9.7a). The thin stem is especially
associated with a high risk of stem breakage. In the PHK III series, breakage of the
femoral stem could be attributed to the fact that all four broken stems reported were
small-sized stems with a 10 mm diameter [12]. Therefore, small stems less than
10 mm in diameter should be avoided. However, the patients with osteosarcoma are
mainly children with a small physique. Moreover, the average size of Japanese
knees was found to be 5-10 % smaller than that of Caucasians [50, 51]. Thus,
further metallurgical improvement of the metal strength is warranted.

Infection is currently the most common serious complication of endoprostheses,
because patients who undergo surgery for a neoplastic condition are often subjected
to extensive soft-tissue dissection and long operations and are immunosuppressed
[47, 52] (Fig. 9.7b). Several reports have indicated that the endoprosthesis-
associated infection rates were 2-15 % [14, 17, 18, 44-49, 52-59]. Infections
may result in the amputation of the patients’ limbs. In addition, the cost of treating
an infected endoprosthesis is considerable, and infections often recur.

Fig. 9.7 Complication after endoprosthetic reconstruction. Breakage of component (a), infection
(b), and stem loosening (c) are major complications after endoprosthetic reconstruction. An arrow
in B shows the fistula
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An analysis of clinical factors which caused endoprosthesis loss or amputation
suggested that the soft-tissue condition significantly influenced the duration of the
infection control period and likelihood of limb salvage [60]. The use of muscle
rotation flaps or a vascularized musculocutaneous flap should be considered when
only the rectus femoris muscle has been preserved [14].

Several promising technologies are aimed at decreasing the risk of infection
following limb preservation. Recently, it was reported that the use of silver-coated
prostheses reduced the infection rate [61]. In 2012, a European CE mark was
awarded to the ionic silver-treated massive endoprosthesis tumor system
(“METS”) as a modular implant system from Stanmore Implants. Silver-coated
prostheses are also produced by MUTARS (Implantcast Ltd, Buxtehude,
Germany). Hardes et al. reported that the use of silver-coated megaprostheses
resulted in a reduced infection rate by analyzing a total of 51 patients who were
treated with a silver-coated proximal femur replacement or proximal tibia replace-
ment [61]. Another option to prevent endoprosthetic infection is the use of iodine-
coated prostheses. Shirai et al. performed a clinical trial of iodine-coated
endoprostheses in 47 patients with malignant bone tumors or pyogenic arthritis
[62]. The iodine-coated endoprostheses were used to prevent infection in 21 patients
and to treat active infections in 26 patients. Infections were prevented in 20 out of
21 patients. In 26 treatment cases involving one- or two-stage revision surgery, the
infection subsided without any additional surgery in all cases. An iodine-coated
endoprosthesis may play an important role not only in prophylaxis for infections but
also in the treatment of an infected endoprosthesis.

Aseptic loosening of the endoprosthesis is one of common reasons for
endoprosthesis revision [12, 14, 15, 17, 54, 58, 63] (Fig. 9.7c). Most endoprostheses
have a stem component with a round cross section and circumferential porous
coating around the endoprosthesis at the bone—prosthesis junction. To promote
the initial bone formation at the bone—prosthesis junction, several technical
improvements have been introduced in the tumor prosthesis. Since 1991, a
cementless version of the Stanmore endoprosthesis has been available with a
hydroxyapatite-coated titanium stem. Additionally, parts of the implant body are
HA-coated to enhance the extracortical bone bridging [33]. Some types of
cementless endoprostheses, including the KMFTR/HMRS and KMLS, had a side
plate to obtain the initial stem stability [13, 15, 32, 57]. However, it appeared that
these side plates caused the stress shielding of the cortical bone at the end of the
residual bone and led to stem loosening [13, 15, 32, 57]. Therefore, the GMRS,
which is the next generation of both HMRS and MRS, has a proximally arranged fin
at the cementless press-fit stem to obtain rotational stability. The stems are made of
titanium alloy with titanium plasma spray, and the proximal 3 cm of the
endoprosthesis is coated with hydroxyapatite. Although the shape of the cross
section of the stem component is important to prevent intramedullary stem loosen-
ing, most of the prostheses had a stem component with a round cross section. The
cementless stem of the MUTARS has a hexagonal cross section and is inserted
press-fit in order to achieve sufficient primary stability [33].
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The rotating hinge mechanism was associated with better function and was
expected to achieve lower rates of loosening in the previous reports [14, 59, 64—
66]. In a follow-up study, Kawai et al. [14] compared a fixed hinge knee
endoprosthesis, the HSS (Hospital for Special Surgery: Biomet, Warsaw, IN),
with a rotating hinge knee, the FINN endoprosthesis (Biomet). The HSS showed
aseptic loosening in 31.4 % of cases compared to 6.5 % in the FINN group. The
5-year survivorship was 64 % for the HSS endoprosthesis and 82 % for the FINN
endoprosthesis. Thus, a rotating hinge mechanism can reduce the mechanical stress,
thus reducing the intramedullary stress.

Most limb salvage procedures performed today are reconstructed using modular
tumor endoprostheses with long cemented stems and uncemented stems. Compres-
sive osseointegration fixation (Compress: Biomet) is a new technology for the
fixation of tumor endoprostheses [67]. The principal potential advantages of this
technique include preservation of the bone stock, prevention of stress shielding, and
a short working length of bone necessary for fixation of the implant. Using
compressive osseointegration technology, a compressive force is continuously
loaded across the bone—implant interface and the bone at the bone—implant inter-
face hypertrophies with time. Although there have been no long-term follow-up
studies of this technology yet, Monument et al. indicated that the overall survival
rate was 67 % and the endoprosthesis-related implant survival was 89 % after a
minimum of 5 years of clinical follow-up. To more accurately assess this fixation
strategy, longer clinical follow-up studies are needed.

In conclusion, because of the advances in imaging, surgical techniques, and
adjuvant chemotherapy protocols, osteosarcoma patients have had a considerable
improvement in prognosis during the past 25 years [2-5]. Recent progress made in
these multidisciplinary therapies has made it possible to perform successful limb
salvage surgery, and this is now considered to be the standard procedure for the
majority of the patients with osteosarcoma involving the extremities.
Endoprosthetic reconstruction promises intraoperative flexibility to fill the bony
defect and immediate structural stability to allow for weight bearing. Although
prosthetic reconstruction has become a standard surgical technique, there remain a
lot of unresolved problems which may lead to the need for revision surgery. Thus,
orthopedic tumor surgeons are urgently seeking endoprostheses with better
durability.
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